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Abstract: Three dimensional (3D) printing involves a number of additive manufacturing techniques that are used 

to build structures from the ground up. This technology has been adapted to a wide range of surgical applications 

at an impressive rate. It has been used to print patient-specific anatomic models, implants, prosthetics, external 

fixators, splints, surgical instrumentation, and surgical cutting guides. The profound utility of this technology in 

surgery explains the exponential growth. It is important to learn how 3D printing has been used in surgery and 

how to potentially apply this technology. PubMed was searched for studies that addressed the clinical application of 

3D printing in all surgical fields, yielding 442 results. Data was manually extracted from the 168 included studies. 

We found an exponential increase in studies addressing surgical applications for 3D printing since 2011, with the 

largest growth in craniofacial, oromaxillofacial, and cardiothoracic specialties. The pertinent considerations for 

getting started with 3D printing were identified and are discussed, including, software, printing techniques, printing 

materials, sterilization of printing materials, and cost and time requirements. Also, the diverse and increasing 

applications of 3D printing were recorded and are discussed. There is large array of potential applications for 3D 

printing. Decreasing cost and increasing ease of use are making this technology more available. Incorporating 3D 

printing into a surgical practice can be a rewarding process that yields impressive results. 
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Introduction

Three dimensional printing technology has been adopted 
by surgeons at an impressive rate and in a large variety of 
applications. Nearly every part of human anatomy that can be 
operated on has had a 3D model printed of it. Furthermore, 
surgeons have gone beyond printing these impressive 
patient-specific anatomic models to printing patient-specific 
medical hardware, such as implants, prosthetics, external 
fixators, splints, surgical instrumentation, and surgical cutting 
guides. The recent explosion in popularity of 3D printing is a 
testament to the promise of this technology and its profound 
utility in surgery. 

Historically, the concept of using 3D medical imaging, 

specifically computed tomography (CT) data, to reconstruct 
a physical model was first suggested in 1979 (1). At that 
time, there were no rapid prototyping (RP)/3D printing 
systems available, however subtractive manufacturing, 
or milling, was a possibility. Prior to the advent of 3D 
printers the main method of fabricating a unique part for 
prototyping was with the use of Computer Numerical 
Controlled (CNC) machine. The computer controls the 
tools needed for fabrication of the part by controlling the 
lathes, mills routers, and grinders used in the process. This 
technique usually starts with a blank block of material that 
is slowly shaped into the final part. However, sometimes 
there is additional work done on the part by hand to further 
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refine it. The first anatomic model constructed with the 
use of medical imaging was done that same year. It was a 
model pelvis that was milled from a polystyrene block (2).  
With the introduction of the first commercial 3D printing 
machine in addition to increasing access to 3D medical 
imaging techniques in the late 1980s, applications for 
3D printing in the medical field began to be seriously 
considered. Stereolithography (SLA) is the technique by 
which a computer controlled laser been is used to harden a 
liquid polymer or resin, creating a structure layer by layer. 
SLA was the first 3D printing technique available and the 
first used in the biomedical field, in 1994 (3). Orthopedic 
surgery and Oral and Maxillofacial surgery were among 
the first specialties to adopt this technology. It has been 
suggested this is largely because 3D printing is more 
suitable to fields that handle hard tissue since the first 3D 
printers could only print with hard materials (4). Currently, 
per our review of the literature, nearly every surgical 
specialty has published applications for 3D printing.

Rapid prototyping (RP) is an additive manufacturing 
technique that works by building a model from the ground 
up, depositing material layer by layer. It was first used in 
the late 1980s and was developed to apply the precision 
and functionality of computer assisted design (CAD) to 
manufacturing (5). With this technology, a prototype 
could be quickly produced that accurately represented 
the engineers draft. Furthermore, if changes needed to be 
made, the engineer could easily digitally alter the draft and 
print the redesigned part. This concept was quickly adopted 
by the aircraft and automobile industries for the rapid 
production of prototype parts. Hence the name, RP. The 
first commercial three-dimensional (3D) printing machine 
was introduced in 1987, which dramatically increased access 
to RP. The more recent innovation in 3-D printing has 
been with the development of more affordable printers for 
hobbyists or small start-up companies. For a fraction of the 
cost of a large 3-D printer, one can now bring original CAD 
into the practical world of engineering. In 2014 the movie 
Print the Legend brought to light the rise of affordable 3-D 
printers and its wide spread use by all. 

RP and 3D printing, in the medical field, requires a 
multidisciplinary team. Most surgeons are not familiar 
with the techniques involved in 3D printing and most 
affordable printers require some engineering background 
for troubleshooting and CAD design. The purpose of this 
review is to provide a current overview of the published 
applications of 3D printing in surgery as well as to provide 
background information that would be helpful to those 

interested in introducing 3D printing to their practice. 
We will walk through the process of 3D printing in a 
chronologic stepwise fashion, including imaging modalities, 
the use of medical imaging for 3D modeling, 3D printing 
techniques, available materials, and the time and cost 
involved in 3D printing. Finally, we will also provide a 
brief overview of the published surgical applications for 3D 
printing. 

Methods

Eligibility criteria

We searched for studies that addressed the clinical 
application of 3D Printing in all surgical fields. Special 
attention was paid to identifying information that would 
be useful for those interested in introducing themselves 
to 3D Printing and taking the first steps to start using this 
technology. We excluded studies based on the criteria listed 
in Table 1. 

