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ABSTRACT

Additive manufacturing (AM) has emerged as a transformative route for fabricating porous titanium scaffolds with
patient-specific geometries and bone-mimicking mechanical responses. By controlling unit-cell architecture, porosity,
and surface topography, AM-fabricated Ti and Ti-6Al-4V scaffolds can simultaneously address two long-standing
challenges of conventional bulk implants: stress shielding caused by stiffness mismatch between the implant and host
bone, and limited osseointegration due to bioinert surfaces. This review synthesizes a decade of progress in laser
powder-bed fusion (LPBF), electron-beam melting (EBM), and direct energy deposition (DED) of porous Ti structures
for orthopedic applications. The mechanical behavior of strut-based and triply periodic minimal surface (TPMS)
lattices is analyzed within the Gibson-Ashby framework, and the role of pore size, porosity, and surface roughness in
modulating osseointegration is critically examined, with particular attention to the persistent variance in reported
"optimal" pore size (=178 pm to ~600 um) across the literature. Surface modification strategies, defect populations,
post-processing routes, and clinical case evidence are discussed, followed by an outlook on B-Ti alloys, biodegradable
metals, machine-learning-driven design, and regulatory pathways. The review is intended as a consolidated reference
for researchers and clinicians working at the intersection of mechanical engineering, materials science, and orthopedic
surgery.
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Abstract

Additive manufacturing (AM) has emerged as a transformative route for fabricating porous titanium scaffolds with
patient-specific geometries and bone-mimicking mechanical responses. By controlling unit-cell architecture, porosity,
and surface topography, AM-fabricated Ti and Ti-6Al-4V scaffolds can simultaneously address two long-standing
challenges of conventional bulk implants: stress shielding caused by stiffness mismatch between the implant and host
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bone, and limited osseointegration due to bioinert surfaces. This review synthesizes a decade of progress in laser
powder-bed fusion (LPBF), electron-beam melting (EBM), and direct energy deposition (DED) of porous Ti structures
for orthopedic applications. The mechanical behavior of strut-based and triply periodic minimal surface (TPMS)
lattices is analyzed within the Gibson-Ashby framework, and the role of pore size, porosity, and surface roughness in
modulating osseointegration is critically examined, with particular attention to the persistent variance in reported
"optimal" pore size (=178 um to ~600 um) across the literature. Surface modification strategies, defect populations,
post-processing routes, and clinical case evidence are discussed, followed by an outlook on -Ti alloys, biodegradable
metals, machine-learning-driven design, and regulatory pathways. The review is intended as a consolidated reference
for researchers and clinicians working at the intersection of mechanical engineering, materials science, and orthopedic

surgery.

Keywords: additive manufacturing; porous titanium; Ti-6Al-4V; lattice structures; TPMS; orthopedic implants;

1. Introduction

Bone defects arising from trauma, degenerative
disease, congenital abnormality, or oncological
resection remain a major clinical burden worldwide
[1,2]. Traditional metallic implants - most commonly
fabricated from 316L stainless steel, cobalt-chromium
alloys, and bulk titanium alloys - have been used for
decades to restore load-bearing function [3]. While
these materials offer adequate strength and corrosion
resistance, two limitations restrict their long-term
clinical performance. First, the elastic modulus of
conventional metals (110 GPa for Ti-6Al1-4V; 200 GPa
for stainless steel) far exceeds that of cortical bone
(=10-20 GPa) and cancellous bone (=0.1-2 GPa),
giving rise to stress shielding and progressive peri-
implant bone resorption [4,5]. Second, the smooth,
dense surfaces of machined implants are bioinert,
providing limited mechanical interlock and slow
osseointegration, which together can lead to aseptic
loosening over service lifetimes of 10-20 years [6,7].

Additive manufacturing (AM) - also referred to as
metal 3D printing - has changed the design space
available to orthopedic engineers [8]. By building
components layer-by-layer from a powder or wire
feedstock, AM enables the fabrication of geometries
that are extremely difficult or impossible to produce
by casting, forging, or subtractive machining. In
particular, AM allows the controlled introduction of
internal porosity at length scales relevant to bone
tissue (50-1000 pm), with strut diameters and pore
architectures that can be designed to match the
modulus and strength of bone while simultaneously
promoting cell infiltration, vascularization, and bone
ingrowth [9,10]. The global orthopedic implant
market, valued at over US$55 billion in 2022 [11],
increasingly incorporates AM-fabricated patient-
specific solutions, with notable clinical adoption in
spinal cages, acetabular cups, cranio-maxillofacial
reconstruction, and custom limb-salvage implants
[12]. Porous Ti and Ti-6Al-4V scaffolds produced by

laser powder-bed fusion (LPBF) and electron-beam
melting (EBM) have therefore become the focus of
intense research over the past decade [13,14]. Recent
advances span unit-cell topology optimization, the
introduction of triply periodic minimal surface
(TPMS) lattices such as gyroid and Schwarz primitive,
B-titanium alloy compositions with reduced elastic
moduli, and surface modification strategies that
combine micro/nano roughness, hydroxyapatite
coating, and drug delivery functions [15-18].
However, the literature is fragmented across
mechanical-engineering, = materials-science, and
biomedical journals, and reported "optimal"
parameters - particularly pore size and porosity - vary
widely between studies [19,20]. This review aims to
consolidate that fragmented body of work into a single
critical synthesis, with three guiding objectives: (i) to
compare AM processes in terms of process windows,
achievable resolutions, and resulting microstructures;
(i1) to analyze the mechanical behavior of strut-based
and TPMS lattices through the Gibson-Ashby
framework; and (iii) to critically interpret the variance
in reported pore-size optima for osseointegration.

