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Abstract

The field of craniomaxillofacial (CMF) surgery is rich in pathological diversity and broad in the
ages that it treats. Moreover, the CMF skeleton is a complex confluence of sensory organs and
hard and soft tissue with load-bearing demands that can change within millimeters. Computer-
aided design (CAD) and additive manufacturing (AM) create extraordinary opportunities to

repair the infinite array of craniomaxillofacial defects that exist because of the aforementioned
circumstances. 3D printed scaffolds have the potential to serve as a comparable if not superior
alternative to the “gold standard” autologous graft. /n vitroand in vivo studies continue to
investigate the optimal 3D printed scaffold design and composition to foster bone regeneration that
is suited to the unique biological and mechanical environment of each CMF defect. Furthermore,
3D printed fixation devices serve as a patient-specific alternative to those that are available
off-the-shelf with an opportunity to reduce operative time and optimize fit. Similar benefits have
been found to apply to 3D printed anatomical models and surgical guides for preoperative or
intraoperative use. Creation and implementation of these devices requires extensive preclinical and
clinical research, novel manufacturing capabilities, and strict regulatory oversight. Researchers,
manufacturers, CMF surgeons, and the United States Food and Drug Administration (FDA) are
working in tandem to further the development of such technology within their respective domains,
all with a mutual goal to deliver safe, effective, cost-efficient, and patient-specific CMF care. This
manuscript reviews FDA regulatory status, 3D printing techniques, biomaterials, and sterilization
procedures suitable for 3D printed devices of the craniomaxillofacial skeleton. It also seeks

to discuss recent clinical applications, economic feasibility, and future directions of this novel
technology. By reviewing the current state of 3D printing in CMF surgery, we hope to gain a
better understanding of its impact and in turn identify opportunities to further the development of
patient-specific surgical care.
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1. INTRODUCTION

A large portion of our self-identity is housed within facial features. Patients with facial
differences as a result of craniomaxillofacial (CMF) trauma, such as sports injuries and

road accidents, congenital anomalies, infectious disease, tumor resection, or edentulism
have reported associated stressors of self-acceptance, negative responses of others, and
difficulty coping with associated impairments.1~4 These associated impairments can include
compromised sensory organ function, speech, and mastication.® The field of CMF surgery
treats a diverse range of ages and pathologies, both of which must be considered when CMF
surgeons form and execute their surgical plan. Moreover, the CMF surgeon is challenged by
varying load-bearing demands, proximity of sensory organs, as well as the microbiota of the
oronasal cavity, all of which may complicate bone healing.6 A multitude of strategies to fit
and fill these defects have been deployed and continue to evolve in the hope of restoring

the form and function of any given defect site. The combined effort of computer-aided
design/computer-aided manufacturing (CAD/CAM) and 3D printing (3DP) to create patient-
specific devices based on individual computed tomography (CT) or magnetic resonance
imaging (MRI) data is one such strategy that has drastically changed the approach to CMF
defect repair.

Traditionally, CMF reconstruction relies upon harvesting bone from a healthy donor site
such as the fibula. While autografting remains the gold standard today, it is limited

by donor site morbidity, finite stock, risk of resorption, prolonged operative time and
hospital stay, as well as patient-reported increases in postoperative pain.’~2 Allografts

and xenografts solve many of the autograft’s shortcomings, yet they are still associated

with risk of disease transmission and antigenic reactions.’”-10 For these reasons, synthetic
alloplasts, including metals, polymers, and ceramics, have been popularized within the

field of CMF. The characteristics of any implantable material, resorbable or nonresorbable,
should meet the needs of the biological environment it is placed within. For non-resorbable
materials traditionally used for rigid fixation (e.g., titanium alloys), these needs include
biocompatibility, mechanical strength, and osteogenic properties that facilitate bone healing,
at a minimum. While this is equally as important for resorbable materials used in other
forms of bone defect repair (e.g., ceramics and many synthetic polymers), they are also
expected to degrade in a predictable and timely manner such that the defect site is
mechanically supported as the material gradually becomes replaced with regenerated bone
that is similar in quality to native bone.11.12.10 Thyjs is achievable only if the material is
pro-osteogenic, pro-angiogenic, and inflammation from its degradation is kept to a minimum
s0 as to not interfere with any of these processes. A material that meets these requirements
does not currently exist without the combined effort of bone tissue engineering strategies
and three-dimensional (3D) printing.
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With respect to conventionally used fixation devices, commercially available plates are
produced in generalizable configurations, requiring the surgeon to manually bend them

to a contour specific to the patient’s anatomy. They typically need to be adjusted again
intraoperatively as changes to surgical margins may occur between the preoperative and
intraoperative period.3 This can be physically challenging and time-consuming to the

point that it significantly extends operative time, particularly for surgeons early on in their
training.13-15 Even still, complete bone-plate congruence without visible gaps is rarely
achieved.13:16 For more complicated cases, a plate may need to be bent repeatedly, resulting
in residual stresses that can compromise its performance /n vivo.13:14.17-19 Residual stresses
generated from titanium plate contouring have been theorized to initiate crack formation
that then grow larger under the loading stresses associated with mastication, leading to plate
fracture and screw loosening.13:17:19 Previous literature has found that in comparison to
commercial plates made of the same material, 3D printed plates have superior mechanical
properties.1* Furthermore, the need to bend 3D printed plates preoperatively may be
minimized or eliminated, as they are printed to fit the exact shape of patient anatomy.

This shortens operative time and reduces any unnecessary wear that may compromise
performance.14.20

In addition to fixation devices, 3D printing can be utilized to create other implantable

and nonimplantable devices to improve CMF surgical care. Implantable scaffolds for

bone defect repair are customizable to the nanoscale allowing them, unlike autografts,

to precisely fit geometrically complex defects.16:21-23 Alterations to scaffold architecture,
including porosity and surface topography, lends to both augmented osteoconductivity and
vascularization within defects.10.24 Moreover, scaffolds may be further seeded and/or coated
with mesenchymal stem cells, exogenous growth factors, antimicrobials, and regenerative
pharmaceuticals to minimize risk of failure and further accelerate bone growth and
neoangiogenesis.19:25-27 Other uses for 3D printing within craniofacial surgery are patient-
specific anatomic models or surgical guides for preoperative and intraoperative use. Clinical
studies have found overwhelming evidence of improved surgical accuracy and aesthetic
outcomes.28-31

However, patient-specific 3D printed medical devices (3DMD) are still in their nascency,
with many barriers to overcome before they become commonplace in the operating

room. The aim of our review is to comprehensively assess the role of 3D printing in
craniomaxillofacial reconstruction. The FDA regulatory status of 3DMD, as well as 3D
printing techniques, biomaterials, and sterilization procedures suitable for 3DMD of the
CMF skeleton are discussed. Finally, recent clinical applications, economic feasibility, and
future directions of this novel technology are examined.

2. FDA REGULATORY OVERSIGHT

Attaining FDA approval of patient-specific 3D printed medical devices, whether for
anatomical model, surgical guide, or implantable scaffold, is a complex feat. 3DMD
devices are regulated by the FDA’s Center for Medical Devices and Radiological Health
(CDRH). 3DMD with biologic components (i.e., stem cells and exogenous growth factors)
are termed “combination products” and require the additional involvement of the Center
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for Biologics Evaluation and Research (CBER), adding further scrutiny/complexity to the
approval process. This has led to the creation of the Breakthrough Device Program which
aims to expedite the development, assessment, and review of combination products if

they meet certain criteria.32 It is paramount that researchers determine what regulatory
agency their device falls under, as this will dictate which regulations they must follow.
Researchers should also anticipate any resistance that they may meet regarding their
development process in the early stages of experimentation to accelerate future clinical
applicability.33 Furthermore, gaining a deeper understanding of this rigorous process will
allow craniomaxillofacial surgeons to effectively deliver safe, innovative, and informed care
to their patients.

The U.S. FDA seeks to align its quality system (QS) requirements for medical devices

with those of the International Organization for Standardization (ISO). The ISO is a
nongovernmental global network of national standards bodies; of which, the American
National Standards Institute (ANSI) serves as the U.S. member body to the 1SO. QS
requirements for FDA-regulated medical devices are called current good manufacturing
practices (CGMP) and can be found in part 820 under section 520(f) of the Federal Food,
Drug and Cosmetic Act.34 They are intended to provide a framework of basic requirements
that manufacturers must abide by in their production process of medical devices for human
use.34 Manufacturers only need to follow those that are applicable to their specific device.34
For QS regulation of a device constructed with additive manufacturing, QS requirements
must be enforced at each phase of development. The set of ISO standards that are related to
medical device biocompatibility is ISO 10993. Standards that fall within the scope of 1SO
10993 are often referenced in FDA guidance documents for medical device manufacturers.
Furthermore, the ISO technical committee (TC) responsible for publishing standards related
specifically to additive manufacturing is called ISO/TC 261.

As characterized by the FDA, the additive manufacturing process of a medical device can be
divided into five phases: design, software workflow, build, postprocessing, and final testing
considerations (Figure 1A).33 In the design phase, patient CT or MRI data are converted

to a compatible format (e.g., DICOM file).3% During the software workflow phase, the

scan is segmented by an image segmentation system, such that the anatomical region of
interest is isolated from the remainder of the scan. It can then be further optimized prior

to conversion to a 3D printer compatible file (e.g., standard triangulation language (STL)
file). Many patient-specific implants for cranial defects are designed using the mirror image
reconstruction technique, where the healthy side contralateral to the defect is mirrored

along the midsagittal plane.1> This technique becomes problematic if the defect crosses the
midsagittal line. An alternate technique, called the baffle planner technique, does not require
an intact contralateral side to model the implant.1> As a part of the build phase, selected
materials are used to fabricate the device. Postprocessing may consist of, but is not limited
to, cleaning unsintered raw materials, sterilization, packing, and labeling. The device can
only then be tested and characterized (e.g., geometry, dimensions, mechanical properties)

in its final form, after postprocessing, in what is known as the final testing considerations
phase. Ultimately, any 3DMD device to be sold and marketed should be prepared using
FDA-cleared segmentation software, printer, materials, and postprocesses.3> An overview of
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considerations to address within each part of the 3DMD workflow is illustrated in Figure
1B.