Study identification and selection

PubMed was searched on 15 May 2016 without limitation 
on date of publication or article type. Both Mesh terms 
and key terms were used to capture any publications not 
yet indexed. Search terms used include: “Printing, Three-
Dimensional” [Mesh], “3D Printing”, “Three-Dimensional 
Printing”, “3DP”, and “Surgery”. A flow diagram detailing 
our literature search and screening is shown in Figure 1. 

Data extraction

Data was manually extracted using a standardized 
spreadsheet. The categories of the data extracted from 
each study are listed in Table 2. Note that the extracted 
information was collected as available, as many studies did 
not report all or our variables of interest. 

Results and discussion

Imaging modalities used 

A 3D digital image is an essential part of 3D printing. The 
most commonly used modalities used are conventional CT 
and MRI. However, a number of other 3D imaging options 
have been used in 3D printing, such as: Cone Beam CT, 
CTA, MRA, PET, MRCP, 3D echocardiography, 3D laser 
scanning systems, and even images captured on an iPhone 
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(6-10). However, even simple drawing and physical models 
can be used to render a 3D digital CAD image of the 
part needed. In addition, digital data can be incorporated 
from multiple sources to create a unique CAD models. 
Gillaspie et al., 2016, combined CT and PET data to 
produce models that depict physiologic activity in addition 
to anatomy. Furthermore, this group performed imaging 
and 3D printing over time to capture the response of a 
tumor to induction therapy. Gillaspie et al. refer to this 
as 5-Dimensional printing, since they add both time and 
physiologic activity the 3D model (11).

3D modeling with medical imaging data 

Working with software is inherent to the process of 
3D printing, since the 3D Printer requires a digital 
representation of whatever is to be printed. Thankfully, 3D 
medical imaging is a convenient way to obtain a data set for 
digital 3D modeling and subsequent printing. Although the 
steps undergone to produce a digital 3D model will vary 
by application, what follows is a general summary of what 
producing a file that can then be used by a 3D printer entails. 
These steps have been adapted from Lambrecht et al.,  
2009, since the software employed in their workflow 
has been shown to be some of the most commonly used 
software in 3D printing, both in this review and by Byrne 
et al., 2016 (6,12). It should be noted that free open source 
software is available and its use in the 3D Printing of 
medical instruments has previously been described by Fuller 
et al., 2014 (13).

(I) Data acquisition, this includes building a digital 
model  e i ther de-novo with CAD software 
or with the use of a 3D imagining modality. 
For constructing an anatomic model, CT or 
MRI data are typically used and the data set is 
characteristically stored as a DICOM (Digital 
Imaging and Communications in Medicine) file;

(II) 3D Visualization and selection. At this stage a 
volumetric dataset is calculated from the available 
DICOM data. This can be done with a number of 
software programs, including accuitomo software 

Table 1 Exclusion criteria

Non-English

Non-human

Dental application 

No surgical or clinical relevance 

Not relevant to 3D printing 

Materials sciences 

Tissue-engineering & bioprinting 

Review Articles 

Editorial comment, correspondence, image submission

PubMed 
442 citations

441 
non-duplicate 

citations screened

281 articles retrieved

168 articles included

161 articles excluded 
after title/abstract screen

113 articles excluded 
during data extraction

Inclusion/exclusion 
criteria applied

Inclusion/exclusion 
criteria applied

Figure 1 Flow diagram summarizing the identification, screening, 
and data collection of resources.

Table 2 Extracted data 

Year

Title

Results & conclusions

Specialty 

Anatomic location (if printing an anatomic model, implant, or 
prosthetic) 

Application type (anatomic model, surgical instruments, implants 
and prosthesis)

Printing materials used 

Type of printer used 

Software used

Imaging modality 

Cost 
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(i-Dixel images);
(III) Creation of a virtual 3D representation from the 

previously acquired 2D layers and subsequent 
image segmentation. Creation of 3D model from 
a 2D layer set is automatically done by software. 
Image segmentation involves the dividing of the 
image into distinct anatomic parts and requires that 
the user have an understanding of the anatomy of 
interest. MIMICS (Materialise’s Interactive Medical 
Image Control System, Materialise, Belgium) is 
overwhelmingly the most common program used 
to accomplish these steps (12). The dataset is then 
exported in STL (STereoLithography, Standard 
Triangle Language, or Standard Tessellation 
Language) format, which is supported by all 3D 
printers available (14);

(IV) Geometric surface preparation. At this stage the 
virtual 3D representation is crude and the rough 
surfaces need to be smoothed. Other surface 
refinement can also be done, such as checking 
for and correcting any overlying surfaces, and 
simplifying the image file for more efficient 
printing;

(V) Print.
To state the process more simply, 3D imaging data is 

collected, often with a CT or MRI. The DICOM data is 
then converted to an SLA file. In the SLA format, the image 

can undergo segmentation and surface preparation. See 
Figure 2 for a graphic representation of this process and our 
recommendations. The SLA file is then suitable to be used 
by a 3D printer. The use of CAD to design de novo parts is 
beyond the scope of this review and not discussed. 

Printing techniques

There are a number of RP techniques now used. A brief 
summary of RP techniques is shown in Table 3. 

