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Abstract

3D printing has been applied to multiple areas since 1980. Biomedical applications have grown
significantly and become the mainstream of 3D printing applications. In this review, we elucidated the
publication distribution of biomedical 3D printing using the CAS Content Collection. From 2010 to 2021,
journal and patent publications grew steadily, except for the decline in patent publications in 2021. In
general, journal publications are higher than patents. There are approximately 90 countries participating
in the 3D printing application in this field. We are reporting the publication distributions related to the
following categories: (1) four major techniques: powder bed fusion, extrusion, jetting, and
photopolymerization; (2) substances: polymers and inorganic substances; (3) biomedical fields:
tissue/organs, orthopedic/prosthetic, pharmaceutical, and others. We investigated the correlation
between these search terms and revealed the co-occurrence of the concepts appearing in publications
related to 3D printing in biomedical applications. This review provides an overview of the current
advancement and trends of 3D printing applications in the biomedical area.

History of 3D Printing

The earliest idea of 3D printing emerged in 1980s. It started with Hideo Kodama’'s first 3D printing
patent application in 1980, then Charles Hull’s invention of stereolithography (SLA) in 1983, Carl
Deckard’s selective laser sintering (SLS) in 1987 and the commercialized 3D printer in 1988, and Scott
and Lisa Crump’s fused deposition modeling method (FDM) in 1989. These techniques paved the way for
advanced technology development and multidisciplinary applications.! 3D printing facilitates the
concept model development with high customizability and rapid prototyping. Nowadays, 3D printing
technology is utilized in various fields ranging from food, construction, automotive, and electronics to
medical industry.

General Scope

For our report, we focus on the biomedical applications using 3D printing techniques to provide insights
into the development of this field. Our data was collected from the CAS Content Collection, which covers
publications in more than 50,000 scientific journals from around the world in a wide range of disciplines,
62 patent authorities, and 2 defensive publications (Research Disclosures and IP.com). Based on our
search query (See Supporting Information), 22,000 documents were selected, and we further analyzed
these documents with different search criteria.


mailto:chsu@cas.org

3,500

3,000 |
m Journal

|

)

S

S
1

Patent

N

o

S

S
1

Publication count
k3
()
o

N
o
o
(@)
T
|
|

500

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021
Year

Figure 1. Annual trends of journal and patent publications for biomedical applications of 3D printing

The publications for journals and patents from 2010 to 2021 for biomedical applications of 3D printing is
around 14,500 and 5,600, respectively. The publication trends feature a steady growth, as shown in
Figure 1. After 2014, the publication rapidly increased in both journals and patents. Compared to the
number of granted patents, the number of journal publications increased steadily after 2017, and the
difference became 2500 in 2021. The innovation of biomedical application using 3D printing techniques
is blooming, and the commercialization of novel ideas also increases steadily despite a trivial decline in
2021 for patent publication.
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Figure 2. Top 15 countries and regions in journal publication volume related to biomedical applications
of 3D printing

The top countries contributing to journal publications are shown in Figure 2. The United States and
China are the leaders in journal publications, followed by Korea, the United Kingdom, Germany, and
India contributing to this field with significant amounts of publications. According to our data collection,
90 countries/regions have gotten involved in this field with published journals. This data demonstrates
the importance of 3D printing techniques for biomedical applications around the world.
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Figure 3. The 20 most productive institutes in journal publication related to biomedical applications

Among the top 20 institutes for journal publications (Figure 3), Chinese institutes are the main
contributor. The Institutes from the United States, Korea, and Singapore also made remarkable
contributions to the journal publications.



2000 r

= 1800
S 1600 |
S 1400 |
c 1200 |
2 1000 |
® 800
% 600 |
S 400 |
& 200 | l
208 '------.-.-.-.-.
,fb @ 2 & > 2 @ N
0 (\ 0 ’b » (\ > \Z)
AN
3‘@) rz;b\t‘%@ %‘;}o @
N 5 >
Country

Figure 4. Top 15 countries and regions in patent publication volume related to biomedical applications
of 3D printing

The number of patent publications from different countries and institutions are given in Figures 4 and 5
respectively. As indicated, China and the United States lead the publication trend of patents, followed by
Korea and Germany. There are 59 countries/regions which contributed to the patents in this field.
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Figure 5. Top 20 patent assignees for patent publications related to biomedical applications