The FDA classifies medical devices into the following regulatory classes, Class I, II,

and I11. Assigned rank of a device is determined by degree of risk posed to the patient

and intended use and specialized indications for use. Consequently, class rank determines
the type of premarket submission required for FDA clearance to market.3” Class | and

Il devices, unless exempt, will require the submission of a premarket notification, also
known as a 510(k). A class | or Il device cannot be marketed until the FDA issues a

510(Kk) clearance stating that the device is substantially equivalent (SE) to an existent,
FDA-approved predicate device.38 A study published in 2018 performed a search of the
FDA medical device database that determined 7% of 3DMD cleared through the 510(k)
pathway thus far were for craniofacial application.3® And as of 2023, only five 3DP software
platforms (class Il devices) currently on the market have been FDA-cleared to create
anatomical models specifically for craniomaxillofacial reconstruction.3® The companies that
produce the 510(k)-cleared software include Materialise, 3D systems, Ricoh, Axial 3D, and
Medviso.3® For class 111 devices, a premarket approval application (PMA) is necessary. This
is typically required if the device is new or if a device submitted through a 510(k) is deemed
not substantially equivalent (NSE) to a predicate.*® A PMA for a class 111 device necessitates
submission of scientific evidence in support of clinically significant results with benefits that
outweigh any associated risks of its use.#0 Moreover, whether the 3DMD is implantable,
load-bearing, or patient-specific will also impact the type of information that should be
included to establish device safety and efficacy in any given premarket submission. The
CDRH and CBER can be contacted during the presubmission process for feedback regarding
any component of the development process.33

To better understand this complex topic, we present the following real-world example.

In 2015, BioArchitects submitted a 510(k) premarket notification to the CDRH for FDA
approval of a class 11, 3DMD device.#! Their 3D printed titanium cranioplasty plate was
deemed substantially equivalent to an existing, legally marketed predicate device used for
the same purposes.*2 Thus, the FDA granted them permission to market their device as seen
on their Web site,*3 eliminating the need to complete a PMA. It is important to note that data
pertaining to any FDA-cleared medical device are accessible in the FDA’s online “medical
device databases” and can be searched by application route (e.g., 510(k), PMA) or device
name.*4

A massive barrier to 3DMD currently is transporting them safely and in timely to the
hospital care facility (HCF). The FDA has begun discussions with stakeholders to determine
a regulatory approach that will allow these 3DMD to be manufactured closer to their
end-user, the patient, at the point-of-care (POC). Three different POC scenarios have

been proposed including (1) HCF use of a 3D printing medical device production system
(MDPS), (2) traditional manufacturer on or near the HCF, and (3) 3D printing facility is
created and run by the HCF.® In scenario 1, an FDA-cleared MDPS, which is a legally
marketed bundle of materials, software, printer, and postprocessing equipment intended

to create a 3DMD for an intended use (e.g., polymer-based cranioplasty plate), would be
located in the HCF. QS regulatory compliance would ultimately fall on the manufacturer
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of the MDPS as long as the HCF uses the MDPS in accordance with its labeled use. In
scenario 2, the HCF leases space to a traditional manufacturer of a finished device, who
would be responsible for regulatory compliance of a given FDA-cleared 3DMD intended for
a specific use. Scenario 3 would transfer the responsibilities of QS regulatory compliance
entirely to the hands of the HCF. In this case, clinical and engineering training programs

for 3DMD development may become a part of certification and licensing programs for
surgeons that will frequently use this technology in their practice. Ultimately, the FDA will
modify existent and/or formulate new regulations as the technology evolves and regulatory
compliance is passed from traditional manufactures to the HCF. For this reason, it is of
utmost importance that CMF surgeons become familiar with this process as point-of-care 3D
printing facilities trend toward finding a commonplace within hospital systems.

3. BIOMATERIALS FOR 3D PRINTED BONY DEFECT REPAIR OF THE CMF
SKELETON

3.1. Titanium and Titanium Alloys.

Titanium is the leading 3D printed biomaterial for craniomaxillofacial repair.#® More
specifically, it is the gold standard for rigid fixation of craniofacial fractures.*® Direct

Metal Laser Sintering (DMLS) or Electron Beam Melting (EBM) are utilized to generate
customizable implants for orbital, mandibular, and cranial reconstruction.? Titanium and its
alloys, classified as a-, (a + b)-, and b-type, are known to exhibit excellent tensile strength
while remaining lightweight.2122 They are inherently osteointe-grative, facilitating bone
growth into the implant; this is theorized to due to an early transition from proinflammatory
(M1-phenotype) to reparative/anti-inflammatory (M2-phenotype) macrophage predominance
shortly after placement.29:48-50

Additionally, the surface layer of titanium-based implants forms an oxide film that is
resistant to corrosion.2! A drawback of this biomaterial is the discrepancy in Young’s
moduli (i.e., elastic modulus) between titanium alloys and cortical bone, leading to a
phenomenon known as stress shielding.?! Stress shielding, due to differences in moduli
between bone and titanium, is a cause of progressive implant loosening, often necessitating
reoperation. Interestingly as a class, b-type titanium alloys exhibit the lowest elastic

moduli, yet a- and (a + b)-type alloys are more widely used in practice.?152 In addition,
micro- or nanoscale wear particles from titanium implants have been shown to dampen
osteoblastic activity and augment osteoclast recruitment, further perpetuating the issue.>3->4
Investigations continue to (a) engineer b-type titanium alloys with both maximized dynamic
strength and a Young’s modulus similar to native bone and (b) determine a surface treatment
(e.g., abrasive smoothening and polishing, gritting, cold treatment, or passivation and
anodization) that would generate a 3D printed surface topography to counteract potential
loosening or migration.2447:51 There is also risk of susceptibility artifact with various
imaging modalities when considering titanium implant placement.5558 When imaged with
CT or CBCT, metal implants often result in beam hardening, streak artifact, and photon
starvation, all of which obscure surrounding structures.>”-58 Furthermore, signal loss,
geometric distortion and “pile-up” artifacts often impede MRI imaging if metal implants are
present.>® For these reasons, metal-free implants may be preferable in patients undergoing
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oncologic reconstruction, in which complete and accurate visualization of bone and soft
tissue structures in the postoperative period is critical.>® Shared complications of titanium-
based implants in all CMF patients (i.e., adult and pediatric) that increase the risk of
reoperation include postoperative pain, palpability, infection, and exposure. In this context,
3D printed synthetic polymers have become increasingly popularized as they provide self-
limited rigid fixation with a lesser chance of requiring a second procedure.60.61

3.2. Synthetic Polymers.

Biocompatible synthetic polymers that are under investigation or currently in use

for craniofacial reconstruction include polycaprolactone (PCL), polylactic acid (PLA),
polyglycolic acid (PGA), polylactide-co-glycolide (PLGA), poly(methyl methacrylate)
(PMMA), polyethylene (PE), and polyetheretherketone (PEEK). Synthetic polymers are
easily manufactured and cost-effective.62 Among them, PMMA, PE, and PEEK are
nondegradable polymers.53 Unlike titanium alloys, the appeal of the remaining degradable
polymers is that they will not restrict growth in developing pediatric skeletal defects.60.61.64
Moreover, synthetic polymers do not interfere with radiographic, CT, or MRI studies.®®
They are also lighter than titanium alloys, with fewer reports of pain and palpability.56
However, synthetic polymers do not possess osteointegrative properties due to their
biological inertness.8” Additionally, elastic moduli of synthetic polymers are generally
lower than those of native bone. While this eliminates the concern for stress shielding, it
also implies a lessened load-bearing capacity.>55 Figure 2A-C represent the Von Mises
stress distribution during mastication at single bite points (canine, first molar, second/3rd
molar), as determined by finite element models of the human cranium performed by

Prado et al.%8 Areas under high stress, as depicted in red, would require materials with

high mechanical performance.58 Scaffolds composed entirely of a synthetic polymer may
inadequately support a bony defect at these points while bone regeneration transpires. For
these reasons, they are often combined with other biomaterials or bioactive molecules to
improve their mechanical strength and bone regenerative capacity, respectively. Some of
which have been previously studied include bone-derived mesenchymal stem cells, adipose-
derived mesenchymal stem cells (ASCs), stromal vascular fraction (SVF), decellularized
cortical bone (DCB), polydopamine, tricalcium phosphate (TCP), hydroxyapatite (HA),
gelatin, and collagen.69-76 A higher rate of infection is also a frequently reported

concern of synthetic polymer-based implants.”” To minimize infection, bactericidal-coated
scaffolds continue to be investigated and optimized (e.g., silver nanoparticle impregnation,
zinc chelation, e-Polylysine coating).’8-81 Despite many commonalities among synthetic
polymers, each differs in its hydrophilicity, degradation rate, and biocompatibility, impacting
their individual potential for clinical application.

3.2.1. Polycaprolactone.—Polycaprolactone, an FDA-ap-proved thermoplastic
polyester, is the second most studied and used 3D printed material for craniofacial
application.12.75.76.82-87 pC[_ js known to be biodegradable and highly biocompatible.21
PCL is commonly 3D printed using Fused Deposition Modeling (FDM), rendering it very
cost-effective.2! Due to its hydrophobicity, the degradation rate /n vivo is estimated to occur
between 1 and 2 years.88 This prolonged resorption time may interfere with proper bone
regeneration within the defect site if a shorter healing period is expected. For this reason,
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PCL has been successfully copolymerized with hydrogels, like collagen, to augment its
resorption kinetics while still providing the scaffold great mechanical strength.89:90 The
addition of collagen also improves the scaffold’s osteoconductive properties, which are
lessened if PCL is used alone. Furthermore, several composite PCL-mineral scaffolds have
been compared to evaluate potential osteointegrative enhancement. Mineral sources included
HA, TCP, DCB, and Bio-Oss (BO) which is an inorganic bovine trabecular bone. Among all
treatment groups, PCL-DCB and PCL-BO demonstrated the greatest osteoinductivity after 3
weeks Jn vitro which was theorized to be due to the presence of a collagen phase.’®

PCL has also been evaluated as a candidate for craniofacial defect repair in several in vivo
studies.86:91 Recently, the effect of oxygen loading on vascularization and bone regeneration
was evaluated in critical-sized calvarial defects of a murine model.86 Biodegradable
synthetic microtanks housed within a porous ASC-seeded PCL-scaffold were hyperbarically
loaded with pure oxygen. The microtanks were designed to release oxygen over hours after
placement /n vivo. Compared to non-O,-loaded scaffolds, O,-loaded scaffolds exhibited
enhanced bone regeneration after 8 weeks.88 O,-loading may serve as a viable strategy

in improving the hypoxic microenvironment known to exist within large nonvascularized
scaffolds (>1 mm).86 Additionally, a study performed by Singh et al. in a skeletally mature
minipig model examined the bone regenerative capacity of PCL-DCB scaffolds that were
intraoperatively infused with the autologous stromal vascular fraction (SVF) in critical-
sized zygomatic arch defects. SVF is an easily accessible and readily available source of
mesenchymal stem cells that can be extracted from autologous lipoaspirate tissue. Compared
to acellular PCL-DCB scaffolds, the SVF group demonstrated superior osteointegration after
1-year /n vivo, as deduced by requiring a significantly higher torque to fracture the bone-
scaffold interface.%! This approach to bone regeneration is particularly appealing because,

if clinically translated, the SVF could be harvested and extracted intraoperatively from
patient’s adipose tissue. Moreover, as an autologous cell source with osteogenic potential,
SVF-infused scaffolds may supply the benefits associated with an autograft without the
comorbidities.

