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ABSTRACT 
Background: Alveolar ridge deficiency frequently requires bone augmentation before dental implant 
placement, and scaffold-based grafts are increasingly used as alternatives to autogenous bone. Conventional 
fabrication methods such as salt leaching, gas foaming, and freeze-drying yield porous scaffolds with limited 
control over internal architecture, whereas three-dimensional (3D) printing allows pore geometry and 
external shape to be predefined. Purpose: This narrative review compares 3D-printed and conventionally 
fabricated scaffolds for alveolar bone regeneration in terms of architecture, mechanical properties, and 
regenerative outcomes. Review: Nineteen articles published between 2016 and 2026 were reviewed, 
comprising six reviews, six in vitro or animal studies, and seven clinical reports. In same-material comparisons, 
printed scaffolds showed more regular and reproducible pore networks, higher compressive strength (4.0 vs 
1.7 MPa), 21-fold higher alkaline phosphatase activity, and higher cell viability (about 85% vs 50%) than 
porogen-leached or freeze-dried scaffolds, although the strength difference coincided with lower porosity and 
one freeze-dried scaffold was stiffer than its printed counterparts. Printed polymer scaffolds also degraded 
more slowly in vivo. In randomized trials, 3D-printed ceramic grafts achieved new bone formation and implant 
stability comparable to non-printed grafts (33.2% vs 31.4% new bone), with a modest advantage in percent 
bone volume (20.0% vs 16.4%) for patient-customized blocks. The evidence remains limited by heterogeneous 
materials and designs, small samples, short follow-up, and few head-to-head trials. Conclusion: 3D printing 
offers superior architectural control, customization, and handling, but current clinical evidence indicates 
equivalence rather than clear superiority in bone regeneration over conventionally fabricated scaffolds. 
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INTRODUCTION 
The success of dental implant therapy depends on an 
adequate volume of alveolar bone at the implant site. 
Ridge deficiencies resulting from tooth loss, 
periodontal disease, or trauma are frequently 
encountered and often necessitate horizontal or 
vertical bone augmentation to allow prosthetically 
driven implant positioning [1,2]. Bone remodeling 
after extraction commonly produces horizontal and 
vertical ridge defects that complicate implant 
placement [3]. Autogenous bone is still regarded as 
the gold standard because it is osteogenic, 
osteoinductive, and osteoconductive, yet its use is 
restricted by limited intraoral donor volume, donor-
site morbidity, and the difficulty of adapting a 
harvested block to the recipient bed [4,5]. 

Conventional allografts, xenografts, and alloplasts 
avoid a second surgical site, but they are brittle, 
poorly processable into porous forms, and cannot be 
tailored to the needs of an individual defect [2]. 
   
Bone tissue engineering addresses these 
shortcomings through scaffolds that act as temporary 
three-dimensional templates for cell attachment, 
vascular ingrowth, and deposition of new bone 
matrix. An ideal scaffold should be biocompatible and 
resorbable at a rate matching bone repair, highly 
porous with an interconnected pore network, and 
mechanically comparable to the tissue it replaces [2,6]. 
Because these properties are largely determined by 
how the scaffold is made, the fabrication route is as 
important as the choice of biomaterial [7].
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Conventional techniques, including salt leaching, gas 
foaming, phase separation, freeze-drying, and 
electrospinning, can generate porous structures but 
offer restricted control over pore architecture and 
limited ability to customize the scaffold for a 
particular defect [8]. Additive manufacturing, or 
three-dimensional (3D) printing, builds the scaffold 
layer by layer from a computer-aided design, so that 
the external shape and the internal pore network 
can be defined in advance and reproduced [8,9]. 
Combined with cone beam computed tomography, 
this enables patient-specific scaffolds for alveolar 
ridge augmentation [10]. 
 
Several reviews have summarized 3D-printed 
biomaterials, digital workflows, and resorbable 
scaffolds for alveolar ridge augmentation [1,2,10]. 
However, evidence that directly contrasts 3D-
printed with conventionally fabricated scaffolds is 
scattered across in vitro, animal, and clinical studies 
that use different materials, designs, and outcome 
measures. This narrative review was therefore 
conducted to compare 3D-printed and conventionally 
fabricated scaffolds for alveolar bone regeneration 
with respect to architecture, mechanical properties, 
and regenerative outcomes. It draws on 19 articles 
published between 2016 and 2026, comprising six 
review articles, six in vitro or animal studies, and 
seven clinical reports, covering the topics of 3D 
printing or additive manufacturing, conventional 
scaffold fabrication, bone tissue engineering, and 
alveolar ridge augmentation or preservation. 
 
