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Porous structures produced from biocompatible titanium alloys using selective laser melting can present a

promising material to design scaffolds with regulated mechanical properties and with the capacity to be loaded with

pharmaceutical products. Adjusting pore geometry, one could control elastic modulus and strength/fatigue

properties of the engineered structures to be compatible with bone tissues, thus preventing the stress shield effect

when replacing a diseased bone fragment. Adsorption of medicals by internal spaces would make it possible to

emit the antibiotic and anti-tumor agents into surrounding tissues. The developed internal porosity and surface

roughness can provide the desired vascularization and osteointegration. 

additive manufacturing  bioactive scaffolds  porous materials

1. Introduction

With recent progress in additive manufacturing (AM) technology, the number of publications on developing porous

materials for biomedical applications exhibits an avalanche-alike growth, as denoted in a series of very recent

extensive reviews . The advantages of AM approaches to engineer fine-structured, property-controlled,

and custom-designed products of numerous metallic, ceramic, carbon, and plastic materials stipulated the

development of porous materials with enhanced mechanical, biocompatible, and bioactive properties. Successful

exploring this area demands the realization of multidisciplinary concepts, joining efforts of prominent researchers in

the field of AM technology, computer-assisted design, multiscale simulation and machine learning, tissue

engineering, microstructural assessment, property characterization, biomedical studies, orthopedic surgery, and so

on. Specialists from these different fields might under or overestimate the possible troubles arising from every

particular aspect of developing an “ideal” final product.

2. AM Approaches to Print Porous Structures

2.1. AM Techniques to Print Porous Biocompatible Products of Ti Alloys and the
Features of As-Printed Materials

3D printing is known to introduce both internal defects and geometrical deviations in the manufactured workpieces

caused by the quality of powders, non-optimal processing parameters, and native peculiarities of AM technology .

These features may affect the functional performance of the printed articles. Achieving high-quality products

requires laborious monitoring procedures involving instrumental control and computer-assisted engineering,
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including machine learning . Adopting AM for medical products is impossible without the implementation of

specialized approaches allowing to highly precisely print defect-free, thoughtfully architectured articles.

Modern AM techniques can provide rapid prototyping of complicated 3D structures via progressive layer-by-layer

joining materials programmed with the model data . There are numerous AM methods, each with its own ups and

downs depending on the specific application, as denoted in many comprehensive reviews . It is important to

note that high-precision printing of fine structures with complicated geometry is possible using AM methods based

on the fusion of ultra-dispersed powders powered by laser or electron beam, which have become the most popular

techniques to manufacture medical devices . The former is often referred to as the Selective Laser

Melting (SLM) technique. However, SLM represents rather a proprietary name of the AM process owned by the

inventor, SLM Solutions Group AG, Lübeck, Germany. To keep the consistency, both techniques are categorized

using the main prototyping principle and labeled as laser or electron beam powder bed fusion (L-PBF and EB-PBF,

respectively).

PBF techniques enable the printing of porous structures with the finest available dimensions of pores (starting from

20–25 µm)  of high-quality biocompatible alloys. Even if modern studies predict an optimal pore size to be in the

range of 300–600 µm (see below), the AM process must ensure much higher precision of printing than the

designed pore dimensions. Even to compose 300 µm-sized pores, one needs to provide a printer resolution ability

to reproduce geometrical features of several tens of microns. PBF techniques are capable of producing such

precise porous structures with smooth surfaces .

Printing parameters for porous structures can significantly vary depending on the specific material and application

. Printing percolating porous structures with sophisticated fine-scale internal geometries demands the highest

achievable precision  provided by using powders with the least possible particle size as well as the smallest

laser beam size with corresponding accuracy of the positioning system accompanied with appropriate laser

power/energy density .