2. Background on Titanium Alloys for Orthopedic
Use

Titanium and its alloys are the dominant metallic
biomaterials for load-bearing orthopedic implants
because of their high specific strength, excellent
corrosion resistance in physiological environments,
and acceptable biocompatibility [21,22]. Three
families are most commonly encountered:
commercially pure titanium (CP-T1i), the a+f alloy Ti-
6Al-4V, and emerging B-titanium alloys.

2.1 Commercially Pure Titanium (CP-Ti)

CP-Ti grades 1-4 differ primarily in interstitial oxygen
content and exhibit ultimate tensile strengths of 240-
550 MPa with elastic moduli of 100-110 GPa [23].
CP-Ti is widely used in dental implants and small
osteosynthesis devices but is generally too soft for
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high-load  orthopedic  joints. Its  excellent
biocompatibility and the spontaneous formation of a
protective TiO. surface layer remain a benchmark
against which alloyed materials are compared [24].

2.2 Ti-6Al-4V (Grade 5 and Grade 23 ELI)

Ti-6Al-4V is the workhorse alloy in orthopedic AM,
offering ultimate tensile strength of 900-1100 MPa
and a fatigue limit of 500-600 MPa in wrought form
[25]. The extra-low interstitial (ELI) Grade 23 variant
has reduced oxygen and iron content, enhancing
fracture toughness for biomedical use. Concerns
regarding long-term release of vanadium and
aluminum ions - implicated in cytotoxicity and
Alzheimer-related neurotoxicity in some in vitro
studies - have driven research into alternative
compositions, but Ti-6Al-4V continues to dominate
AM implant production due to its mature processing
windows and regulatory familiarity [26,27].

2.3 p-Titanium Alloys

[B-stabilized titanium alloys such as Ti-13Nb-13Zr, Ti-
29Nb-13Ta-4.6Zr (TNTZ), and Ti-24Nb-4Zr-8Sn use
non-toxic alloying elements (Nb, Zr, Ta, Sn, Mo) and
offer elastic moduli as low as 40-60 GPa -
substantially closer to cortical bone than Ti-6Al-4V
[28,29]. Combined with porous AM architectures, [3-
alloys can therefore reduce stress shielding through
both compositional and structural means. Their chief
disadvantage is processing difficulty: Nb and Ta have
very high melting points, increasing the risk of partial
melting and elemental segregation in LPBF [30].

Table 1: Typical mechanical properties of titanium
alloys used in orthopedic AM compared with bone
reference values [21,28,29].

Alloy Typica | Elastic Primary
1UTS Modulu | Orthopedic
(MPa) | sE Use
(GPa)
CP-Ti 550 105 Dental, small
(Grade 4) osteosynthesi
s
Ti-6Al1-4V | 900- 110 Joint stems,
(Grade 5) 1100 plates,
scaffolds
Ti-6Al-4V | 860- 114 Long-term
ELI 965 biomedical
(Grade implants
23)

Alloy Typica | Elastic Primary
1UTS Modulu | Orthopedic
(MPa) | sE Use
(GPa)
Ti-13Nb- 850- 79-84 Stems, low-
13Zr 1030 modulus
scaffolds
Ti-29Nb- | 590- 55-65 Research B-
13Ta- 700 alloy, bone-
4.6Zr matched
(TNTZ)
Ti-24Nb- 700- =42 Low-modulus
4Zr-8Sn 800 orthopedic
research
Cortical 100- 10-20 -
bone 230
Cancellou | 1-10 0.1-2 -
s bone

3. Additive Manufacturing Processes for Porous
Titanium

ASTM F2792 classifies metal AM processes into
seven categories, of which three are relevant to porous
Ti scaffolds: powder bed fusion (PBF), directed
energy deposition (DED), and binder jetting (BJ). PBF
processes - laser powder-bed fusion (LPBF, also
termed selective laser melting, SLM) and electron-
beam melting (EBM) - dominate orthopedic scaffold
fabrication because of their ability to resolve fine
struts (<200 pum) and complex internal channels
[31,32].

