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Three‑dimensional printing of scaffolds 
for facial reconstruction
Yuxiao Zhou and Warren Grayson* 

Three-dimensional (3D) printing of scaffolds for tissue engineering applications has grown 
substantially in the past two decades. Unlike conventional autografts and allografts, 3D-printed 
scaffolds can satisfy the growing need for personalized bony reconstruction following massive 
craniofacial bone loss. Employing layer-by-layer manufacturing techniques, it is possible to 
produce patient-specific structures to rebuild complicated geometries for esthetic purposes 
and restore mechanical and respiratory functions. Here, we summarize the trends and current 
state-of-the-art studies in 3D-printing technologies for craniofacial bone reconstruction. We 
describe the design and development of the craniofacial scaffolds, including material choices, 
scaffold fabrication workflows, and the mechanical, structural, and biological considerations 
impacting scaffold application and function. Finally, we summarize the remaining hurdles and 
opportunities for growth to transition to the widespread clinical adoption of this technology.

Trends in three‑dimensional printing for facial 
bone reconstruction
Why use three‑dimensional printed scaffolds 
to regenerate facial bones?
Congenital abnormalities, trauma, or surgical excision of oro-
facial cancers are the most common etiologies of critical-sized 
craniofacial bone loss (i.e., bone injuries that, unlike simple 
fractures, will not heal spontaneously and without surgical 
intervention).1 These bony defects in the head and facial 
regions may impair patients’ vision, mastication, facial expres-
sion, and respiration and cause social and psychological stress. 
Currently, surgical reconstruction relies on the transplantation 
of bone from another part of the body into the defect in a pro-
cess known as autologous bone grafting.2–5 However, draw-
backs of this approach include the limited supply of donor 
tissue, donor site morbidity, complex and challenging surger-
ies, and high resorption rates, especially in pediatric patients.6 
Alternatively, tissue engineering provides a promising strategy 
to facilitate tissue repair by transplanting cells and biomol-
ecules into biomaterial scaffolds. To promote regeneration, 
the biomaterial scaffolds are designed with a high degree of 
interconnected porous structures to allow for vascular and 

bony ingrowth. Compared to biomaterials used to treat long 
bone defects, craniofacial scaffolds are characterized by their 
intricate morphologies and complex mechanical loading pro-
files that include periodic bending along with compressive and 
tensile forces. Consequently, designs based on medical imag-
ing technology—usually cone-beam computed tomography 
(CBCT) and magnetic resonance imaging (MRI)—are used 
to recapitulate the anatomical shape of the missing bone and 
guide scaffold manufacture. Over the last two decades, three-
dimensional (3D) printing methods have been increasingly 
applied to produce patient-matched devices, including instru-
mentation, implants, and external prostheses.7 Biomaterial 
fabrication using 3D printing for bone reconstruction (bone 
scaffolds) with complex anatomic shapes, controlled porous 
geometries, and bioactive properties to induce and guide new 
bone growth, is one of the fastest growing fields together with 
the advancement of 3D-printing techniques.8

Three‑dimensional‑printing technologies
The concept of 3D printing to fabricate objects by depos-
iting materials layer by layer was first described by Hull 
in  19849 using a laser-based (stereolithography, SLA) 
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technique and was subsequently applied to craniofacial 
surgery  planning10,11 to provide surgeons with physiologi-
cal models. Since then, laser-based printing methods have 
been used to print customized hydroxyapatite and titanium 
scaffolds to treat cranial and mandibular defects in clini-
cal trials.12–14 Powder bed fusion uses laser or heat to fuse 
powders selectively with high print accuracy and resolution 
and can process a variety of powdered materials, includ-
ing metals, bioceramics, and synthetic polymers. Material 
extrusion mechanically deposits semi-solid or molten fila-
ment in sequential layers to create 3D objects. Fused deposi-
tion modeling (FDM) is the most common form of material 
extrusion printing method, and it utilizes thermoplastic fila-
ments as extrusion material. FDM can successfully recapitu-
late complex anatomies and produce highly regular  pores15 
but is not well suited to providing complex pore geometries. 
Polycaprolactone (PCL) scaffolds fabricated using FDM 
have been  evaluated16,17 and applied in  cranioplasties18 as 
burr hole plugs for the closure of post-trephination defects. 
Material jetting is a noncontact printing method that has 
been widely used to print multi-material and functionally 
graded materials. The printable ink of material jetting is lim-
ited to low viscosity ink. As a result, scaffolds fabricated by 
material jetting are usually accompanied by low mechani-
cal strength and are not good candidates for load-bearing 
applications. The process of incorporating one or multiple 
types of living cells, biological molecules, and biomateri-
als to form scaffolds of desired 3D structure is called 3D 
bioprinting. Laser powder bed fusion, material extrusion, 
and material jetting all have been applied in bioprinting to 
produce a wide range of soft and hard  tissues19–21 while 
avoiding high temperatures or organic solvents to maximize 
cell viability. For example, functional cartilage constructs 
with well-controlled complex architecture and improved 
mechanical strength were generated using hybrid inkjet 
printing/electrospinning  system22 and cell-laden bioinks 
were directly deposited in situ using extrusion bioprinters 
to form multi-layer structures resembling natural skin.23

