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Three-dimensional (3D) printing has emerged as a defining component of the medical research and manufacturing industry in the past
|0 years. The main applications of 3D printing in medicine are the development of educational and simulation models, patient-specific
surgical guides and implants, and rapid prototyping of medical devices and biofabrication. 3D printing for preoperative planning in
orthopedic, maxillofacial, spinal, cardiac, and oncologic surgery is currently the most prominent topic in published literature. At the same
time, the models acquired via medical imaging may be used for 3D print custom implants tailored to patient’s needs. Yet, the most
promising field where 3D printing is being used in medicine is biofabrication of cell and tissue constructs, and this technology will possibly
change the whole approach both to organ transplantation and drug research in the near future. 3D printing is expected to have a huge
impact on the future of medicine. Current hype emerging from simple curiosity is steadily transitioning to a more structured approach
through unbiased scientific research.
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INTRODUCTION

The production of solid objects by adding them layer by layer is called additive manufacturing. This term was popularized
in the early 2000s and evolved to a more popular one called “3D printing”, which describes the processes used in additive
manufacturing. Initial 3D printers were developed in the 1980s but the real hype started in the late 1990s after commercial
3D printers were introduced to the masses. The real popularity was achieved through the community, which called them-
selves “the makers”. These enthusiasts used common designs and introduced them to the public via open source codes.
With the development of social mediq, video streaming, and online 3D printer spare parts shopping, kits with online as-
sembly instructions have become available fo common users, which has led to great reduction of the printer prices. The
health sector rapidly integrated 3D printing in its workflow and 3D printing became one of the locomotives of the industry.
In this article, we will describe the process of 3D printing, the technologies used, their applications, and current status in
medicine.

How Is It Done?

All processes start with a 3D model acquired via a computer-aided design, 3D scanner, photogrammetry or medical
imaging software. Prior to printing, the model should be examined for errors, because 3D printers do not recognize holes,
faces, self-intersections, and manifold errors. This issue is particularly encountered in models acquired by 3D scanning.
After this “digital cleaning and preparation”, the 3D file is processed by software called slicer which turns the model into
thin layers and produces a code that is recognized by a 3D printer.

This code is called G-code and contains a series of coordinates and commands specific to the machine. Until this part, the
process is much the same for all manufacturers. The real difference starts with the method used for 3D printing, and there
are approximately 20 different technologies. The most common ones are fused deposition modeling, stereolithography,
selective laser sintering, and material jetting. Fused deposition modeling (FDM) describes the process of adding layers of
molten thermoplastic on each other through a moving extrusion hot end onto a bed. This is the process most frequently
adopted by makers worldwide because of the ease of use and wide availability of cheap machines and supply materials.
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Stereolithography (SLA) is the process where, instead of melt-
ing, an ultraviolet (UV) curable resin is polymerized by high pre-
cision lasers in a tank. This technique produces the most precise
models and is widely adopted in the field of dentistry. Selective
laser sintering (SLS) uses laser to cure the powder polymer lay-
er by layer. This method produces sophisticated durable parts
mainly for engineering purposes. Material jetting is a process
which uses powder, which is sprayed layer by layer with imme-
diate curing via laser or a heat source. The last two technologies
need full-tfime technical support, are more industrial in nature,

FIGURE I. Image segmentation of tibial fracture

FIGURE 2. Patient-specific rib implant modeling

Mammadov E. Three-Dimensional Printing in Medicine

and the machines are not affordable for ordinary users. More
recently, the ferm “metal 3D printing” was infroduced to the in-
dustry and has already been used for the production of custom
surgical guides and implants. This technology is based on lay-
er-by-layer laser or heat fusion of metal powder.

All these technologies have different resolutions, printing times,
and price per part and use different materials with variable
strength properties. For example, an SLA print offers a highly
detailed model with a high price per part but with moderate
strength and is mostly suitable for printing 3D models prior to
dental and vascular procedures. SLS print is strong and detailed
because it is mostly printed with polyamide; however, it requires
a powder cleaning station and is more expensive than FDM and
SLA prints. FDM printed model is cheaper and stronger than
SLA printed model; however, it offers lower print detail and of-
ten requires printing of separate removable support structures
besides the print itself. Therefore, the knowledge of these tech-
nologies is crucial before deciding to acquire a particular ma-
chine for research purposes.