DISCUSSION 
Architectural requirements of scaffolds for 
alveolar bone 
Native bone is a graded structure. Cortical bone is 
compact, with less than 10% porosity, whereas 
cancellous bone has a porosity of 50–90% and pore 
diameters of 100–1000 µm that provide channels for 
nutrient transport and metabolic activity [11]. 
Scaffolds are designed to reproduce the cancellous 
range: a total porosity of 30–90% is considered 
suitable for bone regeneration, and about 70% has 
been applied in preclinical and clinical alveolar 
studies, because excessive porosity reduces 
compressive strength [2]. Pore diameters of 150–
500 µm facilitate vascularization and tissue 
penetration without compromising strength [2], and 
an interconnected porosity of 200–500 µm has been 
described as the ideal range for calcium phosphate 
blocks [4]. Pores smaller than 100 µm may lead to 
non-mineralized osteoid or fibrous tissue, so 
macropores of at least 400 µm with interconnections 
larger than 100 µm have been recommended [12]. 
 
Pore size, however, is only one level of the hierarchy. 
Macropores above 300 µm support cell migration 
and nutrient exchange, while micropores below 10 
µm enhance osteoinductive capacity, and scaffolds 
combining both scales show better osseointegration 
than single-scale designs [9]. Surface roughness, 
hydrophilicity, and micro- to nanoscale topography 
further influence cell adhesion [2]. For dentoalveolar 
reconstruction, degradation within approximately 5–
6 months is considered appropriate so that resorption 

keeps pace with remodeling [2]. These requirements 
form the benchmark against which the two fabrication 
routes can be compared. 
 
Conventional fabrication techniques 
Conventional methods create porosity indirectly. In 
salt leaching, a polymer solution is cast around a 
porogen that is later dissolved; porosity and pore 
size can be adjusted through the amount and size of 
the salt particles, but pore distribution and scaffold 
shape cannot be controlled, and residual organic 
solvent may impair cell viability [8]. Gas foaming 
avoids solvents, yet only 10–30% of the pores may 
be interconnected. Phase separation yields small 
pore diameters, freeze-drying is associated with 
long processing times and small irregular pores, and 
electrospinning produces pores of only a few tens of 
micrometres and is poorly suited to complex 
geometry [8]. Overall, these methods do not allow 
accurate regulation of the internal design, depend on 
operator skill for consistency, and tend to give poor 
mechanical properties [8]. Heterogeneity in pore 
size, porosity, and interconnectivity is unavoidable, 
and a custom-made scaffold that conforms precisely 
to a defect cannot readily be produced [2]. 
 
These techniques nevertheless retain real 
advantages. They are simple and can reach very high 
porosity, and they replicate micro- and nanoscale 
features more easily than current printers can [9]. In 
a direct comparison using the same poly(lactic-co-
glycolic acid)/β-tricalcium phosphate (PLGA/β-
TCP) composite, porogen-leached scaffolds reached 
85% porosity against 39% for the printed design 
[13]. 
 
Additive manufacturing techniques and digital 
workflow 
Additive manufacturing techniques are commonly 
grouped into material extrusion, vat 
photopolymerization, powder bed fusion, binder 
jetting, material jetting, sheet lamination, and 
directed energy deposition [9]. Those most often 
used for bone scaffolds are binder jetting, fused 
deposition modeling, selective laser sintering, and 
stereolithography [8]. The reviewed studies reflect 
this variety. Thermoplastic polymers and polymer–
ceramic composites were printed by extrusion, such 
as fused filament fabrication of polycaprolactone 
/hydroxyapatite (PCL/HA) [7] and a medical-grade 
PCL ridge scaffold [14]. Calcium phosphate ceramics 
were produced by digital light processing [11], 
lithography-based ceramic manufacturing [5], 
dispense plotting of ceramic slurry [6], and powder-
based printing [15], usually followed by sintering or 
another post-treatment. 
 