Advances in 3D‑printed scaffolds for craniofacial bone 
regeneration
Three-dimensional-printing methods have been used to gener-
ate anatomically shaped scaffolds for use in craniofacial bone 
reconstruction for over two decades.24 As the technologies 
have advanced, so have the geometric complexities of the 
scaffolds (Figure 1). For example, Hollister et al. designed 
anatomic orbital floor structures from CT and MRI  data25 by 
selecting the defect outline and filling the interior regions 
with porous architectures (Figure 1a). They further improved 
the design process to integrate a sleeve structure to enable 
the fixation of condylar-ramus scaffold to the adjacent native 
bone (Figure 1b).26 More recently, FDM methods have been 
used to print porous PCL maxillary scaffolds (Figure 1c)27 
and mandibular scaffolds combining synthetic polymer and 
osteoinductive hydroxyapatite (Figure 1d)28 having more 
complex anatomic structures. Although scaffolds consisting 
of uniform pores are commonly used for their ease of design 
and fabrication, the actual mechanical property of craniofacial 
bone is nonhomogeneous. To better account for this in the 
designs, topology  optimization29 may be used to design scaf-
folds with heterogeneous porous structures to vary the regional 
 stiffness30–32 as shown in the orbital midface complex scaffold 
(Figure 1e).

Biomaterials used to 3D print craniofacial 
scaffolds
Materials selected for engineering bone scaffolds are bio-
compatible (able to support normal cellular activity without 
toxic effects to host tissue), bioresorbable (able to degrade 
at controlled rates while facilitating bone ingrowth), and 
mechanically strong (capable of withstanding mechanical 
loads during daily activity). For maxillomandibular scaf-
folds, there are unique requirements to withstand the peri-
odic masticatory forces and accompanying bending, while 
for non-load-bearing defects (e.g., in the cranial region), 
the hardness, rather than the stiffness of the scaffold, may 
be more critical.