From the companywide aspect, Figure 5 shows that 3M, the United States-based company, has been
granted the most patents in all time, followed by Ivoclar Vivadent AG in Liechtenstein, T&R Biofab Co.
Ltd. in Korea, Essilor International in France, and CELLINK AB in the United States. As academic
assignees, China contributed the most, followed by the United States and Korea.
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Figure 6. Co-occurrence of top 100 concepts appearing in publications related to 3D printing in biomedical
applications

To further shed light on the status of development in biomedical applications of 3D printing, we have
also analyzed the prevalence and connections between different concepts. The results are shown in Figure
6, where the size of a node reflects the number of times the corresponding concept occurred in the
literature, lines between every two nodes denote co-occurrences in the same publication, and distances
between nodes indicate the frequencies at which the concepts co-occurred. Concepts with most frequent
co-occurrence are grouped into the same color: green nodes depict concepts related to 3D printing
technologies and materials, blue and yellow nodes represent biomedical-related concepts, whereas red
nodes correspond to characterizations and properties of 3D printed biomaterials. Several observations
can be made from the diagram: (1) the prevalence of hydrogel materials in bioprinting technology is
illustrated by the short distance between the concepts “hydrogels” and “bioprinting”; (2) concepts related
to 3D printing techniques (except “three-dimensional printing” and “additive manufacturing”) are small
and have few connections (co-occurrences) with other concepts, suggesting that 3D printing methods
studies have been much isolated from research involving applications or properties of printed materials;
(3) the prevalence of materials characterization concepts such as “porosity”, “surface structure”, “Young’s
modulus” and their connections with “bone”, “bone formation”, “tissue scaffolding”, etc. indicate the
significance of related studies.

In the following sections, we will display further publication analysis upon different search
queues.



3D Printing Technologies and Their Publication Trends in Biomedical Application

First, we investigated four major printing technologies: (1) powder bed fusion; (2) jetting; (3) extrusion;
(4) photopolymerization. A brief introduction of each major 3D printing technology is shown below.

Powder bed fusion

In general, the powder materials are sprayed evenly to create a thin layer for the laser or electron beam
to melt the particles, followed by the rapid solidification for each layer of the 3D printed product.
Selective laser sintering (SLS) and electron beam melting (EBM) are two of the common techniques
applied to this 3D printing method. Materials like ceramics, thermoplastic particles, metal powders,
alloys, plasters, and composites > % # are commonly used with this method.

Jetting

The concept of jetting is based on the regular inkjet printer. The liquid materials are injected as droplets
through nozzles and quickly solidify to form a layer of material based on the path of computer-aided
design (CAD). Materials in fluid phase or suspension type like polymers, nanoparticles, metals, ceramics,
and bio-related materials are applicable to this method.®

Extrusion

Extrusion uses a nozzle to deposit the heated material layer by layer on the path determined by CAD
software to build up the 3D product. Solid materials like thermoplastics, for instance, polyamides,
polylactic acid, acrylonitrile butadiene styrene copolymer (ABS) are often used with this method.®

Photopolymerization

One typical example of photopolymerization-based 3D printing is stereolithography (SLA). SLA uses a
laser to selectively cure the photopolymer from top to bottom, layer by layer while lowering the
platform inside the liquid resin tank. This technology further results in biocompatible products using
biocompatible or biodegradable photopolymers such as polyvinyl alcohol (PVA), polyethylene glycol
(PEG), Poly (ethylene glycol) diacrylate (PEGDA), and so on.’



Publication trends of different 3D printing techniques for biomedical applications
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Figure 7. Publication trends for different techniques of 3D printing used in biomedical applications
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Figure 8. Comparison of journal and patent publication trends for 3D printing techniques used in
biomedical applications. (a) powder; (b) extrusion; (c) jetting; (d) photopolymerization.
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To look further into the publication trend based on four major 3D printing technologies—powder bed
fusion, jetting, extrusion, and photopolymerization, the annual publication counts for the technologies
from 2001 to 2021 are shown in Figure 7. Extrusion grows dramatically after 2014 and becomes the
mainstream among these four methods in 2021 (Extrusion: 48.4%; Powder bed fusion: 27.4%;
Photopolymerization: 19.5%; Jetting: 4.7%). As the timeline indicates, powder bed fusion and extrusion
are two major techniques (34.6% and 37.9%, respectively).