For alveolar applications, the workflow begins with 
a cone beam computed tomography scan that is 
converted from DICOM to STL format, followed by 
virtual design of the scaffold, printing, and 
sterilization [10]. This allows a graft to be planned 
around the restoratively driven implant position [14]. 
3D printing also has limitations. Extrusion printing 
is largely restricted to thermoplastic materials, and 
each technique differs in resolution [2,8]. 
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Current printers struggle to reproduce features 
below about 100 µm, which can leave poorly defined 
pore boundaries [9]. Many processes require post-
processing, and sintering shrinkage must be 
compensated in the design [8,11]. Ceramic loading 
also has an upper limit: in PCL/HA filaments the HA 
content was restricted to 20%, because higher 
loading reduced flowability and was expected to 
yield brittle, unprintable filaments [7]. 
 
Architecture: comparative evidence 
Studies that processed one material by both routes 
give the clearest picture of how fabrication shapes 
architecture. Zamani et al. [13] compared PLGA/β-
TCP scaffolds made by solvent casting/porogen 
leaching with printed scaffolds. The porous scaffolds 
had pores of 408 ± 90 µm and a highly rough, 
irregular surface (Ra 110 ± 15 µm), whereas the 
printed scaffolds had more uniform pores of 315 ± 
17 µm, a smoother surface (Ra 22 ± 3 µm), and a 
lower water contact angle (76° vs 112°). The β-TCP 
particles were also distributed more homogeneously 
on the printed struts, while aggregates were seen on 
the porous scaffolds. Kwon et al. [16] reported that 
salt-leached poly(ε-caprolactone-ran-lactic acid) 
scaffolds had an irregular interconnected structure 
whose exact pore architecture could not be adjusted, 
whereas printed scaffolds had a layered, 
orthogonally oriented structure. Printing took about 
3 minutes, compared with more than 3 days for salt 
removal and drying, and was judged superior in 
productivity and repeatability. 
 
Pérez-Bohórquez et al. [3] fabricated HA/PLGA 
/chitosan scaffolds by freeze-drying and by 3D 
printing at 50%, 60%, and 70% infill. The freeze-
dried scaffolds were heterogeneous and 
predominantly microporous, with irregular pores 
mostly below 3.5 µm and limited interconnectivity. 
The printed scaffolds showed hierarchical porosity 
that could be tuned through infill density, combining 
macropores of up to about 500 µm with micropores 
at 50% infill and becoming progressively more 
uniform at higher infill. Surface analysis also 
indicated greater calcium exposure on the printed 
scaffolds, although this was based on localized 
measurements. 
 
3D printing further allows architectures that 
conventional methods cannot produce. Wang et al. 
[11] printed biphasic calcium phosphate scaffolds 
with a gyroid design in which peripheral pores of 
400 µm surrounded central pores of 400–1000 µm 
at a constant porosity of 70%. Systermans et al. [12] 
used HA blocks with a fully interconnected gyroid 
porosity, noting that earlier synthetic HA blocks, 
with pores of 50–300 µm and interconnections of 
about 40 µm, often failed to osseointegrate because 
of inadequate porosity. In the clinical trial by Kim et 
al. [17], a conventional HA/β-TCP block had pores of 
200–400 µm and about 80% porosity, whereas the 
printed patient-customized graft of similar 
composition had adjustable pores of 0.7–1.2 mm and 
70–80% porosity. 
 

Mechanical properties 
Mechanical competence matters in ridge augmentation 
because the scaffold must maintain space under soft 
tissue pressure and tolerate fixation screws and 
implant drilling. In the PLGA/β-TCP comparison, the 
compressive strength of printed scaffolds was 4.0 ± 0.3 
MPa, significantly higher than the 1.7 ± 0.2 MPa of 
porogen-leached scaffolds [13]. This difference should 
be interpreted with caution, since the printed scaffolds 
were far less porous (39% vs 85%) and compressive 
strength falls as porosity rises, as the authors 
themselves noted [13]. The finding therefore reflects 
freedom of design as much as an intrinsic advantage of 
the printed material. 
 
Printing parameters and composition allow the 
mechanical response to be tuned. In printed PCL/HA 
scaffolds with 400 µm pores, Young’s modulus under 
compression increased from 31.5 ± 2.0 MPa for pure 
PCL to 62.7 ± 10.6 MPa with 20% HA, within the 20–
500 MPa range cited for cancellous bone [7]. 
Architecture can be changed while strength is 
preserved: at equal porosity, uniform 400 µm scaffolds 
and graded 400–600 and 400–800 µm scaffolds had 
similar compressive strengths (4.17, 3.99, and 3.71 
MPa), whereas strength dropped to 2.46 MPa with 
1000 µm central pores [11]. 
 