a

2000 2005 2014 2016 20191 cm

b c d e

Figure 1.  (a) An orbital floor scaffold designed by substituting a porous structure into user selected craniofacial defect outline and printed 
from epoxy.25 (b) A polyurethane condylar-ramus unit, with a sleeve consisting of simple straight lines as border. The sleeve is designed to 
incorporate fixation screws (sagittal and coronal view).26 (c) Anatomically shaped polycaprolactone (PCL) maxilla scaffolds with consistent 
and regular pores, based on 3D models reconstructed from CT scan.27 (d) Anatomically shaped human mandible, comprising > 250 layers, 
is designed and 3D printed from hydroxyapatite-poly (lactic-co-glycolic acid) (HAPLGA) using solvent-based method at room temperature.28 
(e) Anatomically shaped orbital midface complex scaffold with nonhomogeneous porosity, printed from acrylonitrile butadiene styrene (ABS) 
plastic filament. Regions with thin bones are assigned less porosity for stability, and thicker regions are assigned more porosity.32
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Bioceramics are popular material candidates for cranio- 
facial bone regeneration, such as dental implants, alveolar 
ridge augmentation, and maxillofacial surgery, due to their 
wear resistance and similarities in composition to the inor-
ganic matrix of bone. Hydroxyapatite (HA) is the predomi-
nant composition of bone matrix and possesses biocompat-
ible and osteoconductive properties. HA has slow resorption 
rates, approximately ~ 1–2% per year in vivo,33 which limits its 
application in tissue engineering. Tricalcium phosphate (TCP), 
mainly β-TCP, has similar chemistry and structure to inorganic 
components in bone and forms a hydroxyapatite layer in body 
fluids. Bioactive glasses (BGs) possess good interfacial bond 
properties with  bone34 and angiogenic properties in the pres-
ence of vascular endothelial growth factor (VEGF).35 Com-
pared to bioceramics, the dissolution of soluble ions (such as 
silica and calcium) in BGs stimulate deposition of bone matrix 
by osteogenic cells and promotes faster and better integration 
between the scaffold and surrounding native bone tissues.36 
However, bioceramics and BGs are relatively brittle and prone 
to failure under cyclic loading.37 Natural biopolymers, such 
as collagen and gelatin, have chemical compositions similar 
to natural bone organic matrix and are able to stimulate cell 
responses but natural polymers have weak compressive stiff-
nesses compared to native bone.38

Given the drawbacks of single-material scaffolds such as 
low biocompatibility and bioactivity of synthetic  polymers38 
and the unfavorable brittleness and degradation kinetics of 

bioceramics,33 there has been a trend toward composite scaf-
folds that combine different types of biomaterials (Figure 2). 
Different materials were directly combined via interlocking 
interfaces in earlier studies to form biphasic scaffolds (Fig-
ure 2a).39 More recently, composite scaffolds with uniform 
compositions, such as scaffolds combining BG and HA,40 BG 
and TCP,41,42 polypropylene (PP) and TCP,43 HA and PLGA or 
PCL (hyperelastic bone),44 and DCB particles and PCL (Fig-
ure 2b),45 have been 3D printed and many have been applied 
to critical-sized craniofacial defect treatment in vivo. PCL/HA 
mixtures with varying compositional and structural gradients 
have also been fabricated (Figure 2c).46 The ability to 3D print 
these composite materials with material extrusion methods 
enables the manufacture of craniofacial bone scaffolds with 
enhanced bioactivity.

Efficacy of 3D‑printed scaffolds in craniofacial 
bone regeneration
Mechanical competence of 3D‑printed craniofacial 
bone scaffolds
Ideally, craniofacial bone scaffolds would have mechani-
cal strengths similar to that of natural bone. Stiffer scaffolds 
may promote “stress shielding” and result in bone resorption 
over time. Yet, it has typically proven more challenging to 
3D print scaffolds with sufficient mechanical strength for 
load-bearing applications since the high porosity required to 

ca b

Figure 2.  Composite 3D-printed scaffolds for bone regeneration. (a) (Top) biphasic PLA/HA ceramic scaffold (top = PLA, 
blue = HA) fabricated from 3D-printed mode. PLA global pores are 600-μm diameter, HA global pores are 500 μm, (Bottom) 
colorized micro-CT of biphasic scaffold with portion cut away to depict interdigitation of both phases (yellow = PLA, blue = HA). 
Cut is at an angle to pore lattice to simultaneously view pore structure and material struts. Curved surfaces at polymer/ceramic 
interfaces are an artifact of image processing. PLA is in direct contact with HA.39 (b) Hybrid mandibular condyle scaffolds 
consisting of DCB particles and polycaprolactone (PCL), stained by Alizarin Red S to confirm and visualize the presence of 
mineralized particles in the hybrid scaffold.45 (c) Micro-CT images of dual-gradient PCL-HA scaffold, with HA concentration 
and porosity gradient in vertical direction (top: PCL and small pore of 0.2 mm, 85 wt% PCL, 15 wt% HA and medium pore of 
0.5 mm, and 70 wt% PCL, 30 wt% HA, and large pore of 0.9 mm).46
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facilitate vascular, and cell invasion into the scaffolds during 
tissue regeneration requires a tradeoff with stiffness. Mid-
facial regions such as the nasal bone (most commonly seen 
midfacial  fracture47) and buccal bone plate are geometrically 
complex and contain bone with regions that are less than 1 mm 
thick.48,49 Developing thin bioactive nasal scaffold with high 
anatomic fidelity is still challenging: In vivo studies using scaf-
folds printed from PCL resulted in vascular ingrowth after 2 
months in rabbit nasal  defects50 and after 3 months in porcine 
postauricular subcutaneous implantation.51 However, due to 
the tradeoffs required, the scaffolds either satisfied the thin 
structure of nasal bone but were printed in simple, rectangu-
lar shapes or they precisely replicated the nasal geometry but 