3.1 Laser Powder-Bed Fusion (LPBF / SLM)

LPBF uses a high-power fiber laser (typically 200-500
W) to selectively melt a thin layer (20-60 pm) of pre-
spread Ti powder under an inert argon atmosphere.
The build is performed at near-room ambient
temperature with a heated baseplate (typically 100-
200 °C). LPBF achieves the finest feature resolution
among metal AM methods (=100-150 pm minimum
strut diameter) and produces a martensitic o
microstructure with high yield strength but limited
ductility, requiring post-build heat treatment to
improve fatigue performance [33]. Critical parameters
are laser power (P), scan speed (v), hatch spacing (h),
and layer thickness (t), commonly combined into the
volumetric energy density Ev = P/(v-h-t) (J/mm?). For
Ti-6Al-4V, Ev values of 50-80 J/mm? typically yield
>99.5% relative density [34]. as illustrated in Figure 1
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@ (b) Selective laser melting machine
3D designed model Sliced 2D layer m':« — o~ Scanner Attribute LPBF EBM Laser
. — . ﬂ« ",’:‘..“: Argon gas (SLM) DED
— — — — [ Energy Fiber Electron | Laser
T o smemasren oo is MO source laser beam (3- | (1-6
i) - (200-500 | 6 kW) kW)
: Laser powder (| 4’} W
z 0.~ )
T—_ OI' =t l i Atmosphere | Argon Vacuum | Argon
1 ¥, (inert) (~10° shieldin
- — o) |
:L___‘_‘"_'t“’:_f‘."?f‘f’:’:“:‘.“l-‘.“ﬁ“f".‘.. . Build 100-200 ~700 °C | Ambient
Figure 1: Schematic representation of the selective temperature | °C
laser melting process: (a) CAD model and slicing, (b) Powder size | 15-45 45-105 45-150
powder-bed system, and (c) melt-pool/layer (um)
formation. [13] K
. Layer 20-60 50-100 200-
3.2 Electron-Beam Melting (EBM) thickness 1000
EBM uses a focused electron beam in a high vacuum (um)

(=10~ mbar) to melt powder layers under elevated
build temperatures (=700 °C for Ti-6Al-4V). The high
vacuum suppresses oxygen pickup and the elevated
temperature anneals the structure during the build,
producing o+f lamellar microstructures with higher
ductility and lower residual stress than as-built LPBF
parts [35,36]. EBM uses thicker layers (50-100 pm)
and coarser powder (45-105 pm), yielding faster build
rates but coarser surface finishes and a minimum strut
diameter of approximately 200-300 um [37].

3.3 Directed Energy Deposition (DED)

DED includes laser DED (LP-DED) using powder
feed and wire arc additive manufacturing (WAAM)
using wire feed. DED achieves much higher
deposition rates (kg/h) than PBF but with coarser
resolution (1-5 mm minimum feature size), making it
unsuitable for fine lattice scaffolds. DED is, however,
increasingly used for large structural orthopedic
components such as custom long-bone replacements
where coarser internal porosity is acceptable, and for
repair of existing implants [38].

3.4 Process Comparison and Selection

Process selection is governed by the trade-off between
resolution, build size, microstructure, and surface
finish. Table 2 summarizes the principal differences.

Table 2: Comparison of the principal AM processes
used to fabricate porous titanium orthopedic scaffolds
[31-37].

Min. strut 100-150 200-300 1000+
diameter

(nm)

Surface 8-15 20-40 20-50

roughness

Ra (um)

As-built Martensit | a+f a+p

microstructu | ic o’ lamellar columna

re r

Residual High Low Moderat

stress e

Typical Fine Acetabul | Large

scaffold use | lattices, ar cups, segment
TPMS EBM al bone

lattices

4. Scaffold Design: Strut-Based vs. TPMS
Architectures

The mechanical and biological response of a porous
scaffold is governed primarily by its internal
architecture. Two broad classes dominate the
literature: (i) strut-based lattices, derived from
periodic tessellation of polyhedral unit cells, and (ii)
triply periodic minimal surface (TPMS) lattices,
derived from implicit surface equations [39,40]. The
choice between them shapes both load-bearing
behavior (Section 5) and the local fluid mechanics that
govern cell migration and nutrient transport (Section
6).
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4.1 Strut-Based Lattices

Strut-based unit cells are constructed from straight
cylindrical or prismatic struts joined at nodesas shown
in figure 2(a). Common topologies include the simple
cubic, body-centered cubic (BCC), face-centered
cubic (FCC), octet-truss, diamond, and rhombic
dodecahedron [41]. Their mechanical behavior is
classified as either bending-dominated or stretch-
dominated, following Maxwell's stability criterion M
=b — 3n + 6, where b is the number of struts and n the
number of nodes. M < 0 yields bending-dominated
behavior (e.g., BCC, diamond) with relatively
compliant response and high energy absorption, while
M > 0 yields stretch-dominated behavior (e.g., octet-
truss) with higher stiffness and strength at a given
relative density [42,43].