Printed scaffolds are not always stronger. Among the 
HA/PLGA/chitosan scaffolds, the highest apparent 
stiffness (40 MPa) belonged to a freeze-dried scaffold, 
while printed scaffolds ranged from 6 to 19 MPa, 
consistent with their more open architecture; finite 
element analysis under simulated implant loading 
indicated that further mechanical optimization was 
needed [3]. More broadly, measures that raise 
strength, such as high ceramic loading, dense design, 
and sintering, increase brittleness or reduce the 
surface available to cells, whereas very high porosity 
compromises load-bearing capacity [9]. In vivo, 
printed gyroid HA blocks could be fixed with screws 
and drilled with a standard implant protocol without 
fracture [12], and a printed PCL scaffold retained a 
particulate graft and maintained space during staged 
ridge augmentation [14]. 
 
Biological response and degradation 
In vitro, pre-osteoblast seeding efficiency, proliferation, 
and collagen deposition were similar on printed and 
porogen-leached PLGA/β-TCP scaffolds, but alkaline 
phosphatase (ALP) activity was 21-fold higher on the 
printed scaffolds after 14 days. The authors attributed 
this to the moderate surface roughness, the 
homogeneous β-TCP distribution, and more effective 
cell–cell contact along the ordered struts [13]. With 
human dental pulp stem cells, printed 
HA/PLGA/chitosan scaffolds supported higher 
viability than freeze-dried scaffolds, about 85% at 50% 
infill compared with 50%, and the 70% infill design 
produced the strongest expression of RUNX2 and OSX 
[3]. Thus, the architecture that favours cell survival is 
not necessarily the one that favours osteogenic 
commitment. Adding HA to printed PCL also increased 
ALP activity, calcium deposition, and apatite 
formation in simulated body fluid [7]. 
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The fabrication route also affects degradation and 
the host response. After subcutaneous implantation, 
fluorescence imaging showed that salt-leached 
scaffolds had degraded by 68% at 16 weeks, 
compared with 49% for printed scaffolds of the 
same polymer, a difference ascribed to rapid bulk 
erosion of the irregular porous structure [16]. The 
printed scaffolds, which persisted longer, showed 
slightly more macrophage infiltration and fewer 
fibrous capsules and blood vessels than the salt-
leached scaffolds. Slower resorption is therefore not 
uniformly beneficial, and degradation time has been 
identified as a key but insufficiently studied 
determinant of clinical performance [1]. 
 
Pore design is the main lever for vascularization. 
Graded scaffolds with larger central pores increased 
permeability from 12.10 to 22.15 × 10−9 m2, and the 
400–800 µm design enhanced osteogenic 
differentiation in vitro and neovascularization and 
new bone formation after subcutaneous 
implantation in mice [11]. A systematic review of ten 
rodent calvarial studies found that pore sizes of at 
least 400 µm in printed composite scaffolds were 
associated with a higher bone volume fraction, and 
composite scaffolds with a larger new bone area 
than comparators, although these analyses were 
exploratory [18]. In minipigs, printed gyroid HA 
blocks used for lateral mandibular augmentation 
yielded 39.17% new bone and a mean bone gain of 
4.73 mm, and implants placed through the blocks 
showed bone-to-implant contact similar to that in 
native bone (42.79% vs 34.17%) [12]. 
 
Clinical regenerative outcomes 
Three clinical studies compared a 3D-printed graft 
with a non-printed counterpart (Table 1). In a 
randomized trial of alveolar ridge preservation in 30 
patients, Kijartorn et al. [15] compared printed 
nano-porous HA granules with a commercial nano-
crystalline bone graft. After four months, new bone 
formation (33.20% vs 31.35%), residual graft 
(27.04% vs 31.69%), dimensional bone changes, and 
primary implant stability did not differ significantly. 