3.2.2. Polylactic Acid, Polyglycolic Acid, Polylactide-co-glycolide.—Polylactic
acid, polyglycolic acid, and polylactide-co-glycolide are FDA-approved, biodegradable
thermoplastic polyesters. PLA and PGA are both hydrolyzed to nontoxic, although

acidic products. Local inflammatory responses (LIR) because of their metabolization have
been previously reported.11:9293 This is of particular importance because inflammation
often potentiates fibrosis which may compromise regenerated tissue function or even
result in scaffold rejection.23 Of note, implants placed in anatomical areas with little
vascularization are at higher risk of LIR.%4 PLA is a stiff, hydrophobic polymer with an
estimated degradation time of 6-24 months.9%:96 By contrast, PGA is more hydrophilic

in nature and thus degrades rather rapidly within 1.5-3 months.?>96 For this reason,
PGA-fabricated scaffolds may not adequately provide mechanical support to a defect site
while tissue regeneration occurs.®” However, due to a similar elastic modulus to cortical
bone, PGA remains an excellent candidate for bone regeneration if copolymerized with
other biomaterials. PLA and PGA can be copolymerized, forming PLGA, to better suit the
biological environment. The degradation rate of a PLGA-scaffold can be customized with
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molecular weight and PLA:PGA ratio adjustments.%29 For example, PLGA (LA/GA =
50/50) will degrade over 1 month, as opposed to PLGA (LA/GA = 85/15) which resorbs
completely after 5-6 months due to a higher composition of hydrophobic PLA.% Thus far,
preclinical studies utilizing 3D printed scaffolds fabricated with PLA, PGA, or PLGA have
demonstrated promising results for CMF defect repair.98-100

3.2.3. Poly(methyl methacrylate).—Poly(methyl methacrylate) is a nondegradable
thermoplastic polyester. PMMA is hydrophobic with mechanical and elastic strength
comparable to bone.191 PMMA commonly serves as an alternative to autografting for
cranioplasty. Historically, liqguid PMMA was poured directly into a defect to fit and

fill it intraoperatively. Consequently, an exothermic hardening process occurred with an
associated risk of local tissue necrosis.102-104 Risk of burn injury is circumvented when
PMMA is poured into a 3D printed mold of the defect intraoperatively or 3D printed

as a porous PMMA-scaffold preoperatively. While autografting remains the gold standard
in cranioplasty today, there is a wealth of evidence that autografts carry greater risk of
resorption and failure.102105 |n this context, alloplastics, such as titanium and PMMA, have
been looked at more favorably. That being said, PMMA-fabricated scaffolds have yet to

be FDA-cleared for use in cranioplasty due to very low quality of evidence about risk of
infection.101.106 More recently, 3D printed PMMA scaffolds have been successfully applied
to midface and mandibular osseous defect repair with low infection rates.107

3.2.4. Polyethylene.—Polyethylene is a nondegradable, inexpensive thermoplastic
polymer that is often printed with Fused Deposition Modeling (FDM). In comparison to
pure PE, high-density polyethylene (HDPE) is more frequently seen in clinical practice

due to its superior durability and higher melting point (131 °C).198 Since 1985, Stryker
(Kalamazoo, MI) has produced porous HDPE (MEDPOR) and HDPE/titanium mesh
(MEDPOR TITAN) implants for use in cranio-maxillofacial reconstructive or cosmetic
cases.109 Like other synthetic polymers, there is always a risk of infection and extrusion.
The chances of these complications are lessened, however, if the elastic modulus of the
biomaterial closely matches that of the native tissue.110 This is postulated to be due to more
evenly distributed mechanical loading across the tissue-implant interface, preventing tension
and micromovement that may lead to extrusion. For example, for a hypothetical auricular
reconstruction, the modulus of a porous 3D printed HDPE-scaffold was engineered to more
closely match that of auricular cartilage when compared to MEDPOR.8 Additionally,
these HDPE-scaffolds have been experimentally loaded and/or coated with bioactive,
antimicrobic, and angiogenic substances resulting in dampened inflammatory response and
enhanced tissue ingrowth, outperforming their commercial counterparts.81.111

3.2.5. Polyetheretherketone.—Polyetheretherketone is a well-described
nondegradable, thermoplastic polyaromatic for use in craniofacial reconstruction. PEEK
implants are commonly printed via FDM or Selective Laser Sintering.112 This biomaterial is
known for its mechanical strength, modulus similar to cortical bone, and excellent thermal
resistance.’3 Unlike the previously mentioned thermoplastic polymers, structurally complex
3D printed PEEK implants can be sterilized by autoclaving without risk of deformation or
changes to its biocompatibility.”3112 It is important to note that a recently published PEEK
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Safety Profile by the FDA identified an association between PEEK used in cranioplasty
and seizure or exposure of the implant with a moderate quality of evidence.113 Although
it was emphasized that these are complications associated with other biomaterials used
for cranioplasty as well.113 Other craniofacial applications have included correction of
zygomatic, mandibular, and orbital rim or floor deformities.}14 Composite scaffolds, such
as PEEK/Hydroxyapatite, continue to be evaluated as a candidate for craniofacial defect
repair.”*115 Previous studies have demonstrated increased cellular adhesion, proliferation,
and alkaline phosphatase activity with a corresponding decrease in tensile strength.’4115
In this context, the load-bearing demands of each unique defect environment must be
considered.

Bioceramics.

Bioceramics generally utilized for bone regeneration have included calcium phosphates
(CaP), calcium carbonates, calcium sulfates, and bioactive glasses.116 In contrast to
synthetic polymers, bioceramics are inherently osteointegrative, osteoinductive, and
osteoconductive.11” When fabricated as a porous 3D printed scaffold, bioceramics promote
a strong tissue-scaffold interface, recruit mesenchymal stem cells (MSCs) to the defect

site, and provide bioactive surfaces that facilitate osteogenesis, respectively. In their pure
forms, however, they are limited by poor angiogenic properties and slow degradation

rates, making these processes occur at an inadequate pace.117:118 This issue is amplified

at the center of large craniofacial defects, which are already under hypoxic conditions.
Also, unlike synthetic polymers, bioceramics are mechanically weak and brittle, raising
concern for their performative potential within load-bearing defects.117.119 However, a
recent study found that 3D printed S-TCP scaffolds were able to restore critically sized, full-
thickness mandibulectomy defects in a rabbit model despite return to normal mastication
after implantation.120 This solidifies their potential to withstand areas of high mechanical
stress if they are constructed properly on the microscale. Ongoing strategies to improve

the osteogenic and mechanical potential of bioceramic scaffolds have included active
component loading, doping with trace elements, bioactive surface coatings, as well as the
addition of micro- and nanostructures or alterations to pore size.11” gTricalcium phosphate
(B-TCP), a bioactive calcium phosphate, has garnered particular attention within the field
of craniomaxillofacial reconstruction given its well-documented safety profile, 6-18-month
resorption period, and similar composition to the mineral phase of human bone.25:84.119
B-TCP resorption kinetics are much more favorable to hydroxyapatite, which exhibits a
degradation rate of approximately 1%/year.121 Direct-Ink-Writing (DIW), or robocasting,
with bioactive ceramic colloidal ink followed by sintering allows for customization

of a defect-specific scaffold.> Sintering effectively improves the scaffold’s mechanical
strength by densification.}21 Previous studies have suggested optimal outcomes in treating
mandibular defects of a rabbit model after scaffold sintering at 1100 °C for 4 h.120.122 The
in vivo performance of S-TCP scaffolds has been found to significantly improve with the
addition of the FDA-approved pharmaceutical dipyridamole (DIPY). DIPY is an adenosine
Ao receptor indirect agonist with a bone regenerative capacity. DIPY-augmented g-TCP
scaffolds have been investigated in criticalsized, craniofacial defects within skeletally mature
and immature rabbit, ovine, or swine models.122-130 Shen et al. successfully accelerated
the degradation rate of g~-TCP to 55%/year (calvarial defect) and 90%/year (alveolar defect)
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with the addition of a 1000 £M DIPY coating (Figure 3A,B).130 This study, as well as
other studies performed by this group, found that the g-TCP scaffold was replaced with
regenerated, vascularized bone that is similar in its mechanical and histologic properties
to native bone.122-130 | evaluated in a skeletally immature animal model in proximity

to a growth suture, the suture remained patent, even past the point of facial growth
completion,126-128.131 Thjs finding is critical as suture obliteration in pediatric patients

is a feared complication of g-TCP scaffolds augmented with growth factor, recombinant
human bone morphogenic protein (rhBMP-2).128 Ultimately, replacement of exogenous
growth factors, such as rhBMP-2, with regenerative pharmaceuticals, like DIPY, mitigates
the deleterious effects associated with their supraphysiological dosing requirements.132 To
summarize the differences between the aforementioned biomaterials, refer to Table 1 for
their respective advantages and disadvantages.