PBF processing parameters can have a significant effect on the homogeneity of the structure and properties of

printed samples, as well as provoke the formation of undesired AM-induced defects such as voids, cracks, and

unmelted particles . The location of the product on the printing platform can entail scattering in properties of

the printed objects with deviations varied from 5 to 17% depending on their location . High residual stresses may

arise due to heterogeneous heating and rapid solidification during the PBF process, while post-printing annealing

can affect the mechanical performance and phase composition of the printed articles as well as lead to the

formation of cracks, shape distortion, and detachment from the supports .

The microstructure of the AM materials is usually characterized by a fine-grained structure that arises from the

rapid solidification of melted metal powders. The size and morphology of the grains and fragments can vary

depending on the alloy’s composition, AM parameters, and heat transfer during the process . Phase

composition can also be affected by the printing processes of Ti alloys accompanied by optional precipitation of

intermetallics . At high cooling rates, depending on the class of a Ti alloy, a structure from a quasi-equilibrium
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Widmanstett structure consisting of α-phase plate packets  to a non-equilibrium fine-dispersed acicular

martensite structure  with a high density of dislocations and twins  can be formed out of β-phase grains. The

formation of such non-equilibrium structures leads to a significant increase in the strength and a loss in ductility of

printed Ti alloys compared to those produced by traditional methods of metal forming .

The aforementioned factors can influence the mechanical properties of AM-produced materials. In addition, PBF-

printed specimens can exhibit a specific crystallographic texture with the preferential alignment of grains along the

construction direction, which introduces considerable anisotropy of mechanical properties, especially in materials

with low symmetry, such as Ti alloys .

The PBF 3D printing process can additionally result in heterogeneous surface roughness due to the layered

deposition of material, which is important from a biomedical point of view. To improve surface quality, dedicated

post-processing methods such as chemical or electrolytic etching should be used . The texture and topography

of the surface can affect the wettability, adhesion, and corrosion resistance of printed materials .

Additional trouble with the printed porous structures is related to the intrinsic feature of AM technology: unmelted

particles can be trapped in the internal cavities of the printed product . The presence of trapped powders is

undesired for articles designed for medical applications, and cleaning by powder recovery systems is required.

Standard techniques such as air jet cleaning might be insufficient to release trapped powder from porous

specimens with complicated internal geometry , and chemical or ultrasound vibration procedures must be

applied.

2.2. Computational Techniques for AM-Aimed Cell Design and Virtual Testing of
Porous Structures

Bioactive scaffolds need a purposeful design of porous structures with fine, sophisticated geometry to satisfy

numerous requirements of regulated mechanical properties, osteo-inductivity and conductivity, biocompatibility,

permeability, and capacity for drug loading.

Understanding how the design of porous structures defines the properties of printed articles is highly important to

achieving high-quality medical products with desired performance. The models of porous structures are

characterized by the spatial arrangement of cells consisting of pores and inter-pore walls, the pore size and their

distribution, cell geometry, configuration of inter-pore partitions, the type of pore relief, etc. .

At the same time, it should be noted that for the normal development of bone tissue, porous materials must provide

the diffusion of fluids and nutrients, as well as the removal of metabolic waste . It should also be

considered that the structure of the material is important for the functioning of bone tissue during and after the

process of regeneration and remodeling . This subsection considers computer-aided design of the pore

geometries and numerical approaches to simulate the target properties of the cellular structures.
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There are various computer-aided methods to design porous materials regarding the configuration of their internal

topology. They can roughly be classified as constructed with (i) spatially arranged cells composed of struts, (ii)

triply periodic minimal surfaces (TPMS), and (iii) irregular bio-inspired stochastic or Voronoi tessellation structures

. The latter two techniques provide versatile capabilities to engineer porous scaffolds with

controllable mechanical performance and enhanced cell colonization and proliferation . While irregular

structures mimic the natural composition of bone tissues, their design, and AM processing are laborious because of

higher scattering of results among the generated structures as well as poorer basis for comparison of their

performances.

Let us consider the basic principles for the computer-aided development of porous structures on the example of the

most popular approach for the flexible design of versatile porous materials based on the mathematical

representation of cellular structures by TPMS . This approach provides an easy-to-implement yet powerful

tool to mimic the topological, mechanical, physical, and biological properties of natural bone .

