
Volume 12 Issue 3 (2026)	 1� doi: 10.36922/IJB026160143

REVIEW ARTICLE

Comprehensive review on additive 
manufacturing of porous biomedical titanium 
alloys: Structural design, surface modification 
and applications 

Shunyu Yao1,2,3 , Deyu Jiang2,3 , Vladimir Vasilievich Uglov4 , Fengcang Ma1* , 
Yanhua Chen5*, and Liqiang Wang2,3*
1School of Materials and Chemistry, University of Shanghai for Science and Technology, Shanghai, 
China
2State Key Laboratory of Metal Matrix Composites, School of Materials Science and Engineering, 
Shanghai Jiao Tong University, Shanghai, China
3National Facility for Translational Medicine, Shanghai Jiao Tong University, Shanghai, China
4Laboratory of NanoElectroMagnetics, Institute for Nuclear Problems, Belarusian State University, 
Minsk, Belarus
5School of Materials Science and Engineering, Xinjiang University, Xinjiang, China

(This article belongs to the Special Issue: Intelligent bioprinting: From printable structures to 
functional systems)

 

Abstract
Titanium and its alloys have become the primary materials for orthopedic implants 
due to their excellent biocompatibility, mechanical properties, and corrosion 
resistance. However, traditional manufacturing techniques struggle to achieve 
complex porous structures, and their insufficient surface bioactivity limits their 
clinical performance. Additive manufacturing (AM) technology enables the precise 
fabrication of titanium implants with personalized shape, biomimetic porous 
structures, and gradient mechanical properties. The controllable porosity, pore size, 
and pore shape not only achieve mechanical compatibility with human bone tissue, 
but also provide an optimal microenvironment for cell adhesion, proliferation, and 
vascularization. During the process of designing porous structures, the auxiliary 
roles of finite element analysis (FEA) and machine learning (ML) play a crucial role in 
performance prediction and process optimization. To further enhance the bioactivity 
of AM titanium alloys, surface modification techniques such as mechanical, 
physical, chemical, and electrochemical methods have been widely employed. 
These modified coatings significantly improve the osseointegration efficiency, 
antibacterial properties, and corrosion resistance of implants without compromising 
the mechanical integrity of the substrate. Currently, AM titanium alloy implants have 
been successfully applied in joint replacements, dental prosthetics, and other fields. 
Through the synergistic effect of personalized design and surface functionalization, 
they demonstrate superior clinical application potential compared to traditional 
implants. This article systematically reviews the porous structure design, surface 
modification techniques, and application progress of AM titanium alloy implants, 
aiming to provide valuable insights for clinical applications.
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1. Introduction
The growing global demand for orthopedic implants  
requires materials with excellent biocompatibility, 
mechanical compatibility with bone tissue, rapid 
osseointegration, and long-term stability.1-5 Titanium alloys 
are among the most widely used implant materials due to 
their favorable properties;6-12 their primary applications 
are shown in Figure 1. However, traditional manufacturing 
limits complex porous structures, and their surfaces often 
exhibit insufficient bioactivity, leading to complications 
such as loosening and infection.13,14 Additive manufacturing 
(AM) overcomes these limitations by enabling customized, 
biomimetic porous implants with gradient mechanical 
properties that enhance bone integration and cell 
growth.15-19 Surface modification technology further 
compensates for these shortcomings by introducing 
bioactive layers, antibacterial elements, or tailored surface 
topologies to improve osseointegration, antibacterial 
performance, and long-term biocompatibility.10,20-24

In recent years, powder bed fusion (PBF) as the 
mainstream technologies of AM, have been widely applied 
to address issues in the field of medical implants.25-27 PBF is 
a high-precision AM technology based on the principle of 
layer-by-layer powder spreading and selective melting by 
high-energy beams.28 According to the type of heat source, 
it can be subdivided into laser powder bed fusion (LPBF) 
and electron beam powder bed fusion (EBPBF).29,30 LPBF 
uses a fiber laser as the energy source, with a focused spot 
diameter of 20–50 μm, allowing precise control of heat 
input during the forming process. It offers core advantages 
such as high density, high forming accuracy, and excellent 
surface quality.31 However, due to the rapid heating/cooling 
rates and significant rapid solidification characteristics in 
LPBF, AM titanium alloys tend to form ultra-fine acicular 
α’ martensite and fine-grained structures, often leading 
to columnar grains that cause anisotropy.32 Additionally, 
the high cooling rates result in high residual stresses, 
requiring subsequent heat treatment processes to improve 
mechanical properties.28 EBPBF employs an electron beam 
with an acceleration voltage of 60–150 kV as the energy 
source and requires high-temperature preheating.30 Due 
to the slow cooling rate of the molten pool, the overall 
temperature of the fabricated part remains high. AM 
titanium alloys generally form a balanced α+β structure, 
offering better plasticity and toughness with lower residual 
stress.33 However, the surface roughness of the alloy is high 
and the dimensional accuracy is low, which makes it prone 

to powder adhesion and coarse-grained structure. 

Mainstream AM processes such as LPBF and EBPBF 
enable the precise fabrication of porous titanium alloy bone 
implants with controllable pore structures. By adjusting 
pore size, porosity, and topological configuration, these 
implants achieve mechanical properties that match human 
cancellous bone, effectively alleviating stress shielding 
effects and providing three-dimensional interconnected 
channels for bone ingrowth.16 In recent years, with the 
deep integration of computer technology and AM, finite 
element analysis (FEA) and machine learning (ML) have 
provided auxiliary support for the structural design of 
porous scaffolds.34 FEA accurately simulates the stress 
distribution, deformation, and failure modes of porous 
titanium alloys under complex loads by performing 
calculations on discretized structural models of porous 
materials.35 ML leverages high-throughput experimental 
data and FEA simulation data to establish mapping models 
between structural parameters and mechanical properties, 
thereby overcoming design efficiency bottlenecks.36 
However, the limited availability of high-quality sample 
data generated during the AM process makes ML models 
highly susceptible to overfitting, while insufficient model 
generalization remains a current challenge.

Although AM technology has become a core technical 
pathway for fabricating medical porous titanium alloy 
implants due to its unique advantages in the free design 
of complex geometries and personalized customization,37 
it is constrained by the inherent layer-by-layer melting and 
solidification mechanism of AM. Incomplete melting of 
powder particles and spheroidization-induced splashing 
result in a large amount of partially melted powder 
adhering to the strut surfaces, leading to significant surface 
roughness.38 These surface defects not only considerably 
reduce the fatigue life of the components but may also 
cause loose particles on the implant surface to detach, 
triggering local inflammatory reactions and osteolysis. 
Additionally, titanium alloys are inherently bioinert 
materials, lacking the bioactivity required to actively 
induce bone regeneration on their surfaces. Relying solely 
on the passive bone conduction effect of the geometric 
structure makes it difficult to meet the clinical demands for 
early osseointegration.39 Therefore, porous titanium alloy 
components fabricated by AM still face challenges related 
to insufficient surface quality and bioactivity. To address 
these bottlenecks, surface post-processing has become 
a critical step in enhancing the service performance 
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of AM-produced porous titanium alloys. The primary 
goals are to improve the material’s biocompatibility, 
osseointegration efficiency, and antibacterial activity.10,23,40 
Current mainstream surface modification strategies include 
mechanical surface modifications (e.g., sandblasting,41 
acid etching,42 sandblasting-acid etching combined 
treatment43), physical surface modifications (e.g., ion 
implantation,44 magnetron sputtering45), chemical surface 
modifications (e.g., alkali heat treatment,46,47 hydrothermal 
synthesis,20,48 sol-gel method49), and electrochemical 
surface modifications (e.g., anodization,50,51 micro-arc 
oxidation52,53), as illustrated in Figure 2. However, a single 
surface modification technique is often insufficient to meet 
the requirements for osteogenesis promotion, antibacterial 
properties, and corrosion resistance. Recent research 
has increasingly shifted toward the construction of 
composite coatings that synergistically combine multiple 
surface modification techniques. The aim is to integrate 
multidimensional functions—such as osteogenesis 
promotion, antibacterial activity, anti-inflammatory effects, 

and controlled drug release—on a single implant surface.54 
These primarily include smart responsive coatings based 
on pH, photothermal, and piezoelectric effects, as well as 
drug-delivery coatings.55

Recently, several reviews have addressed various 
aspects of AM titanium alloys for biomedical applications, 
yet most focus on isolated aspects of this multidisciplinary 
field. For instance, Blakey-Milner et al.56 systematically 
evaluated the current use of metal AM across aerospace 
and medical fields, focusing on the role of process 
parameters in determining final part quality. Depboylu 
et al.57 conducted a review on the design and fabrication 
of porous titanium alloy bone implants via AM, 
providing a detailed analysis of how pore structures affect 
biomechanical performance. Chen et al.58 summarized 
the design principles and manufacturing methods of 
biomimetic porous scaffolds, discussing the impact of pore 
geometry on bone tissue regeneration. Regarding surface 
modification techniques for biomedical alloys, Vaiani 
et al.59 systematically summarized surface modification 

Figure 1. The application of Ti alloy bone implants and the scientific research publication trends in recent years. Reprinted with permission from Sun et 
al.10 Copyright © 2023 American Chemical Society.
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strategies for titanium alloy implants, analysing the 
effects of various physical, chemical, and biological 
surface treatments on cellular responses. However, the 
aforementioned reviews focus on optimizing process 
parameters and controlling forming quality, yet they did 
not delve deeply into the topological design strategies of 
porous structures or the structure-property relationships 
between their mechanical and biological performance.56 
Some other reviews provide detailed analyses of pore 
structure design but pay insufficient attention to post-
processing strategies for regulating inherent defects in 
AM.57 Meanwhile, reviews concentrating on surface 
modification techniques often overlook the specific 
process context and geometric characteristics of AM 

porous structures, making it difficult to offer targeted 
guidance for practical clinical translation.59 In fact, the 
comprehensive performance of AM-made porous titanium 
alloy implants depends on synergistic optimization across 
multiple stages. The manufacturing process determines 
the metallurgical quality and geometric accuracy of the 
matrix, structural design confers biomimetic mechanical 
properties and osteogenic functions to the implant, and 
post-processing surface modifications further regulate the 
surface physicochemical characteristics and bioactivity of 
the implant.

This paper aims to provide a comprehensive and 
systematic review of AM porous titanium alloys for 
medical applications, covering the following aspects: (i) 

Figure 2. Different types of surface modification for titanium alloys. Reprinted with permission from Civantos et al.40 Copyright © 2017 American 
Chemical Society. Reprinted with permission from Gulati et al.51 Copyright © 2022 American Chemical Society.
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the design strategies for porous structures in orthopedic 
implants, including unit cell topology, porosity and pore 
size design, and biomimetic approaches for functionally 
graded structures; (ii) the auxiliary role of FEA and ML 
in the design of titanium alloy porous structures; (iii) the 
latest post-processing and surface modification techniques 
addressing surface issues of AM porous titanium 
alloys, covering conventional surface treatments and 

multifunctional coatings; and (iv) The clinical applications 
of AM porous titanium alloys in orthopedics, dentistry, 
and other fields. The overall framework is shown in 
Figure 3. By discussing the latest advances in the design 
optimization and clinical application of AM personalized 
porous titanium alloy orthopedic implants, this review 
offers forward-looking insights for the future development 
of bone implants.

Figure 3. Framework diagram for the structure design, surface design and applications of titanium alloy porous bone implants. Reprinted with permission 
from Al-Ketan et al.60 Copyright © 2019 Wiley. Reprinted with permission from Gawronska et al.61 Copyright © 2021 MDPI. Reprinted with permission 
from Liu et al.62 Copyright © 2023 Frontiers. Reprinted with permission from Sun & Shang.63 Copyright © 2020 Scientific research. Reprinted with 
permission from Qin et al.64 Copyright © 2023 Frontiers.