In addition to the additive manufacturing techniques 
described in Table 3, subtractive manufacturing should also 
be mentioned. In contrast to additive manufacturing, where 
material is selectively deposited to build a model, subtractive 
manufacturing employs milling, or the removal of material 
from a pre-existing block, typically of polystyrene. Although 
subtractive manufacturing uses less costly materials, additive 
manufacturing is superior in both geometric accuracy and 
versatility (15). With milling techniques, the interior of the 
model is always solid. With RP, the designer has control 
over the internal structure (5). This is relevant, for example, 
in the RP of surgical instruments. It has been shown that 
instruments with a honeycombed internal structure are 
more durable than their solid counterpart. Additionally, 
having control over the internal structure of the model 
means that models can be designed with an internal 
structure that requires less material and printing time (16). 

Materials used in 3D printing

The materials commonly used in 3D printing are listed 
in Table 3. Additionally, commercial 3D printing system 
manufactures provide a number of variations of these 
materials that can differ in color, density, flexibility, texture, 
durability, and tensile strength. The point is that there 
exists a large palate of potential materials. In addition 
to the materials already discussed, however, it is worth 
noting the use of materials novel to 3D printing. In a study 
by Okumoto et al., 2015, craniofacial bone models were 
printed with salt by a 3D inkjet printer (17). Their goal was 
to create a 3D printed bone model that closely represented 
the tactile sensation of human bone when cut. They found 
that models printed with salt accurately reproduced the 
sensation. 

Sterilization of the printed model is a common concern. 
Nevertheless, most of the materials used in 3D printing are 
compatible with acceptable sterilization methods for surgical 
instruments as listed by the Center for Disease Control 

Figure 2 Diagrammatic representation of the process of 3D 
printing.

DICOM data 
(CT, MRI, etc.)

SLA file

Segm entation
Surface model 

generation

Surface extraction, 3D model post-processing 
(recommend <1 mm CT slice thickness and 

voxel with isocubic spacing (4)

Topoogical correction, decimation, laplacian 
smoothing, local smoothing to create a 3d 

model suitable for 3D printing

Print
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(CDC), such as steam sterilization and low temperature 
techniques like hydrogen peroxide, peracetic acid, and 
ethylene glycol. For example, although polylactic acid (PLA) 
is a thermoplastic, it has a high-melting point (250 ℃) and 
can therefore be subjected to steam sterilization (121 ℃) (16).  
Additionally, it has been demonstrated that 3D printed 
PLA models can be sufficiently sterilized by immersion 
in glutaraldehyde (16). There are, however, practical 
limitations regarding a few materials, for example, some 
thermoplastics have prohibitively low melting temperatures. 
Regardless of some of these minor limitations, given 

the range of available printing materials, that many are 
compatible with current sterilization methods, and the 
numerous examples of the intra-operative use of 3D printed 
models, sterilization of 3D printing materials does not 
appear to be a barrier to intra-operative use.

More than the sterilization of anatomic models or surgical 
instruments, the sterilization of implants may be of particular 
concern. Adequate sterilization of materials used for 
implantation is possible, however, may present an additional 
regulatory hurdle. It has been suggested that implantable 
devices may need to be validated on a case-by case basis 

Table 3 Three-dimensional techniques, materials, and resolution

3D printing techniques Description Materials Layer thickness & X/Y resolution*

Selective laser  
sintering (SLS)

Uses a CO2 laser to fuse, or sinter, a fine  
thermoplastic powder (such as polycarbonate or 
nylon) in layers to form the model

Thermoplastics, ceramic, 
metals

Layer thickness: 0.004–0.006 mm; 
X/Y resolution: 0.030–0.050

Direct metal laser 
sintering (DMLS)

An SLS-like technique developed by EOS GmBH 
(Plannegg, Germany), which uses a laser to  
sinter metal powder)

Bronze alloy, steel, stainless 
steel, titanium, aluminum, 
cobalt, nickel alloy

Layer thickness: 0.0008–0.0012; 
X/Y resolution: 0.012–0.016

Stereolithography 
(SLA) 

Uses an ultraviolet laser and a mobile platform 
sitting inside a vat of resin, the laser  
polymerizes the resin in layers as the platform 
descends deeper into the vat

Epoxy resin, acrylate  
photopolymer

Layer thickness: 0.002;  
X/Y resolution: 0.004

Fused deposition 
modeling (FDM)—
also referred to as free 
form fabrication (FFF) 
or extrusion

Developed by Stratasys Inc. (Eden Prairie, MN, 
USA). FDM deposits a heated thermoplastic 
material layer by layer to produce a model

Acrylonitrile butadine  
styrene (ABS), wax, 
polycarbonate,  
polypropylene, various 
polyesters

Layer thickness: 0.007;  
X/Y resolution: 0.0028

Multi-Jet modeling Developed at MIT. Ink-jet nozzles are used to 
spray a liquid binding agent onto a ceramic or 
metallic powder creating a thin solid layer. After 
the model is complete, it must be sintered in a  
furnace and subsequently infiltrated with metal 
to yield a full-density model. Two different jets 
can be used to create a composite part. The 
composite material can be printed with  
functional components or one material may 
serve as support structure for more complex  
models. The supports are usually removed 
during the post-processing phase of production. 
The post-processing can be performed manually 
or by a variety of chemical methods