required thicker structures. Bone loss in the buccal bone plate 
is common after tooth extraction, and the resorption rate is 
higher for thinner plates.52 Unlike nasal bone, the buccal bone 
plates are constantly subjected to cyclic masticatory forces. 
Two distinct materials are used for treatment: synthetic PCL 
for the tooth replacement and metal meshes to repair the buc-
cal plate. Synthetic PCL scaffolds have been printed into ana-
tomic geometries and applied to fill the tooth socket following 
tooth extraction in pre-clinical studies and clinical trials.53,54 
Due to mechanical strength requirement and volumetric limita-
tions, only metal scaffolds such as titanium meshes are used to 
guide bone augmentation in the buccal plate.55

Bony integration 
of 3D‑printed 
scaffolds
PCL is commonly used 
for 3D-printing bone 
scaffolds due to its bio-
compatibility, stability, 
and ease of standard 
fabrication.  Many 
devices fabricated 
with PCL are approved 
by US Food and Drug 
Administration (FDA) 
approval for use in 
tissue engineering. 
However, it is not bio-
active (i.e., on its own, 
it does not promote 
osteogenic differentia-
tion). Thus, it is often 
used in conjunction 
with cells and growth 
factors (Figure 3). For 
example, by seeding 
bone morphogenetic 
protein-7 (BMP-7) 
transduced fibroblasts 
into pure PCL mandib-
ular condyle scaffolds, 
new bone was formed 
following subcutane-
ous implantation in 
mice for 4 weeks (Fig-
ure 3a).56 Polyetherke-
toneketone (PEKK) is 
another good candidate 
for bone scaffolds and 
exhibits good biocom-
patibility and chemi-
cal stability. However, 
the poor integration 
with bone limits its 
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Figure 3.  (a) Bone growth around PCL mandibular condyle orthogonal pore scaffold seeded with bone 
morphogenetic protein-7 (BMP-7) transduced fibroblasts (white: bone, blue: scaffold), after implanted 
subcutaneously in mice for 4 weeks.56 (b) Reconstructed micro-CT model showing bone ingrowth in a 
critical-sized defect in the mandible of a rabbit model, treated with PEKK/ADSCs composite, 20 weeks 
after transplantation (dashed red areas indicate the vertical bone ingrowth inside the PEKK scaffold).57 (c) 
Regenerated bone in rat cranial defect after 3 months transplantation of scaffold produced via cryogenic 
3D printing of β-tricalcium phosphate (TCP) and osteogenic peptide (OP) containing water/poly(lactic-
co-glycolic acid) (PLGA)/dichloromethane emulsion inks with angiogenic peptide (AP)/collagen I hydrogel 
coating. Dimension of defect is 5 mm × 3 mm.58 (d) Representative 3D reconstructed micro-CT images (left), 
new bone formation in transverse section (top right) and in region of interest (bottom right) in rat alveolar 
bone defect, 6 weeks after treated with in vivo bioprinting, showing robust bone formation. Periodontal liga-
ment stem cells are encapsulated in injectable, photo-cross-linkable composite hydrogels. Hydrogels were 
directly injected into alveolar defect and UV cured.62 Scale bar = 1 mm.
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application in bone reconstruction. Combining adipose-derived 
mesenchymal stem cells (ADSCs) can effectively enhance the 
bone regeneration capacity of 3D-printed PEKK scaffolds in 
treating mandibular defects (Figure 3b).57 To endow scaffolds 
with both angiogenic and osteogenic potential, dual delivery 
scaffolds, produced via cryogenic 3D printing of β-tricalcium 
phosphate (TCP)/osteogenic peptide (OP)/poly (lactic-co-gly-
colic) acid (PLGA) and coated with angiogenic peptide (AP)/
collagen I hydrogel, were used to treat rat cranial defects.58 
Angiogenesis induced by the quick release of AP and signifi-
cantly improved new bone formation induced by sustained 
OP release were observed in vivo 3 months post-surgery (Fig-
ure 3c). Another strategy uses injectable scaffolds. Compared 
to the preformed 3D-printed scaffolds, injectable scaffolds 
are formed in vivo, minimally invasive, and can completely 
fill defects with irregular shapes with good margin adaptation 
and penetration depth. Since the first in vivo bioprinting was 
performed with nano-hydroxyapatite to treat mouse cranial 
defects,59 a wide range of hydrogels and polymers have been 
combined with multiple cell types and growth factors for den-
tal and craniofacial tissue restoration in small animals.60,61 A 
6-week in vivo study used injectable, UV-curable composite 
hydrogels with encapsulated periodontal ligament stem cells to 
treat rat alveolar bone defects and observed robust bone forma-
tion (Figure 3d).62