Strut-based lattices are computationally simple to
design and have been the workhorse of early scaffold
studies. Their principal disadvantages are (i) sharp
stress concentrations at strut-node junctions, which
initiate fatigue cracks under cyclic load, and (ii)
relatively poor permeability anisotropy, which can
produce direction-dependent fluid flow and cell-
seeding heterogeneity [44].

| (B) Skeletal-TPMS based lattices |

| (C) Sheet-TPMS based lattices |

Figure 2. Various architectures of lattice structures
(A) Strut-based lattice cells are shown in the first
three rows. (B) Skeletal- and (C) sheet-based triply
periodic minimal surfaces (TPMS) [100]

4.2 Triply Periodic Minimal Surface (TPMS)
Lattices

TPMS structures as shown in figure 2(c) are
mathematically defined by implicit equations
describing surfaces of zero mean curvature that repeat
in three orthogonal directions. The two most studied
for orthopedic scaffolds are the Schoen gyroid and the
Schwarz primitive (Schwarz P), with approximate
level-set forms:

Gyroid: sin(x)-cos(y) + sin(y)-cos(z) + sin(z)-cos(x)
=c

Schwarz P:  cos(x) + cos(y) + cos(z) = c

where c is a level-set constant that controls the relative
volume fraction (and thus porosity), and (X, y, z) are
scaled by the unit-cell length. By thickening the
surface (sheet-TPMS) or filling one of the two
interpenetrating sub-volumes (skeletal-TPMS), solid
scaffolds with two fully connected, interpenetrating
pore networks are obtained [45].

TPMS lattices offer three documented advantages
over strut-based topologies. First, the smooth,
curvature-continuous surfaces eliminate sharp stress
concentrators, raising the fatigue limit by 20-60% at
equivalent relative density [46]. Second, the
bicontinuous pore network produces near-isotropic
permeability and more uniform fluid shear stress, both
favorable for cell migration and vascularization [47].
Third, the topology mimics the natural surface
curvature of trabecular bone, which has been linked in
vitro to enhanced osteoblast differentiation [48].

4.3 Direct Comparison: Gyroid vs. Schwarz P vs.
Octet-Truss

At equivalent relative density (=0.30), the gyroid
sheet-TPMS exhibits a slightly lower elastic modulus
than the Schwarz P sheet-TPMS but markedly higher
fatigue endurance and more isotropic stiffness. The
Schwarz P, with its straight orthogonal channels,
presents the largest unobstructed pore openings,
favoring cell seeding through flow perfusion
bioreactors but creating mild stiffness anisotropy
along the principal axes. The octet-truss, a stretch-
dominated strut lattice, achieves the highest specific
stiffness but suffers the lowest fatigue ratio (ce/cy ~
0.20) due to severe node stress concentrations [49].
Table 3 summarizes the main qualitative trends.

Table 3: Qualitative comparison of representative
strut-based and TPMS lattice topologies for porous Ti
orthopedic scaffolds [39-49].
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Attribute Octet | Diam | Gyroi | Schwar

- ond d zP
truss | (strut | (TPM | (TPMS
(strut | ) S) )

)

Maxwell >0 <0 N/A N/A
number M | (stret | (bend | (curva | (curvat

ch) ing) ture) ure)
Relative High | Mode | High High
stiffness est rate (anisotr
opic)
Stress High | High | Very Low
concentrati | at at low
on nodes | nodes
Fatigue ~ ~ ~ ~(0.35-
ratio c/cy | 0.20 0.25 0.40- 0.45
0.50

Permeabili | Poor Mode | Excell | Anisotr
ty isotropy rate ent opic

Manufactu | Easy | Easy Moder | Modera

rability ate te
(LPBF)

Suitability | Mode | Good | Excell | Excelle
for cell rate ent nt
ingrowth

5. Mechanical Behavior of Porous Titanium
Scaffolds

The defining mechanical objective of a porous
orthopedic scaffold is to match the elastic modulus of
the host bone to mitigate stress shielding while
retaining sufficient yield strength and fatigue
endurance to survive cyclic physiological loading. The
Gibson-Ashby cellular solids framework provides the
standard analytical basis for relating scaffold
mechanical properties to relative density [50] as
illustrated in figure 3.

5.1 The Gibson-Ashby Framework

Gibson and Ashby derived scaling laws relating the
macroscopic (effective) properties of a cellular solid to
its base-material properties through the relative
density p*/ps, where p* is the apparent density of the
porous structure and ps is the density of the fully dense
parent material. For the elastic modulus:

E¥E; = Ci- (p*/py)”

and for the plateau (yield/collapse) stress:
¥y = Cz - (p*/ps)™

where E* and o* are the effective scaffold modulus
and yield stress, Es and oy are the corresponding base-
material properties, and Ci, C2, n, and m are
dimensionless scaling factors that depend on cell
geometry and deformation mode. For an idealized
open-cell foam dominated by strut bending, Gibson
and Ashby's theoretical analysis gives Ci1 = 1,n=2, Cz
~ 0.3, and m =~ 1.5. For closed-cell or stretch-
dominated lattices, n approaches 1 and the structure
scales much more efficiently with density [50,51].

Figure 3: (a) Gibson-Ashby model: relative modulus
against relative density, (b) Gibson-Ashby model:
relative strength against relative density [43]

Experimentally determined scaling factors for AM Ti-
6Al-4V scaffolds are summarized in Table 4.
Bending-dominated topologies such as BCC and
diamond consistently exhibit n = 2.0-2.3, in excellent
agreement with theory. Stretch-dominated lattices
such as the octet-truss and rhombic dodecahedron
show n = 1.0-1.5, indicating more efficient stiffness
scaling. TPMS lattices fall between these limits (n =
1.4-1.8), reflecting their mixed deformation mode in
which membrane stretching, bending, and curvature
effects all contribute [52,53].