Kim et al. [17] randomized 60 patients requiring 
guided bone regeneration to a printed patient-
customized HA/β-TCP graft or a conventional block 
of similar composition. About five months later, 
percent bone volume was higher in the printed 
group (20.01% vs 16.35%; p = 0.049), but bone 
volume, bone surface, and bone mineral density 
were similar. The authors concluded that the 
customized graft simplified the procedure without 
demonstrating greater regenerative capability. In 
maxillary sinus augmentation, Giuliani et al. [6] 
compared rapid-prototyped HA/β-TCP blocks with 
granules of the same composition. Newly formed 
bone was similar at 5–6 months (26.3% vs 24.1%) 
and at 9 months (33.1% vs 30.1%), although the 
block specimens resembled native bone slightly 
more closely at 9 months. 
 
Other clinical reports describe 3D-printed scaffolds 
without a conventionally fabricated comparator 
(Table 2). A patient-specific PCL scaffold filled with 
autogenous bone and bovine bone mineral produced 
a volumetric gain of 364.69 mm3 and allowed 
implant placement with a primary stability of 35 
Ncm [14]. Printed calcium phosphate blocks, 
manually shaped and covered with xenograft 
particles and a collagen membrane, showed ongoing 
bone regeneration and sprouting capillaries after six 
months in two patients [4]. Printed polymer–
ceramic disks improved soft tissue closure of 
posterior extraction sockets compared with open 
healing [19]. A split-mouth randomized trial 
comparing a printed patient-specific β-TCP block 
with autogenous block grafts in the atrophic maxilla 
has been registered, but only its protocol is available 
[5]. A systematic review of resorbable scaffolds for 
ridge augmentation identified only seven eligible 
clinical studies, with 39 patients and 45 ridges, graft 
loss in five cases, and a mean primary implant 
stability of 35 Ncm [1]. Customized meshes and 
scaffolds have also been associated with improved 
surgical precision and shorter operative time in 
several studies [10].

 
TABLE 1: Studies Directly Comparing 3D-Printed and Conventionally Fabricated Scaffolds or Grafts. 

 

Study Material and 
model 3D-printed scaffold Conventional 

comparator Key comparative outcomes 

Zamani et al. 
[13] (2021) 

PLGA/β-TCP; in 
vitro, MC3T3-E1 

pre-osteoblasts, 14 
days 

Extrusion-printed; 
pores 315 ± 17 µm; 

porosity 39%; Ra 22 
µm 

Solvent 
casting/porogen 

leaching; pores 408 ± 
90 µm; porosity 85%; 

Ra 110 µm 

Compressive strength 4.0 vs 
1.7 MPa; ALP activity 21-fold 
higher on printed scaffolds; 
proliferation and collagen 

deposition similar 

Kwon et al. 
[16] (2020) 

Poly(ε-caprolactone-
ran-lactic acid); 
subcutaneous 

implantation in rats 
and mice, 16 weeks 

Fused deposition 
modeling; orthogonal 

layered strands; 
fabricated in about 3 

min 

Salt leaching (NaCl 
200–250 µm); 

irregular 
interconnected pores; 

more than 3 days to 
complete 

Degradation at 16 weeks 49% 
(printed) vs 68% (salt-
leached); slightly more 

macrophages and fewer 
vessels around printed 

scaffolds 

Pérez-
Bohórquez et 
al. [3] (2026) 

HA/PLGA/chitosan; 
in vitro, human 

dental pulp stem 
cells; finite element 

analysis 

Extrusion-printed at 
50%, 60%, and 70% 

infill; hierarchical 
pores up to about 500 

µm 

Freeze-drying; 
irregular micropores 
mostly below 3.5 µm; 

limited 
interconnectivity 

Cell viability about 85% (50% 
infill) vs 50%; strongest 

RUNX2 and OSX expression at 
70% infill; stiffness 6–19 MPa 

(printed) vs up to 40 MPa 
(freeze-dried) 
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Study 
Material and 

model 
3D-printed scaffold 

Conventional 
comparator 

Key comparative outcomes 

Kijartorn et al. 
[15] (2022) 

Hydroxyapatite; 
randomized trial of 
ridge preservation, 

30 patients, 4 
months 

Printed nano-porous 
HA granules (1 mm) 

Commercial nano-
crystalline bone graft 

granules (0.6 mm) 

New bone 33.20% vs 31.35%; 
residual graft 27.04% vs 
31.69%; implant stability 

about 70 in both groups; no 
significant differences 

Kim et al. [17] 
(2024) 