4. 3D PRINTING TECHNOLOGIES

According to the ISO and American Society for Testing and Materials (ASTM), there

are seven overarching categories of additive manufacturing processes: vat polymerization,
material jetting, binder jetting, material extrusion, powder bed fusion, sheet lamination,
and directed energy deposition. These 3DP processes differ in their energy sources,
suitable printing materials, and methods by which CAD data are used to fabricate
individual layers and then solidify and/or fuse them to create the desired design.133
Several printing techniques may belong within a single category, in which case small
nuances distinguish them from one another. Many of these printing techniques have

been patented or trademarked by their original developers, adding an additional layer of
complexity to the nomenclature. The categories used to 3D print patient-specific anatomical
models, surgical guides, or implantable devices in CMF reconstruction broadly include vat
photopolymerization, material jetting, material extrusion, and powder bed fusion. Here we
seek to discuss the intricacies of each 3D printing technique as they relate to craniofacial
surgery.

4.1. Vat Photopolymerization.

The three key components of vat photopolymerization (VPPP) include a light source, a vat,
and a light-curable resin.133.134 For a 3DMD, the resin must be a nontoxic, biocompatible
photoactive material.134 A platform is submersed within a vat, or reservoir, of a liquid

resin in its monomer or oligomer form (Figure 4A). A focused curing light irreversibly
solidifies the liquid through photopolymerization of these monomers and oligomers.133 The
curing light path follows the segmented layers of the STL model. Once stabilized, the
platform is lowered or raised by a constant height to build upon the previous layer until
device completion. Layer thickness typically falls between 50 and 100 zm.135 The printer
will also build a removable latticework beneath any overhangs that may require additional
support.133.134 The completed model is withdrawn from the vat, support structures are
removed, and the final model is cleansed and then cured within an UV chamber to
complete the polymerization process. Techniques within this category are distinguished
based upon light curing method, including laser (stereolithography (SLA)), projector (digital
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light processing (DLP)), light emitting diodes (LEDs), and oxygen (continuous digital light
processing/continuous liquid light processing).134

SLA, patented by Charles W. Hull in 1986, is a technique utilized regularly for 3D printing
in complex CMF reconstruction. Anatomical models and surgical guides are fabricated
using epoxy- or acrylic resins.134 SLA-printed scaffolds for hard tissue repair can also

be developed by using photocurable bioinks. These bioinks are hydrogel-based with or
without additional cells or osteoconductive bioceramics (e.g., hydroxyapatite, S-TCP). For
example, a scaffold with a perfusable vessel lumen was successfully constructed with

a gelatin methacryloyl (GelMA)/nanaocrystalline hydroxyapatite bioink for bony defect
repair.136 Recently, SLA-printed bioceramic scaffolds demonstrated robust osteointegration
in a rat calvarial model.137 In this study, HA and BTCP were mixed with acrylic resin

for SLA-printing, followed by thermal cycling of the final construct to remove the resin
entirely ahead of implantation. Standard print speed ranges between 10 and 20 mm/h and
accuracy is determined by diameter of the laser beam, with small spot sizes allowing for
high resolution.134

Material Jetting.

Like vat photopolymerization, material jetting requires a UV light source and a light-
curable liquid resin. Unlike VPP, material jetting (MJT) uses thermal force to deliver
microdroplets of low-viscosity feedstock, from cartridge to jet head, onto a build
platform.138 Photopolymer materials are extruded in a layered fashion and cured as
successive layers are assembled. Layers can be as small as 16 gm in thickness, allowing

for intricate geometrical structures with high accuracy.139.140 |nstead of printing a lattice
support structure to later be removed as done with VPP processes, all MJT printers require
a support material to deposit the build material(s). MultiJet, trademarked by 3DSystems, is
a single build material printer supported by a wax.139 By contrast PolyJet, a MJT system
developed by Stratasys, can print multiple build materials supported by a gel.139 This allows
PolyJet printers to create multicolored anatomical models that highlight relevant vasculature
and innervation or patient-specific hardware.14! During postprocessing, MultiJet and PolyJet
printers remove support material by melting and waterjet/chemical bath, respectively.139
PolyJet postprocessing steps are laborious in comparison to those of MultiJet. However,
PolyJet is often still the preferred system due to its multimaterial capabilities. A recent study
found that compared to surgical guides produced by SLA and digital metal printing (DMP),
the PolyJet printer was the most accurate and demonstrated the highest reproducibility,

even after 1-month storage of devices.142 Similarly, the smallest mean difference between
3D printed surgical guide and its CAD model was found when fabricated by a PolyJet
printer compared to an SLA or MultiJet system.143 Bone constructs were also printed

with this AM technology. Similar to VPP, biocompatible photopolymers must be used

but may be mixed and/or coated with osteoconductive materials, like polydopamine and
hydroxyapatite.144 Although generally, restriction of printable materials to photoreactive
polymers is a significant limitation of vat polymerization and material jetting.
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4.3. Material Extrusion.

Fused deposition modeling (FDM), trademarked by Stratasys, and fused filament fabrication
(FFF) both use thermal material extrusion technology. Within a heated build chamber, FDM
dispenses a spool of thermoplastic filament through a heated, pressurized nozzle onto a
heated build plate.133 Like the AM technologies discussed previously, a dissolvable support
material is required for material extrusion. This is deposited simultaneously through a
second nozzle and removed during postprocessing by hot water or solvent bath.14® Instead
of requiring light-curable resins to be photopolymerized, such as in VPP or MJT, molten
layers printed with FDM or FFF simply fuse as they cool. Printable materials include
thermoplastic polymers often used for CMF applications such as PEEK, PLA, PLGA,

PCL, and bioceramics. It is important to note that FFF is not conducted within a heated
build chamber, leading to uneven cooling?46 and inconsistencies in the device’s mechanical
performance; thus, FDM is preferred if the 3DMD is intended for implantation. FDM has
also been found to produce the most dimensionally accurate mandibular models among the
material extrusion techniques.14” That being said, FDM has been employed to fabricate
thermoplastic polymer/ceramic composite scaffolds for bone regeneration, anatomical
models for resident training, preoperative bending of off-the shelf fixation devices, or to
facilitate accurate intraoperative reconstruction, as well as surgical guide fabrication for a
range of CMF applications.148-152

Direct-ink-writing (DIW) is also a material extrusion AM process but relies entirely on
pressurized syringe pumps, without heat, for deposition (Figure 4B).153 Because of this,
emphasis is placed on fine-tuning the ink’s rheological properties, such as viscosity,

yield stress, and elastic moduli for optimal printability.1>3 As it relates to craniofacial
surgery, DIW is capable of printing multimaterial structures with thermoplastic polymers
(PLA, PGA, PLGA, PCL, PEEK), bioceramics, bioceramic/hydrogel composites, and less
frequently titanium when incorporated into a water-based suspension for printing.121:154.155
A support material may also be necessary for successful DIW and can be removed by
dissolution or melting during postprocessing. Additional efforts to facilitate solidification
of the 3DMD’s final form will vary by material but may include sintering, photocuring, or
solvent evaporation.153

4.4. Powder Bed Fusion.

Powder bed fusion (PBF) is an AM process that encompasses selective laser sintering (SLS),
selective laser melting (SLM), direct metal laser sintering (DMLS), and electron beam
melting (EBM). All materials printed by PBF exist as a powder feedstock supplemented
with a feeder chamber. Powder is mechanically rolled evenly, and in successive 2D-cross
sections, across a neighboring build chamber. Layer thicknesses are reported as 100-120
4m (SLS), 20-100 zm (SLM/DMLS), and 45-150 zm (EBM).1%6 The powder is selectively
consolidated by melting (SLM, EBM) or sintering (SLS, DMLS). In the case of SLS,

SLM, and DMLS the heat source enabling solidification is a high-power laser and, in

EBM, an electron beam. The surrounding, unconsolidated powder serves as a support to

the 3DMD as it is built. Although, additional support may be warranted for structures

with complex geometries. One advantage of PBF, unlike VPP, is unused powder can be
recycled for future build cycles; however this should be done cautiously as studies have
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reported alterations to several mechanical properties of the final device.157 In respect to
CMF applications, EBM, SLM, and DMLS can print powdered titanium or TiAI6 V4 ELI,
whereas SLS prints powdered thermoplastic polymers (e.g., PE, PEEK, PLA, PCL) or
ceramics.1%8 Postprocessing involves compressed air to remove any unconsolidated powder,
as well as numerous grinding and/or polishing procedures to adjust surface roughness.159
Overall, PBF AM processes are great options for printing patient-specific surgical plates,
fixation devices, or scaffolds for CMF bone repair.160-162

5. STERILIZATION TECHNIQUES

After printing, the devices must be adequately sterilized without compromising their final
form. To be FDA-cleared for intraoperative use, all 3DMD require validation of a certain
sterility assurance level (SAL).163 The SAL is defined as the expected probability of a
living microorganism following sterilization.184 FDA requires an SAL < 1073 for any
device touching skin and SAL < 1076 for an implantable device. Additionally, implantable
devices necessitate pyrogenicity testing to rule out presence of Gram-negative endotoxins or
material-mediated pyrogens that may cause a febrile reaction in the patient.165

Sterilization techniques are distinguished by class on the basis of their known level of
efficacy. Established Category A have been deemed safe and effective, with the most
literature in support of their efficacy.16% This class encompasses dry heat, ethyl oxide (EO)
in a fixed chamber, steam (e.g., autoclave), and radiation (e.g., gamma or electron beam)
sterilization.16° Sterilizers within Established Category B do not have any FDA-recognized
consensus standards but do have an established place in the literature.165 Established
Category B includes hydrogen peroxide, ozone, and EO in a flexible bag system.165 The
final category is known as Novel Sterilization Methods and includes vaporized peracetic
acid, high intensity light, micro-wave radiation, sound waves, and ultraviolet light.165 These
methods have not been FDA-reviewed nor determined to adequately sterilize products,
however, may become viable sterilization options in the future.165