Table 4: Experimentally measured Gibson-Ashby
scaling factors for AM Ti-6Al-4V lattices in
compression. Values are typical literature ranges for
relative densities of 0.15-0.40.

Topolo | Deformatio | Ci n Refer
gy n mode (mod | (mod | ence
ulus) | ulus
expo
nent)

BCC Bending- 0.6- 2.0- [51,5
strut dominated 0.9 2.3 2]

Diamon | Bending- 0.7- 2.0- [52]
d strut dominated 1.0 2.2
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Topolo | Deformatio | Ci n Refer
gy n mode (mod | (mod | ence
ulus) | ulus

expo

nent)
Octet- Stretch- 0.3- 1.0- [53]
truss dominated 0.5 1.4
Rhombi | Mixed 0.4- 1.5- [52]
c 0.7 1.8
dodeca
hedron
Gyroid | Curvature/ 0.5- 1.4- [46,4
(sheet) | membrane 0.8 1.7 7]
Schwar | Curvature/ 0.5- 1.5- [47]
zP membrane 0.8 1.8
(sheet)

5.2 Modulus Matching to Bone

Cortical bone has an elastic modulus of 10-20 GPa and
cancellous bone of 0.1-2 GPa [4]. To eliminate stress
shielding in load-bearing applications, the scaffold
modulus should fall within or just below this range.
Using Ti-6Al-4V (Es = 110 GPa) as the base material
and a bending-dominated lattice (C1~0.7,n~2.1), the
relative density required to achieve E* = 15 GPa is
approximately 0.43, corresponding to a porosity of
57%. Stretch-dominated lattices reach the same target
stiffness at lower relative density (=0.32, porosity
68%), giving more pore volume for tissue ingrowth at
the cost of a smaller fatigue safety margin [54].

5.3 Fatigue and Cyclic Loading

Fatigue performance is the most demanding
mechanical requirement for permanent orthopedic
implants, which must survive >107 cycles in vivo. AM
Ti-6Al-4V lattices typically show fatigue ratios
(oe/oy) of 0.10-0.50 depending on topology and
surface state. As-built rough surfaces can reduce the
fatigue limit by 30-50% relative to machined surfaces
because of micro-notch effects associated with
partially adhered powder [55]. Hot isostatic pressing
(HIP) and chemical/electrochemical polishing
routinely recover much of this loss [56]. TPMS lattices
have repeatedly been shown to outperform strut-based
lattices of equal relative density in fatigue, primarily
through elimination of node stress concentrators
[46,49].

6. Biological Performance and Osseointegration

Mechanical compatibility alone is insufficient: a
successful scaffold must also support cell attachment,
proliferation, vascular ingrowth, and ultimately new
bone formation. The biological response is governed
by a combination of pore size, porosity, surface
roughness, surface chemistry, and local fluid
mechanics [57,58]. Among these, pore size has
received the most attention - and produced the largest
spread of reported optima.

Low specific surface area,
50| inefficient cell bridging

|- Preferred Pore Sizes
(300 - 600 pm)

Pore size (pm)

" .,1:

B Good \
|  Colonisation \\ .
Cell oclusion, low permeability \,Lﬂg‘ajl/
Osteoblast colony

Figure 4 : A tradeoff between bone colonization and
vascularization in terms of pore size. [99]

6.1 General Trends in Pore Size and Porosity

Across two decades of in vitro and in vivo studies,
three broad pore-size regimes are consistently
identified [9,57]. Pores below ~100 pum are too small
for vascular ingrowth and tend to limit bone formation
to surface apposition. Pores between ~100 and 1000
pum support both vascularization and mineralized bone
ingrowth, with most reports placing the optimum
somewhere in the 300-600 pm range illustrated in
Figure 4 and Figure 5. Pores above ~1000 um reduce
the surface area available for cell attachment and
reduce mechanical performance disproportionately.
Porosity (volume fraction of voids) is typically
reported as optimal in the range of 60-80%, balancing
biological permeability against mechanical integrity
[59,60].

R, (o #F  #
oo
p o &
X #)

K

3&%\9\ )
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Figure 5: Ti-6Al-4V scaffolds in osseointegration
studies. The shaded vertical band indicates the
consensus 300-600 pm window

6.2 Critical Analysis: The 178 pm vs. 600 pm
Question

Despite the broad consensus on the 300-600 um range,
individual studies have repeatedly identified "optimal"
pore sizes spanning a much wider window. Kapat et
al. compared LPBF Ti-6Al1-4V scaffolds with nominal
pore sizes of 92, 178, and 297 pm and reported the
highest bone volume fraction (~52% greater than the
other groups) at 178 um after 12 weeks of in vivo
implantation [61]. Ran et al., examining LPBF Ti-6Al-
4V cubes with nominal pore sizes of 500, 700, and 900
um (actual sizes 400, 600, 800 um), found the best
biological performance at 600 um [62]. Luan et al.
compared 334, 383, and 401 um and identified 383 pm
as optimal [63]. Taken at face value, these reports
appear contradictory.