Plastics Layer thickness: 0.016**;  
X/Y resolution: N/A

Polyjet printing Similar to multi-jet modeling, however, can use 
a greater variety of materials and has a more 
simple post-processing stage

Photopolymers Layer thickness: 0.00063;  
X/Y resolution: 0.0017

*, accuracy information listed is the highest resolutions available as listed by Stratasys Inc. (Eden Prairie, MN, USA); **, specifications for 
the ProJet3500 HDMax (3DSystems).
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and will likely require consultation from the FDA (18).  
Although the variety of printing materials and model 
architecture can present a challenge, the sterilization of 
materials not traditionally implanted has been reported (19).  
Even more so, this problem is negated when implants are 
3D printed with metal, as they were in the majority of 
studies reviewed. 

Occasionally, there are applications that call for a 
material that is not compatible with 3D printing but still 
requires the use of CAD. This problem can be solved by 
printing a model of the desired implant, using that model 
to create a mold, and then using the mold to create the true 
implant out of the desired material (20). 

Cost 

Most 3D printing systems are now off-patent, therefore, 
the cost of these systems has been recently decreasing (3).  
The use of a commercial service for 3D printing is not 
uncommon and can be cost effective especially with 
low volume printing. With high volume printing, it is 
advantageous to purchase a printing system since although 
the initial cost of the printing system and software is high, 
the cost associated with each unit can be relatively low (4). 
3D Printing systems used for surgical applications range in 
cost, beginning at $2,000 for entry level FDM, SLA, and 
PolyJet systems to $150,000–$900,000 for the most accurate 
SLS, FDM, SLA, and PolyJet systems. (14). Interestingly, a 
new kickstarter campaign is offering a SLA 3D printer for 
$100. Software costs range from $500–$10,000 depending 
on the software package. As previously mentioned, 
however, free open-source software is available and its use 

has been previously reported (13). The cost of materials is 
also variable. One group has printed army/navy surgical 
retractors from PLA with FDM for $0.46 per each PLA  
retractor (21). On the other hand, printing with metal can 
be substantially more expensive. One group spent $1,200 on 
the printing of a stainless steel bone reduction clamp (13). 

Time requirement

The process of 3D printing can be time intensive, especially 
the processing of 3D imaging data and/or the design of 
digital models with CAD. With advancements in software 
and greater workflow automation, however, this process 
is becoming increasingly user friendly and streamlined. 
Furthermore, a recent review considered that the large 
amount of time required for 3D printing was well worth 
the benefit. Noting that 10 minutes saved in the operating 
room would be equivalent in cost to 1 hour of work spent in 
the production of a 3D printed object (22). Even more so, 
direct benefit to the patient such as less anesthesia exposure, 
decrease blood loss, and improved surgical outcome could 
potentially be invaluable (23-26). 

Overview of the applications of 3D printing in surgery

The use of 3D printing in surgery has increased exponentially 
since 2013 (Figure 3). The variety of applications is broad 
and has likewise increased. Previous reviews have divided the 
applications of 3D printing in surgery into three categories: 
(I) anatomic models; (II) implants and prostheses; and (III) 
surgical instruments (4). In this review, we will adhere to 
the categories previously proposed but also expand where 
necessary to reflect an updated review of the literature. 
Our expanded categories include: (I) anatomic models; (II) 
implants, prostheses, splints, and external fixators; and (III) 
surgical instrumentation and guides. 

Anatomic models 
Anatomic model fabrication is overwhelmingly the most 
common use of 3D printing in surgery. In our review, there 
were 126 publications reporting the use of 3D printed 
anatomic models compared to 18 publications on implants, 
prosthesis, splints, and external fixators, and 36 publications 
on surgical instruments and guides. The 3D printing of 
anatomic models is largely done for two purposes, pre-
operative planning and education. Pre-operative planning 
is the more common use. We found that 83 studies used 
anatomic models for pre-operative planning compared to 

Figure 3 A graphic history of the published studies addressing 
surgical applications of 3D printing.
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36 studies that used the models for education and 7 studies 
that used the models for both. In the majority of these 
studies, 3D printing was found to be a valuable tool in both 
the pre-operative planning stage as well as in educating 
surgical residents and medical students. Below, we have 
comprehensively outlined how 3D printed anatomic models 
have been used in surgery. Figure 4 depicts the range and 
commonality of anatomic models that have been printed.

Anatomic models: pre-surgical planning 
Preoperative planning has been heavily impacted by 3D 
printing. In the pre-surgical planning stage, 3D models 
have been used to represent vital anatomy, simulate the 
procedure, and pre-shape or test surgical tools. Studying a 
patient’s anatomy with a life size replica of the structures in 
hand has obvious benefit compared to viewing images on a 
computer monitor. A recent study compared the utility of 
3D printed models to 3D rendered images for preoperative 
planning (27). Surgical residents were asked to develop 
and review either 3D computer models or 3D printed 
models and subsequently formulate a pre-operative plan. 
The residents who reviewed the 3D printed models scored 
significantly higher in the quality of their surgical plan. The 
authors concluded that the use of 3D printed models may 
result in improved quality of pre-operative planning for 
novice surgeons and be useful for improving skill outside 
the operating room. This is a summary of how anatomic 
models have been applied across the surgical specialties in 
pre-surgical planning. 