TPMS is an infinite and periodic curved surface that does not contain self-intersecting fragments and allows for the

creation of homogeneous structures. These surfaces have crystallographic group symmetries: cubic, tetragonal,

hexagonal, rhombic. TPMS is formed using an implicit method, i.e., using unambiguous functions of three

variables, and the surface is defined using three axis parameters  (x, y, z). An example of describing a TPMS

surface is an equation of the general type (1):

cos αx + cos βy + cos γz = c, 

where α, β, γ are parameters that determine the sizes of the base cell along the x, y, and z axes, and the constant

c determines the density of the structure. That is, this equation represents a set of trigonometric functions that

together satisfy the equality ϕ(x, y, z) = c, and this function ϕ(x, y, z) is an isosurface evaluated by the isovalue c.

Variable density, cell size gradients, hybridization, hierarchy, etc., are achieved by controlling the implicit function

(cos(x, y, z) or sin(x, y, z)) and the constants .

Currently, the most widely used programs for creating porous structures include Triangulatica, nTopology, Gen3D

Sulis, Autodesk Fusion 360, Netfabb, etc., as well as the free MSLattice plugin , which was used to create

models in MATLAB (R2022b), SpaceClaim (for ANSYS R19.1), and OpenSCAD (2021.01). Figure 1 illustrates the

opportunities to construct porous cylinders differently designed based on various models.
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Figure 1. Models of a cylindrical sample built using TMPS models with different parameters featuring visualization

of the different pore/wall ratio within IWP design (1–4) and different cell designs: Diamond (5) Gyroid (6,7) as well

as strut-based octa-alike construction (8).

Important to highlight a problem related to the mismatch between the designed and printed models, which is

originated from the 3D printing process listed above: heterogeneous solidification of melted powders; residual

stresses, which can cause noticeable deviation of the product’s geometry from the desired shape; inaccuracies

associated with the finite size of the laser beam, comparable to the size of the printed pores and non-perfect

positioning . Figure 2  shows a comparison of the designed and printed fragments of the cellular structure,

showing AM-induced inaccuracy in the reproduction of the desired cell walls. Note that the authors of  used very

fine powders with volume-weighted equivalent diameters as small as d  = 12.1 µm, d  = 23.6 µm and d  = 37.6

µm. A laser beam size was 30 µm to reliably print the cells with the minimal strut thickness of 100 µm.

[1] [52]
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Figure 2. Micro CT images of (a) designed and (b) manufactured cell walls and their cross-sections. The figure is

reproduced from  under the terms of the BB-CY license.

2.3. Virtual Optimization of Porous Structures for Biomedical Applications

Assuming that the studies on developing pore geometry for superior functional performance of bioactive scaffolds

require optimization of the design and service properties in multi-dimensional parameter space, the application of

computer simulation seems to be vital for further progress in the area. Finite-element modeling (FEM), dedicated to

virtual testing of differently designed porous structures and accompanied by experimental validation, represents the

most overwhelmingly growing field of study in developing bioactive implants. Numerous reviews testify that virtual

testing of porous articles is able to adjust key parameters of their mechanical performance demanded by

biomedical applications, such as strength, stiffness, and fatigue resistance, as well as biomedical properties 

. However, high-precision computer simulations of the sophisticated internal geometry of the developed

products require substantial computation power. Moreover, the mechanical response of generic porous

configurations may not be calculated in full-field approximation, even using a representative volume element

[52]
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approach at reasonable computational cost . The limitations imposed by meshing allow us to numerically study

the materials with low porosity only (less than ~20%) without pore interconnections . Mean-field approximations

reducing demands for computational power do not guarantee proper accuracy if complicated cases of

sophisticated microstructures or non-linear behavior are considered . Multi-scale or multi-process simulations

(such as those considering fluid dynamics of drug release by porous structures) require immense computation

power available in supercomputers with parallel implementations of computational tools . Another major

challenge for computer simulation of porous implants is presented by a problem of interrelation between their

topology and biomedical properties: cell proliferation and colonization, vascularization, osteointegration, and

osteoinduction, which often impose contradictory requirements to the pore geometry and the internal surfaces.

