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3D printing technology is not a new concept and has already

INTRODUCTION

been used in the mock formation of various products, including

Three-dimensional (3D) printing applications have generated
increased interest in recent years. Many countries are trying to
develop a 3D printing industry and apply this technique to vari-
ous fields, including business, fashion, the mechanical engineer-
ing and medicine [1,2]. 3D printing has been particularly widely
adopted in medical fields. Although 3D printing with tactile rap-
id prototype (RP) models was developed in the 1980s, this tech-
nique is being revisited due to its value and efficacy [3-5]. Ap-
plication of the 3D printing technique has even been extended
to bio-cell printing for 3D tissue/organ development, the cre-
ation of scaffolds for tissue engineering, and actual clinical ap-

plication for various medical parts [6-8].

cellular phones [2]. However, as this technology has evolved,
the extent of the application has greatly expanded, especially in
medicine. Its increased use is largely because it can provide an
individual product in a short period of time, which suits the goal
of individualized medicine where each patient requires a specif-
ic, tailored, therapeutic approach. In contrast, most industrial
products are mass produced and have the same dimensions and
size. As one would expect, in medicine, patients have different
anatomies and needs. Because one of the aims of contemporary
medicine is to implement personalized medicine, the 3D print-
ing technique should be applied to support such approaches as
it can provide a patient-specific product in a short period of time
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without sacrificing costs or benefits.

Of various medical fields, craniofacial plastic surgery is one of
areas that pioneered the use of the 3D printing concept. RP tech-
nology was introduced in the 1990s to medicine via computer-
aided design, computer-aided manufacturing (CAD-CAM).
The medical models or bio-models based on the 3D printing
technique represent 1:1 scale portions of the human anatomical
region of interest obtained via 3D medical imaging [3]. The
procedure for the fabrication of medical models consists of mul-
tiple steps: (1) acquisition of high-quality volumetric 3D image
data of the anatomical structure to be modeled, (2) 3D image
processing to extract the region of interest from the surrounding
tissues, (3) mathematical surface modeling of the anatomic sur-
faces, (4) formatting of data for rapid prototyping, (5) model
building, and (6) quality assurance of the model and its dimen-
sional accuracy [9].

For example, because patients requiring craniofacial surgery
tend to have very specific malformations or deformities, mostly
in the bone, a 3D printing prototype model can greatly assist
with preoperative evaluation and intraoperative procedures. Med-
ical modeling in craniofacial surgery based on 3D printing has
mainly been developed over the last 15 years and can incorpo-
rate: (1) aiding in the production of surgical implants, (2) im-
proving surgical planning, (3) acting as an orientation aid dur-
ing surgery, (4) enhancing diagnostic quality, (S) assisting pre-
operative simulation, (6) achieving a patient’s consent prior to
surgery, and (7) preparing a template for resection for surgeons
(Winder and Bibb [3]), as well as providing an educational tool
for medical students and residents [10]. The present article re-
views the current state of 3D printing technology, its clinical ap-
plication in plastic surgery, and the future direction of its devel-

opment.

METHODS

To investigate the current status of 3D printing technology and
its clinical application, a systematic review of the literature was
conducted using PubMed. A PubMed search was performed
based on title-abstract sifting by one author. Our inclusion crite-
ria involved the following keywords: “3D printing”, “craniofa-
cial’, “rapid prototype”, and “medical modeling”. After title-ab-
stract sifting, S5 articles were retained; 20 articles were excluded
after being read. Thus, 35 articles were selected for review. In
addition, the benefits and possibilities of the clinical application
of 3D printing in craniofacial surgery are reviewed, based on per-
sonal experiences with more than 800 craniofacial cases con-

ducted using 3D printing tactile prototype models.
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RESULTS

Review of current 3D printing techniques used in
craniofacial surgery [11]