The mechanical and physical properties of the materials within a 3DMD determine the
safest method for sterilization. Due to its high melting point and Young’s modulus, a
3DMD made from titanium is sterilizable by irradiation or autoclaving without risk of
deformation.166 Similarly, PEEK 3DMD can be sterilized by autoclave without significant
changes to its dimensional accuracy.”3:107.167 By contrast, PMMA devices should not be
sterilized by autoclave as conflicting data exists regarding structural compromise.107:168 The
remaining thermoplastic materials, PLA, PGA, PLGA, PE and PCL, are not survivable

by autoclave, dry heat, or EO sterilization without altering their final structure or
mechanical properties.169.170 H,0, plasma vapor sterilization, ethanol, and electron beam
irradiation have been found to be the safest sterilization techniques for PGA/PLGA and
polycaprolactone.169.171 Steam sterilization by autoclave (121 °C for 40 min) has been
found to alter the physiochemical properties and pH of porous bioceramics with a concern
that this would affect their osteoinductivity/osteoconductivity 7 vivo.172
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6. ECONOMICS

Since the approval of 3D printing-related Current Procedural Terminology (CPT) codes

for anatomic models and surgical guides in 2018, interest to incorporate 3DMD in routine
surgical care has grown exponentially.173 By 2028, the 3DMD market is projected to be

a $6.9B industry with an annual growth rate 17.1%.174 Establishment of a POC 3DP
facility has enormous benefits to both patients and surgeons within the private and academic
sectors. As it stands, extended manufacturing and transport times due to distant third-party
manufacturers bottleneck widespread use of the technology. For example, 3DMD cannot

be used in acute CMF trauma cases, although if available it would alleviate many of the
challenges associated with reconstruction of extensive facial traumas.* Additionally, the
tendency to incorporate biologics (e.g., stem cells) into 3D printed scaffolds is not conducive
to transport across great distances. Thus, HCFs can differentiate themselves by having

such capabilities in-house. As of 2019, there were 113 hospitals in the United States with
centralized 3D printing capabilities.1”> An HCF considering the establishment of their own
POC facility must first consider the cost of all the required materials and equipment needed
for the 3DP workflow.

The first requirement is a 3D printer and compatible segmentation software. The 3D printer
itself has the largest upfront cost. Depending on the type, processing speed, manufacturer,
and desired printable materials, cost ranges widely with a mean of approximately
$100,000.35:176 Several of the more inexpensive options with many potential CMF
applications are material jetting, material extrusion, and stereolithography printers.35:140.177
It is important to emphasize that only a select number of printers currently on the market
are FDA-cleared for 3DMD fabrication.3® Options that have been coined as low cost, such
as an inexpensive material extrusion printer, have not yet been validated by the FDA, despite
similar clinical performance.178:179 The price of segmentation software typically requires

a quote, as they depend on the size and output of the 3D printing system. Some software
are accompanied by their own biomedical engineers available to collaborate directly with
surgeons. Their labor fees in addition to any other individuals necessary to oversee and
maintain the equipment must also be accounted for in the overall cost of a POC 3D printing
facility.

An additional cost to consider is the required printing materials. Their prices fluctuate
heavily based on supply and demand in a commodity-like market. For example, as of June
2023, polylactic acid was trading at $2.66/kg.189 By contrast, PEEK is valued at hundreds
of dollars per kilogram.181 A 1-year trend in cost per kilogram of common 3D printed
materials can be seen in Figure 5A and B with the volatility and percent change per month
of their respective costs over the past year depicted in Table 2,180.182-184 \while these prices
are seemingly inexpensive compared to the larger upfront costs discussed earlier, this would
be a recurring expense for the HCF.

The average cost for an anatomical model produced by industry was $2467 with some
reported to be as high as $6000.150:185.186 Conversely, a recent study noted that the average
cost for 3D printed anatomical models produced in-house was $2180.185 Despite this initial
cost, 3D printed anatomical model and surgical guides are estimated to save hospitals $5172
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and $1918, respectively, due to reductions in operative time per case.1”3 That being said, it
is predicted that an HCF must print a volume of 63 models or guides annually to cover the
costs of having the 3DP system itself.1”3 Because of the extensive FDA-clearance process
required for implantable 3DMD, there are few data reported currently on costs saved, if any,
because of their use.

7. CLINICAL APPLICATIONS OF 3DMD IN CMF SURGERY

Considering both the barriers and benefits associated with 3DMD discussed thus far, it

is understandable that anatomical models, surgical guides, and implants are slowly, yet
excitedly, making their way into operating rooms for CMF application. Barriers have
centered on the establishment of FDA-regulatory oversight and the expenses associated
with this new and ever-developing technology. Cumulatively, the benefits of 3D printed
anatomical models and surgical guides are theorized to include improved surgical accuracy,
decreased operative time, and fewer complications. Additionally, /n vitroand in vivo studies
of patient-specific implants have established their potential to restore critical-sized defects in
both load-bearing and nonload-bearing regions of the craniofacial region. However, surgeon
familiarity, imaging quality, material, production equipment, and patient anatomy are all
confounding variables that may hinder 3DMDs’ clinical performance. This section serves
as a discussion of the most recent and representative clinical cases in craniomaxillofacial
surgery that have utilized 3D printed models, guides, and implants produced by additive
manufacturing processes.

7.1. Anatomical Models.

Anatomical models allow surgeons to tangibly visualize patient anatomy, developing

a clearer, more efficient surgical plan for complex cranio-maxillofacial reconstructions.
Anatomical model development is the product of a process known as virtual surgical
planning (VSP). A digital simulation of the surgical intervention is generated from patient
high resolution CT data collaboratively among the CMF reconstructive team and biomedical
engineer. A study that 3D printed an auricular model for a microtia case highlights the
dramatic difference that can exist between material cost alone and labor fees associated
with model design (i.e., $1 vs $500, respectively).150 This data is then used to print the
patient-specific model in addition to surgical guides or implants when warranted. The
broad scope of anatomical model applications in oncologic, traumatic, and congenital CMF
reconstruction is described in Table 3. Within this subset of representative cases, SLA87-
192 and FDM150.190.193.194 \yiere the most commonly employed AM techniques. Models
were studied both preoperatively and intraoperatively for surgery simulation and resident
training, patient education, situating hardware and/or implant placement, and bending
off-the-shelf fixation devices to anatomical contours. Reported benefits broadly included
decreased operative time, decreased need for surgical estimations and thus higher accuracy,
and improved patient education and modulation of expectations.

7.2. Surgical Guides.

The primary function of 3D printed surgical guides is to serve as templates to facilitate
safe and accurate bone cutting or to properly position the device placement. Table 4 is a
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representative summary of the various recent applications of surgical guides in CMF surgery.
Although traditionally thought to be used strictly intraoperatively, surgical guides were also
used preoperatively to perform mock surgeries on patient-specific anatomical models.195
Very few identified studies disclosed the AM technique, but of those that did, SLA and FDM
were the most common. Material of choice were various polymers, and in only one study
was a titanium surgical guide made.3! In this case the titanium surgical guide was preferred,
although much more expensive, to avoid risk of polymer deterioration and to guarantee
guide stability and rigidity.3! Other parameters including cost, time to manufacture, and
sterilization method were scarcely mentioned in the existing literature. Overarching benefits
included decreased operative time, prevention of injury to critical nearby structures, accurate
and symmetrical cutting and implant placement, and overall improved patient outcomes.196
One caution that was raised in the case of oncologic reconstruction was the risk of tumor
growth between the time of VSP and the day of surgery. In this case, it was encouraged that
cutting guides be developed with a slight overestimation of defect size.197

Implants.

To date, 3D printed implants have been utilized largely in cranioplasties and nasal, orbital,
maxillary, and mandibular reconstruction (Table 5). Titanium and thermoplastic polymers,
predominantly PEEK, were the materials of choice for orbital, nasal, maxillary, and
mandibular reconstruction.114.198-208 | addition to these materials, the use of 3D printed
bioceramics has also been attempted in cranioplasties.299-213 Of note, many of these studies
were performed outside of the United States and largely in adults with few exceptions

of pediatric patients. Implant cost, time to manufacture, and sterilization methods were
rarely reported, despite being some of the most widely discussed limitations of 3DMD.
Commonly reported benefits mentioned were physician and patient aesthetic satisfaction,
improved implant fit to anatomical contours, and reduced operative time. However, 3 of

the 17 identified studies reported development of an implant with an improper fit due to
errors with the initial CT scan or conversion to CAD.290-202 |t must be emphasized that
each transition step within the 3D printing process introduces an opportunity for inaccuracy.
Imaging quality of CT- and MRI-data have been reported to modulate the mean absolute
error between virtual 3D model and final printed product.3® Furthermore, the use of CAD
software to develop a 3D printer compatible file has also been shown to compromise

the integrity of the original scan.3° As a part of their quality system regulations, FDA-
approved software platforms verify preservation of original scan data.3® It is imperative that
HCFs purchase FDA-cleared software and compatible printers when planning to establish
their own POC 3D printing facility. Future clinical studies should aim to report as much
information as possible regarding the various stages of their unique 3D printing workflow to
facilitate reproducibility and build a foundational clinical database.

8. FUTURE DIRECTIONS

8.1. Automatization of 3D Printed Implant Design.

With the focus of HCFs and the U.S. FDA alike on the development of hospital-operated
3DP facilities, researchers have begun to investigate the automatization of the user-
dependent aspects of the 3DP workflow. More specifically, the challenge of accurate 3DMD
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formulation lies within the conversion from original scan data to DICOM, and finally to a
3D printable file. This process is both timely and technically complex, posing a challenge
to inexperienced users. To combat this issue, Li et al. developed a database of CT-based,
healthy cranial scans injected with randomly generated artificial defects.224 The goal is to
train deep learning algorithms, by way of data sets like these, to perform automatic defect
reconstruction and implant generation.224 This would save time, reduce labor expenses, and
improve implant design accuracy by eliminating risk of human error, which is a frequently
reported cause of improper fit of 3D printed implants.200-202 The deep learning algorithm
can be refined to generate implant designs for real CMF defects more accurately if other
researchers contribute their own scan data to the database.?24

8.2. 3DMD + Augmented Reality.