Toward clinical trials and commercialization
In summary, 3D printing in craniofacial defect reconstruction 
integrates multiple scientific disciplines. Despite the use of 
3D-printed hydroxyapatite,14,63 titanium,12,13 and  PCL53 scaf-
folds in clinical trials to treat craniofacial defects, there remain 
hurdles preventing their widespread adoption:

– Bone regeneration Current 3D-printed scaffolds enhance 
new tissue growth but fall short of complete healing. To 
improve bone regeneration in critical-sized bone defect, 
novel bioactive cues may be incorporated. For example, 
scaffolds releasing  oxygen64,65 and soy isoflavones,66 dual 
delivery scaffolds suppressing bone resorption and pro-
moting bone formation simultaneously,67 and scaffolds 
containing magnesium nanoparticles and graphene oxide 
to modulate immune  responses68 are being investigated. 
Theoretical models have been developed to simulate the 
complex interaction between mechanobiological signals, 
native bone, and scaffolds.69,70 Machine learning has also 
been applied to provide more predictability during bone 
regeneration.71 Future research will focus on deepening the 
understanding of tissue healing biology and material sci-
ence strategies to enhance scaffold bioactivity and increase 
control and predictability over the spatial and temporal 
bone formation.

– Soft tissues coverage Reconstruction of maxillomandibu-
lar defects involves restoring cartilage (zonal organization, 
heterogeneous extracellular matrix composition, cell den-

sity, and mechanical property gradients), muscle and dental 
structures, which are all technically challenging due to the 
difficulty of engineering complex interfaces within a single 
construct. For example, efforts have been made to gener-
ate cartilage-bone constructs in temporomandibular joint 
defects and tooth-bone constructs.72,73 However, it remains 
a significant challenge to recapitulate the thin interface 
that enables the transition in cellular compositions, matrix 
structures, and mechanical properties that facilitate the 
proper functioning of the two tissues separately and as a 
single osteochondral unit.74

– Manufacturing and Regulatory The design control require-
ments to ensure defined quality practices and procedures 
have been outlined by the FDA. Manufacturing materials, 
machinery, and process parameters can significantly affect 
scaffold print quality. Current effort in this area focuses 
on implementing design control to standardize the pro-
cess from the initial design to the final validation, which 
includes the development of print quality standards for 
one-off, custom-designed scaffolds.

– Commercialization Today, the imaging and geometric 
design of biomaterials have become a commercialized 
service. Additionally, the growing market opportunity has 
attracted many companies to expand their product lines 
following the industry’s shift toward biomaterials with 
regenerative capabilities. This has resulted in several 
start-up acquisitions within the last 15 years. The future 
widespread adoption of 3D-printed technologies is contin-
gent upon the successful outcomes of pilot clinical studies 
where the inherent challenge is for the grafts to outperform 
autografts. Previous clinical trials of tissue engineering 
strategies for craniofacial bone reconstruction in Europe 
(which did not use 3D-printed scaffolds) did not demon-
strate therapeutic advantages over the standard-of-care. 
Multiple pre-clinical studies are aimed at de-risking the 
process and overcoming biological and practical hurdles.
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