Three methodological factors largely explain the
variance. First, design pore size and as-built pore size
differ substantially in LPBF - partially adhered
powder, melt-pool overshoot, and staircase effects can
shrink nominal pores by 20-40%, so a "178 pum"
design may be functionally similar to a "297 um"
design from a different group. Many of the studies
identifying small "optimal" pores measured nominal
CAD values rather than as-built micro-CT values [64].
Second, the compared range matters: a study
comparing 92, 178, and 297 um cannot detect that 600
pum might be better still - the optimum reported is the
best of the three, not the global optimum. Third, the
biological readout differs: bone volume fraction at 12
weeks, push-out strength at 8 weeks, and ALP activity
at 14 days do not weight pore size identically [65].

When studies are restricted to those that (i) report as-
built pore sizes via micro-CT, (ii) compare a
sufficiently wide range, and (iii) use long in vivo
follow-up, the operative window narrows to
approximately 300-600 um, with values closer to 400-
500 pm appearing most consistent for cortical-bone
applications. The often-cited 178 um result is best
interpreted not as a contradiction but as evidence that,
at smaller scales, vascularization remains adequate
provided permeability is preserved by interconnected
channels - a condition more easily met by TPMS than
by strut lattices [66]. Pore-size selection should
therefore be made jointly with topology and porosity,
not as a stand-alone parameter.

6.3 Surface Roughness and Cell Behavior

AM Ti scaffolds inherit a surface roughness Ra of 8-
15 pum (LPBF) or 20-40 um (EBM) from partially
adhered powder and the layered build process [37].
This roughness scale falls within the same order of
magnitude as osteoblast cells (10-30 um) and has been
repeatedly shown to enhance cell attachment, focal-
adhesion formation, and osteogenic differentiation
relative to polished surfaces [67]. However, very
rough surfaces also harbor un-melted powder particles
that can detach in vivo and elicit inflammatory
responses, so a deliberate post-processing strategy that
retains micro-roughness while removing loose
particles is generally preferred [68].

6.4 Permeability and Fluid Flow

Permeability k (m?) governs the rate at which
interstitial fluid, nutrients, and signaling molecules
can transport through the scaffold. Trabecular bone
permeability is typically 107" to 10~° m?. Scaffolds
with permeability below this range may starve interior
regions of nutrients, leading to a "dead core"
phenomenon, while excessive permeability reduces
wall shear stress on attached cells below
mechanotransductive thresholds. TPMS lattices, with
their bicontinuous pore networks, achieve more
uniform permeability than strut lattices and are
increasingly preferred for thick scaffolds (>10 mm)
[47,69].

7. Surface Modification and Functionalization

Even with optimized macro- and meso-scale
architecture, the bioinert nature of native TiO- limits
the rate of osseointegration. Surface modification at
the micro- and nano-scale, and the addition of
bioactive coatings, are therefore standard supplements
to scaffold design [16,70].

7.1 Chemical and Electrochemical Treatments

Acid etching (HF/HNOs or HCI/H2SOs), alkaline
treatment (NaOH followed by heat), and anodization
(yielding TiO: nanotube arrays) are widely used to
generate hierarchical surface topographies that
enhance protein adsorption and osteoblast adhesion
[71,72]. Anodization in particular allows precise
control of nanotube diameter (typically 30-100 nm),
with diameters near 70 nm reported to favor
osteogenic differentiation of mesenchymal stem cells.

7.2 Bioceramic Coatings

Hydroxyapatite (HA) and other calcium phosphate-
based bioceramic coatings are widely used to improve
the biological performance of titanium and Ti-6Al-4V
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orthopedic implants. Since HA is chemically similar
to the mineral phase of natural bone, HA-coated Ti
surfaces can enhance protein adsorption, osteoblast
attachment, early bone bonding, and interfacial
osseointegration. In additively manufactured porous
Ti scaffolds, such coatings are particularly useful
because they can functionalize the internal pore
surfaces while retaining the load-bearing role of the
metallic framework.

Conventional HA coatings may be deposited by
plasma spraying, electrochemical deposition, sol-gel
processing, hydrothermal treatment, or biomimetic
immersion. However, coating stability remains an
important concern, especially under cyclic orthopedic
loading. Thick plasma-sprayed coatings may suffer
from cracking or delamination, whereas thinner
electrochemical or hydrothermal coatings generally
provide better adhesion to complex porous surfaces.

Dopamine-Assisted
T Hydrothermal 0 Joo Immobilization o o Antibacterial efficacy
% ooo 00 0 M
09240 0 v,
%000 Se-AgHA partices oy,
°0"'0:0. Ag-HA P o .