With the latest advancements in augmented reality (AR) technology, commercial AR
platforms have become available for surgical use. AR allows the user to virtually visualize
an overlay of critical patient anatomy (e.g., arterial supply, innervation, musculature)

that may not be visible in reality.225 The virtual, holographic projections are generated
from patient CT/MRI data and registered in that specific surgical field. AR can be
combined with 3D printing technology for resident training, preoperative planning, or
intraoperatively to accurately position surgical guides and subsequent fixation devices. Thus,
far, this technology has been successfully applied in craniosynostosis, face transplantation,
mandibular and auricular reconstruction, as well as for patient-specific facial artery
mapping.214.225-229 \Wjith adequate training, reported outcomes have included improved
accuracy, minimization of operative injury, reduced costs, and shortened intraoperative
time.225

8.3. In Situ Bioprinting.

In situ bioprinting is a rapidly advancing form of 3D bioprinting in which biomaterials/
bioinks are used print acellular/cell-laden constructs, respectively, directly into the desired
defect site.230 Subtypes include bedside mounted (e.g., traditional 7 situ bioprinter, robotic-
arm assisted bioprinter) and hand-held (e.g., ionically activated, light activated) printers;
both of which can be used in a sterile surgical suite. /n situbioprinting research for CMF
repair remains in its preclinical stages, with critical-sized, murine calvaria defects.231-233
For example, Kérourédan et al. printed endothelial cell-based microvascular networks in
defects prefilled with collagen, MSCs, and VEGF.231 This experimental group exhibited
improved vascularization and bone regeneration compared with scaffolds randomly seeded
with endothelial cells and negative controls. Relative to ex vivo bioprinting (i.e., premade
constructs), clinical application of /n situ bioprinting would eliminate many challenges
associated with the production of 3DMD with biologic components. More specifically,
printing directly onto the patient would minimize contamination risk and implantation
delays associated with ex vivo manufacturing and transportation.231

8.4. 4D Printing.

4D printing is defined by the ability of 3D printed structures to temporarily transform
and reform to an original shape when cued by an external stimulus. Stimuli can include
but are not limited to temperature, water or solvents, magnetism, and ultraviolet light.234
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Shape transformations such as folding, curling, twisting, and linear expansion have all been
achieved. This technology has the potential to optimize bone defect repair with 3D printed
scaffolds. For example, Senatov et al. 3D printed a PLA/15 wt % HA porous scaffold by
fused filament fabrication with heat-sensitive shape memory.23 Clinically, scaffolds can be
surgically inserted in their compact, deformed shape and upon shape-memory activation,
expand to precisely fit the bone defect.23%.236 As it stands, a limitation of 4D printing is
identifying materials that are responsive to stimuli that are benign to humans. For example,
heat-sensitive shape memory is only feasible if it is within the range of human body
temperature.23 Soybean oil epoxidized acrylate fabricated scaffolds have recently been
discovered to be capable of such transformations and have even demonstrated promising
osteoconductive potential.234 This technology has also been harnessed to create 3DMD
capable of shape change with tissue growth, with enormous implications for pediatric
cranio-maxillofacial bone repair as the scaffold could expand with skeletal development.237

9. CONCLUSION

3D printing technology within the field of craniomaxillofacial surgery has grown
exponentially in recent decades. Possible applications have proven to touch every aspect

of the field with an overarching ability to improve functional and aesthetic outcomes as
well as reduce the operative time and postoperative complications. Researchers continue

to push the envelope with the capabilities of 3DMD, including shape memory devices.

This has the potential to disrupt current standard-of-care for pediatric craniofacial patients.
Craniofacial surgeons excitedly introduce anatomic models, surgical guides, and implantable
devices into their operating rooms, proving or disproving their benefits on a case-by-case
basis and furthering the research as a result. Meanwhile, the FDA is working diligently with
stakeholders to discuss feasible ways to provide this care safely and accessibly to patients
at the point-of-care. As discussed, 3DMD has the potential to become the new standard
within CMF surgery. In order to prepare for 3DMD finding its eventual commonplace, it is
imperative that this technology continue to be better understood, discussed, and refined for
all of its applications within craniomaxillofacial surgery.
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(A) 3D Printing Patient-Specific Medical Devices

Design/Imaging Software Workflow Build Post-Processing
[ 1
DICOM — Segmentation ~ ——— Patient-Specific Device
(B) FDA Regulatory Considerations
Design/Imaging Software Workflow Build Post-Processing
Meet minimum image qualiy, resolution, and Compatible fle format conversions Build volume placement suitable within the Device cleaning
clarity relative to anatomical landmarks. 3D printer

Automated processes must be validated Heat treatment and curing
Imaging software has internal checks to Proper support materials and positioning
maintain specifications. Residues removed

Slicing dimensions appropriate and

Cybersecurity suitable to protect Pil and PHI documented
and labeling

Build paths not affecting product
performance

Machine is calibrated and parameters are
appropriately set for the materials used

*

Material Control
Specifications vary based on material type

Material meets standards and test methods
(ISO/ASTM)

Documentation of any material reuse

Figurel.

Appropriate product sterilzation, packaging,

Page 34

Implant

Anatomical
Model

Surgical Guide

Final Testing Considerations
Mechanical testing

Dimensional accuracy

Quantified variability for each input step or
process

(A) The 3DP workflow is for manufacturing a patient-specific anatomical model, surgical
guide, or implant. CT/MRI data are converted to a DICOM?3® and further processed in
preparation for design, printing, and postprocessing. (B) This highlights the critical phases
of the 3DMD workflow that are overseen by the FDA. Within each phase, the FDA
emphasizes specifications that must be considered for approval of a premarket device.

Created with BioRender.com.
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Figure2.
Representation of Von Mises stress distribution across the facial skeleton based upon bite

point at the (A) canine, (B) 1st molar, or (C) 2nd/3rd molars. Green and red depict low and
high areas of stress, respectively. Created with BioRender.com.
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Figure 3.
A drawback of 3D printed bioceramics for targeted bone regeneration is their resorption

kinetics. With the addition of a 1000 xM DIPY coating, Shen et al. successfully altered the
degradation rate of S-TCP scaffolds to 55%/year and 90%/year within (A) calvarial and (B)
alveolar defects, respectively, in a rabbit model. Reproduced from ref 131. Copyright 2023,
Wolters Kluwer Health Inc.
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(A)  Stereolithography B) Direct-Ink Writing
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Figure 4.
(A) Schematic representation of stereolithography to create a 3DMD. A UV laser hits a vat

filled with resin, resulting in a targeted photopolymerization reaction that allows for material
solidification. (B) In DIW, a pressure controller regulates material flow while the nozzle
moves in the xand y planes. Created with BioRender.com.

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 08.


https://BioRender.com

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuely Joyiny

Slavin et al.

(A)

Jun-22
Jul-22
Aug-22
Sep-22
Oct-22
Nov-22
Dec-22
Jan-23
Feb-23
Mar-23
Apr-23
May-23
Jun-23
Jul-23
Aug-23P
Sept-23P
Oct-23P
Nov-23P
Dec-23P
Jan-23P
Feb-23P

Figure5.

Page 38
—=— Titanium
L ]
\'"."l".,
n
\
\ n
[ ==
\‘
S
Sm
N N N NN N NN N OO O O MO O O O QA
U O I O I G B T . R
S 5 2 208 2 8 € 92 5§ &5 2 3 9
S2280245538=2<23°>9%

(A) Cost per kilogram for various thermoplastic polymer raw materials over the past year
(until July 2023) with projected values (P) for the next six months. (B) Cost per kilogram for

raw titanium over the past year.
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Trailing 12 Months of Reported Volatility (Standard Deviation) and % Change Per Month of Cost per

Table 2.

Kilogram of Each Material

Material  Volatility

PLA
HDPE
PMMA

Titanium

$0.08
$0.15
$0.26
$2.48

% Change per Month
-0.36%
-2.22%
-1.21%
-5.57%

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 08.

Page 40



Page 41

Slavin et al.

06T

1414

68T

¢6T

181

88T
Bl

Aoeinaoe
1eaibuns

3UON panoiduwi

Burtwnsuod
-awn

g ‘uo1eInpa
panoidwi
‘Awojeue
leneds jo
Buipuelsiapun

9UON palayring

uoIe}NSU0I
juaied
ybnoioyy
alow ‘saye|d
juagaid ‘awn
anresadoenul
pasealdsp

3UON annoalgng

A1abins

10 Aoeinooe
panoidwi ‘awin
anneladoenul
pasea.ldsp

auoN  ‘sareld Juagaid

sdiysuoirejal
me[ reuoboynio
‘ae1d Buyoo]
AA119N1ISU0JB)

3UON wsgald

Inojuod
le|ngipuew
JLIJBWWAS
‘Sjuawainseaw
pue awn
anlyesadoenul
pasealoap
‘uolrewixoidde
au0Q-0}-8u0q

9UON Jus|8dX3

suolresl|dwod ynsal

JuswedaQ
Burisauibug
[edlpawiolg

pueans|d

ou|
Buijepon
[BIIPAIN

‘ou|
Buriapoy
[edIpaN
pasn
JPauibus
[eaipswolq

5%

(1ouop) G69%
‘(quardioal)

29.$

([e1oej0]|1xRW)
0ovs$ ‘(sHnis
819]dwo2) T9$

ppow
Jd 1300

yvt

Ug'eT ‘uese

(fe1oej0]|1xeW)
U 09 ‘(slnis
919]dwod)
yv'L

yse

14

ainpenuew
ojawn

(pe1IBIS)
ewseld
seb pue

apixoJad

2 uabolpAH

e 123

BInpejnuew  uolezi|Iels

(nas)
Joyealjday
j0gJ9eN

(erA10d)
0G0
sAserens

(arniniA)
099
Jandz
walsAs
ae

(v18)
Sge|w.o4
Z wio4H

(v19)

(v19) ?

pasn
Rd

apIn-ad
‘aepidey

sa1bey
‘uodayela|

onewg
‘asi|enIale N
‘SOIWIIN

J9XIAIYSBIN
sopoIny
s211Sag

4IND
aseDIbing

asi|eLIaR N

pasn
2.1eM1J0S

sIA
Vvid 7€-0T Z=u
eudrewINN - SIATZ T=U
12 1 v
u1sal aym
sqe|wio4
‘Vid  siA1g T=u
sIA
usal o1jA10y G8-9¢ 9T =V
sIk
e €9-8T S=u
pesn obe azs
[elorew welred  ajdures

uoNoNIISU0aY
[e1oej01URID

uonejuedsueno| |y
a11sodwo) o5
pazie|nasen momu_w,

uononsuoday <
a160j0ouQ
Arejjixey

3
.
]
IS
Q
"
Q
<

UONINIISU0IDY
2160]00uQ
Jfejnqipueiy

awreu ainpado.d

Author Manuscript

SISPOIA [eoIWOIRUY Palulld AE d1j199dS-1usied Jo suonedljddy 4IND 1usday Jo Alewwns

‘€ 9lqeL

Author Manuscript

Author Manuscript

Author Manuscript



Page 42

Slavin et al.