Modern computational solutions based on machine learning could significantly contribute to solving these

problems. Several studies demonstrate a promising potential of artificial intelligence (AI) to optimize and predict a

number of mechanical parameters such as compressive strength, tensile strength, shear, and Young’s modulus 

; to evaluate stress-shielding effect ; to design drug delivery systems ; to account for printing quality ; to

mimic natural cellular and porous structures .

3. Porous Scaffolds for Bone Tissue Engineering:
Biomedical Issues

3.1. Porous Matrices

As denoted in the chapters hereinabove, AM methods are widely used to obtain porous metallic structures,

allowing for the production of materials with controlled microarchitecture. Porous biological metallic matrices built

using the PBF methods have shown promising results in both in vitro and in vivo studies . Porous metal

scaffolds are already being used in orthopedics for the implantation of artificial joints and for the reconstruction of

bone defects caused by infection, trauma, or tumor resection . The porous structure can reduce risks associated

with the stress shielding effect by matching the mechanical properties of the bone and promoting osteointegration

in the bone-implant contact zone, providing the transport of nutrients necessary for the viability and differentiation

of precursor osteocyte cells. Unlike ceramics and polymers, porous metallic materials have the advantage of

balanced mechanical properties and a unique skeletal structure, which expands their application possibilities in

orthopedics . Metallic matrices can have a homogeneous or irregular pore size . Homogeneous pore size

allows for controlled porosity, providing predictable mechanical properties and scaffold biocompatibility .

However, the human trabecular bone does not have a consistent porosity, so homogeneous porous matrices are

not optimal for cell adhesion and proliferation. On the contrary, irregular porous structures, similar to the spongy

structure of bone, enhance the biocompatibility of porous matrices and are more favorable for cell growth .

Most non-uniform porous matrices were obtained using the reverse engineering method based on CT imaging,

which allows for the simulation of the microarchitecture of natural bone . The mathematical modeling method

based on Voronoi-Tessellation enables the construction of approximate models of biomimetic heterogeneous

porous materials . Methods based on Voronoi-Tessellation not only optimize the microarchitecture of the
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matrices but also regulate the mechanical properties (elastic modulus and compressive strength) of the porous

matrices, which is important for bone tissue engineering .

3.2. Cell Geometry

Early studies of materials with different pore sizes have shown that the optimal pore radius for bone ingrowth is 50

μm and can reach up to 150 μm . According to Lu et al., human osteoblasts can penetrate, colonize, and

proliferate inside macro-pores, with a favorable size of over 40 μm . Later, Itala et al. investigated laser-

perforated titanium matrices with pore sizes of 50 μm, 75 μm, 100 μm, and 125 μm and found the formation of

osteonal structures even in the smallest openings, leading to the conclusion that pore size within this range does

not affect bone ingrowth in perforated titanium matrices . Similar results have been obtained in several other

studies, considering the minimal matrix pore size to be within the range of 50–100 μm . Moreover, authors of

 mention that osseointegration occurred even in microporosities of about 10 μm, while reducing pore size below

submicrometer scale inhibits bone ingrowth. Xue et al. investigated the influence of the pore size of porous titanium

on cell penetration and bone ingrowth. The results showed that porous scaffolds with a pore size of 188 μm were

covered with cells, but there was a disruption in oxygen and nutrient exchange, leading to cell death within the

matrix, and the optimal pore size was found to be over 200 μm .