2. Design strategies for AM titanium alloy 
porous structures for orthopedic implants
2.1. Pore shape design

In AM of porous titanium alloys, pore shape serves as a 
critical structural parameter that not only determines 
the mechanical behavior of implants but also profoundly 
influences cellular response and bone ingrowth through 
local curvature, surface area, and fluid permeability.17 
Common pore shape types are primarily classified into 
lattice structures and triply periodic minimal surfaces 
(TPMS), as shown in Figure 4A. Lattice structures based 
on struts exhibit well-defined mechanical predictability 
but suffer from stress concentration.65,66 In contrast, 

continuous smooth structures based on TPMS offer more 
uniform stress distribution, superior permeability, and are 
more conducive to nutrient transport and bone ingrowth. 
The appropriate selection of pore morphology is crucial 
for balancing the load-bearing capacity, fatigue life, and 
osteogenic functionality of implants.67-69

The lattice configuration, as a classic porous structure 
design for AM Ti alloy implants, demonstrates certain 
advantages in terms of manufacturability, surface 
roughness control, and printing precision, laying the 
foundation for its large-scale application in the biomedical 
field. Based on the periodic arrangement of discrete 
struts and nodes, lattice configurations such as BCC, 
FCC, and Rhombic Dodecahedron unit cells exhibit 
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strong parametric design flexibility. Key parameters like 
strut diameter and node spacing can be easily adjusted 
using CAD software to align with the forming principles 
of mainstream AM technologies like PBF. Ahmadi et 
al.65 systematically compared the mechanical behaviour 
of six lattice unit structures and found that the rhombic 
dodecahedron structure, owing to its more uniform stress 
distribution, exhibited higher normalized stiffness and 
strength at the same relative density, whereas the cubic 
structure demonstrated lower mechanical efficiency due 
to stress concentration at the nodes. Arabnejad et al.70 
investigated the mechanical and osteogenic properties 
of porous Ti6Al4V tetrahedral lattices and octet-truss 
lattices. The octet-truss lattice exhibits superior mechanical 
performance at low porosity, but at high porosity, it is prone 
to a sharp decline in mechanical properties due to over-
melting of struts and elliptical cross-section deformation. 
In terms of biological performance, the octet-truss lattice 
demonstrates a higher bone ingrowth rate, which is more 
conducive to early osseointegration. Lei et al.71 fabricated 
four types of porous Ti6Al4V pedicle screws—Diamond, 
Orthogonal, Cubic, and Truss—using LPBF. FEA revealed 
that Orthogonal and Truss structures exhibit uneven stress 
distribution, are prone to deformation and failure, and 
have poor mechanical stability. In contrast, the Diamond 
structure shows the most uniform stress distribution and 
optimal mechanical stability, with its dual continuous 
channels free of dead zones, resulting in significantly 
superior permeability compared to other topologies. 
Parisien et al.72 simulated the bone ingrowth stimulation 
effects of 24 lattice types based on a mechanoregulation 
model, distinguishing between bending-dominated and 
tension-dominated structures. In terms of biological 
performance, bending-dominated lattices such as BCC, 
diamond, FCC, G7, and octahedral structures exhibit 
higher tissue strain and fluid flow velocity, indicating 
significantly greater osseointegration potential compared 
to tension-dominated structures. Mechanically, bending-
dominated lattices have lower modulus, better matching 
with bone tissue, and reduced stress shielding effects.

Although this lattice structure offers certain advantages 
in terms of manufacturability. In recent years, TPMS 
structures have garnered significant attention due to their 
smooth and continuous surfaces, highly interconnected 
pore networks, and morphology resembling natural 
trabecular bone.73 The shape of the pores regulates the 
elastic modulus and compressive strength of the implant 
by altering the load-bearing modes of the struts (tension, 
bending, shear). Under the same porosity conditions, 
different unit structures exhibit distinct mechanical 
properties due to differences in load transfer paths and 
stress distribution patterns.74 Furthermore, the geometry 

of the pores influences cell behavior through local surface 
curvature and specific surface area, while also affecting the 
transport of nutrients, angiogenesis, and bone ingrowth 
through connectivity and permeability.75 Research indicates 
that cells are sensitive to substrate curvature, where 
moderately concave surfaces can promote cell spreading 
and adhesion, whereas sharp convex corners may inhibit 
cell migration. The continuously curved surfaces of TPMS 
structures, with their highly interconnected pore networks 
and high permeability, provide a more favorable geometric 
environment for cell adhesion and migration.76,77 Bobbert 
et al.78 fabricated four types of TPMS porous Ti6Al4V 
structures: Primitive, I-WP, Gyroid, and Diamond. In 
terms of stiffness, yield strength, and fatigue life, the order 
was D≈I-WP>G>P. Regarding permeability, the order was 
P>D≈G>I-WP. Primitive, with the highest permeability 
and lowest modulus, is suitable for non-load-bearing bone 
defect filling. I-WP, with its high specific surface area and 
excellent fatigue performance, is suitable for medium-load-
bearing implants such as interbody fusion cages. Gyroid 
offers a balance between mechanical and permeability 
properties, making it suitable for periarticular repair 
scaffolds. Diamond, with optimal stiffness, strength, and 
fatigue resistance, is suitable for high-load-bearing sites 
such as the femur. Deng et al.79 systematically compared 
four types of topological Ti6Al4V porous scaffolds 
fabricated by LPBF. In terms of permeability, the D structure 
exhibited the smallest internal flow velocity difference, 
the longest and most uniformly distributed streamlines, 
allowing fluid to fully penetrate the scaffold, balancing 
nutrient transport and cell adhesion, and achieving the 
highest permeability efficiency. Simultaneously, the D 
structure also demonstrated the best compressive strength 
and bone ingrowth, making it the preferred topological 
configuration for high-load-bearing bone defect repair. 
Gandhi et al.80 systematically reviewed the mechanical, 
fatigue, and osseointegration properties of four categories 
of AM topological structures: strut-based lattices, TPMS, 
random porous structures, and gradient structures. 
TPMS structures, with their continuous and smooth 
surfaces, achieve the best balance among mechanical 
properties, permeability, and bone ingrowth performance. 
Mechanically, Gyroid and Diamond, at 60–70% porosity, 
exhibit elastic moduli (0.5–3 GPa) highly compatible with 
cancellous bone, while their continuous surfaces without 
sharp nodes significantly eliminate stress concentration, 
resulting in excellent fatigue performance. In terms 
of permeability, the dual-continuous interconnected 
channels of TPMS structures have no flow dead zones, 
with permeability reaching 10−9–10−10 m2.

The pore shape is a key design variable that determines 
the overall performance of 3D-printed porous titanium 
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alloy implants. In summary, lattice structures remain 
widely used due to the convenience of parametric 
design, but stress concentration at nodes and relatively 
low biological response limit their performance in high-
demand applications. The TPMS structure achieves 
the optimal balance among strength, fatigue resistance, 
permeability and osteogenic properties, better meeting the 
biomimetic and service requirements of bone implants.

2.2. Pore size and porosity design

The pore size and porosity of AM porous titanium alloy 
implants are regarded as two core structural parameters. 
These parameters not only directly influence the 
mechanical properties but also impart essential biological 
functions to the implants.81 An appropriate pore structure 
enables the elastic modulus to approach that of human 
bone, facilitates the growth, migration, and proliferation 
of osteoblasts, and allows the transport of nutrients and 
oxygen within the structure.82,83 The effects of pore size 
and porosity on the performance of porous titanium alloy 
implants are not independent; therefore, these two factors 
are discussed together.

In terms of mechanical properties, pore size and 
porosity significantly affect key indicators by altering the 
effective load-bearing area and structural support mode of 
the implant. For porous titanium alloys prepared by LPBF, 
Taniguchi et al.83 fabricated porous titanium implants with 
pore sizes of 300, 600, and 900 μm using LPBF technology 
and implanted them into rabbit tibiae for in vivo 
experiments. At 4 weeks post-implantation, the group with 
a pore size of 300 μm exhibited the highest bone ingrowth 
rate. However, after 8 weeks, the group with a pore size of 
600 μm showed more mature bone tissue and deeper bone 
ingrowth depth. This indicates that smaller pore sizes are 
beneficial for the early proliferation and differentiation of 
osteoblasts. Liang et al.84 employed Voronoi-Tessellation 
mathematical modeling combined with LPBF technology, 
demonstrating that 65–75% porosity with highly irregular 
porous structures can achieve a balance of low modulus, 
balanced strength, and excellent osteogenic activity. 
Chen et al.85 used LPBF technology to prepare isotropic 
octahedral lattice Ti6Al4V ELI porous scaffolds, with 
full factorial variable combinations of designed pore 
sizes of 500/600/700 μm and porosities of 60%/70%. 
The results showed that the combination of a pore size 
of 500 μm and a porosity of 60% exhibited the optimal 
osteogenic performance, with strength sufficient to meet 
the requirements of load-bearing sites such as the femur 
and tibia. Yan et al.86 further demonstrated that due to the 
high curvature-driven effect, cells could spread uniformly 
along the struts and penetrate into the internal pores of 
scaffolds with a pore size of 500 μm, resulting in optimal 

osteogenic activity. Zhang et al.87 fabricated cubic lattice 
pure titanium scaffolds using LPBF, with designed pore 
sizes of 400/700/900 μm and porosities of 40%/70%/90%. 
Mechanical results indicated that porosity was the absolute 
dominant factor, while pore size had almost no effect on 
mechanical properties. Regarding osteogenic performance, 
at 70% porosity, the 700 μm pore size exhibited optimal 
osteogenic gene expression, alkaline phosphatase (ALP) 
activity, calcium nodule deposition, and in vivo bone 
ingrowth. A pore size of 400 μm was too small to allow 
sufficient material exchange, while a pore size of 900 μm 
was too large for cells to be effectively retained. Ouyang 
et al.88 used computational fluid dynamics (CFD) analysis 
to find that as the pore size increased from 400 μm to 650 
μm, the permeability and fluid flow velocity of the scaffold 
increased linearly, while the wall shear stress reached a 
peak, promoting osteoblast penetration, adhesion, and 
differentiation. Beyond 650 μm, the shear stress decreased, 
leading to reduced cell proliferation and bone ingrowth 
efficiency. Ultimately, the bone volume fraction in the 650 
μm group was significantly higher than that in other pore 
size groups, as shown in Figure 4B. Kelly et al.89 showed 
that increasing porosity from 50% to 70% significantly 
enhanced ALP activity and mineralized matrix deposition 
in osteoblasts. This finding was also confirmed in vivo. As 
observed by Pobloth et al.90 in a sheep critical-sized bone 
defect model, titanium mesh scaffolds with high porosity 
(approximately 70%) outperformed low-porosity groups 
in terms of bone bridging speed and new bone volume 
fraction. However, excessively high porosity may reduce 
mechanical stability, leading to implant micromotion and 
subsequently inhibiting osseointegration.91

Due to the differences in forming accuracy between 
EBPBF technology and LPBF, their suitable pore 
sizes and porosity levels also vary. Goto et al.92 used 
EBPBF technology to fabricate lattice-type large-pore 
interconnected porous Ti6Al4V implants with a pore 
size range of 880–1400 μm and an average porosity of 
57.5%. The large-pore design ensured thorough powder 
removal within the pores, no internal blockages, and 
100% structural connectivity, providing a foundation for 
subsequent fluid permeability and bone ingrowth. Zhang 
et al.93 employed EBPBF to prepare trabecular bone-
mimetic Ti6Al4V porous scaffolds. A porosity of 65%–
75% and a pore size of 700–1,000 μm achieved an optimal 
balance among mechanical strength, elastic modulus, 
and osteogenic performance, making them suitable for 
bone repair implants in non-load-bearing and light-load-
bearing areas. Hara et al.94 utilized EBPBF technology to 
fabricate diamond-structure implants with pore sizes of 
500, 640, 800, and 1000 μm, with an average porosity of 
70%. The groups with pore sizes of 500–800 μm showed 
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a continuous increase in bone integration strength over 
time, with the 640 μm group reaching a bonding strength 
of 704.6 N at 12 weeks. This study provided a basis for the 
fabrication of EBPBF porous acetabular cups and joint 
prostheses. Wang et al.95 used EBPBF to prepare irregular 
porous Ti6Al4V scaffolds mimicking trabecular bone. 
With a fixed high porosity, three pore size groups—800, 
900, and 1,000 μm—were established to analyze the effects 
of pore size on elastic modulus, wettability, cell adhesion 
and proliferation, and osteogenic gene expression. The 
aim was to establish the relationship between pore size 
and performance in irregular bionic structures. The 1,000 
μm group exhibited an elastic modulus closest to that of 
cancellous bone, providing the best anti-stress shielding 
effect. In vitro cell experiments showed that cell adhesion, 
proliferation, ALP activity, and osteogenic gene expression 

significantly increased with larger pore sizes. The 
mechanism lies in the enhanced permeability provided by 
larger pores, which improves nutrient and oxygen transport 
while strengthening mechanical signal transduction in 
cells, thereby promoting osteogenic differentiation.