Neurosurgeons have used anatomic models of complex 
skull base and craniovertebral junction deformities (28) in 
their planning. Within Spine surgery, models have been 
used to plan for corrective surgery in adolescent scoliosis 
patients (29). In fact, the use of 3D printed models to 
plan for surgery in patients with scoliosis, atlas neoplasms, 
and atlantoaxial dislocation have been shown to reduce 
operating time and intraoperative blood loss (23). 

Vascular surgeons have printed patient-specific celiac 
trunk aneurysms (30), patient-specific aortic models to guide 
graft fenestration placement for branch vessels (31), and 
techniques have been developed to print whole aortic models 
that most accurately represent the patient’s anatomy (32).  
In this last case, the calcified plaque was digitally removed 
before printing to patient a more anatomically correct 
model. 

Cardiothoracic surgeons have strongly embraced 
the printing of 3D models for pre-operative planning. 
Published applications include printing anatomic models of 
patient anatomy for planning for correction of congenital 
heart diseases, such as transposition of the great arteries, 
ventricular septal defect, pulmonary stenosis, and double 
outlet right ventricle correction (33-36). As well as printing 
models to prepare for primary cardiac tumor resection 
(11,37), septal myectomy (38), cardiac schwannoma 
resection (39), pediatric cardiac transplantation in a patient 
with a univentricular heart (40), correction of intracardiac 
defects (41), ectopic thymoma resection (42), complete aortic 
arch replacement (43), pulmonary subsegmentectomy (44),  
lung cancer resection (45), and complex esophageal 
pathology (46). The use of 3D printing in cardiothoracic 
surgery has been especially helpful in patients with 
aberrant vascular anatomy (45). Some have even sterilized 
the anatomic models and used them intra-operatively for 
anatomic orientation, for example, one group printed the 
vascular anatomy of a patient with a history of coronary 
artery bypass grafting (CABG) who was undergoing aortic 
valve replacement surgery for intraoperative use (47).

In hepatobiliary surgery, 3D printing has also been 
employed as a method of studying variant anatomy before 
surgery. A group printed a patient-specific life-size liver 
model representing tumor and variant vasculature prior 
to hepatectomy (48). Furthermore, 3D printed models 
have been used to identify hepatic tumors intraoperatively 
that would otherwise be invisible on ultrasound (49). In 
transplant surgery, the use of 3D printed models of living 
donor and recipient vascular and biliary tract anatomy in 
pre-operative planning has been efficacious (9,50).

Figure 4 Number of published articles by anatomic model printed.
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Using 3D printed models to plan for operations 
involving rare or abnormal anatomy has also been used in 
orthopedic surgery. For example, in planning for revision 
lumbar discectomy, this study reported decreased operative 
time and intraoperative blood loss (24). Other published 
orthopedic applications include planning for the correction 
of a large scapular osteochondroma (51), pelvic surgery (52),  
and surgical correction of recurrent anterior shoulder 
instability (53).

In urology, 3D printing of anatomic models has been used 
for the pre-surgical planning of partial adrenalectomy (54),  
partial nephrectomy in the resection of renal tumors (55), 
and for educating patients about the anatomy of their 
kidney and tumor before resection (56). 

Oral and maxillofacial surgeons have used 3D printing 
to plan for correction of orbital hypertelorism (57) and 
maxillary reconstruction (58). In craniofacial surgery, 3D 
printed models have been used to assist pre-operative flap 
design in the treatment of Parry-romberg syndrome (59) as 
well as to plan for split calvarial bone grafting (60). 

Plastic Surgeons have used 3D printing in pre-operative 
planning to depict the boney anatomy of the thumb in 
various orientations (61), to assist flaps design and harvest 
by printing a “reverse” model of the soft tissue wound 
defect (62), and to print soft tissue and skeletal models of 
the hand used to determine the size of the graft in toe-to-
hand reconstruction (63).

Anatomic models: pre-surgical simulation
In addition to using 3D printed anatomic models to simply 
gain a more accurate perception of the patient’s anatomy, 
these models have also been used to perform mock surgeries 
pre-operatively with patient-specific anatomy. This can be 
highly valuable in the planning of surgery in a patient with 
highly complex or rare surgical pathology (64). 

In cardiothoracic surgery, published examples of 3D 
printed patient-specific models for pre-operative simulation 
included the following: complex aortic arch obstruction (65), 
hypoplastic aortic arch model in preparation for endovascular 
stenting (66), tracheoesophageal fistula model (67), lung 
vasculature model for thoracoscopic segmentectomy (68), 
models for simulation of transcatheter valve replacement (69), 
and airway models for simulation of airway stent insertion (70).

In pediatric surgery, published examples of pre-surgical 
patient specific simulations include laparoscopic choledocal 
cyst excision (64) and thoracoscopic infant lobectomy (71). 
These authors found pre-surgical simulation to be a valuable 
tool. These anatomic models were also used in teaching 

residents, who found the simulations valuable for clinical 
practice and as a learning tool (64). 

Hepatobiliary surgeons have printed models of hepatic 
vasculature to simulate parts of the surgery before 
cholangiocarcinoma resection (72) and, in another case, 
hepatoblastoma resection in a child (73). 