HA/β-TCP 60:40; 
randomized trial of 

guided bone 
regeneration, 60 
patients, about 5 

months 

Patient-customized 
printed graft; pores 

0.7–1.2 mm; porosity 
70–80% 

Conventional block; 
pores 200–400 µm; 
porosity about 80% 

BV/TV 20.01% vs 16.35% (p = 
0.049); bone volume, bone 
surface, and bone mineral 
density not significantly 

different 

Giuliani et al. 
[6] (2016) 

HA/β-TCP 30/70; 
maxillary sinus 

augmentation, 24 
sinuses, 5–6 and 9 

months 

Blocks made by 
dispense plotting 

(direct rapid 
prototyping) 

Granules of the same 
composition 

New bone 26.3% vs 24.1% at 
5–6 months and 33.1% vs 

30.1% at 9 months (not 
significant); blocks slightly 
closer to native bone at 9 

months 

ALP, alkaline phosphatase; BV/TV, percent bone volume; HA, hydroxyapatite; PLGA, poly(lactic-co-glycolic 
acid); Ra, surface roughness; β-TCP, β-tricalcium phosphate. Values are given as 3D-printed vs conventional. 

 
TABLE 2: Studies of 3D-Printed Scaffolds for Alveolar Bone Augmentation  

without a Conventionally Fabricated Scaffold Comparator. 

 

Study Scaffold and printing 
method Model and application Key reported outcomes 

Systermans et al. 
[12] (2026) 

Pure HA blocks with 
interconnected gyroid 

porosity 

Four minipigs; bilateral 
lateral mandibular 

augmentation; implant 
placed after 8 or 12 weeks 

39.17% new bone; mean bone gain 
4.73 mm; bone-to-implant contact 
42.79% in the block vs 34.17% in 

native bone; no control group 

Ivanovski et al. [14] 
(2024) 

Patient-specific medical-
grade PCL scaffold printed by 

extrusion; filled with 
autogenous bone and bovine 

bone mineral 

Case report; staged 
horizontal augmentation at a 
maxillary central incisor site; 

6 months 

Volumetric bone gain 364.69 mm3; 
implant primary stability 35 Ncm; 

new bone in all defect zones 

Pérez et al. [4] 
(2023) 

Printed calcium phosphate 
blocks, manually shaped; 
covered with xenograft 
particles and collagen 

membrane 

Case series of two patients; 
staged horizontal ridge 

augmentation; 6 months 

Implants placed; histology showed 
ongoing bone regeneration and 

sprouting capillaries 

De Angelis et al. 
[19] (2024) 

Printed disks of poly-D-lactic 
acid with 10% HA or PCL 

with 20% β-TCP 

Pilot randomized study; 39 
patients; socket sealing vs 

open healing; 6 weeks 

Posterior sockets: exposed area 
reduced to 0.6 mm2 in both test 
groups vs 1.2 mm2 in controls  

(p < 0.05); soft tissue outcome only 

de Almeida Malzoni 
et al. [5] (2022) 

Patient-specific β-TCP block 
made by lithography-based 

ceramic manufacturing 

Split-mouth randomized trial 
protocol; atrophic anterior 

maxilla; autogenous block as 
control; 8 months 

Protocol only; volumetric and 
histological outcomes not yet 

reported 

HA, hydroxyapatite; PCL, polycaprolactone; β-TCP, β-tricalcium phosphate. 
 
Synthesis of the comparison 
Taken together, the reviewed studies point to a 
consistent pattern. The clearest advantage of 3D 
printing lies in architecture: pore size, strut 
orientation, gradients, and external shape can be 
specified and reproduced, whereas conventionally 
fabricated scaffolds are irregular and vary between 
batches [3,13,16]. Mechanical properties follow 
from this design freedom and are not inherently 
superior, since they depend on the porosity and 
composition chosen [3,11,13]. Biologically, ordered 
architecture favoured early osteogenic markers in 
vitro [3,13], but this has not yet translated into 
clearly greater bone formation in patients, where 
printed and non-printed ceramic grafts performed 

similarly [6,15,17]. The practical benefits reported 
clinically relate mainly to fit, handling, and 
procedural simplicity [10,17]. 
 