In summary, pore size and porosity play a crucial 
regulatory role in bone tissue ingrowth and angiogenesis. 
Smaller pores, while enhancing structural stiffness and 
mechanical strength, can hinder cell migration and tissue 
infiltration, thereby affecting the biological functionality of 
the scaffold. In contrast, larger pores are more conducive 
to cell migration and vascular ingrowth, significantly 
improving osseointegration and vascularization, but at 
the cost of reduced structural and mechanical stability. 
Therefore, personalized design of pore size tailored to 
specific load-bearing scenarios is particularly critical. 

Figure 4. The design of pore shape, pore size and porosity of the AM porous structure. (A) AM of porous Ti alloys with lattice structure and TPMS 
structure. Reprinted with permission from Ahmadi et al.65 Copyright © 2015 MDPI. Reprinted with permission from Al-Ketan et al.60 Copyright © 2019 
Wiley. (B) Porous titanium alloys with different pore size. Reprinted with permission from Ouyang et al.88 Copyright © 2019 Elsevier.
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Table 1. Summary of porous titanium alloys with different pore size and porosity. 

Materials AM 
processes

Pore size
(μm)

Porosity (%) Elastic 
modulus 
(mPa)

Compressive 
strength 
(mPa)

Key biological 
performance

Clinical application Ref.

Pure Ti LPBF 300, 600, 
900 65 557.4–

661.4 36.2–51.4

The 600 μm group has 
the fastest bone ingrowth 
rate and the best fixation 
performance.

Spinal fusion device 83

Ti6Al4V LPBF 400–
1,000 48.83–74.28 1,930–

5,240 44.9–237.5

The cell proliferation and 
osteogenic differentiation 
are optimal at a porosity 
of 65% to 75% for the 
scaffold.

Joint replacement 
prosthesis (load-
bearing bone)

84

Ti6Al4V LPBF 500, 600, 
700 60, 70 2,100–

4,700 71–190 500 μm, 60% optimal for 
scaffold bone ingrowth

Repair of load-bearing 
bone defects, such as 
femur and tibia

85

Ti6Al4V LPBF 500, 600, 
700 60, 70 2,100–

4,700 73–207
60% porosity offers better 
mechanical compatibility 
with human bones

Repair of load-bearing 
bone defects, such as 
femur and tibia

86

Pure Ti LPBF 400, 700, 
900

66.1, 72.3, 
80.7

1,000–
12,900 10.9–184.8

700 μm, 70% results in 
the optimal osteogenesis. 
The pore size has a 
greater influence than the 
porosity.

Repair of bone defects 
such as femoral 
condyle defects

87

Pure Ti LPBF
400, 650, 
850, 
1,100

68 - 40-60
650 μm aperture for fluid 
mechanics compatibility, 
optimal bone ingrowth

Repair of non-load-
bearing bone defects

88

Ti6Al4V EBPBF 315, 485, 
574

33.8, 50.9, 
61.3

1,700–
3,700 33.1–115.2

Cells with a pore size 
of 300–400 μm exhibit 
the best adhesion to 
osteogenic substances.

Repair of non-load-
bearing bone defects

91

Ti6Al4V EBPBF 880–
1,400 57.5 3570 78.9 Better connectivity with 

larger aperture
Repair of extensive 
bone defects

92

Ti6Al4V EBPBF 766–
1,319 61.44–79.67 390–618 30.27–80.34 -

Non-load-bearing and 
light load-bearing area 
bone repair implants

93

Ti6Al4V EBPBF
500, 640, 
800, 
1,000

65–70 1,200–
1,600 - 800 μm bone grows in the 

optimal manner
Porous acetabular cups 
and joint prostheses

94

Ti6Al4V EBPBF 800, 900, 
1,000 - 10,430–

19,170 115.43–333.35

The larger the aperture, 
the lower the modulus. 
At 1000 μm, osteogenic 
differentiation is the best.

Repair of extensive 
bone defects

95

Abbreviations: EBPBF: Electron beam powder bed fusion; LPBF: Laser powder bed fusion.

Appropriate porosity and pore size can achieve a balance 
between osteogenic performance and compressive 
strength. Table 1 summarizes the characteristics of typical 
AM porous titanium alloy scaffolds. For bone defect repair, 
bone implants fabricated via LPBF have a suitable porosity 
range (60–70%), enabling effective elastic modulus 

matching with the host bone while ensuring sufficient 
load-bearing capacity. The appropriate pore size range is 
500–700 μm, which balances early cell attachment with 
later-stage vascularization and bone ingrowth capabilities. 
Bone implants prepared by EBPBF have a suitable porosity 
range of 70–75% and a pore size of 800–1,000 μm.
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2.3. Biomimetic design of functionally gradient 
porous structures

Although uniform porous structures have proven to be 
effective for biomedical implant materials, they struggle to 
meet the demands of complex bone grafting. In recent years, 
gradient porous structures have shown significant potential. 
Natural bone tissue exhibits a distinct hierarchical gradient 
structure, composed of an outer layer of dense cortical 
bone and an inner layer of cancellous bone. The difference 
in porosity between cortical and cancellous bone leads to a 
notable disparity in their mechanical properties, with elastic 
moduli ranging from 3–20 GPa for cortical bone and 0.1–
4.5 GPa for cancellous bone. Therefore, gradient porous 
structures can achieve excellent mechanical compatibility 
with natural bone. Specifically, an outer layer with lower 
porosity can provide initial mechanical support, while an 
inner layer with higher porosity promotes bone ingrowth 
and long-term integration.96 Yao et al.97 used parametric 
modeling to fabricate three sets of scaffolds based on 
Gyroid TPMS units, with porosity varying continuously 
along the radial direction. These scaffolds—dense on the 
outside and porous on the inside—perfectly mimic the 
structural characteristics of natural bone. Compared to 
uniform structures, radial gradient scaffolds enable more 
uniform stress transmission from the edge to the center, 
significantly reducing stress concentration. Additionally, 
this structure offers a larger specific surface area, providing 
more sites for cell adhesion and proliferation. The results 
show that a radial gradient structure with 70% internal 
porosity achieves an elastic modulus of 5.2 GPa and a 
yield strength of 296.02 mPa, making it most suitable for 
bone repair in load-bearing areas such as the femur and 
acetabulum. Arabnejad et al.96 used LPBF technology to 
fabricate a fully porous titanium alloy femoral stem. Their 
study employed a tetrahedral lattice unit design and multi-
scale asymptotic homogenization theory to optimize the 
spatial gradient relative density distribution of the femoral 
stem. This optimization achieved a continuous stiffness 
transition from proximal to distal and from surface to 
core, enabling precise matching of the prosthesis modulus 
with the mechanical properties of the host femur. Among 
these, a gradient fully porous prosthesis with 70% internal 
porosity and a pore size of 500 μm reduced bone resorption 
due to stress shielding by 75%.

In addition to gradient porous structures, inspired by 
natural materials such as nacre, tortoise shells, and sea 
urchin spines, biomimetic structural design has garnered 
widespread attention in the field of high-performance 
bone tissue scaffolds and biomaterials.98 The sea urchin 
spine is a plant-like hierarchical lightweight structure with 
a porous internal skeleton composed of pores of varying 

sizes and distributions. These pores exhibit a gradual 
gradient from the base to the tip of the spine, with larger 
pore sizes and lower solid density at the base, and smaller 
pore sizes and higher solid density at the tip, forming a 
bicontinuous gradient porous structure. Inspired by the 
multilevel gradient structure of natural sea urchin spines, 
Zhang et al.99 used LPBF technology to fabricate a gradient 
porosity and tapered topology pentamode metamaterial 
biomimetic porous titanium alloy scaffold. Compared to 
uniform lattice structures, the gradient pentamode scaffold 
exhibited an elastic modulus of 0.4–1.2 GPa, which closely 
matches that of cancellous bone. Its energy absorption 
efficiency increased by 77.75%, and the yield strength 
remained stable at 15–40 mPa, meeting the requirements 
for load-bearing support. Additionally, the gradient 
structure increased permeability by 27.27%, resulting in 
a more uniform fluid flow velocity distribution, with no 
flow dead zones or turbulence, and a significant increase 
in streamline length. Jia et al.98 designed a biomimetic 
irregular aperiodic gradient porous material using a 
generative computational framework, simulating the 
disordered gradient microstructure of natural bone 
to achieve precise control over stress distribution, 
as shown in Figure 5. The irregular gradient scaffold 
reduced interfacial stress concentration by over 60% and 
significantly improved resistance to loosening and fatigue. 
Furthermore, the scaffold’s channels mimic the topology 
and curvature of natural bone trabeculae, promoting cell 
adhesion, spreading, and migration that more closely 
resemble physiological conditions, with a 40% increase 
in deep bone ingrowth. Ye et al.100 designed primary and 
secondary fractal gradient porous Ti-Cu alloy scaffolds 
based on the G-type TPMS structure. The secondary fractal 
gradient scaffold exhibited an elastic modulus of 1.654–
3.636 GPa and a compressive yield strength of 50.9–111.5 
mPa, significantly lower than that of primary structures 
with the same porosity, allowing for more precise matching 
with the modulus of cancellous bone and reducing the 
risk of stress shielding. Zhang et al.101 proposed a design 
method for biomimetic gradient G-type TPMS scaffolds 
with quantitatively adjustable pore sizes. The scaffold’s 
compressive failure mode is a safer layer-by-layer extrusion 
densification, with energy absorption efficiency increasing 
by 9.6%–19.5% compared to uniform structures. The 
scaffold with optimal parameters (gradient pore size 0.35–
1.00 mm, average porosity 63%) is suitable for clinical 
applications such as metaphyseal and periarticular regions, 
where gradient mechanical properties and efficient bone 
ingrowth are required.

Gradient porous structures enable continuous variation 
in porosity and pore size from the surface to the core, as 
well as from the proximal to the distal end, significantly 
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optimizing stress distribution. The bone-inspired gradient 
design, characterized by a dense outer layer and a sparse 
inner region, enhances interface stability and overall 
strength. The high-porosity internal zone reduces the 
modulus to alleviate stress shielding, resulting in smoother 
stress transfer, reduced stress concentration, and adequate 
space for bone ingrowth. Furthermore, natural bone tissue 
is not a uniform periodic porous structure but exhibits 
irregular, non-periodic, and hierarchical characteristics 
at multiple scales. Recently, inspired by natural materials, 
irregular non-periodic gradient biomimetic structures—
by simulating the biological architecture of bone—
have demonstrated significant potential in mechanical 
matching, stress distribution optimization, permeability 
and mass transfer, and cellular biological responses.