3D printing technology can be classified by the techniques, the
materials or aimed deposition process: The technical type clas-
sification includes Stereolithography (SL), the selective laser
sintering (SLS), 3D printing (Binder-Jet), fused deposition mo-
deling (FDM), direct metal laser sintering (DMLS), laminated
object manufacturing (LOM), and electron beam melting (EBM);
The material classification includes thermoplastic, metal pow-
der, ceramic powder, eutectic metals, alloy metal, photopoly-
mer, paper, foil, plastic film, titanium alloys, etc; The aimed de-
position process classification includes polyjet modeling based
on drop-on-drop deposition, and fused deposition modeling
based on continuous deposition. The most frequently used rep-
resentative methods will be reviewed (Table 1). For medical us-
age, after the computed tomography (CT) scan, the rendering
of the DICOM data and transformation into stereolithography
data files takes a maximum of 30 minutes. In general, 3D printer
accuracy would depend on the accuracy of CT scans, especially
of which thickness should be as thin as possible (1 to 2 mm s a
good compromise for a skull study).

Liquid based 3D printing technology

Stereolithography (SL or SLA)

SL has been the most widely used 3D technique for craniofacial
surgery, since it was first applied for grafting a skull defect in
1994 [12]. The SL RP system consists of a bath of photosensi-
tive resin, a model-building platform, and an ultraviolet (UV)
laser for curing the resin. A mirror, computer controlled, is used
to guide the UV laser focus onto the surface of the resin and
cure the resin on a slice-by slice basis. These slice data are fed
into the RP machine that directs the exposure path of the UV
laser onto the surface of the resin. The layers are cured sequen-
tially and bind together to form a solid object, beginning from
the bottom of the model and building upward. Each new layer
of resin is wiped across the surface of the previous layer using a
wiper blade before being exposed and cured. The model is then
removed from the bath and cured for an additional period of
time in a UV cabinet [11]. Generally, SL is considered to pro-
vide the greatest accuracy and best surface finish of any RP tech-
nology. The model material is robust, slightly brittle, and rela-
tively light [13,14]. SL accuracy is 1.2 mm (range, 0-4.8 mm)
for skull base measures, 1.6 mm (range, 0~5.8 mm) for midface
measures, 1.9 mm (range, 0~7.9 mm) for maxilla measures, and
1.5 mm (range, 0-S.7 mm) for orbital measures. The mean dif-

ferences in defect dimensions are 1.9 mm (range, 0.1-5.7 mm)
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Table 1. A comparison of current three-dimensional (3D) printing technologies

Polyjet or multijet printing Acrylonitrile butadiene styrene (ABS),
Acryl
Powder base
Selective laser sintering (SLS) Thermoplastic
Metals powder
Plastic powder
Alloy metal
Ceramic powder

Titanium alloys

3D printing (3DP)
Direct metal laser sintering (DMLS)

Electron beam melting (EBM)
Solid base
Fused deposition modeling (FDM) Thermoplastic
Eutectic metals
ABS
Laminated object manufacturing (LOM)  Paper
Foil
Plastic film

3D printing technology Materials Aimed deposition process Mechanism
Liquid base
Stereolithography (SL) Photo polymer Layer-by-layer curing method based on ultraviolet

Drop-on-drop deposition

Drop-on-powder deposition

Continuous deposition

(UV) laser focusing on photosensitive polymer

Printer head that extrude the liquid resin and wax
with UV laser

for unilateral maxillectomy, 0.8 mm (range, 0.2-1.5 mm) for bi-
lateral maxillectomy, and 2.5 mm (range, models may be more
prone to error than those of other craniofacial regions because
of the presence of thin walls and small projections. Choi et al.
[13] found that the absolute mean deviation between an origi-
nal dry skull and an SL RP model over 16 linear measurements
was 0.62+0.5 mm (0.56% +0.39%) [15]. Schicho et al. [15]
compared the accuracy of computed tomography (CT) and SL
models. The accuracy for SL models expressed as the arithmetic
mean of the relative deviations ranged from 0.8% to 5.4%, with
an overall mean deviation of 2.2%. The mean deviations of the
investigated anatomical structures ranged from 0.8 mm to 3.2
mm. An overall mean of deviations (comprising all structures)

of 2.5 mm was found.