0P0: oA Sr-Ag-HA coating on Ti
o o8t Improving biocompatibility
Figure 6. Schematic illustration of Sr/Ag-doped
hydroxyapatite coating on Ti implants, showing
hydrothermal particle preparation, dopamine-assisted
immobilization, ion release, antibacterial activity, and
improved biocompatibility [101].

Recent coating strategies therefore focus not only on
osteoconductivity but also on multifunctional
biological activity. For example, Sr/Ag-doped HA
coatings combine the bone-supporting effect of HA
with the biological roles of strontium and silver ions.
Strontium incorporation can support osteogenic
activity and improve implant—bone interaction, while
silver ion release provides antibacterial protection at
the implant surface. As shown in Figure 6, Sr/Ag-
doped HA particles can be prepared through a
hydrothermal route and immobilized on Ti surfaces,
producing a functional coating capable of releasing
Ag" and Sr** ions. This type of surface modification is
especially relevant for porous orthopedic implants,
where infection control and rapid osseointegration are
both critical for long-term clinical success.

7.3 Bioactive Loading and Drug Delivery

The internal porosity of AM scaffolds offers a built-in
reservoir for local delivery of antibiotics (vancomycin,
gentamicin), anti-resorptive agents (bisphosphonates),

or osteogenic factors (BMP-2, dexamethasone).
Loading is typically achieved by impregnation in a
polymeric or hydrogel carrier infused into the pore
network, allowing controlled release over days to
weeks [75,76]. This dual mechanical-pharmacological
function is increasingly viewed as a defining
advantage of porous AM scaffolds over conventional
implants.

8. Defects, Limitations, and Quality Control

AM-fabricated porous Ti is subject to a characteristic
set of defects that arise from the layer-by-layer melting
process and that critically influence both mechanical
performance and regulatory acceptance [77].

8.1 Porosity Defects

Three porosity types are commonly distinguished.
Lack-of-fusion porosity, caused by insufficient energy
input (low Ev), produces irregular voids elongated
parallel to the build plane and is the most damaging to
fatigue life. Keyhole porosity, caused by excessive
energy input, produces near-spherical pores from
vapor entrapment within deep melt pools. Gas
porosity, originating from dissolved gas in the powder,
is typically small (<50 pm) and spherical. All three
reduce effective load-bearing cross-section and act as
fatigue-crack initiators [78,79].

8.2 Residual Stress and Distortion

The high cooling rates of LPBF (104-10¢ K/s) generate
steep thermal gradients and compressive surface /
tensile sub-surface residual stresses on the order of
several hundred MPa. In thin lattice struts these
stresses can cause distortion, delamination from the
baseplate, or even mid-build cracking. EBM, with its
elevated build temperature, produces substantially
lower residual stress [35].

8.3 Surface Quality and Partially Adhered Powder

The as-built surfaces of LPBF and EBM lattices retain
partially fused powder particles that increase Ra,
reduce fatigue performance, and represent a source of
debris in vivo. Effective post-processing therefore
typically combines hot isostatic pressing (HIP) for
internal porosity, heat treatment for microstructure,
and chemical etching, abrasive flow machining, or
electropolishing for surface finishing
[80,81].illustrated as figure 7
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Figure 7: Schematic diagram of surface defects
during layer by layer scanning [102],

8.4 Quality Control and In-situ Monitoring

Conventional non-destructive evaluation by micro-CT
remains the reference standard for porous AM parts
but is slow and expensive. In-situ process monitoring
- using high-speed thermal cameras, photodiodes, and
acoustic sensors during the build - combined with
machine-learning-based defect classification has
emerged as a practical route toward real-time quality
assurance [82,83].

Table 5: Typical defects in AM porous Ti scaffolds,
their causes, and standard mitigation strategies [77-
82].

Defect | Typical | Morpholo | Mitigation

type cause gy
Lack- Insuffici | Irregular, Increase P or
of- ent layer- reduce v;
fusion energy aligned optimize
density hatch
Keyhol | Excessiv | Spherical, | Reduce P;
e e energy | sub- increase v
porosit | density surface
y
Gas Dissolve | Small, Use
porosit | d gasin spherical atomized
y powder powder; HIP
Residu | Steep Distortion, | Stress-relief
al thermal cracking heat
stress gradients treatment;
EBM
Adhere | Powder Surface Chemical
d near melt | particles etching;
powder | pool electropolish
partially ing
fuses

Defect | Typical Morpholo | Mitigation
type cause gy

Strut Beam Reduced Calibrate

undersi | offset, strut beam

ze melt- diameter compensatio
pool size n

9. Clinical Applications and Case Studies

AM porous Ti scaffolds have transitioned from
research prototypes to clinically deployed devices
over the past decade. Several application domains
illustrate the maturity of the technology [12,84].

9.1 Spinal Interbody Cages

Porous EBM Ti-6Al-4V interbody fusion cages are
now among the most widely used AM orthopedic
devices. Their porous outer surfaces promote bony
fusion across the disc space, while internal trabecular-
like architecture reduces stiffness mismatch with
adjacent vertebraec. Multi-year follow-up studies
report fusion rates competitive with or superior to
traditional PEEK and bulk-Ti cages [85].