2.4. Numerical simulation assisting in AM structure 
design

Numerical simulation is a key auxiliary tool for revealing 

the intrinsic mechanisms of the additive manufacturing 
process and promoting the development of this technology 
toward high precision and industrialization. As a core 
numerical simulation method, FEA plays an irreplaceable 
role in the regulation of pore characteristics, optimization 
of mechanical properties, evolution of thermal stress, and 
adaptation of biological functions in AM porous titanium 
alloys.102-104 By calculating the representative volume 
element of porous materials, FEA can intuitively simulate 
the force transmission and stress distribution patterns 
inside porous scaffolds, providing good predictive and 
simulation capabilities for subsequent experiments.105

In the evaluation of the mechanical properties of 
titanium alloy porous scaffolds, FEA has been proven to 
be an efficient and reliable simulation method. FEA can 
intuitively display the magnitude and distribution of stress 
at key locations such as the pore walls and unit nodes 
of the porous scaffolds.106 Zhang et al.103 optimized the 

Figure 5. Natural irregular bionic porous structure design. (A–C) Design of porous materials at macroscopic and microscopic scales based on natural 
irregular materials, (D–G) generation and fabrication of irregularly structured materials for pelvic fracture repair. Reprinted with permission from Jia et 
al.98 Copyright © 2024 Nature.
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hexagonal porous structure of TC4 alloy via FEA. When 
the wall thickness exceeded 200 μm, the alloy achieved a 
yield strength of 550 mPa and an elastic modulus of 14.4–
15.4 GPa, exhibiting both excellent mechanical properties 
and biocompatibility. Yu et al.107 compared the mechanical 
properties and permeability of three topological structures 
(Primitive, Gyroid, BCC) of Ti6Al4V porous scaffolds, as 
shown in Figure 6A. The Gyroid structure exhibited the 
highest compressive strength (392.1 mPa) and tensile 
strength (321.3 mPa) due to its larger cross-sectional 
area, while the BCC structure, with its simpler topology 
and larger pore size, demonstrated optimal permeability. 
These findings provide a basis for selecting porous scaffold 
architectures. In addition, for the design and optimization 
of gradient porous complex structures, FEA can quickly 
predict the mechanical properties of scaffolds, precisely 
optimize the stiffness distribution and strain range of 
porous implants, and significantly shorten the development 
cycle. Shum et al.108 addressed the issues of uneven stress 
distribution, excessively high or low local strain, and 
significant differences in bone ingrowth in traditional 
homogeneous porous implants under eccentric loading 
conditions in the knee joint. They established a FEA model 
of a sheep knee joint to simulate the von Mises stress and 
octahedral shear strain distributions in homogeneous 
and gradient porous titanium implants with different 
stiffnesses. Through gradient stiffness optimization, the 
FEA confirmed that the gradient Ti3 (with a surface 
stiffness of 0.3 GPa and a core stiffness of 0.1 GPa) could 
redistribute stress and strain, stabilizing the overall 
strain within the efficient osteogenic range of 1–3.75%. 
Moussa et al.109 employed multiscale homogenization 
theory combined with density topology optimization and 
FEA to design a gradient porosity fully porous titanium 
alloy acetabular reinforcement cage. Compared to solid 
prostheses, the gradient porous structure reduced peak 
contact stress by 21.4%, peak interface micromotion by 
26%, and stress concentration areas. The peak von Mises 
stress was reduced by 43%, fundamentally alleviating stress 
shielding.

In the field of personalized design and optimization 
of biomedical implants, FEA facilitates the achievement 
of mechanical compatibility and functional adaptation 
between implant structures and human tissues. Srivastava 
et al.110 integrated nTopology software with CT-scanned 
anatomical data to design personalized Ti6Al4V hip 
prosthesis stems featuring four lattice structures: Voronoi, 
Gyroid, Schwarz, and Hexagonal, as shown in Figure 6B. 
ANSYS static loading FEA revealed that the Hexagonal 
lattice structure performed optimally, exhibiting a von 
Mises stress of only 553 mPa and a total deformation of 
0.565 mm. Compared to the Voronoi structure, stress was 

reduced by 78%, and deformation decreased by 4.6%, 
effectively mitigating stress shielding and promoting 
osseointegration. Naqvi et al.102 designed a Gyroid-
structured dental implant with axial gradient porosity 
(40–80%). FEM demonstrated that the von Mises stress–
strain values around the cortical bone (stress: 60 mPa, 
strain: 100–3,000 με) were within the favorable range 
for bone ingrowth. Cell experiments further confirmed 
that regions with 60% porosity exhibited optimal cell 
proliferation and differentiation. Peng et al.111 constructed 
a non-uniform mandibular finite element model based on 
computed tomography (CT) scans of patient, integrating 
FEA with topology optimization and Mechanostat theory 
to design a biomimetic, hierarchical porous titanium alloy 
mandibular implant. This implant enables stress to be 
uniformly transmitted along physiological trajectories and 
eliminates stress concentration.

FEA can accurately predict stress concentration, 
quantitatively evaluate stress shielding and interface 
micromotion, and rapidly iterate parameters such as 
aperture, porosity, and gradient structures. It provides 
a precise and efficient numerical tool for optimizing the 
process parameters of porous materials and enhancing 
implant performance. However, FEA still faces some 
issues. For example, simulations of porous structures 
often rely on homogenization and equivalent model 
simplifications, making it difficult to fully capture irregular 
pillar deformations and mechanical anisotropy, which 
leads to idealized stress calculations. Additionally, FEA is 
more focused on computing mechanical indicators such 
as stress, strain, and displacement, and cannot directly 
simulate cell behavior and bone ingrowth. Predictions of 
osteogenesis rely on indirect derivations.

2.5. Machine learning assists in the design of porous 
titanium alloys

The rapid development of AM technology has significantly 
increased the design freedom of porous titanium alloy 
implants, but it has also brought challenges such as an 
explosion in parameter space and high computational 
costs to traditional trial-and-error experimental design. 
As an intelligent data-driven tool, ML offers substantial 
advantages in multi-parameter complex structural design 
due to its powerful nonlinear mapping and multi-objective 
optimization capabilities.112 Currently, ML-related 
research primarily focuses on forward prediction and 
inverse design. Forward prediction is used to establish 
a mapping relationship between structural parameters 
and mechanical properties, enabling rapid performance 
prediction and evaluation. Inverse optimization takes 
target performance as input and inversely deduces the 
optimal structural parameter configuration, thereby 
achieving efficient performance-driven design.113-115
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Metamaterial design relies on expert experience and 
consumes significant effort. One of the core advantages of 
ML forward prediction is its ability to significantly reduce 
dependence on scientists’ prior knowledge. Using models 
such as backpropagation neural networks (BPNN), a 
mapping relationship between structural parameters and 
mechanical properties can be established. Once the model 
is sufficiently trained and validated, it can serve as an 
efficient surrogate model, generating outputs in real-time 
from new inputs, thereby replacing extensive preliminary 
FEA calculations.116 Peng et al.117 proposed an intelligent 
design framework called GADMALL. Taking G-type TPMS 
porous structures as the subject, they generated a vast 
number of candidate structures using a 3D convolutional 
autoencoder, and then predicted elastic modulus and 
yield strength with a 3DCNN. The heterogeneous porous 
scaffold designed via ML exhibits a yield strength increase 
of over 30% compared to the uniform structure, with its 
elastic modulus precisely matching the range of cancellous 
bone to cortical bone (2.5–5 GPa), as shown in Figure 7. 
Hu et al.118 combined Bayesian optimization with FEA to 
achieve rapid optimization with small sample data. The 
optimal parameter combination was wall thickness (Pt = 
0.28 mm), constant (Pc = −0.49), and number of cells (Pa = 
3.5), achieving a strength of 1.21 GPa and permeability of 

(4.03 × 10⁻⁹ m²), simultaneously meeting the mechanical 
and mass transfer requirements for bone implantation. 
ML reveals that the wall thickness and the number of units 
determine the strength, while the constant Pc regulates the 
permeability.

In addition to forward prediction, ML also enables 
inverse design by taking key clinical indicators such as 
the elastic modulus, compressive strength, permeability, 
and bone ingrowth space of porous implants as input 
constraints, allowing the model to quickly deduce the 
optimal combination of pore shape, pore size, porosity, 
connectivity, and topological configuration. Zhang et 
al.119 focused on four TPMS unit types—Primitive, FRD, 
IWP, and Gyroid—and used FEA to compute 8,000 sets 
of structural parameters and mechanical performance 
data. By combining genetic algorithms and setting a target 
modulus of 11.4 GPa, they determined parameters such 
as the periodic length (k) and the isosurface constant (C). 
Liu et al.62 addressed the anisotropic mechanical properties 
of natural bone by using TPMS structures such as Gyroid 
and Primitive as subjects. They generated a stiffness matrix 
dataset through FEA and trained a BPNN to establish a 
high-precision mapping relationship. Combined with 
a regenerative genetic algorithm (RGA), this approach 
directly outputs the optimal structural parameters 

Figure 6. Simulation of the mechanical performance of additively manufactured titanium alloys based on finite element analysis. (A) Different types 
of support designs and mechanical performance simulations are conducted through finite element analysis: primitive scaffolds; gyroid scaffolds; BCC 
scaffolds. Reprinted with permission from Yu et al.107 Copyright © 2020 Elsevier. (B) Femoral model with five lattice structures and von Mises stress 
simulation by finite element analysis. Reprinted with permission from Srivastava et al.110 Copyright © 2025 Taylor & Francis.
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(porosity, unit arrangement ratio) based on the target bone 
stiffness. The final results showed an average error of less 
than 3% and a multi-objective error of less than 5%.

In summary, ML has demonstrated significant 
advantages in the configuration design of porous titanium 
alloy bone implants. ML can efficiently establish the 
mapping relationship between structure and performance 
from data, autonomously discover the optimal porous 
distribution patterns for mechanical properties, and 
achieve multi-objective collaborative optimization, 
including modulus matching, strength enhancement, 
stress uniformity, and favorable bone ingrowth, thereby 
substantially reducing the development cycle of implants. 

However, there are certain challenges in the application 
of ML in the field of porous titanium alloys. Firstly, 
data quality and quantity are the primary bottlenecks 
constraining the performance of ML models. Each set of 
valid mechanical property data must be obtained through 
FEA or experimental preparation, and highly complex 
deep learning models inherently face the risk of overfitting. 
Moreover, in the field of AM, acquiring high-precision and 
noise-free data remains both costly and time-consuming. 
Secondly, ML models are often trained on a single TPMS 
topological type or a specific parameter range, resulting 
in limited generalization capabilities across different 
configurations and process conditions. In the future, 

Figure 7. Heterogeneous porous scaffolds designed through the combination of machine learning and finite element analysis. (A) The design and 
manufacturing process of porous materials. (B) Bone defect in a New Zealand rabbit’s middle part of the tibia. (C, D) The mechanical performance curves 
of heterogeneous topology structure and uniform structure. Reprinted with permission from Peng et al.117 Copyright © 2023 Nature.
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efforts should focus on data standardization, improving 
model generalization, and conducting engineering closed-
loop verification as core strategies to advance ML from 
laboratory design to clinical applications.

3. Surface modification technology for 
additive manufacturing titanium alloy 
implants
Additive manufacturing (AM) technology offers 
unprecedented design flexibility for the personalized 

production of porous Ti alloy orthopedic implants. 
Nevertheless, the intrinsic layer-by-layer melting 
characteristics of processes such as LPBF and EBPBF 
result in high roughness and microscopic defects on the 
surface of the components. Such surface characteristics not 
only act as favorable locations for fatigue crack nucleation, 
thereby markedly lowering mechanical reliability, but 
may also trigger inflammatory responses in vivo due to 
the detachment of loose particles.120,121 Consequently, 
post-surface treatment has become a critical step for the 

Table 2. Different surface modification methods for porous titanium alloys by additive manufacturing

Modification 
technology

Modification 
method Preparation principle Advantages Disadvantages Applicable scene Ref.

Mechanical 
modification

Sandblasting

Using compressed 
air, abrasive materials 
(Al2O3, TiO2 particles) 
are sprayed at high 
speed onto the surface 
of the implant.

(i) Significantly improve 
surface roughness; 
(ii) Introduce residual 
compressive stress to 
enhance fatigue strength.

(i) Residual sandblasting 
particles cause 
inflammation; (ii) 
Difficult to deal with 
the internal pores of the 
porous structure.

Dental implants. 123

Acid etching

The implant is 
immersed in a mixture 
of strong acids (HF, 
HNO3, H2SO4) for 
corrosion

(i) Low cost; (ii) Construct 
micro/nano-scale surface 
textures.

It is difficult to 
independently control the 
large-scale roughness.

Internal cleaning 
of complex porous 
scaffolds and 
micro-texture 
construction.