The journal and patent publication trends for each technology are revealed in Figure 8. For each
technique, journal publication volumes are higher than patent publications. This phenomenon matches
the annual publication trend (Figure 1). Only 7.4% of publications in jetting are patents; most jetting-
related publications are devoted to journal articles (92.6%). For other techniques, the patent publication
counts are lower than the journal publications (as patents, extrusion: 18.5%; powder: 35.0%;
photopolymerization: 30.4%), but the proportions of patents are higher than that of jetting. We can
expect the growth of patent publication in the future upon the commercialization of new inventions in
3D printing technologies for biomedical applications.

Substances-Based Analysis in Biomedical Application

Herein we categorized substances into polymers, inorganic, and hydrogels. We selected several common
substances used as 3D printing materials, and the introduction is also given in the following section.

Synthetic Polymers

Polycaprolactone (PCL) and poly(lactic acid) (PLA) are both linear polyesters with low melting points. PCL
has been extensively utilized with 3D printing technologies for medical applications because of its low
melting point (60 °C). PCL is applied to liver-on-a-chip, bone generation, cartilage reconstruction, etc.®?®
PLA, a biodegradable thermoplastic polymer, is also used for tissue engineering purposes as well as
medical implants, screws, stiches.!® Polyethylene is used for medical implants, even extended to facial
and cranial reconstruction with its porous high-density polyethylene form . Poly(vinylpyrrolidone) can
perform as the 3D hierarchical porous structures for further tissue engineering.!? Polystyrene is capable
of being adapted to display bioreplication/biotemplating.!® Poly(methyl methacrylate) is mainly applied
to dental materials like orthodontics and drug loading/drug delivery.1% 1> 16

10



Synthetic Hydrogels

Hydrogels are commonly used materials that can absorb lots of water/fluid and swell in the water.”’
They feature crosslinked structures with biocompatibility for 3D printing-based medical applications.
Polyethylene glycol (PEG) is a hydrophilic polymer that has low toxicity. PEG-based hydrogel has good
biocompatibility and has been widely used in 3D printing applications as biomaterial ink to produce
vessels and cartilages.” Its derivative, polyethylene glycol diacrylate (PEGDA), is also applicable to tissue
engineering of vascular constructs .28 Poly(vinyl alcohol) (PVA)* is a water soluble polymer that can form
PVA-based hydrogel as a biomaterial for 3D printing applications such as vascular and cartilage tissue
engineering. 7 Poly(lactic-co-glycolic acid) (PLGA) ° is the co-polymer made from lactic acid and glycolic
acid. PLGA has been used for bone and cartilage implants due to its low melting point (120 °C) and
biocompatibility.

Natural Hydrogels

Alginate and hyaluronic acid can provide extracellular matrix-like environments for cellular movements
due to their mechanical and biological properties that make them biocompatible to form alternative
cartilage, vascular structures, skin, and muscle.” Chitosan is mainly used for cartilage, bones, and skin.?"
22 Cellulose has been utilized with different types and derivatives such as nanocelluloses to form
cartilage tissue. Cellulose usually combines with other known hydrogels and is printed as biomedical
devices.? %

Top Inorganic Substances

Hydroxylapatite (HAp, Cas(P0O4)s(OH)), is heavily used as the filler in dental material and bone repair. 2°
Tricalcium phosphate is also anther filler for bone regeneration/repairs in combination with other
biopolymers. 2° Graphene oxide and graphene are both used in bone regeneration/repair 2> 2°as the
additive to reinforce the polymers. Graphene filament combined with PLC is printed as the 3D electrode
to become the biosensor.?” Zirconium dioxide (ZrO,) is used as a filler combined with other polymers in
dental prosthesis or bone implant materials. & 2 3% Alumina, silica, and silicon are usually utilized as the
dental crown model, artificial teeth, and denture base materials.3* 3% 32 Carbon nanostructures are
utilized to form 3D printing implants for bone tissue remodeling3*, and carbon fibers can form
microlattice 3D hybrid scaffold for tissue engineering.?® Titanium/TisAl;V are involved in bone tissue
remodeling, bone defect repair, knee implant, etc.3*3% 37 Gold nanotubes or nanowires can be combined
with decellularized extracellular matrix to form hydrogel for tissue engineering® or directly used for
medical implant®.