Taniguchi et al.  reported that the PBF porous Ti6Al4V implant with a porosity of 65% and a pore size of 600 μm

had comparable mechanical strength to bone, higher fixation capability, and greater bone ingrowth compared to

implants with pore sizes of 300 and 900 μm. This is consistent with the recent results by Liu et al.  showing that

the best osteogenic properties and desired mechanical performance were demonstrated by trabecular bone

scaffolds characterized by 65% porosity with a pore size of 550 μm. Wieding et al.  concluded that a porous

Ti6Al4V matrix with a pore size of 700 μm stabilized segmental bone defects in sheep tarsal bones. Li et al. 

conducted in vitro experiments to investigate matrices with pore sizes of 500 μm, 600 μm, and 700 μm and

porosities of 60% and 70%. Matrix with a size of 500 μm and a porosity of 60% demonstrated superior cell

proliferation and osteogenic differentiation of rat bone marrow mesenchymal stem cells (MSCs) in vitro and bone

ingrowth in vivo .

3.3. Biocoatings of Porous Structures

Orthobiologicals are biological substances such as bioactive molecules, stem cells, or demineralized bone grafts

that are used to heal bone defects more quickly. Porous matrices made of titanium alloy, printed on a 3D printer,

enhance angiogenesis, osteoblast adhesion, and promote osseointegration. However, titanium alloys are

biologically inert, making the attachment between the implant and bone tissue weak. Therefore, surface treatment

and implant structure must be considered in order to develop optimal porous implants. Cell differentiation and bone

ingrowth are accelerated when the implant surface is covered with a bioactive material or when chemical and

thermal treatments are applied, transforming the smooth titanium surface into a rough bioactive surface . It has

been demonstrated that chemical and thermal treatment, by immersion in a 5M aqueous solution of NaOH at 60 °C

for 24 h, enhances the osteoinductive properties of porous titanium implants and does not require additional use of
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osteogenic cells or bone morphogenetic protein. Thus, bioactive porous titanium could be an attractive alternative

to existing orthopedic implants under load conditions . There are several methods to enhance the biological

activity of metallic implants through surface treatment with bioinert metals and simulated body fluid (SBF), which

mimics the composition of human plasma. As a result, a biomimetic apatite coating can form on the material

surface. One of them is plasma spraying of calcium phosphate, which is one of the most studied methods, and its

effectiveness has been confirmed .

3.4. Cell Colonization

For the purposes of bone tissue engineering, MSCs are widely used due to their ability to proliferate and undergo

osteogenic differentiation . Titanium possesses stable biocompatibility and, according to some studies, even

promotes cell adhesion and proliferation  (Figure 2). In in vitro studies, titanium mesh membranes with square

openings ranging from 25 µm to 75 µm have been shown to promote cell adhesion and proliferation .

Functionalizing titanium via the application of bioactive coatings, particularly derivatives of hydroxyapatite,

significantly enhances MSC osteogenic differentiation and angiogenesis in human umbilical vein endothelial cells

. Endothelial microvascular network plays an important role in osteogenesis, bone regeneration, and bone tissue

engineering. Endothelial progenitor cells (EPCs) have a high angiogenic and vasculogenic potential. Colonization

of EPC matrices enhances their vascularization and formation of new bone tissue.

3.5. Clinical Studies of Porous Ti-Based Materials

In a clinical study, a porous titanium interbody cage was used in patients undergoing anterior cervical discectomy

to achieve interbody fusion. The titanium cages were characterized by high porosity (80%) and large pore size (700

microns) to facilitate osteointegration. The results showed that the clinical effectiveness of the titanium cages was

not significantly different from that of traditionally used polyetheretherketone with (auto) graft. However, faster

consolidation was observed .

To achieve fusion in patients undergoing anterior cervical discectomy, 3D-printed porous titanium and

polyetheretherketone interbody cages with autograft were used as cervical implants. 3D-printed porous titanium

cervical implants demonstrated significantly better clinical outcomes. Although there were no differences between

the groups after 12 months, the titanium cages led to faster vertebral consolidation . In a clinical study, 51

patients with primary osteoarthritis of the hip joint were randomized into two groups. In the experimental group, a

porous titanium construct backside was implanted, while in the control group, patients were given a conventional

porous coated titanium cup. When assessing periacetabular bone mineral density two years after surgery and

implant fixation, no significant differences were observed between the two groups . 
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