42

Sandblasting- 
acid etching

The large particles 
are sandblasted for 
roughening, followed by 
acid etching treatment.

Combining the macroscopic 
roughness of sandblasting 
and the microscopic texture 
of acid etching

The process steps are 
relatively complicated.

Dental implants, 
joint prosthesis 
bone-bone 
interface

124

Physical 
modification

Thermal 
spraying

Using a heat source 
to melt the coating 
material and then 
spraying it onto the 
substrate

(i) The coating is thick and 
has high bonding strength; 
(ii) The technology is mature 
and can produce wear-
resistant coatings.

(i) It cannot cover the 
inner surface of the 
porous implant; (ii) High 
temperature may cause 
phase transformation 
of the matrix or 
decomposition of the 
coating.

The surface of a 
simple-shaped 
solid implant.

125

PVD

Under vacuum 
conditions, the material 
is deposited on the 
substrate surface 
through evaporation or 
sputtering.

(i) The coating is dense and 
highly hard; (ii) Wear-
resistant and corrosion-
resistant; (iii) Precise control 
over coating thickness

The deposition rate is 
slow and the equipment is 
expensive.

The wear-resistant 
surface of the joint 
head.

45

Chemical 
modification Hydrothermal

In a specially designed 
autoclave, chemical 
reactions are carried out 
using high-temperature 
and high-pressure 
aqueous solutions.

Suitable for AM complex 
porous structures, 
with uniform surface 
modification both inside and 
outside.

High-voltage equipment 
is required and the 
reaction process is quite 
lengthy.

Deep loading of 
the biological 
activation layer or 
antibacterial layer 
of the implant.

126

(cont'd...)
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Table 2. (Continued)

Modification 
technology

Modification 
method Preparation principle Advantages Disadvantages Applicable scene Ref.

Alkali-heat 
treatment

The material is 
subjected to heat 
treatment after being 
soaked in strong alkali.

A bioactive titanate gel layer 
is formed on the titanium 
surface, inducing the 
generation of osteoid apatite.

The formed gel layer has 
relatively low mechanical 
strength and is prone 
to being scratched and 
falling off.

Surface activation 
of bone defect 
repair scaffolds.

71

Sol-gel

The precursor 
undergoes hydrolysis 
and condensation to 
form a sol, and after 
coating, it is dried 
and sintered to form a 
coating.

(i) It is easy to incorporate 
functional elements (Ag, 
Cu, Sr); (ii) The processing 
temperature is relatively low.

(i) High drying 
shrinkage, prone to 
cracking; (ii) The coating 
is usually thin and has 
relatively weak adhesion 
to the substrate.

Porous scaffold 
drug sustained-
release coating.

127

Electro-
chemical 
modification

ECD

Under the influence 
of an electric field, the 
ions in the solution are 
reduced and deposited 
at the cathode.

The morphology and 
thickness of the coating 
can be precisely controlled 
by adjusting the current/
voltage.

The bonding force 
between the coating and 
the substrate is usually 
not strong.

Preparation of 
antibacterial 
coating on the 
surface of porous 
scaffolds.

128

Anodization

Using the sample as 
the anode, an oxide 
film is formed through 
oxidation in the 
electrolyte.

(i) TiO2 nanotube arrays 
can be fabricated for drug 
loading; (ii) The bonding 
force between the oxide 
layer and the substrate is 
strong.

The oxide film is brittle 
and too thick, making it 
prone to cracking.

Local drug 
delivery system 
on the surface of 
implants.

129

MAO

Under high voltage, the 
oxide film is broken 
down, resulting in 
micro-arc discharge, 
and the ceramic film is 
grown in situ.

(i) The formed ceramic 
membrane has high 
hardness, is wear-resistant 
and corrosion-resistant; 
(ii) The membrane layer is 
porous, which is conducive 
to the growth of cells; (iii) 
It is easy to incorporate 
bioactive elements from the 
electrolyte.

High energy 
consumption.

Construction of 
antimicrobial/
bone-inducing 
dual-functional 
surfaces.

24

Abbreviations: AM: Additive manufacturing; ECD: Electrochemical deposition; MAO: Micro-arc oxidation; PVD: Physical vapor deposition. 

clinical application of AM porous Ti alloy implants.122 
Table 2 outlines the preparation principles and advantages/
drawbacks of various surface modification strategies.

3.1. Mechanical method

The mechanical surface modification methods have 
the advantages of mature technology and controllable 
cost, and can effectively improve the surface quality. 
These primarily include polishing,130 sandblasting,41 
acid etching,42 and sandblasting-acid (SLA) etching.43,131 
Mechanical polishing and electrolytic polishing achieve 
a shiny and smooth surface by directly removing surface 
particles.130 Sandblasting employs high-speed jetting of 

hard particles (Al₂O₃) to impact the surface, effectively 
removing loose powder and creating uniform micron-
scale pit-like morphology while introducing residual 
compressive stress to inhibit crack initiation. Bagehorn et 
al.123 utilized sandblasting to increase the high-cycle fatigue 
strength of LPBF Ti6Al4V by approximately 20–30%, while 
achieving a surface roughness of 1–2 μm. This roughness 
range is considered ideal for maximizing osseointegration 
strength.132 However, sandblasting has inherent limitations 
for porous structures, as the blasting medium struggles 
to reach deep internal pore surfaces, resulting in 
uneven treatment effects. It is only effective for external 
surfaces and shallow pores.133 Acid etching treatment 

https://doi.org/10.36922/IJB026160143


International Journal of BioprintingInternational Journal of Bioprinting AM biomedical Ti alloys: Review

Volume 12 Issue 3 (2026)	 17� doi: 10.36922/IJB026160143

dissolves the surface layer using strong acids, creating a 
multiscale morphology characterized by micron-scale pits 
superimposed with submicron-scale textures. This process 
significantly enhances hydrophilicity through surface 
hydroxylation, reducing the water contact angle from 
approximately 70° to around 40°.134 More importantly, the 
acid can penetrate internal pores, achieving more uniform 
treatment compared to sandblasting. However, conditions 
must be strictly controlled to avoid excessive etching and 
hydrogen embrittlement risks. Chen et al.42 effectively 
removed molten slag and constructed nanopores through 
multiple acid etching steps, forming a micro-nano 
composite structure that improves surface hardness and 
wear resistance. This modification strategy balances wear 
resistance with biocompatibility, making it suitable for 
medical bone implants. 

SLA etching process combines the advantages of both 
techniques. It creates a multiscale hierarchical surface 
featuring 10–30 μm macro-pits overlaid with 1–3 μm micro-
pits and submicron etching textures. This hierarchical 
structure is more in line with the natural morphology 
of bone matrix, simultaneously providing micron-scale 
anchor points for cell attachment and nanoscale signals 
to promote integrin clustering.135 Zhang et al.124 used SLA 
etching to treat the porous Ti6Al4V scaffold, as shown in 
Figure 8A. SLA etching reduced the surface roughness 
of the scaffold from 1.91 μm to 0.66 μm, increased the 
porosity from 54.5% to 61.6%, effectively restoring the 
designed pore structure and improving the efficiency of 
nutrient transport. Additionally, it significantly altered the 
surface wettability of the scaffolds.

In summary, sandblasting can rapidly create micro-
scale roughness conducive to cellular proliferation but 
has limited effect on internal pores. Acid etching achieves 
uniform modification of both internal and external 
surfaces and enhances hydrophilicity. SLA etching has 
demonstrated superior osteogenic capabilities in both 
in vitro and in vivo studies.136,137 Mechanical surface 
modification serves as the most fundamental experimental 
method, which is why many studies combine it with other 
techniques to develop functionally graded composite 
surface modification strategies.

3.2. Physical modification technology

Physical surface modification methods involve depositing 
functional coatings or altering the atomic structure of 
the surface layer without chemical reactions.138,139 These 
techniques can significantly enhance the bioactivity, wear 
resistance, and antibacterial properties of implants while 
preserving the structural integrity of the material.140 
Among them, thermal spraying and physical vapor 

deposition (PVD) are several major surface modification 
technologies.141,142

Thermal spraying technology involves melting or 
semi-melting coating materials using a high-temperature 
heat source and then depositing them onto the substrate 
surface at high speed. Among these techniques, plasma-
sprayed hydroxyapatite (HA) coatings have been widely 
used in clinical hip joint prosthesis. Heimann125 noted 
that plasma-sprayed HA coatings (with a thickness of 
50–150 μm) significantly promote osteoblast adhesion and 
mineralization. Clinical follow-up studies have shown that 
the 10-year survival rate of the prosthesis exceeds 95%. 
However, conventional plasma spraying faces challenges 
such as uneven coating crystallinity, limited interfacial 
bonding strength (15–30 MPa), and HA decomposition 
caused by high temperatures.

PVD technology deposits atoms from a target material 
onto a substrate surface via physical mechanisms such 
as sputtering, evaporation, or ion plating in a vacuum 
environment, enabling the fabrication of dense thin-
film coatings with thicknesses ranging from nanometre 
to micrometre.143 Among various PVD approaches, 
magnetron sputtering is the most extensively employed 
method, which can synthesize hard coatings such as 
TiN and Tio₂. while also allowing for the incorporation 
of bioactive elements like Cu and Ag. These coatings 
significantly enhance surface hardness, wear resistance, 
and antibacterial properties.144 Diez-Escudero et al.143 
utilized arc PVD technology to deposit a TiAgN composite 
coating on the surface of porous Ti6Al4V trabecular 
scaffolds fabricated via EBPBF, as shown in Figure 8B. The 
coating sustainably releases Ag2+, significantly inhibiting 
the adhesion, proliferation, and biofilm formation of 
Staphylococcus aureus and Staphylococcus epidermidis. 

Physical surface modification techniques preserve 
the excellent mechanical strength of Ti alloys without 
altering their bulk composition. By controlling the surface 
microstructure and introducing bioactive elements, a 
dense nanoscale bioactive layer is formed, significantly 
enhancing the osseointegration capability, antibacterial 
performance, and wear resistance of Ti alloys. However, 
the particle transmission paths in physical methods such 
as thermal spraying and magnetron sputtering are prone 
to obstruction by pore walls, resulting in uneven coverage 
of the inner surface of the pores.

3.3. Chemical modification technology

Chemical surface modification method generates 
functional coatings through in situ chemical reactions in 
solution, thereby altering the chemical composition of 
the surface layer.145 These methods offer advantages such 
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as mild processing conditions, the ability to treat complex 
porous struct’res’ inner surfaces, and relatively low costs. 
Hydrothermal treatment involves growing functional 
coatings in a high-temperature and high-pressure aqueous 
solution environment. This process can produce oxide 
or phosphate layers with high crystallinity and strong 
bonding to the substrate.146 Compared to conventional 
chemical treatments under atmospheric pressure, 
hydrothermal conditions (typically 120–200 °C, saturated 
vapor pressure) significantly enhance reaction activity and 
coating density.147 For instance, Wu et al.148 used oyster 
shells as the calcium source and carried out hydrothermal 
treatment (at 150 °C for 1 h) to synthesize a coating 
containing beneficial trace elements (sodium, magnesium, 
strontium) and AB-type carbonate. The surface presented 
a mixed morphology of nanorods and ellipsoids, which 
showed excellent adhesion and proliferation effects on 

human osteoblasts. In the study of osteogenic functional 
coatings, Zhou et al.126 developed a modified hydrothermal 
method (190 °C, 8 h) to prepare a CaHPO₄ coating on 
AM porous Ti6Al4V scaffolds. This coating sustainably 
released Ca²⁺ and exerted bone immunomodulatory 
functions by inducing macrophage polarization toward the 
M2, significantly enhancing new bone formation in a rat 
femoral defect model. Alkali-heat treatment is based on the 
principle that when titanium alloys are immersed in high-
concentration NaOH or KOH solutions, which leads to the 
formation of a hydrated titanate gel layer rich in Ti-O-Na/
Ti-O-K bonds on the surface. Subsequent heat treatment 
converts this layer into an amorphous or microcrystalline 
sodium titanate/ kalium titanate layer. This surface layer 
can induce bone-like HA deposition in simulated body 
fluid, thereby conferring bioactivity to the surface.149,150 Luo 
et al.151 adopted a combined process of HCl pretreatment, 