€61

v61

T6T

0ST

91¢

§1¢
=3}

awooINo
palisap
azifensIA

0} uostredwod
anlyesadoenul
poob ‘Buimas
uoneoadxa
pue uolreINPa
juaied

3UON panoaduwi 2

saaurel)
Jo} Bulures|
panoidwi
‘[eLiarew
SISaUIUAS08]SO
10 Bulpuagaid

Jspping
eap|

SUON ae |sweiq

|apow
J1WoleUR

Uo BLIBAJED BU}
10 Buinojuod
anesadoenu|
pue Aworeue
aAlfewou
yum Awoyeue
juaired

3UON 10 Buibis ?

J1ea ay}
Buideys usym
uoIeWINSd
paonpal
‘>JIOMaWEL}
Jejnone
Buinted
aonoeid

0} suonnadal

3UON 1918319 1

SISIER R
J1WwoleUe

10 uoissaldwi
JENED

pue 89n39e.d
1eaibuns

3UON annesadoald 2

uonoeRySIes

pue uoIeINPa

juaied
panoiduwi 2

pasn
Jduibus
[ealpawolq

9UON

suoireol|dwod 1nsa.

g% Uvy e
S¢$ yce e
e e 1
(1oqe| pue
[enajew) T0G$
‘(Jeuarew) (Ajuo
0T'T$ wud) u vy 4
e use e
e e e
ppow aJnpejnuew  BInenuew
Jad 1500 olawn

ane|o0INYy

joo030.d
leuonnuisul
Jad
pJepuels

9AR|20INY

uolyez|

(Was)
JauLd
ae
wniwalid sIA
Jepiing lepuslg vld 6591 ZI=v Aisejdounyy
31eMYoS NEEIELLE NeYes]
'IND sIk co:%:m_n_w,
Wade  eonsae vid 0L §=u TeINgIpUENS
<
N
o
N
O
=
o
=
(5]
2
sIk lredey M
(v19)p SOIWIN u1sal Jea|D Z-50 Z=Uu m_wemoc\ﬂwo_ch..mm
5
3
c
[+
1S
5]
E=}
(Was) S
Jaluld M,
ae Am:o_o_Ev_.m
wniwaid ‘Japus|g UOIINIISU0IBY =
lapjing + Ry vd 2 T=u Tenauny R
Q\AESBB
-1q10 _Ema__m_M
(180A10d) pue Awololueid
e SOIWIN  [eusrewnINN - SIAG'T T=Uu [ejuo.S
(erA10d)
Jaluld
ae
XauuoD (anssn 1os) uondNIISU0IY
+ 12Wld snjdobue| + arefed
ag snuo4 (suog) sgv e 0g=U pue diT Y210
pasn pasn pasn abe oz’ auwreu a.inpaoo.d
Rewind 9J/emyos eliorew elred  ajdwes

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 43

Slavin et al.

ater Sci Eng. Author manuscript; available in PMC 2024 July 08.

‘wis1iojauadAy [engio

Bfo

*81900eydaousobulusw _mu_oEEmoEo_u_M

‘31qealdde “ozm

J]apow

de ayiuo
painojuodald
SeM [eLarew

L1¢ SISAYIUAS0ISO

81 suoireoljdwoo

9UON

1InsaJ

e e e e
pasn ppow alnpejnuew  LJndejnuew
Juibue Jad 1500 olawn
[eaipawiolq

12

uolezI|Ies

ae
18rubisa@g
dH 2
pssn pssn
wiid 9J/emyos

pasn
[ellorew

17

Aw0108150

SIATT T=U [eNqIo

abe oz’ auwreu a.inpaoo.d
elred  ajdwes

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 44

Slavin et al.

sHungns
alow Jo

UoIIINIISU0BI

|n4ssanons

pue 19€3U0

juawbas auoq

10 uonodoud

2 8UON JayBiH
ERITED)

10 Juswaoeld
|NJs$899NS P3|
sapinb Bumno
12C 8UON 40113 sadoud
aoueUBUEW
o1uaIbAY Joy
Aunar
J191S€8 pue
Buruonisod
juejdwi
91eIN20Y

181 SUON

UoIIINIISU0BI
Auoq
1dwis
pue
awn [eaibins
paseadsqg

P8

0ce SUON

uonensibai

Juswaoeld

apinb

payeadal

eIA Aoeindoe

panoidwi

‘Buideys auoq

pue ubisap

Aw0)08150

aniresadoald

woly

sanLeInball

paonpal

pue awn

6TC anneladornul
‘812 3UON ‘BUON pasealsaq

1 suoireoljdwod }nsa.l

UIeN
S
‘asI[eLIaTe N

2'oul
BurjspoiN
[e31P3IN
pasn
PauIbus
[eogipswolq

13

1500

us

14

aJnjoejnuew JBJnjoejnuew

olawn

SaYIuAS

‘1anAns I3
1 1
13 e
13 e

g ONRJOONY

uoirez||1 s

(na4)
sAserens

(s1s
‘V1S) p

pasn
Rud

Burjapon
[e31paIN

o€ oulyy
TSOX
wuoypidey
‘TT'EeIWY
‘8pIN9J8aqoN

wiiogeal4
216ewo89
swiaIsAS-ag
‘SIXeWoy
BO3WUE|d

AeNoIURID
+snid
WI0}-8814
+19011S A€
‘asi|eLIae N

pasn
9.1eM1J0s

14 sIAQ

sav sIAgg

onse|d panoidde

Aj[eaipaw

ajendoiddy 2
sihee'T
|@mwo
‘s1kg
apiweAjod ‘» -0

pasn [elerew obe
JueiTed

T=U

T=u

w b
a|dwes

uo1ONIISU0Y
[BI9BJO]|IXEN

sI1sauaboalsO
uonodensiq
Jenqipuei
|e1euosN

uoIJssu|
SIS8UIS0.d [eseN

uonejue|dsues |
|eroed

Jeday
SIS01SOUAsoIuRID)

aweu
8.inpago.d

Author Manuscript

apIno [ea1bINS palulld A d1419adS-1uaiied Jo suonedljddy 4N D 1uaday Jo Arewwng

‘v alqeL

Author Manuscript

Author Manuscript

Author Manuscript

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 08.



Page 45

Slavin et al.

‘31qearjdde Szm

1€

8¢

96T

€cc

161
=3}

3UON

3UON

9UON

3UON

9UON

suolreol|dwod

SAWO021N0
1ea1buns
panoidwi

pue ‘awn
annesado
paonpal
'SaInjon.s
juaoelpe

01 Aanful

10 uonuanald

awn
annesadoenul
paonpay

awoano
juaned Janaq
01 Buipes)
Bunypuy re1oey
10} UOITR0|
pue awnjoA
8|qeynuend

Buruueld
1eaibins
Jewndo

1o} pamoje
|apow pue
sapInf yum
A1361ns 0N

Aoeinaoe
BAI1ONIISU0IBS
panoidwi pue
awn annelado

paonpay

1Insa.

ESTEIIEE]

ou|
Buijepoy
[BIIPAIN

pasn
Jsuibus
[edlpawolq

v v v v v

P 2 2 g WVI9)p

(v1s)

12 e 1 1 2 wio4

1 e 1 e 1

2 e 2 e (VI9)p
1S00  ainpejnuew  lBINnejNUBW  UOITeZI|1BS pasn

olawn ewiid

old
juejdwis
‘SOIWIN

soJaooulyy
‘ONIA-UI
abewoleuy

ysnigz
SO

anew
-€'0'€ 4ND
ue|doid

asielare
HINS
aseDIbins

pasn
9.1eM1os

wniuey |

u1sal
BuiziiswAjodoloyd
a|1qredwoaorg

JawAjod

pesn [erlew

SIATZ T=Uu
SIATY

-8¢ e=u

14 9=u

17 1

sIlTS~ ge=U

abe azls
weired  ajdwes

Aw01091S0
days senqipuey

uoldNJIIsSu0dIay
WNeA [e1uesd

Bunyelo red
BIA UOIJ3LI0D
anssi] Yos

Bunoyuo)
peayaio4

uononJIIsSuoday
TeINIpUEIN

aureu
9.inpaoo.d

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

ACS Biomater Sci Eng. Author manuscript; available in PMC 2024 July 08.



Page 46

Slavin et al.