Polyjet modeling

Polyjet modeling is performed by jetting state-of-the-art photo-
polymer materials in ultra-thin layers (16 um) onto a build tray
layer by layer, until the model is completed. Each photopolymer
layer is cured by UV light immediately after it is jetted, produc-
ing fully cured models that can be handled and used immediate-
ly without post-curing. The gel-like support material used, which
is specially designed to maintain complicated geometries, is eas-
ily removed by hand and water jetting [ 11]. At present, this tech-
nique is too time consuming and, therefore, too expensive to be
used in craniofacial surgery clinical applications. Ibrahim et al.
reported a dimensional error of 2.14% in reproducing a dry man-

dible when using this technique [16].

Powder based 3D printing technology

Selective laser sintering (SLS)

The SLS technique uses a CO, laser beam to selectively fabri-
cate models in the following way. First, the 2D slice data are fed
into the SLS machine that directs the exposure path of the laser
over a thin layer of powder previously deposited on the build
tray and leveled with a roller. The laser heats the powder parti-
cles, fusing them to form a solid layer, and then moves along the
Xand'Y axes to design the structures according to the CAD data.
After the first layer fuses, the build tray moves downward, and a
new layer of powder is deposited and sintered and the process is
repeated until the object is completed. The prototype surface is
finished by sandblasting [11]. The SLS prototype is opaque,
and its surface is abrasive and porous. Prototype fabrication time
is 15 hours. The accuracy of the SLS model is relatively high,
with maximum standard errors of 0.1 to 0.6 mm. Because of the
high cost of the materials, several parts are fabricated simultane-
ously. The long fabrication time for the SLS technique (16 hours)
is close to the time required for fabrication with the SL system
[17].

3D printing (Binderdet)

The 3D printing system uses a print head to selectively disperse a
binder onto powder layers. This technology has a lower cost than
similar techniques. First, a thin layer of powder is spread over a
tray using a roller similar to that used in the SLS system. The print
head scans the powder tray and delivers a continuous jet of a so-
lution that binds the powder particles as it touches them.

No support structures are required while the prototype is being
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fabricated, because the surrounding powder supports the uncon-
nected parts. When the process is complete, the surrounding pow-
der is aspirated. In the finishing process, the prototype surfaces
are infiltrated with a cyanoacrylate-based material to harden the
structure [17]. The printing technique enables the formation of
complex geometrical structures, such as hanging partitions inside
cavities, without artificial support structures [11]. The printing
and infiltration process takes approximately 4-6 hours. The ma-
terial costs for the construction of each model are 150-200 EUR
[17]. The 3D printers used in this process are relatively inexpen-
sive (25,000 GBP), have fast build times (4 hours for a full skull),
and are easy to maintain. Additionally, 3D printers are cost effec-
tive (1 GBP/cm?), associated with low waste, accurate (0.1
mm in the Z plane, 0.2 mm in the X and Y planes), have small
dimensions, and can make hard, soft, or flexible models. These
printers can also be used to identify different types of body tissue
depending on the predefined threshold setting selected. Silva et
al. [17] reported a mean dimensional error of 2.67% in proto-

types produced using 3D printing technologies in comparison

with a dry human skull [17].
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Solid based 3D printing technology

FDM uses a similar principle to SL in that it builds models on a
layer-by-layer basis. The main difference is that the layers are de-
posited as a thermoplastic that is extruded from a fine nozzle. A
commonly used material for this procedure is acrylonitrile buta-
diene styrene (ABS). The 3D model is constructed by extrud-
ing the heated thermoplastic material onto a foam surface along
a path indicated by the model data. Once a layer has been de-
posited, the nozzle is raised by between 0.278 to 0.356 mm and
the next layer is deposited on top of the previous layer. This pro-
cess is repeated until the model is completed [11]. As with SL,
support structures are required for FDM models, because time
is needed for the thermoplastic to harden and the layers to bond
together [18].

Bench-to-bed process for 3D printing-based tactile
models (Fig. 1)

(1) CT scan: after the patient is scanned via CT, DICOM files
should be exported. Less than a 1-mm CT slice thickness is rec-
ommended.

(2) Data conversion: DICOM data are imported and converted
to STL files. Rendering of CT scan DICOM data into STL data

Fig. 1. Process of 3D printing

about 4-6 hours. Finally, unsintered sections should be removed.