Figure 8. Surface modification techniques for porous titanium alloys. (A) T﻿he surface morphology and biocompatibility of titanium alloy scaffolds 
subjected to sandblasting-acid etching treatment. Reprinted with permission from Zhang et al.124 Copyright © 2023 American Chemical Society. (B) The 
cross-sectional, surface morphology and biocompatibility of titanium alloy scaffolds subjected to physical vapor deposition (PVD) method. Reprinted 
with permission from Diez-Escudero et al.143 Copyright © 2022 American Chemical Society.
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NaOH alkali-heat treatment and high-temperature curing 
to prepare sodium titanate (Na₂Ti₆O₁₃) nanowire cluster 
coatings on LPBF-produced porous Ti6Al4V surfaces. The 
contact angle of the 48-hour treatment group was as low as 
5°. Within 7 days in simulated body fluid, a 15-μm-thick 
apatite layer could be formed, and the compressive strength 
of the material still met the mechanical requirements of 
cortical bone. Lei et al.71 constructed a bioactive sodium 
titanate coating on porous Ti6Al4V pedicle screws through 
acid etching pretreatment and alkali-heat activation, as 
shown in Figure 9A. Alkali-heat treatment introduced a 
large number of hydroxyl groups and Na⁺ active sites on 
the material surface, resulting in a more negative Zeta 
potential, which can enrich positively charged proteins 
such as fibronectin and collagen through electrostatic 
interactions. This coating significantly enhances 
surface hydrophilicity and surface energy, providing an 
ideal interface for cell adhesion and osseointegration. 
Hydrothermal and alkali-thermal techniques, as low-cost 
and highly adaptable surface modification methods, can 
construct uniform and strongly bonded bioactive coatings 
on complex porous titanium surfaces. This enables multi-
level optimization, including defect removal, surface 
activation, osteoinduction, and enhanced fixation. 
Such processes do not damage the porous structure or 
compromise mechanical properties.

T﻿﻿he sol-gel method prepares colloidal solutions 
through the hydrolysis and polycondensation of metal salts 
or inorganic salts, followed by deposition onto substrates 
via techniques such as dip-coating, spin-coating, or 
dip-drawing.152,153 This method offers precise control 
over coating composition and relatively low processing 
temperatures. Dong et al.154 deposited a polydopamine 
transition layer on the surface of the porous titanium 
scaffold, and then in situ formed a hydrogel composite 
coating loaded with Mg²⁺ and ZIF-8 nanoparticles through 
the Schiff base reaction. This method enables uniform 
coating of the gel layer without blocking the pores, and 
Mg²⁺ and Zn²⁺ can achieve stable and sustained release 
for more than 30 days. In terms of imparting antibacterial 
function, the sol-gel method can be combined with drug-
loaded hydrogels to construct sustained-release drug 
delivery systems. Huang et al.127 loaded vancomycin/
chitosan-hyaluronic acid hydrogels onto AM porous 
Ti-10Ta-2Nb-2Zr scaffolds (modified by MAO), achieving 
sustained drug release for over 35 days. The 2.5 wt.% 
vancomycin-loaded group maintained antibacterial 
activity without inhibiting osteoblast proliferation and 
differentiation, as shown in Figure 9B. Ma et al.155 further 
developed an intelligent responsive antibacterial coating 
by constructing a vancomycin/thermosensitive hydrogel/
polycaprolactone film composite system on the surface 

of AM porous Ti alloy rods. The polycaprolactone outer 
membrane could be degraded by bacterial lipases to trigger 
drug release, enabling intelligent response to release drugs 
only when the wound was infected. In vivo experiments 
confirmed that this coating effectively prevented S. aureus 
infections while preserving osteointegration capability. Sol-
gel composite modification serves as an efficient method 
for surface functionalization of porous implants. Its main 
advantages include the ability to deeply coat bioactive 
particles within pores, with controllable composition and 
release. This approach can simultaneously address issues 
such as insufficient osseointegration and infection in the 
clinical application of porous titanium.

In summary, the hydrothermal method can produce 
functional coatings with high crystallinity and strong 
bonding to the substrate, and the reaction conditions are 
controllable, making it suitable for uniform modification 
of porous structures. The alkali-heat treatment process is 
mature and can form a bioactive layer with HA induction 
ability, though the resulting coatings are relatively thin 
and require high-temperature post-treatment. The sol-gel 
method provides flexible compositional control, enabling 
the preparation of multi-component composite coatings. 
However, the uniform coverage of the coating on the high 
aspect ratio pores requires assistance from technologies 
such as vacuum. Chemical surface modification 
technologies create multi-element and multifunctional 
surface modification layers, providing a flexible technical 
route to enhance the corrosion resistance, antibacterial 
properties, and osteogenic performance of AM Ti alloy 
implants.

3.4. Electrochemical method

Electrochemical surface modification methods generate 
functional oxide layers on Ti alloy surfaces through electric 
field-driven oxidation reactions, offering advantages such 
as strong coating-substrate adhesion, uniform treatment 
of complex porous structures, and excellent controllability 
of process parameters. Electrochemical deposition (ECD), 
anodization, and MAO have been widely investigated as 
effective surface modification techniques for AM porous 
Ti alloy implants.156-158

ECD utilizes an electric field to drive ions or charged 
particles in a solution to deposit as a film on the electrode 
surface, enabling the preparation of HA, calcium phosphate, 
and other coatings at relatively low temperatures. This 
technology has been successfully applied to the surfaces 
of AM materials to produce various functional coatings. 
Chudinova et al.128 employed an electrophoretic deposition 
process to deposit calcium phosphate nanoparticles 
(CaPNPs, particle size ~90 nm) on the surface of 
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porous Ti6Al4V scaffolds fabricated by EBPBF. This 
coating effectively promoted osteogenic differentiation 
by mimicking the composition of bone minerals and 
rendered the scaffold surface superhydrophobic. Fan 
et al.159 further utilized ECP to prepare cerium oxide 
nanoparticle coatings on the surface of AM porous Ti6Al4V 
scaffolds. The Ce existed in mixed valence states, endowing 
the coating with antioxidant activity. This coating not only 
upregulated the expression of osteogenesis-related genes 
(ALP, OCN, COL1) but also modulated the inflammatory 
microenvironment by increasing the expression of anti-
inflammatory genes (ARG1, IL10) and decreasing the 
expression of pro-inflammatory genes (iNOS, TNFa). 
Wei et al.160 proposed an innovative strategy involving 
electrophoretic deposition to construct a carbon nanotube 
buffer layer and a mesoporous silica nanoparticle functional 

layer on Ti6Al4V scaffolds, loaded with mechano-growth 
factor. In vivo experiments showed that skeletal muscle cells 
accounted for 58.68% of the tissue, significantly higher than 
the 25.88% observed in the pure Ti group. The maximum 
avulsion force of muscle attachment reached 31.17 N/cm, 
and the implant regulated macrophage polarization toward 
the M2 phenotype to alleviate inflammatory responses.

Anodization can be used to fabricate highly ordered 
TiO₂ nanotube arrays in fluorine-containing electrolytes. 
The diameters and lengths of the nanotubes can be 
controlled by adjusting the voltage, time and composition 
of the electrolyte. This nanotubular structure significantly 
enhances the surface-specific area and hydrophilicity, 
providing a favorable nano-topological environment for 
cell adhesion, while the hollow tubular cavities serve as 
storage reservoirs for drugs or growth factors, enabling 

Figure 9. Chemical modification technology techniques for porous titanium alloys. (A) The morphology and cell activity of titanium alloy scaffolds 
subjected to alkaline heat treatment. Reprinted with permission from Lei et al.71 Copyright © 2025 American Chemical Society. (B) Schematic diagram of 
sol-gel method and microscopic morphology biocompatibility of the scaffold. Reprinted with permission from Huang et al.127 Copyright © 2022 IOPscience.
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localized sustained release.161 Gunputh et al.162 anchored 
Ag nanoparticles onto nanotube surfaces via in situ 
growth, achieving over 80% bactericidal efficiency. Their 
innovation involved further sintering nano-HA as a top 
coating, which preserved antibacterial efficacy while 
enabling slow Ag release (3.27 ± 0.15 μg/L over 24 hours), 
balancing antimicrobial with biocompatibility. Yang et 
al.163 innovatively adopted a Mg²⁺ doping strategy. They 
prepared TiO2 nanotubes (TNTs) with a diameter of 80 
nm and a length of 2 μm through anodization, followed 
by Mg²⁺ doping via a hydrothermal method. The sustained 
release of Mg²⁺ demonstrated significant antibacterial 
effects against various bacteria, while also inhibiting 
osteoclastogenesis by downregulating the NF-κB/NFATc1 
signaling pathway. Anodization can also be utilized to 
construct drug/ion-loaded functionalized surfaces. He et 
al.164 developed a hierarchical drug delivery system using 
TiO₂ nanotubes as carriers. They fabricated nanotubes 
(~110 nm in diameter) on the surface of LPBF-produced 
porous Ti scaffolds, loading with 1α,25-dihydroxyvitamin 
D₃ (VD3), and constructing thermosensitive Pluronic 
F-127 hydrogel for controlled drug release. This system 
achieves an ideal sustained-release profile of VD₃, with 
a cumulative release rate of 80% within 14 days. In vitro 
experiments demonstrated significant upregulation of 
osteogenic genes (ALP, COLI, RUNX2) in MC3T3-E1 cells. 
In the in vivo rabbit femoral implant experiment, the new 
bone formation rate after 2 weeks was 66.5% higher than 
that of the porous Ti scaffold without drug loading, and 
the bone-implant contact rate reached 40.8%, providing an 
effective solution for accelerating early bone integration.

MAO is a process that generates porous ceramic coatings 
in situ on Ti alloy surfaces through micro-arc discharge 
under high voltage (200–600 V). The coating thickness can 
reach 5–30 μm, and its bonding strength is significantly 
superior to that of sprayed or sol-gel coatings.21,22 By 
adjusting the electrolyte composition, bioactive elements 
such as Ca, P, Sr, and Mg can be incorporated into 
the coating, endowing it with excellent HA induction 
capability and osteogenic activity.24,52,165,166 To address the 
specific needs of osteoporosis patients, Kołodziejska et 
al.167 developed an MAO coating doped with Sr2+. The Sr2+ 
achieve bidirectional regulation of bone metabolism via 
the CaSR receptor, simultaneously promoting osteoblast 
differentiation and inhibiting osteoclast activity. Li et al.168 
systematically compared the effects of silicate, phosphate, 
and mixed electrolytes on coating growth mechanisms. The 
study revealed that silicate-based coatings grew outward, 
exhibiting excellent wear resistance but poor adhesion. The 
phosphate-based coatings grew inward, showing superior 
adhesion but insufficient wear resistance. The mixed 

electrolytes achieved a balanced performance. AM Ti alloy 
implants feature customizable complex structures, and 
MAO technology is not affected by material structure.169,170 
Chen et al.171 addressed the issue of pedicle screw loosening 
in spinal fusion surgery by combining LPBF with MAO to 
fabricate Ti6Al4V screws with fully interconnected porous 
structures. Through systematic optimization of oxidation 
time (3/5 min) and voltage (300/400 V), they obtained 
porous coatings (pore size 300–1200 nm) rich in bioactive 
ions such as Ca, Si, and P. In vitro and in vivo experiments 
confirmed that the Ti@MAO-3-300 group exhibited bone 
maturity and pull-out strength eight times higher than 
conventional screws. Yang et al.172 innovatively employed 
low-modulus porous β-type Ti2448 alloy combined with 
MAO treatment to produce an immunomodulatory 
coating, as shown in Figure 10. This coating, enriched with 
bioactive components such as Nb₂O₅ and SnO₂, which 
could induce macrophage polarization toward the M2 
phenotype and promote bone regeneration, demonstrating 
the synergistic advantages of material design and surface 
modification. 