9.2 Acetabular Cups and Hip Components

EBM-built porous acetabular cups with lattice or
stochastic-foam outer surfaces have been clinically
implanted for over a decade. The porous surface
obviates the need for separate plasma-sprayed
coatings and provides immediate mechanical fixation
[86].as illustrated in figure 8.

b Lo G e =
Figure 8: (a)The picture shows the 3D ACT EBM-
produced trabecular titanium acetabular cup (b) and

the SEM image of its interconnected trabecular
titanium cellular solid structure showed the porous
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architecture was designed based on a dodecahedron
unit cell [103]

9.3 Custom Limb-Salvage and Oncological
Implants

Patient-specific implants for tumor resection -
including custom hemipelvic prostheses, scapulae, and
segmental long-bone replacements - are an area where
AM is uniquely enabling. CT-derived geometry is
used to design an implant that exactly fills the
resection defect, with a porous interface region for
bony integration [87].

9.4 Cranio-Macxillofacial Reconstruction

Mandibular, orbital floor, and cranial vault
reconstructions using patient-specific porous Ti
implants now form a standard part of the maxillofacial
surgeon's toolkit, with reported soft-tissue and
functional outcomes that exceed those of pre-AM
techniques [88].

9.5 Dental Implants

Although the dental implant market remains
dominated by conventional machined screws, AM is
making inroads through patient-specific root-form
implants and subperiosteal frameworks for severely
atrophic jaws [89].

10. Challenges and Future Directions

10.1 Regulatory and Standardization Challenges

Despite clinical success, AM porous Ti scaffolds face
persistent regulatory scrutiny. The FDA's 2017
guidance "Technical Considerations for Additive
Manufactured Medical Devices" and parallel EU
MDR pathways require comprehensive control of
powder lot variability, build-to-build reproducibility,
and post-processing. ASTM/ISO standards (ASTM
F3001, ISO/ASTM 52900) are evolving but do not yet
cover all relevant scaffold-specific parameters such as
as-built pore size tolerance and lattice fatigue testing
protocols [90,91].

10.2 Beyond Ti-6Al-4V: B-Alloys and
Biodegradable Metals

B-titanium alloys (Ti-Nb-Zr, Ti-Nb-Ta) remain a
strong avenue for further reduction of stress shielding
through compositional tuning [28,29]. In parallel,
biodegradable metals - magnesium, zinc, and iron
alloys - are being explored as temporary scaffolds that
resorb at a rate matched to bone healing, eliminating
the need for revision surgery in pediatric and trauma
applications [92,93]. AM of biodegradable metals is

technically more challenging due to high vapor
pressure (Mg) or sluggish dissolution kinetics (Fe), but
rapid progress has been reported in the past three
years.

10.3 Machine-Learning-Driven Design

Topology optimization and machine learning are
converging to accelerate the design of patient-specific
scaffolds. Generative design algorithms can produce
graded, anatomy-matched lattices in minutes that
would take days by hand. Surrogate models trained on
finite-element and bone-remodeling simulations can
predict in vivo performance with reasonable accuracy,
opening the door to closed-loop patient-specific
design-manufacture-implant pipelines [94,95].

10.4 Multi-Material and Functionally Graded
Structures

Functionally graded scaffolds - with smoothly varying
porosity, pore size, or material composition through
the scaffold thickness - better mimic the natural
cortical-to-cancellous transition in bone. Multi-
material AM, including hybrid metal-polymer and
metal-ceramic structures, is enabling locally tailored
mechanical and biological properties [96,97].

10.5 In-situ Monitoring and Digital Twins

The combination of in-situ thermal/optical monitoring
and physics-informed digital twins of the build process
is moving AM toward genuinely qualified, traceable
production for medical devices. This is expected to be
the dominant trajectory for the next 5-10 years [98].

11. Conclusion

Additively manufactured porous titanium scaffolds
have moved decisively from laboratory curiosity to
clinical reality. The combination of LPBF and EBM
with carefully designed lattice architectures - and
increasingly with TPMS topologies - enables implants
whose stiffness, strength, and pore network can be
tuned simultaneously to match host bone and to
support  osseointegration. The  Gibson-Ashby
framework provides a robust analytical bridge
between scaffold design and mechanical performance,
while two decades of biological studies have
converged on a 300-600 pm pore-size window and 60-
80% porosity as a workable starting point, with the
remaining variance largely attributable to differences
in measurement methodology and topology rather than
fundamental biological disagreement. Key open
challenges remain. Fatigue qualification of complex
lattices, regulatory standardization of pore-level
dimensional tolerance, and routine in-situ defect
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detection are all active research fronts. Looking
forward, the integration of p-titanium alloys,
biodegradable = metals,  machine-learning-driven
generative design, and multi-material functionally
graded architectures promises a next generation of
scaffolds that are simultaneously patient-specific,
mechanically bone-matched, biologically active, and
pharmacologically functional. For mechanical and
biomedical engineers entering this field, the design
space is rich, the clinical need is clear, and the tools -
from modern LPBF systems to TPMS-aware CAD -
are unprecedented in their accessibility.
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