Limitations and challenges 
Several limitations restrict the conclusions that can 
be drawn. First, the comparisons are confounded. 
Fabrication route was rarely the only variable, 
because porosity, pore size, surface roughness, and 
even the formulation differed between the printed 
and conventional groups [3,13], and in the clinical 
comparisons, granule size or graft form differed as 
well [6,15]. Second, much of the comparative 
evidence comes from short-term in vitro work or 
ectopic subcutaneous models rather than alveolar
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defects [3,11,13,16]. Third, the clinical evidence is 
sparse: it consists largely of case reports, pilot 
studies, and a protocol [4,5,14,19]; follow-up rarely 
exceeded nine months, and the only minipig study 
had a small sample, no control group, and an 
extraoral approach that avoids the wound 
dehiscence seen intraorally [12]. Heterogeneity in 
materials, surgical protocols, and outcome reporting 
has so far precluded meta-analysis [1,18]. 
 
Technical and translational barriers also remain. 
Printing resolution limits the reproduction of 
microscale features [9], shrinkage and post-
processing affect dimensional accuracy [8,11], and 
the slower degradation of dense printed struts may 
prolong the foreign body response [16]. Regulatory 
pathways for 3D-printed scaffolds are complex, and 
the customization and low scalability of printed 
constructs increase cost [9]. Variability in digital 
protocols and sterilization methods further 
complicates standardization [10]. 
 
Clinical implications and future directions 
From a clinical perspective, 3D-printed scaffolds are 
most attractive where conventional grafts are 
weakest: large or complex defects in which a block 
must fit the recipient bed closely and maintain 
volume [5,12]. A patient-specific scaffold can be 
planned around the intended implant position, may 
shorten surgery, and avoids a donor site [10,14]. For 
contained defects such as extraction sockets, 
however, conventional particulate grafts achieve 
comparable bone formation [15], and the additional 
planning and cost of printing may not be justified. 
Printed scaffolds should therefore be regarded as a 
complementary option selected according to defect 
morphology, not as a replacement for established 
materials. 
 
Conventionally fabricated scaffolds are also being 
developed further, beyond the 19 articles reviewed 
here. At the authors’ institution, lyophilized 
chitosan–hydroxyapatite scaffolds have been 
studied as biologically active options for bone 
regeneration: a scaffold seeded with hypoxic human 
amnion mesenchymal stem cells increased 
angiogenesis, osteogenic marker expression, and 
trabecular bone area in rat calvarial defects 
compared with untreated controls [20], and a 
freeze-dried scaffold seeded with cryopreserved 
adipose-derived stem cells was associated with 
significantly higher bone sialoprotein secretion on 
day 14 [21]. A systematic review of 15 studies 
likewise concluded that three-dimensional 
chitosan–hydroxyapatite scaffolds provide room for 
new bone formation [22]. The scaffolds in the two 
experimental studies were lyophilized rather than 
printed, so they are best regarded as a conventional 
benchmark against which printed scaffolds should 
be compared in future studies. 
 
The two approaches are also increasingly combined. 
Hybrid strategies that use printing for the 
macroscale framework and freeze-drying, gas 
foaming, or electrospinning for micro- and 
nanoscale features aim to reproduce the multiscale 

hierarchy of bone more faithfully than either route 
alone [9]. Future studies should compare printed 
and conventionally fabricated scaffolds of identical 
composition and matched porosity, test them in 
alveolar defect models and adequately powered 
randomized trials, and report standardized outcomes, 
including volumetric bone gain, histomorphometry, 
complication categories, implant stability and 
survival, and scaffold degradation over longer 
follow-up [1,18]. 
 
CONCLUSIONS 
3D printing provides a level of control over scaffold 
architecture that conventional fabrication techniques 
cannot match, producing regular, reproducible, and 
patient-specific pore networks, including graded 
and gyroid designs. This control allows mechanical 
properties to be tuned and has been associated with 
stronger early osteogenic responses in vitro and 
slower degradation in vivo than porogen-leached or 
freeze-dried scaffolds of the same material. 
Conventional methods remain simple, reach high 
porosity, and reproduce microscale features that 
current printers cannot. In clinical trials, 3D-printed 
ceramic grafts have achieved bone formation and 
implant stability comparable to non-printed grafts, 
with advantages mainly in fit and surgical 
convenience. Given the confounded comparisons, 
small samples, and short follow-up of the available 
studies, 3D-printed scaffolds should currently be 
considered a promising, defect-specific alternative 
whose regenerative superiority is not yet 
established. Well-controlled head-to-head trials 
with standardized outcomes are needed. 
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