Materials

Conversion to 3D files

3D model design
on the computer

A print head to selectively
disperse a binder onto
powder layers

The overall process of three-dimensional (3D) printing in craniofacial surgery. After the patient is scanned via computed tomography (CT), DICOM
files should be exported. Less than a 1-mm CT slice thickness is recommended. DICOM data are imported and converted to stereolithograhy (STL)
files. Rendering of CT scan DICOM data into STL data files takes about 30 minutes. Converted 3D files are uploaded into the 3D printer. Rapid pro-
totyping follows using layer-by-layer Stereolithographic accumulation. The rapid prototype model is then fabricated on plaster via jetting of the
materials. The materials consist of plaster (<900%), vinyl polymer (<20%), and carbohydrate (< 10%). The printing and infiltration process takes

Process of 3D printer

Platform moved according to
the movement of nozzle

In the finishing process, the
prototype surfaces are infiltrated
with a cyanoacrylate-based
material to harden the structure

The print head scans the
powder tray and delivers a
continuous jet of a solution that
binds the powder particles
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files takes about 30 minutes. ter (< 90%), vinyl polymer (< 20%), and carbohydrate (< 10%).
(3) Fabrication: converted 3D files are uploaded into the 3D The printing and infiltration process takes about 4-6 hours.

printer. Rapid prototyping follows using layer-by-layer stereo- (4) Filtering: unsintered sections should be removed.

lithographic accumulation. The RP model is then fabricated on

plaster via jetting of the materials. The materials consist of plas-

Fig. 2. Skull reconstruction with split calvarial bone grafting

Skull reconstruction with split calvarial bone grafting. (A) When the ideal donor site which has proper contour and thickness is determined, the
three-dimensional (3D) printed tactile model can be very helpful for the split calvarial bone grafting. (B) Pre- and postoperative frontal views. (C)
3D printed titanium implant for the correction of the calvarial bone defect. (D) Preoperative and postoperative results. Temporal muscle atrophy
is shown.
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Clinical applications for 3D printing-based tactile
prototype models in craniofacial surgery

Skull reconstruction

Calvarial bone reconstruction would be the most pioneering
use of RP models. In 1994, Mankovich et al. [12] first applied
3D technology for skull reconstruction. Because autogenous
bone grafting would be the ideal standard for skull reconstruc-
tion, donor bone should be harvested. The ideal curvature should
be researched in advance because the bone is so rigid that bend-
ing is quite difficult and risky [19]. Experience has shown that
tactile prototype models are very helpful for identifying the ide-
al donor site. For example, skull reconstruction can be done with
a split calvarial bone grafting technique and the ideal donor area
can be determined in advance to match the ideal recipient cal-
varial bone curvature [20]. Although many materials can be used
for 3D printing, few materials can be permanently inserted into
the human body. Thus far, titanium is the ideal realistic material
for human body use. Therefore, once the recently developed 3D
technology starts to provide 3D titanium-based implants, they
could be used in the human body [21-23]. The technique cur-
rently appears to be quite successful and without any complica-
tions. The implants fit very well onto pre-existing defects such
as calvarium or maxillary defects. However, because the resec-
tion and reconstruction should be done at the same time, the
possible defect cannot be easily estimated in advance because
the extent of the resection could vary according to the intraop-
erative findings. Therefore, for the successful adoption of 3D
printed titanium implants, the preoperative simulation should
be precise and an intraoperative resection guide should be pro-
vided based on the preoperative simulation. In addition, addi-

tional problems such as the interaction of bone or muscle with
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titanium should be considered (Fig. 2).

Cranioplasty for the correction of syndromic craniosynostosis
Similar to skull reconstruction with bone grafting, extensive bone
grafting is needed to correct craniosynostosis. Current 3D print-
ing technology can provide an osteotomy guide that is very use-
ful for the reconstruction process. Moreover, surgeons can sim-
ulate the surgery in advance using the 3D printed tactile model
[24]. 3D printed prototype models are a particularly effective
tool for simulating LeFort I, II, or III midface osteotomy, which
require delicate blind osteotomy [25] (Fig. 3).