450 ‘(v =v)
ewoleway ‘(g

=U) [erowal

01¢ + uonoaju|

T

=U) [eAowal

uejdwi

602 + Uonoayu|

(c=v)

1D Ul sumold

Aqreau wouy
Burisneds

03 anp adeys
198.4100U1

102 Juejdw

(z=v)

awvo ul Jous

03 anp adeys
198.4100U1

002 Juejdw

66T 9UON

86T 3UON

1 suoireoljdwod

uo ainyetay|
0] sajel
uorealjdwod
a|qesedwo)

AnswwAs
A10108)S17RS
pue

‘syuejdwi Jo
uonexiy pooh
‘paysies
sjualred

1 pue
uoneldepe
JU3||99X3

0} poof
paulwIaap
-uoabins
‘914 [eAIAINS
%00T

-[e11g10 201
SA Q€ ulswn
uolresado

10 3588199p
abesany

UoIINIISU0BI
[e11q10-01U0l}
ul S)nsai ajes
pue J18yIsee
lewndo
|[e4an0
‘Buimojjoy
|eJodway
papis

-43] swos

yibuans
ledlueyd8W J0
douBURAUIRW
‘K1ages

pue Aoeaiye
[ea1uto
wJer-buo

ynsa.

owg =4/

oW TyT~=1

ow ¢T =/

ow(Q=/

owe=/

IA y~
pueow g =/

dn-mojjo}
anlre odosod

2 2 2

2 2 I3
(>119)

5 SY9aM £—Z as-v.xnl

2 2 BIBWUR|]

2 2 I3

I3 I3 2

1500 ainpejnuew L Inenuew

olawi juedwi

(ng3a)
z TV Wealy

(sna)
walsAs ag
2 '00TdINaX0id

2 (Ng3) weuy

1 1
uonelpe.|
euwiwes 13
uoireziiels  pasn Lid

spe ‘(AN
WIoIPaIN)
wiIxein

(astrenaIRIN)
sa1be
‘ONeN-€

(disepoiny)
J9XIWYSIN
‘(so16eWo089)
210z o1pms
‘(ast[erBIRIN)
SO

(0Ld)
YIANIONT
/0id

14

pasn
3.1eM1jos

M33d

M3 APIVOLL

173 AVIVOLL

173 APIVOLL
0018

113
AvIVILL :ag

X33d

(w7 00g 9218
alod) 10d

pasn [elerew

sIk
8T ¥ €V~ ge =u Aisejdoluesd
sik 9'gz~ TZ=U fisejdoiuein
9]
o
>
>
IpueiN
1ydony
10)ueydu
sk 0L~ 0T =V _mmam:wg%m
o
=
(5]
s}
S
s
@
YT =U D0IS co_s_@mcoomm
¢l =U:Aae [eNqIGRIIIXeN
SIK Zp~ 9z=u 10 __m\m [eNqio
IS
5]
e
5
"
uoIBy [engio
-gjuo.d Jo
UOIIrasu0day
SIKET T=u Srewnd
Q
3
<
uonINIISU0IY
sIA Aiwloyeq
TT ¥ 8¢~ yT=U |e1das jeseN
abe azis a|dwres aureu
welred 8.npsoo.d

Author Manuscript

Author Manuscript

sjuejdw] pawulid g o119ads-1usied Jo suonealjddy 4D 1823y Jo Arewwing

‘S al|qeL

Author Manuscript

Author Manuscript



Page 47

Slavin et al.

(T=

) 10 Buunp
uomisod

8|giIpuew

ul losis

01 anp adeys
193.1100ul

202 juedwi

(=
/) 89UddSIYaP
Vit punom

€T¢ SUON

[4%4 SUON

T1¢ 3UON

(T =v) pawey
-3l-punom

(T =) xes|

o1 suolreoldwod

auo 1daoxa
syuedwi

Ile Jo

Bumiy sstoaid

salpnis
M33d pawind
ae yum
9|qeJedwod
%€'8 30

TRV RETT]
‘uolyexiy

0} Jouid sasea
6 Ul paljipowl
juejdwi Jo
Inojuo2 JaIno
19A ‘sased

2z ur10apiad
SeM auoq
Buipunotins
01114

118430 Sy nsal
21181598
A10108)S11RS

1[BJ3A0 Sy nsal
21181598
A10108)S11RS

uoIoeySIIes
juaied

ubiy yum
SBWO2IN0
[ea1bins poo

uonezi|8ls
Jaye pasnal
pue panowal
AJInyssadons
sem juejdwi
‘uonoayul
yumsid g ul

‘sanse|doiueld

yeiboje
10 -0Jne

ynsal

owQ=/ 17 17
oW Z'9T~ =/ r r
(uonepyur

104

paisnipe)

x00€'€T

ow zT 0
pue‘9‘T=4  0¥9'0T$ SHBIM €-Z
oW 9~ =4 v r

86°.€8%
Ky=1  F¢e618% SHIM 2z~

dn-mo|oy 1500

anlre odoxsod olawin

edawue|d

BIBWUR|]
+ SaUIUAS
Anda@

wessdag

SalIuAS
Anda@

SaYIAS
Anda@

ainpejnuew  LJInpenuew
juedwi

uoneIpeL
euwiwes

uoirezi|1eIs

e e 173 AVIVILL

e e H33d

(wn 0gg pue

00¢ :9z1s a1o0d)

(v19) 2 amedeAxoipAH

14 14 H33d

14 17 H33d
(sapoiny)
Z¢10¢ XeN

pesn Jownid pasn pasn [elorew

9J1emyos

sk €9'82

sik g'oe~

SIA 9~

TC ¥ 9p~ 9

ce=u

L=U:[elqiog
=U :91rewobAz
T =

U :Je|ngipuew
e =u

SIA py~ g=U

1T =U

sIk
u

azis a|dwes

Juaired

UoINIISU0IY
Arejjixe\

lable in PMC 2024 July 08.

uonongsuoday
[eroefb) xRN

Or manuscrip

h

Aisegloluel)

Asagloiuesn

Biomater S& Eng. A

b&w&o_cso
<

aweu
8.inpago.d

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 48

Slavin et al.

90¢ 9UON

(¢

=U/) UOISIABII
asde|al
lesnjo90 ‘(T
=U) [enowal
+ ainsodxa
(T=v)
[enowsl + (g
=U/) uondaBu|
2015

(T=v)

Jredau + ejnisiy
Jeered ‘(g

=U) [erowal
+(e=v)

S0¢ uondsyul Qe

v0¢ 12

(¢
=U) [enowsl
+ ainsodx3

{0018

€0¢ 9UON :dg

1 suoireoljdwod

1nsal
annesadorsod
arelpaLwi
pue

ueld [enuin
3y} usamiaq
Aoeinaoe Jo
aa1bap ybiH

suoiealdwod
PIERIEYETIT]
JuediubIs
noyum
sdnoJb ayerd
Je|ngipuew
32018
JAe|IXRW
203S pue
Je|ngipuew
ag/Areyixew
ae

sA dnoifigns
sareld
Je|ngipuew
32018
JAe|IXRW
aegul

awin annelado
paonpay

SaoUBIAYIP
3y} Jo sanfen
ainjosqe
Burispisuod
uaym dnoib
Jayna ul
a|qipuew ayy
10 uonisod
[enjoe

pue pauueld
Uaamiaq
90UBJIBYIP ON

sdnolb

3201S pue

Qg usamiaq
awn annesado
[e100 Ul
90UBJIBYIP ON

S3W02IN0
AAI1ONIISU0IBI
10 Aoeunooe
Jouadns :ag

ynsal

owQ=/

oW 8'6~=1

owT=/

owQ=/

dn-mo|oy
anlre odoxsod

1S00

13

12

13

asi|eLaR N

asifeLivreN

13

aJnjoejnuew JoJInjoejnuew

oyawn

juedwi

1

uoirezi|1eIs

(as1jerig1eN)

0'¢€ dND
12 ue|dolid 173 AVIVILL
(1axAnS)
2 D0IS
e e wniuel] :ds
(as1jerB1eN)
4ND wniuein
(s7S)e ue|doid Z opei
(as1jerg1eIN)
0°€T JNeiN
-€'0¢4ND wniueyn
(W19) ue|doid 2 3peio
pasn seuiid pasn pesn [ellorew
9J1emyos

sIk
Le~

sIA

sIA
12~

sIA 9T
FGS
32018
‘sIk
vT
+99
:ag
abe
Juaired

(02svIN)
Awo108150 [eo1degns

TT=VU JolRUY Jejngipuely
9]
o
>
3
<
N
o
N
O
ST
=U 001 W
8T =u:ae =
(5]
2
m
@
S3IW01081SO
TefEoIpueIN
sy =u  fe||1xeN
c
[+
1S
5]
e
5
<
0g=Mm g
Arejixew -
+ A
Je|ngipuewl Ag0108150
‘o =u Arejixe|\y 110497
“Jejngipuew ¥ Em_mMo%%,q
‘09 =u Je|ngipueyqgale|os|
0
Q
<
9T
=U 001
/T=Uu:Q¢e
UoINIISU0IaY
Je|nqipueiN
ee=u 1o Arejjixe\
azis a|dwes awreu
8.inpago.d

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



Page 49

Slavin et al.

uthor manuscript; available in PMC 2024 July 08.

‘a1qeanjdde 10N

1
&
( dnoib ge (19%AnS “HO a &
—u)uonoayu) Ul AnawwAs d@aw) ad =U HP0IS S
001S [e1oe} snoJod :3001S 6 =U:ag S
1912816 pue S
(z=v) oawnanneiado @) UOIIM{sU0ay
80z  uondsul :ds paonpay owQ=/ 13 e e 13 e A1ebins-qg 33d :ag v TZ=U Inoo) Emwn_ucm_\,_
ejdwi AN
10 abueyo
Jeuonisod
oYM
Angels
annesadoisod (astjersa1eN)
pue Adeinaoe so1ben
[eaibins ‘(disepoIny) (w7 056-0G.
‘paissies (N1S) XN :9z1s a10d) sIk uonINIISU0IDY
102 3UON swualed owg=4 14 4 2 2 0SZSASIEIBN  JeXIWysaiN 173 AVIVOLL 16~ Z=u nojuod Jejngipue
1 suoires)jdwod }nsal dn-mojjoy 1500 ainpejnuew  lJInejnuew  uoljezl|ies  pesn seulid pasn pssn [eljorew obe azis a|dwres aweu
anlre odoxsod olawin juedwi 9Iemijos jusited 8.inpago.d

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



	Abstract
	Graphical Abstract
	INTRODUCTION
	FDA REGULATORY OVERSIGHT
	BIOMATERIALS FOR 3D PRINTED BONY DEFECT REPAIR OF THE CMF SKELETON
	Titanium and Titanium Alloys.
	Synthetic Polymers.
	Polycaprolactone.
	Polylactic Acid, Polyglycolic Acid, Polylactide-co-glycolide.
	Poly(methyl methacrylate).
	Polyethylene.
	Polyetheretherketone.

	Bioceramics.

	3D PRINTING TECHNOLOGIES
	Vat Photopolymerization.
	Material Jetting.
	Material Extrusion.
	Powder Bed Fusion.

	STERILIZATION TECHNIQUES
	ECONOMICS
	CLINICAL APPLICATIONS OF 3DMD IN CMF SURGERY
	Anatomical Models.
	Surgical Guides.
	Implants.

	FUTURE DIRECTIONS
	Automatization of 3D Printed Implant Design.
	3DMD + Augmented Reality.
	In Situ Bioprinting.
	4D Printing.

	CONCLUSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.