In transplant surgery, patient-specific models have 
been printed to simulate and plan for lobar lung 
transplantation (74) and kidney transplantation (75). 
Before lobar lung transplantation, models of the donor 
and recipient pulmonary vasculature were printed and all 
vascular anastomosis were simulated pre-operatively. In the 
kidney transplantation, a complete pelvic cavity replica was 
printed. 

In orthopedic surgery, it has been found that simulating 
intramedullary nailing in severely bowed femurs and 
atypical fractures with patient-specific models can be 
valuable in the pre-operative stage (76).

In Otolaryngology, 3D printing has been used to print 
temporal bone models for otologic surgery simulation 
(77,78) as well as cricoid cartilage models that nearly 
identically represent the physical characteristics of human 
cricoid cartilage in vivo. The later models were used to 
assess the likelihood of cricoid fracture with balloon dilation 
procedures (79). 

In plastic surgery, 3D printing has been used for 
simulation of auricular framework reconstruction involved 
in the treatment of microtia (80). The printed costal 
cartilage model was more representative of pediatric 
rib geometry and texture then the currently available 
simulations. 

Anatomic models: pre-surgical manipulation and 
selection of surgical equipment
In addition to the use of 3D printed anatomic models to 
study the patient’s anatomy or simulate the surgery pre-
operatively, patient specific anatomic models have also 
been used to physically shape and/or direct the appropriate 
choice of surgical instrumentation and implants. An 
example is shown in Figure 5. In general, this has been an 
advantageous practice since it allows the surgeon to modify 
or shape this equipment outside of the operating room in 
a controlled environment. This can further streamline the 
operation and decrease operative time while increasing 
implant or instrument accuracy. 

Neurosurgeons have printed aneurysm models for the 
purpose of forming a microcatheter shaping mandrel to line 
the curvature of the parent vessel. They found that the pre-
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operatively patient-specific shaped microcatheters matched 
the vessel and aneurysm anatomy intraoperatively (81).

In vascular surgery, aortic aneurysm models have 
been used to assist in choosing an appropriate devise for 
aneurysm repair (82).

In orthopedic surgery, published examples of pre-shaping 
titanium plates with anatomic models include use of a calcaneus 
model in planning for calcaneal fracture reduction (83)  
and clavicular models for clavicle fracture reduction (84,85).

This concept has been extensively applied in Oral 
Maxillofac Surg For example, published applications include 
printing anatomical models of a variety of cranial and facial 
bones to shape titanium implants (86-88), printing a skull 
and orbital model for the molding of synthetic scaffolds 
in the correction of post-traumatic orbital deformity (89), 
printing a mandibular defect to design a surgical guide 
(90,91), and using a model of the pelvis to design a surgical 
guide for pelvic graft harvest (92). Beyond simply using 
the anatomic model to physically shape the implant, these 
models have also been used to engineer implant structure and 
analyze the stress distribution transferred to the implant (93). 

Published applications in craniofacial surgery include 
shaping titanium plates pre-operatively with models of 
the orbit (94), mandible (95), and skull (96). In addition to 
titanium plate modification, 3D models have also been used 
to design screws and of predetermined length to assist intra-
operatively in contouring surgery in a patient with severe 
fibrous dysplasia (97). In craniofacial surgery anatomic 
models have also been used to shape a frontal sinus template 
to guide osteoplastic flap surgery (98). An example that 
takes advantage of the power of CAD in 3D printing is the 

use of patient-specific maxillary models that were digitally 
designed to predict the molding stages in the treatment of 
children with cleft lip and palate. The predicted anatomy 
was 3D printed and used to design appliances for pre-
surgical nasoalveolar molding of the cleft lip and plate (99). 

 
Anatomic models: education
3D printed anatomic models are a valuable tool in 
medical education, both for medical students and resident 
physicians. Medical students sometimes do not have access 
to cadaveric anatomic examples, in which these physical 
models can be useful. Also, these models have been useful 
for the teaching of anatomic pathology not commonly 
seen in cadaveric samples. Such as a variety of ventricular 
septal defects (100). 3D printed models have been especially 
beneficial for surgical resident education. The technology 
has been applied extensively to produce surgical simulations 
that more accurately represent the anatomic pathology 
encountered, the tactile feedback of truly operating, and 
practice operating on rare surgical pathology. 

Neurosurgeons have used 3D printing for this purpose 
prolifically. Published examples include skull base surgery 
simulations with a temporal bone model (101), clipping 
cerebral aneurysms with a patient specific models (102-104),  
brain retraction with a brain model that accurately 
represented the consistency of brain tissue (105), endoscopic 
surgery simulation in a model with hydrocephalus (106), 
simulating ultrasound surgery (107), and use of printed 
models to simulate EVD placement (108). Simulating 
appropriate tactile sensation has also been explored in 
neurosurgery, a brain model with realistic tactile feedback 
and force transducers has been developed to train 
neurosurgery residents how to atraumatically retract brain 
tissue (109). 

In general surgery, there have been a variety of 
publications on this topic. For example, 3D printing 
has been used to fabricate components for the surgical 
simulation of laparoscopic pyloroplasty (110), endoscopic 
ampullectomy (111), and EUS guided biliary drainage (7).