CURRENT APPLICATIONS IN MEDICINE

Surgical Planning and Education

3D printing for preoperative planning in orthopedic, maxillofa-
cial, spinal, cardiac, and oncologic surgery is currently the most
prominent topic in published literature. Modern medical imaging
workstations offer the possibility of converting patient images
into 3D models. This process is also possible by uploading the DI-
COM images into freely available open source imaging software
options. The software allows segmentation of the image, which
means selecting the region of interest in slices and converting it
to a solid 3D object (Figure 1). This object is further transferred to
the mesh software for digital cleanup and preparation for print-
ing. This method allows the surgeons to prepare for surgery and
reduce intraoperative decision time, particularly in complicated
cases. Sodian et al (I) showed that 3D printed stereolithographic
replicas were extremely useful in planning reoperations for pre-
vious coronary bypass surgery. At the same time, this method
also allows the surgeon to manufacture patient- and lesion-spe-
cific guides for orthopedic, spinal, and maxillofacial surgeries
(2-7). Printed models may also aid the patient to understand the
planned surgical procedure better, and, at the same time, the
models may be reserved for both student and resident training.
However, current literature lacks randomized controlled studies
to prove the proposed positive effects of 3D printing on surgical
planning. We may see studies on these aspects after the current
hype slows down leaving space for unbiased research.

Patient-Specific Implants

This is perhaps the most promising aspect of 3D printing in the
field of surgery. The images obtained from patients allow the sur-
geon to plan the surgery with a 3D printed model. At the same
time, this image may be reconstructed, and an implant tailored
for the specific needs of the particular patient may be modeled
with the dedicated software (Figure 2). This approach is already
being practiced by several centers and commercial companies,
and patient-specific implants are being manufactured using 3D
printing (8, 9). In a case documented by Phan et al (10), 3D printed
spinal implant reduced the overall surgery time and risk of neuro-
vascular compromise in a patient with Cl/C2 fusion. Unfortunate-
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ly, research in this area mostly comprises case reports and case
series for the treatment of specific pathologies.

Bioprinting

The most promising application of 3D printing is in the field of
biofabrication. The term bioprinting refers to the process of lay-
er-by-layer deposition of live cells suspended in a biocompat-
ible hydrogel or via the spheroid formation. The deposition is
achieved through extrusion or jetting based techniques (I1). The
polymers used for bioprinting are natural, such as gelatin, algi-
nate, collagen, fibrin, or synthetic, such as polyethylene glycol,
polycaprolactone (PCL), and polylactide co glycolide (PLGA)
(12). Current research is mainly focused on the development of
deposition systems and polymers to provide the most suitable
environment for long-term survival of cells in vitro. Howev-
er, the main challenge is the inability to fully mimic the natural
extracellular matrix and provide exact cell fo cell signaling and
interactions. Therefore, this process is extremely complex and
requires a high level of expertise, both in the field of engineering
and polymer and cell sciences. Printed cell aggregates are fur-
ther matured in bioreactors to form a functional tissue construct.
With the current pace of research in this field (13-21), it is possible
to foresee 3D printed tissue and organs in future.

Future Perspectives

Three-dimensional printing is definitely a niche area in med-
icine. The most striking future perspective is definitely in the
area of 3D bioprinting. Currently, budget 3D bioprinters capable
of performing basic tasks are becoming widely available due
to reduced prices. At the same time, many centers are building
their own printers for research purposes. Even the current status
of research predicts 3D printed organ and tissue constructs in
the near future.

Another definite surge is expected in the field of production of
patient-specific implants and prostheses. Many companies are
presenting their implants printed with different materials, in-
cluding titanium, and this approach will possibly be a surgical
routine in the near future.

Other fields like 3D printed surgical instruments and guides and
educational models are highly dependent on the mass avail-
ability of affordable 3D printers in every hospital and university.

CONCLUSION

Three-dimensional printing is expected fo have a huge impact
on the future of medicine. Current hype emerging from simple
curiosity is steadily tfransforming to a more structured approach
via unbiased scientific research.
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