In summary, the inherent solution-phase reaction 
characteristics of electrochemical methods enable them 
to effectively treat the inner surfaces of complex porous 
structures. This capability allows for the construction of 
functional coatings on the surfaces of biomedical porous Ti 
alloy implants, endowing them with excellent bioactivity, 
antibacterial properties. The anodization process can 
generate a uniform and dense nanoscale TiO2 film on the 
surface of porous titanium alloys. These nanochannels can 
increase surface roughness and hydrophilicity, providing 
sites for bone cell adhesion. Additionally, by doping the 
electrolyte with Ca2+ and P2+, the surface can be endowed 
with preliminary bioactivity, inducing hydroxyapatite 
deposition. MAO produces a ceramic oxide film that 
grows in situ on the titanium alloy surface through high-
voltage micro-arc discharge. This film exhibits far superior 
bonding strength, hardness, and wear resistance compared 
to anodized films, thereby enhancing the long-term 
service stability of implants. The hierarchical microporous 
structure formed on its surface is more compatible with 
the growth habits of bone cells. However, in the face 
of the high demands of clinical applications for bone 
implants, relying solely on a single anodization or MAO 
technology makes it difficult to achieve functions such 
as anti-inflammatory properties, drug sustained release, 
and photothermal responsiveness. In the future, it will 
be necessary to combine with other surface modification 
technologies to form multifunctional composite coatings, 
thereby achieving more ideal enhanced osseointegration 
effects.
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3.5. New multifunctional composite surface 
modification technology

Traditional surface modification techniques, which aim 
to enhance hydrophilicity, improve osseointegration, and 
provide antibacterial properties, often exhibit limited 
functionality and struggle to meet the current high 
demands for multifunctional integration on bone implant 
surfaces. In recent years, the development of stimulus-
responsive smart surfaces has emerged as a cutting-edge 
direction in implant surface engineering. The core concept 
lies in endowing implants with the ability to perceive and 
respond to specific endogenous or exogenous signals.173 In 
terms of endogenous stimuli, pH-sensitive coatings can 

undergo chemical bond cleavage or protonation-induced 
swelling in the acidic environment resulting from bacterial 
infection, thereby accelerating the release of loaded 
antibacterial agents or metal ions.54 Peptide enzyme-
responsive coatings, triggered by osteoclast activity during 
bone remodeling, demonstrate significant anti-biofilm 
activity, enabling effective growth of osteoblasts and 
fibroblasts.174 Regarding exogenous stimuli, near-infrared 
photothermal-responsive coatings enable localized and 
controllable temperature increases under near-infrared 
irradiation. This mechanism utilizes physical thermal 
damage to eliminate pathogens, including drug-resistant 
bacteria and mature biofilms, thereby circumventing 

Figure 10. Fabrication of Nb₂O₅ and SnO₂ coatings on β-titanium alloy surfaces via MAO technology. (A) Schematic diagram of the biological experiment 
of MAO-Ti2448. (B) Surface morphology. (C) Surface roughness of the coatings. (D) Morphology of macrophages. (E) Bone tissue metrological analysis. 
Reprinted with permission from Yang et al.172 Copyright © 2024 American Chemical Society.
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the limitations of antibiotic resistance associated with 
traditional approaches.175,176 Chen et al.177 fabricated a 
hydrogel coating with vertically gradient micropores via 
in situ polymerization and incorporated monolayer MoS₂ 
nanosheets to endow the coating with photothermal 
conversion capability. The coating exhibited a high 
bonding strength of 480 kPa with the Ti6Al4V substrate, 
and the MoS₂ achieved a bactericidal rate exceeding 
99% against both Escherichia coli and S. aureus under 
photothermal effects. Wang et al.178 developed a tannic 
acid-based photothermal-responsive hydrogel coating by 
integrating Prussian blue (PB) nanoparticles, quercetin 
(QUE), osteogenic growth peptide (OGP), and stromal 
cell-derived factor 1α (SDF-1α) into the hydrogel, which 
was then spin-coated onto the surface of Ti6Al4V 
scaffolds. Under photothermal conditions, this modified 
layer enhanced molecular mobility and drug release 
efficiency, while suppressing SASP inflammatory factors 
and inducing macrophage polarization toward the M2 
phenotype to exert anti-inflammatory effects. Meanwhile, 
the release of OGP and SDF-1α activated the Wnt/β-
catenin pathway, promoting osteogenic differentiation 
of bone marrow mesenchymal stromal cells (BMSCs). In 
addition, piezoelectric-responsive surface coatings loaded 
with BaTiO₃ and ZnO nanoarrays can convert periodic 
mechanical loads generated by daily human movements 
into surface microelectrical signals. These signals mimic 
endogenous bioelectric potentials to promote osteoblast 
proliferation, differentiation, and bone mineralization 
deposition, enabling self-powered bone repair without the 
need for external energy input.55 Chen et al.179 grew BaTiO₃ 
nano coating in situ on the surface of a Ti6Al4V scaffold 
via hydrothermal synthesis, followed by polydopamine 
chemical deposition to stably anchor vancomycin-loaded 
lipid microbubbles onto the scaffold surface. Under 
low-intensity pulsed ultrasound (LIPUS) stimulation, 
the BaTiO₃ coating generates a stable microcurrent, 
which triggers the rupture of the lipid microbubbles and 
subsequent drug release. This coating enables controlled 
drug release in an infected microenvironment.

Additionally, drug sustained-release coatings 
represent another important direction for the surface 
functionalization of porous bone implants. Controlled 
drug release systems can provide continuous stimulation 
to promote bone regeneration. Traditional surface 
modification techniques often rely on introducing a large 
number of pores for drug loading. However, drugs are 
physically mixed into porous implants as free particles 
without constraints, they often suffer from burst release 
issues. Luo et al.180 pre-modified Ti6Al4V scaffolds with 
a polydopamine surface coating. They then prepared 
double-network hydrogel microspheres using microfluidic 

technology to encapsulate hypoxia-induced human 
umbilical vein endothelial cell-derived exosomes (HExo). 
These microspheres were subsequently immobilized on the 
polydopamine-modified titanium scaffold surface through 
covalent bonding and physical anchoring. The hydrogel 
microspheres achieved sustained release of HExo over a 
period of up to 18 days. The continuously released HExo 
activated the MAPK, mTOR, HIF-1, and VEGF signaling 
pathways, simultaneously upregulating the expression of 
genes related to osteogenesis (ALP, OCN, RUNX2) and 
angiogenesis (VEGF, CD31). Che et al.181 constructed 
a dual-carrier sequential drug release coating on the 
surface of a titanium alloy porous scaffold. They used a 
thermosensitive collagen hydrogel as a rapid-release carrier 
to encapsulate the immunomodulator 4-octyl itaconate 
(4-OI), and employed ZIF-8 nanoparticles as a sustained-
release carrier to encapsulate the osteogenic factor BMP-
9, as shown in Figure 11. This composite coating achieved 
precise sequential release of anti-inflammatory and 
osteogenic factors. In the first phase, the burst release 
of 4-OI inhibited the NF-κB signaling pathway, rapidly 
controlling local inflammation. In the second phase, the 
sustained release of BMP-9 promoted the osteogenic 
differentiation of BMSCs.

Stimulus-responsive coatings and drug-release 
coatings have demonstrated significant potential in the 
functionalization of porous bone implant surfaces. Both in 
vitro and in vivo studies have preliminarily confirmed the 
remarkable anti-inflammatory and osteogenic capabilities 
of these functionalized scaffolds. However, due to the 
innovative nature of such surface modification strategies 
and the lack of unified in vitro and in vivo evaluation 
standards, challenges remain in terms of long-term safety 
and stability in clinical translation.

4. Application of additive manufacturing 
titanium alloy bone implants
With the widespread adoption of precision medicine, 
traditional standardized implants have gradually revealed 
limitations in addressing complex bone defects, repairs 
in special anatomical regions, and long-term functional 
maintenance. These challenges include poor anatomical 
matching, significant stress shielding effects, and 
insufficient interfacial bonding. AM technology offers 
a revolutionary solution by constructing biomimetic 
porous structures and personalized geometries, along with 
advanced surface modification techniques.3,182

4.1. Orthopedic implants and joint prosthesis

In clinical practice, the core advantage of AM technology 
lies in its ability to design materials based on patient CT 
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imaging data, significantly improving the anatomical 
matching between implants and human bones.183 This 
is particularly critical in complex bone tumor resection, 
joint replacement, and spinal orthopaedic surgeries,63,184,185 
as shown in Figure 12. For the anatomically complex 
pelvic region, Xu et al.186 demonstrated the superiority 
of 3D-printed prostheses. Twenty pelvic tumour patients 
were divided into a 3D-printed group and a conventional 
materials group for comparison. The surgical indicators, the 
negative rate of tumour resection margins, and the MSTS 
functional score were evaluated. The results showed that 
the average incision length (10.0 ± 3.1 cm), operation time 
(115.2 ± 25.3 min), and intraoperative blood loss (213.2 ± 
104.6 mL) in the 3D-printed group were significantly lower 
than those in the traditional materials group. However, 
the negative rate of tumour resection margins (90%) and 
the MSTS score (23.8 ± 1.3) in the 3D-printed group 
were significantly higher (p < 0.05). This process precisely 
models the preoperative CT data to achieve anatomical 
matching between the prosthesis and the bone defect. 

Compared with traditional screw-rod/plate fixation, 
the porous structure promotes bone ingrowth, reduces 
surgical trauma, and improves the accuracy of tumour 
resection, significantly improving postoperative functional 
recovery. In the field of spinal surgery, Siu et al.187 reported 
a case using EBPBF technology to fabricate customized 
Ti6Al4V intervertebral fusion device for the treatment 
of osteoporotic spinal deformities. The tailored implant 
perfectly matched the vertebrae, effectively preventing 
subsidence and displacement due to osteoporosis. 
Postoperative imaging confirmed excellent spinal sequence 
recovery and bone fusion. This solution addressed the 
challenge of standard fusion devices being difficult to 
adapt to the diseased vertebrae. For fine reconstruction 
of limb and craniofacial joints, personalized techniques 
also demonstrate great potential. Cheng et al.188 utilized 
the mirroring principle of the healthy part to design and 
manufacture Ti alloy prostheses for distal fibular and 
lateral malleolar. Two-year follow-ups revealed that the 
patient’s ankle joint function was close to normal, proving 

Figure 11. Synthesis schematic diagram, microscopic morphology, cell activity, and bone integration mechanism diagram for Ti/BMPOI. Reprinted with 
permission from Che et al.181 Copyright © 2026 Ivyspring International.
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the feasibility of Ti alloy prostheses in replacing complex 
joint structures. Sharma et al.189 developed a Ti alloy 
prosthesis for the temporomandibular joint using selective 
laser sintering (SLS), with a yield strength of 990 MPa, 
a tensile strength of 1045 MPa, and a surface roughness 
of 50.2 μm. After stress relief treatment at 800 ℃ in an 
argon atmosphere, dimensional accuracy reached ±50 
μm. Compared to commercial standardized prostheses, 
this method achieved precise anatomical matching with 
mandibular structures. The high specific strength and 
biocompatibility of AM Ti alloy minimized postoperative 
loosening, shortened operation time, and reduced the 
risks of infection, overcoming the poor adaptability of 
traditional prostheses in complex curved surfaces of the 
mandibular region. Furthermore, for extremely small 
phalangeal defects, Bregoli et al.190 demonstrated that even 

miniaturized Ti alloy implants with diameters as small as 
1.5 mm, after being prepared by LPBF and subjected to 
shot peening, could provide sufficient torsional strength 
(11.1 ± 0.6 Nm) and axial retention force (437.5 ± 11.5 N). 
The biocompatibility and porous structure synergistically 
enhanced implant fixation stability, restoring over 50% of 
hand function.