In the surgical training of Otolaryngology residents, 
temporal bone models in surgical simulation and pre-
operative planning have been found to be highly useful. So 
much so, that there has been interest in developing a low 
cost model that adequately represented realistic feedback 
to drilling for resident training. This bone simulation 
model was developed and can be printed on a desktop 3D 
printer for as little as $1.92 per model (112). Additionally, 
a temporal bone model for other dissection exercises has 

Figure 5 3D printed patient-specific mandibular model and plastic 
mandibular reconstruction plate model used for the pre-surgical 
contouring of a titanium plate for orthognathic surgery.
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been developed and validated (113). A similar temporal 
bone model representing pediatric anatomy have also been 
developed and found to be extremely useful given the even 
greater cost and low availability of pediatric cadaveric 
temporal bones (114). Other published examples of the 
use of 3D printing in training otolaryngology residents 
include printing representations of nasal cavity, paranasal 
sinuses, and intrasellar/pituitary pathology for surgical 
simulation (115), skull base pathology for simulated practice 
performing endoscopic skull base surgery (116), and 
development of a simulation system for mastoidectomy with 
3D printed anatomic structures (117).

In oral and maxillofacial surgery, there has also been work 
to create models that accurately recreate tactile feedback, as 
previously mentioned, in this study a mandibular model was 
printed from salt (17).

Plastic surgeons have used cleft lip and palate models to 
teach chelioplasty via simulation (118). The silicone models 
for chelioplasty cost less than $50 and were found to be 
useful by the residents. Ophthalmology resident physicians 
have used 3D printed orbital models for anatomic 
instruction and surgical simulation (8,119). 

Implants, prosthesis, splints, and external fixators 
RP provides a unique ability to digitally customize implants, 
prosthetics, splints, and external fixators to be patient-
specific. Furthermore, computer based surgical simulations 
have been used to recreate optimal surgical outcome and 
then design and print the appropriate hardware (120,121). 
This technology presents the ability to customize these 
devices in a way not previously possible. 

In neurosurgery, published examples include the printing 
of a customized titanium vertebral body for reconstruction 
of the upper cervical spine in an adolescent with Ewing 
sarcoma (122). Neurosurgeons have also used 3D printing 
to print polymethylmethacrylate (PMMA) implants for 
reconstruction of skull defects (20). They found that use 
of the 3D printed implant resulted in low complication 
rate and high patient and/or parent satisfaction. In 
cardiothoracic surgery, titanium rib prosthetics have been 
3D printed for chest wall reconstruction status post large 
resection of a non-small cell lung cancer (123). 

This application has been especially endorsed by a variety 
of orthopedic surgery groups. For example, the complex 
anatomy of the pelvis precludes straightforward reconstructive 
techniques. 3D printing has been used to fill this need. A 
custom titanium pelvic implant, that included the acetabular 
cup has been 3D printed to reconstruct a complex defect status 

post pelvic chondrosarcoma resection (124). In fact, there 
has been a small-center series of 24 patients who underwent 
3D printed custom acetabular cage implantation (125).  
The authors considered this approach efficacious and ready 
for evaluation in a larger population. 3D printed plates for 
fixation of intercondylar humeral fractures have also been 
used (126). Within orthopedic surgery, 3D printing has also 
been used to fabricate custom external fixation hardware. 
Computer-assisted reduction technology was used to design 
the hardware, including mounting hole placement, for 
fixation of tibial fractures (120,121). The authors named 
this device the ‘Q Fixator’ and found that it was easily 
manipulated and that it enabled a successful reduction and 
fixation independent of the surgeon’s experience. 

In urology, they have printed ureteral stents with 
a rubber like material for the long-term treatment of 
vesicoureteral reflux (127). The stents have yet to be used in 
animals, but are worth noting to demonstrate the utility of 
CAD and 3D printing in the design, RP, and in vitro study 
of a stent. 

In otolaryngology, customized splints have been printed 
for the treatment of tracheobronchomalacia in infants (19).

In oral and maxillofacial surgery, published examples 
include printing of a titanium mesh for reconstruction 
of maxillary defect (128), computer aided design and 3D 
printing of Cobalt-chrome alloy arch bars for the treatment 
of mandibular and/or maxillary fractures (129), and printing 
of a custom spacer for temporomandibular joint resection and 
reconstruction that was impregnated with antibiotics (130).

In craniofacial surgery, auricular implants have been used 
successfully in the ear reconstruction of those with acquired 
or congenital loss of the ear. Two studies have assessed the 
role of CAD and 3D printing in design and fabrication 
of these implants. It has been reported that the use of 3D 
printing for this application is a possibility (131). Auricular 
prosthesis have also been constructed with the use of CAD 
and 3D printing, they found that CAD and 3D printing 
actually saved time in the prosthetic fabrication process (132).  
Tissue engineering is beyond the scope of this review, 
however, it is worth noting that there is work to print 
tissue bioscaffolds impregnated with growth factors for 
auricular reconstruction (133). Aside for ear reconstruction, 
craniofacial surgeons have also used 3D printing to fabricate 
titanium implants for the reconstruction of large cranial 
defects (87). This group not only utilized 3D printing to 
fabricate the titanium implant, but also printed a model 
of the patient’s skull to assess the fit of the implant pre-
operatively. 
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In ophthalmology, they have printed a customized ocular 
prosthesis (134) and intraocular lenses for implantation 
status post cataract surgery (135). It should be noted 
however, that the printed lens did not meet current clinical 
standards, but showed promise. 