Facial bone fractures

Although many facial bone fractures can be managed with 3D
printing technology, orbital wall fractures would be the ideal tar-
get for these methods [1,7,9,26]. The orbit has such a complex
anatomy that ideal reconstruction is not particularly easy. Unless
the orbital wall is repaired very precisely, postoperative enoph-
thalmos or diplopia can occur. Nevertheless, limited surgical fields
during surgery of orbital wall fractures often causes reconstruc-
tion in the wrong plane. These kinds of difficulties can be over-
come using 3D printed titanjum mesh implants or prevent the
malpositioning of implant material. Medpore or titanium mesh
based on the RP model that are manufactured from the mirror-
ing technique of CAD-CAM [23]. The contralateral orbit can
be a reference. Using the contralateral orbital anatomy, ideal ip-
silateral orbital structures can be simulated on computer soft-
ware and can be manufactured using 3D printing technology.
Based on this RP model, orbital wall reconstruction can be suc-

cessfully performed (Fig. 4).

Fig. 3. Syndromic craniosynostosis correction using 3D printing technology

Syndromic craniosynostosis correction using three-dimensional (3D) printing technology. (A) A cranial osteotomy can be performed based on a
3D printed rapid prototype model that can provide the precise locations of the osteotomy and indicate sites of potential problems. (B) Based on
the rapid prototype model, the craniotomy can be facilliated avoiding dural injury.
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Orthognathic surgery over, 3D printing technology provides an additional osteotomy
Numerous articles have been already published on the use of guide and occlusal splint. However, the 3D printing model gen-
CAD-CAM technology for orthognathic surgery [27,28]. More- erally shows some errors in terms of accuracy, which is problem-

Fig. 4. Orbital wall reconstruction based on a 3D printing

Orbital wall reconstruction based on a three-dimensional (3D) printed tactile prototype model that was made by mirroring, computer-aided
manufacturing (CAD-CAM) technology. (A) Mirrored image-based 3D printed tactile model. (B) The pre and postoperative computed tomography
scans in orbital wall fracture.
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Fig. 5. Orthognathic surgery can benefit from 3D printing

Orthognathic surgery can benefit from three-dimensional (3D) printing technology. (A) Various anatomic landmarks on the 3D printed model can
be found preoperatively, which enable the surgeon to perform the satisfactory surgical process. In addition, this is very useful for the consultation
with patients and the presurgical simulational surgery. (B) In case of severe asymmetry, the rapid prototype model can provide 3 dimensional im-
ages for the surgeons.

Fig. 6. Maxillary reconstruction with a 3D printing
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atic for ideal dental occlusion. Therefore, especially for dentition, lished. Recent advances in 3D printing technology now enable
scanning devices should be used to obtain ideal dental occlusal fibular osteotomy and fixation guides to be provided, which en-
splints for orthognathic surgery (Fig. S). able the dental implant to be inserted in the ideal position [22,29]

(Fig. 6).

Maxillary reconstruction
Many articles using CAD-CAM technology have also been pub-
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Fig. 7. Mandibular reconstruction with a 3D printing

Mandibular reconstruction

Mandibular reconstruction is mostly being performed using fib-
ular osteocutaneous free flaps. Although the curvature of the
original mandible can be reconstructed using the conventional
method, 3D CAD-CAM technology can provide a more pre-
cise reconstruction modality that includes fibular osteotomy
and fixation guides [30,31]. In addition, 3D printed titanium
fixation plates were recently tried and have been shown to be
very useful for the ideal reconstruction of the mandible. In the
near future, 3D printed titanium implants that can be inserted
into the human body as a whole might be possible (Fig. 7).