However, morphological matching is insufficient to 
address the long-term stability of implants. The stress-
shielding effect caused by the significantly higher elastic 
modulus of Ti alloys (approximately 110 GPa) compared to 
human bone is a primary reason for prosthetic loosening. 
Therefore, biomechanical design has become the key to 
technological breakthrough. Zhang et al.191 tackled the 
issue at the material level by employing LPBF to fabricate a 
β-type Ti24Nb4Zr8Sn alloy. Its elastic modulus was as low 

Figure 12. The application of additive manufacturing in orthopedic implants. Reprinted with permission from Sun & Shang.63 Copyright © 2020 Scientific 
research.

https://doi.org/10.36922/IJB026160143


International Journal of BioprintingInternational Journal of Bioprinting AM biomedical Ti alloys: Review

Volume 12 Issue 3 (2026)	 26� doi: 10.36922/IJB026160143

as 53 GPa, while maintaining a tensile strength of 665 MPa, 
achieving better mechanical compatibility with bone tissue. 
Other studies have focused on structural innovations. 
Li et al.192 designed a gradient porous Ti6Al4V scaffold 
based on TPMS to simulate the gradient mechanical 
properties of natural bone. By varying pore sizes from 
100 to 700 μm, they achieved a continuously adjustable 
compressive modulus ranging from 3.07 to 7.33 GPa. The 
in vivo implantation experiment in pigs showed that the 
bone volume/total volume reached 12.84% after 5 weeks, 
significantly higher than the 3.28% in control group. Rana 
et al.193 introduced a more innovative negative Poisson’s 
ratio structure and used the SLS process to fabricate 
heterogeneous porous Ti femoral stems. Based on CT 
data, they optimized the pore distribution and tested the 
stress shielding rate and mechanical compatibility. Results 
showed that the optimized implant reduced the average 
stress shielding rate from 56% to 18%, with significantly 
less bone resorption in Gruen zones. Compared to solid 
Ti prostheses, this heterogeneous structure synergistically 
modulates stress distribution and enhances long-term 
prosthetic stability through porosity and negative Poisson’s 
ratio effects.

Although AM technology has endowed the implants 
with structural advantages and mechanical compatibility, 
their original fabricated surfaces often exhibit issues 
such as high roughness, insufficient bioactivity, or lack 
of antibacterial ability. Therefore, surface modification 
has become an essential step in optimizing implant 
performance. Chowdhury et al.194 systematically reviewed 
post-processing techniques such as laser treatment, 
electrochemical polishing, chemical etching, heat 
treatment, and surface coatings in the fabrication of Ti alloy 
implants using LPBF/EBPBF. They also evaluated the effects 
of each technique on the physical properties, mechanical 
properties, tribological characteristics, and biological 
responses of the implants. The results demonstrated that 
laser polishing reduced the surface roughness of Ti6Al4V 
samples from 14.21 μm to 1.71 μm while enhancing 
fatigue strength. MAO formed a microporous oxide 
coating on complex structural surfaces, reducing the 
elastic modulus and improving osseointegration. HA 
coatings, prepared via plasma spraying or sol-gel methods, 
significantly enhanced bioactivity. Compared to untreated 
AM implants, the samples after surface functionalization 
exhibited improvements in antibacterial properties, 
osteoconductivity, and mechanical compatibility. Notably, 
lattice structure implants combined with surface coating 
technology effectively alleviated stress shielding, achieving 
synergistic optimization of mechanical and biological 
performance. The review by Li et al.195 further highlighted 
that post-processing techniques such as sandblasting, HA 

coating, and MAO could enhance the osseointegration 
efficiency of Ti alloys. By introducing antibacterial elements 
like Cu and Ag and combining with the porous structure 
design of AM, these methods simultaneously improved 
the implants’ mechanical adaptability, osseointegration 
capacity, and antibacterial properties. 

In summary, the personalized customization of AM Ti 
alloy has addressed the challenge of morphological matching 
in complex anatomical regions, significantly enhancing 
surgical precision and postoperative functionality. The 
gradient porous structure design effectively mitigates 
stress shielding effects, improving the long-term stability 
of implants. Surface modification techniques endow 
implants with multiple biological functions, including 
antibacterial properties, osteogenesis promotion and 
soft tissue integration. With continuous optimization of 
printing processes and innovations in surface modification 
technologies, AM Ti alloy implants have demonstrated 
unparalleled advantages over traditional implants across 
various fields, such as joint replacement, spinal fusion, 
pelvic reconstruction, and mandibular repair.

4.2. Dental implant

The deep integration of AM technology with Ti alloy 
materials is reshaping the technological of dental implants, 
fundamentally addressing long-standing limitations of 
traditional dental implants in mechanical compatibility, 
bioactivity, manufacturing precision, and personalized 
customization. In order to enhance the biomechanical 
performance and bone integration rate of dental 
implants, in recent years, some scholars have innovatively 
incorporated porous structures into the design of dental 
implants, aiming to reduce the overall elastic modulus of 
the implants and alleviate the mismatch in mechanical 
properties between the implants and the surrounding 
bone tissues.196 To address the insufficient fatigue strength 
of traditional porous Ti6Al4V dental implants. Xiong 
et al.197 employed LPBF to design and fabricate porous 
Ti6Al4V scaffolds with different diameters of dense cores 
(PT, PT-1.2, PT-1.8, PT-2.4), with porosity ranging from 
50% to 75% and pore diameters of approximately 400 
μm. Mechanical testing revealed that PT-1.8 exhibited 
optimal performance, with an elastic modulus (22.95 
GPa) matching that of mandibular bone, along with a 
yield strength (330.91 MPa) and effective fatigue strength 
(165.46 MPa). This design ensures that the inner dense 
structure meets mechanical demands while the outer 
porous structure facilitates bone ingrowth, significantly 
enhancing mechanical properties without substantially 
sacrificing porosity. 

However, beyond mechanical performance, surface 
biocompatibility is critical for rapid osseointegration 
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between implants and surrounding bone tissue. Iezzi et 
al.198 performed organic acid etching on Ti6Al4V porous 
implants fabricated by LPBF. After acid etching, due to the 
high micro-nano roughness, the proliferation of osteoblasts 
increased by 38.76%, and calcium deposition increased 
by 42.75%. Meanwhile, the porous structure provided a 
three-dimensional growth space for cells, significantly 
enhancing the potential for osseointegration. Qin et al.64 
further optimized surface modification strategies for Ti 

implants by applying sandblasting, acid etching, and alkali 
etching to LPBF-fabricated implants with 30% porosity, as 
shown in Figure 13B. The surface roughness of the material 
reached the ideal value of 4.58 μm. The hydrophilicity, 
osteoblast activity and mineralization ability were 
significantly improved, while sufficient compressive 
strength was maintained. Compared to dense implants, 
the porous structure promotes nutrient transport and bone 
ingrowth, while composite surface modification further 

Figure 13. The application of titanium implants in dentistry. (A) The design and manufacture of piezoelectric dental implants. Reprinted with permission 
from Chen et al.196 Copyright © 2026 Nature. (B) Traditional machine tool processing and additive manufacturing of dental implants. Reprinted with 
permission from Qin et al.64 Copyright © 2023 Frontiers. (C) The implantation process of Ti alloy dental implant. (D) CT images of bone integration of 
AM Ti alloy after three years. Reprinted with permission from Tunchel et al.199 Copyright © 2016, Wiley.
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enhances bioactivity, achieving a synergistic improvement 
in mechanical performance and biocompatibility. Chen 
et al.196 fabricated an occlusal-driven autonomous 
piezoelectric dental implant, as shown in Figure 13A. 
Using BCZT (Ba₀.₈₅Ca₀.₁₅Zr₀.₁Ti₀.₉O₃) powder with a high 
piezoelectric coefficient, they produced a TPMS bionic 
porous structure via vat photopolymerization 3D printing. 
The porosity was adjustable within the range of 0.3–0.7, 
while the compressive strength reached 16.6–87.2 MPa, 
and the elastic modulus closely matched that of human 
cancellous bone. Under physiological occlusal pressure, the 
implant stably generated electrical signals, which induced 
piezoelectric catalysis to produce reactive oxygen species. 
This resulted in bactericidal rates of 75.9% against S. aureus 
and 99.8% against Porphyromonas gingivalis. Additionally, 
it promoted macrophage polarization toward the anti-
inflammatory M2 phenotype, significantly alleviating 
inflammatory responses.

In clinical validation, Tunchel et al.199 used SLS to 
fabricate porous Ti6Al4V implants (surface roughness 
Ra = 66.8 μm) and conducted a 3-year follow-up study 
involving 82 patients with 110 implants (65 maxillary, 45 
mandibular), as shown in Figure 13C and 13D. The implant 
survival rate within 3 years was 94.5%, and the marginal 
bone resorption at 1 year and 3 years was 0.75 mm ± 0.32 
and 0.89 mm ± 0.45, respectively, both within clinically 
acceptable ranges. This process enables precise control 
the pore distribution and surface morphology, promoting 
bone ingrowth and mechanical interlocking, thereby 
demonstrating the reliability of AM Ti alloy implants in 
single-tooth replacement.

In summary, AM Ti alloy dental implants address 
challenges such as morphological mismatch, dimensional 
incompatibility, and slow osseointegration through 
personalized customization and multilevel surface 
modification techniques. In the future, large-scale clinical 
trials will be necessary to confirm the reliability and safety 
of porous dental implants.

5. Summary and prospects
This article provides a comprehensive exploration of the 
widespread applications of AM Ti alloys in the field of 
biomedical implants, systematically introducing structural 
design, surface modification technology, as well as clinical 
applications. The main conclusions are as follows:

(i)	 Porous structure design is a core strategy for 
enhancing the biological and mechanical 
compatibility of implants, where porosity, pore 
size, and pore morphology directly influence 
performance. Computer-aided technologies such 
as FEA and ML have supported the optimization 

of pore parameters and mechanical properties. For 
the repair of bone defects, the appropriate porosity 
range of bone implants prepared by LPBF is 60–70%, 
and the suitable pore size range is 500–700 μm. The 
appropriate porosity range of bone implants prepared 
by EBPBF is 70–75%, and the pore size range is 800–
1,000 μm. The pore structure of these parameters can 
achieve mechanical compatibility with human bones, 
thereby reducing the stress shielding effect. TPMS 
structures outperform traditional lattice structures in 
terms of mechanical isotropy and biocompatibility. 
Furthermore, the gradient biomimetic structure 
design mimics the hierarchical structure of natural 
bone tissue, demonstrating a strong ability for bone 
integration.

(ii)	 Surface modification techniques address the 
shortcomings of insufficient surface activity and high 
roughness of AM Ti alloys. Mechanical, physical, 
chemical, and electrochemical modification techniques 
enhance bone integration efficiency, antibacterial 
performance, and corrosion resistance by constructing 
bioactive coatings, introducing antibacterial elements, 
or regulating topological structures. Multifunctional 
composite surface modification technology, by 
constructing multi-layer coatings on the surface of 
titanium scaffolds, enables them to possess multi-
source stimulus responsiveness and controllable drug 
release functions, demonstrating significant potential 
in the field of bone implant modification.

(iii)	AM Ti alloy implants have been successfully 
applied in joint replacements, spinal fusion, pelvic 
reconstruction, and dental implants. Personalized 
customization enables precise anatomical matching 
with patients, reducing surgical trauma. Clinical 
validation demonstrates that AM Ti alloys exhibit 
superior repair outcomes and reliability compared 
to traditional implants in scenarios such as complex 
bone defect repair and dental implant replacements.

In the future, the development of AM Ti alloy implants 
will focus on adaptability and functionalization. In terms 
of adaptability, further integration of medical imaging, 
numerical simulation, and topology optimization 
technologies is needed to achieve precise matching 
between implant pore structures and individual bone tissue 
characteristics. In terms of surface functionalization, it is 
necessary to consider designing multifunctional coatings 
that include natural biomimicry, strong interfacial stability, 
intelligent responsiveness, and controlled drug release to 
address complex clinical issues such as bone infections. 
Additionally, it is necessary to enhance the standardization 
and efficiency of the AM process, and conduct longer-
term clinical follow-up studies to improve the long-term 
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safety and effectiveness data of the implants. With the 
deep integration of materials science, manufacturing 
technology, and medicine, AM Ti alloy implants have the 
potential to reshape the landscape of orthopedic medical 
devices.
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