Surgical instrumentation and guides
The 3D printing of surgical instrumentation and surgical 
guides has great potential value. Given that it enables the 
use of customized surgical instruments, precise patient-
specific surgical guides, and even the RP of surgical 
equipment in areas were acquisition of such equipment by 
conventional means is not a possibility. An example two 
surgical cutting guides are shown in Figures 6 and 7. 

Neurosurgeons have used 3D printed surgical templates 
for fronto-orbital advancement surgery (136), which they 
found to be accurate, easy to use, efficient, and reproducible.

In general surgery, several have published on the printing 

of standard surgical instruments (16,21). Beyond this, RP 
has provided a platform for the fabrication of unique and 
complex instruments. Although having only been tested 
in animals thus far, it is worth noting that a group has 
employed CAD and 3D printing in the production of a 
novel endoscopic device (137). Not only did 3D printing 
enable the fabrication of the device, but also a quick 
turnaround for improvements in design. 

In orthopedic surgery, patient-specific surgical guiding 
templates have been printed for the precise resection of an 
osteosarcoma (138), corrective osteotomy in treatment of 
a pronation deformity (139), for unicompartmental knee 
arthroplasties (140), and to guide midcervical pedicle screw 
insertion (25), screw trajectory for complicated tibial plateau 
fracture fixation (141), and lumbar pedicle screw fixation (26).  
The use of 3D printed surgical guides in orthopedic 
application has resulted in shortened operating time and 
less intra-operative blood loss. 

A urology group has printed trocars, in addition to 
ureteral stents, for laparoscopic surgery (142).

An especially novel surgical application of CAD and 3D 
printing employed by urologists is worth mentioning in 
greater detail. The correlation between magnetic resonance 
imaging and the histology of prostate cancer is important 
for the improvement of the predictive accuracy of MRI for 
this disease. Preister et al., 2014, employed CAD and 3D 
printing to construct a mold from MRI data that would 
fit around the extirpated tumor. The mold contained a 
series of parallel slits that each correlated with an MRI 
slice. After the surgery, the tumor could then be sectioned 
in accordance with the mold and the histologic sections 
compared to the corresponding MRI slice for MR-histology 
correlation (143).

Figures 6 3D printed guide for fibular osteotomy for mandibular 
reconstruction.

Figure 7 3D printed guide for mandibular osteotomy for mandibular reconstruction.

A B
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The majority of publications on 3D printing surgical 
instruments and guides have been in Oral Maxillofac 
Surgery. Perhaps because the use of surgical guides in 
orthognathic surgery is not uncommon. RP has been used 
to fabricate maxillomandibular repositioners/splints (144) 
in addition to a relatively large number of interocclusal 
wafers for orthognathic surgery that were designed with 
the use of CAD (145-148). From these examples, it is 
clear that the development of patient-specific devices in 
oral maxillofacial surgery has enabled even more accurate 
orthognathic surgery. Regarding the use of surgical guides 
and templates, published examples include the 3D printing 
of surgical templates for the treatment of osteochondroma 
of the mandibular condyle (149), mandibular reconstruction 
with a free flap (150), genioplasty (151), cutting guides 
for maxillary repositioning (152), cutting guides for other 
maxillary surgeries (153), and surgical guides for fracture 
reduction of the mandible (148,154) and condyle (155). 3D 
printed drilling guides have also been employed (156). 

In craniofacial surgery, 3D printing has been used to 
print a mold of an orbital floor defect which was then used 
to sculpt an autologous bone implant (157). Patient-specific 
surgical guides have also been printed for mandibular 
osteotomy in the treatment of hemifacial macrosomia (158), 
mandibular distraction in the correction of mandibular 
hypoplasia (159), and for 3D tissue contouring in the 
treatment of aggressive fibrous dysplasia (160).

Additionally, in plastic surgery, 3D printing has been used 
to construct a bone reduction clamp for hand surgery (13)  
and a surgical guide for mandibular angle ostectomy (161).  
3D printed surgical guides have also been adopted in 
ophthalmology and have proven especially useful for 
technically difficult surgery, such as collection of the donor 
cornea for Descemet stripping automated endothelial 
keratoplasty (162). Finally, an obstetrics and gynecology 
group published a proof-of-concept study to demonstrate 
that surgical equipment could be 3D printed, where they 
printed a suction tubing connector that was later used in a 
surgical procedure (163). 

Conclusions

In this review, the diverse and increasing applications of 3D 
printing have been presented. In addition, we have provided 
a background on RP and some of the considerations when 
getting started with 3D printing, such as imaging, software, 
printing materials, sterilization of printing materials, and 
cost and time requirements. The implementation of 3D 

printing in surgery has increased exponentially, as evident 
by the number of publications over the past 10 years. We 
believe that this is a result of the impressive utility and 
large array of potential applications for 3D printing, in 
addition to decreasing cost. The road to implementing this 
technology in clinical practice can initially appear daunting, 
with the necessary use of unfamiliar software and the large 
number of 3D printing modalities available. With the use 
of a multidisciplinary team and rapid advancements in the 
field, incorporating 3D printing into a suitable application 
can be a highly rewarding process.
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