DISCUSSION

Although 3D printing technology is evolving, its clinical appli-
cations are actually evolving more rapidly. The affordability and
convenience of this technology have spurred its adoption in a
variety of medical fields. Although there are still insufficient sci-
entific data, 3D printing technology is innovating medicine. For
example, pediatric cardiac surgeons are using 3D printing-based
tactile models for analysing and visualizing complex congenital
heart diseases. Urologic surgeons are simulating surgery of com-
plex renal cell carcinoma in advance using 3D printed tactile pro-
totype models that include the vessels and parenchyma of the
kidney. Neurosurgeons are using similar approaches for neuro-
surgery of brain tumours. These kinds of efforts afford the vari-
ous types of surgeons involved huge benefits by aiding in the
advance analysis of the patient’s specific status. In addition, these
kinds of tactile models can be very helpful for preoperative con-
sultations with patients and as a real intraoperative 1:1 scale ref-
erence [3,8].

Meanwhile, tissue engineers are also seeing the advent of a new

Mandibular reconstruction with a three-dimensional (3D) printed osteotomy guide. (A) Computer simulation process can be realized into the real
size 3D printed model. (B) Based on the 3D printing model from the computer simulation, ideal curvature of the mandible can be reconstructed
for the dental implantation in the future.
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era. The tissue engineering triad comprises cell, scaffold, and

growth factor. Recently, 3D technology has become sufficiently
evolved to enable bio-cell printing. Although many obstacles
need to be overcome, 3D bio-cell printing is providing bioengi-
neers with a new modality that might be superior to the conven-
tional cell culture systems. In reality however, 3D cell culture on
scaffolds has a big limitation in technology and 3D bio-cell print-
ing technology may overcome this obstacle sooner or later. In
addition, the scaffold can be constructed using 3D technology.
Therefore, in the near future, the simultaneous formation of the
bio-cell and scaffolds might be possible based on 3D bio-cell print-
ing technology. Of course, many obstacles still remain [1,32-36].

3D printing techniques have been most actively used in cra-
niofacial surgery, as reviewed here and based on extensive expe-
rience with 3D printing in craniofacial reconstruction. However,
some obstacles need to be overcome.

First, the computer software used for craniofacial reconstruc-
tion should be much more specifically designed. The preopera-
tive design of surgery is not especially easy however. Because the
segmentation process in computer simulations is time consum-
ing, it needs to be more automated. If the various software pro-
grams were more suitable and specific for craniofacial reconstruc-
tion, the 3D printing technique could be more actively used.

Second, a connection between the preoperative simulations
and the real surgery environment should be made. Surgical wa-
fers, such as intermediate and final dental splints, would be an
example in orthognathic surgery. In addition, a navigational sys-
tem could act as a surgical guide to connect the preoperative sim-
ulation and the actual surgery. In order to apply the 3D printed
titanium implant, the surgical cut or ostectomy should be match-
ed precisely with the preoperative planning. Because the 3D print-
ed implant is so solid that it is not easy to cut or bend, planning
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and surgery should be identical and efforts should be made to
ensure that the preoperative planning and intraoperative defect
are in agreement. Therefore, a surgical osteotomy guide should
be made.

A third issue is accuracy. Although CT scans are made in very
thin slices, the imaging modality can only provide the accumu-
lation of the multiple slices. Error can inevitably occur between
the slices. In particular, the orbital wall is too thin to be recon-
structed by only a 3D printing technique and a 3D printed orbit
model represents the orbit as vacant fields.

Finally, the artifacts associated with metal can discourage the
use of 3D printing models. For example, dental models cannot
be recreated with CT scanning because of accuracy issues. Den-
tal occlusion requires such delicate precision that the 3D render-
ing of CT data cannot provide a sufficiently high resolution. Hence,
dental scanners are currently being used and techniques that
merge CT and dental scans are common.

Despite these obstacles, 3D printing technology could be a
new medical modality. Although this basic technology was ini-
tially developed over 20 years ago, further technological advanc-
es could enable medical doctors to realize patient-specific indi-

vidualized medicine in the near future.

CONCLUSIONS

3D printing technology enables more effective patient consulta-
tions, increases diagnostic quality, improves surgical planning,
acts as an orientation aid during surgery, and provides a template
for surgical resection. In addition, as bio-cell printing technolo-
gy further evolves, tissues or organs might one day be made us-
ing 3D printing methods. 3D printing technology thus has the
potential to be very beneficial to patients and doctors in terms

of patient-specific individualized medicine.
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