11



Publication trends for substances and concepts used in biomedical 3D printing studies
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Figure 9. Top 15 substances that appeared most frequently in publications on biomedical applications of
3D printing

We extracted publication counts based on substances related to 3D printing in medical applications, as
shown in Figure 9. Polycaprolactone, poly(lactic acid), and alginic acid are the top three commonly used
3D printing biomaterials for medical implants, bone/cartilage repair, and dental materials.
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Figure 10. Journal and patent publication volumes involving top 15 frequently used polymers (Inset graph
represents the number of publications involving unspecified substances) in publications on biomedical
applications of 3D printing

Next, the journal and patent publication volumes for top substances for different subfields are studied.
Under the polymer category (Figure 10), polycaprolactone, poly(lactic acid), and polyethylene glycol are
the first three polymers with the higher number of publications. Majority of these polymers are used in
tissue engineering cartilage and bone, or in constructing medical implants. We also searched the
unspecified substances, “gelatins, collagens, fibroin, fibrins and their derivatives” in our database.
Gelatins and collagens are the two major natural polymers applied as hydrogels in various fields across
different 3D printing techniques.

13
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Figure 11. Journal and patent publication volumes involving top 15 frequently used inorganic substances
of biomedical applications of 3D printing

In Figure 11, hydroxylapatite (HAp, Cas(OH)(PO4)s)-related publications are the highest among the top 15
inorganic substances for dental materials and bone repair. Tricalcium phosphate (TCP) is another major
inorganic material with myriads of inventions in bone repair/regeneration. HAp and TCP are both capable
of forming hybrid polymers with other natural/synthetic polymers for bone tissue engineering. This
enhanced their development in journals over patent publications. Titanium/TisAlsV are mainly featured
as the materials for bone implants/repairs using 3D printing techniques. The journal/patent publication
differences are trivial for titanium materials but TisAlsV. For TisAlsV alloy, we are expecting more patents
to be granted in the foreseeable future.

14
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Figure 12. Journal and patent publication volumes involving top 15 frequently used substances in
biomedical applications of powder-based 3D printing

Figure 12 shows the most used substances in powder-based 3D printing studies. Inorganic substances
are more commonly used. Of these inorganic substances, HAp, TCP, titanium, and TicAl,V are the most
popular. The most used polymers are polycaprolactone and poly(lactic acid).
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Figure 13. Journal and patent publication volumes involving top 15 frequently used substances (Inset
graph represents the number of publications involving unspecified substances) in biomedical applications
of extrusion-based 3D printing

For the extrusion-based technique (Figure 13), synthetic polymers like poly(lactic acid) and
polycaprolactone are the major substances involved in this technique, as well as natural polymers like
alginic acid and its sodium salts. Gelatins and collagens (which exist in CAS database as unspecified
substances), are also widely used in extrusion-based 3D printing.
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Figure 14. Journal and patent publication volumes involving top 15 frequently used substances (Inset
graph represents the number of publications involving unspecified substances) in biomedical applications
of photopolymerization-based 3D printing

Polyethylene glycol diacrylate (PEGDA) and HAp powders form composites via photopolymerization 3D
printing and are the top two substances occurring in photopolymerization-related documents (Figure 14).
Acrylic monomers like methacrylic acid and acrylic acid, as well as photoinitiators, for instance, bis(2,4,6-
trimethylbenzoyl)phenylphosphine oxide, led to high patent numbers because they are commonly used
as the starting materials for synthetic hydrogels.
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Figure 15. Journal and patent publication volumes involving top 15 frequently used substances (Inset
graph represents the number of publications involving unspecified substances) for biomedical 3D printing
involving hydrogels

Publication volumes for top substances occurring in hydrogel-related documents are shown in Figure 15.
Alginic acid, hyaluronic acid, sodium alginate, and chitosan are the major natural hydrogels used as
feeding materials for 3D printing. Polyethylene glycol and polyethylene glycol diacrylate are the two
major synthetic hydrogels. Gelatins and collagens are the two unspecified substances that contributed
the most as hydrogels to biomedical 3D printing. This trend is similar to those in Figure 24. This is not
surprising considering that hydrogels are the most widely used materials for 3D bioprinting.
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Figure 16. Annual journal (left) and patent (right) publication volumes for top synthetic polymers used as
3D printing materials in biomedical applications

The annual trends of publications involving several top synthetic polymers, natural polymers, and
inorganic substances are shown in Figures 16-18, respectively. Polycaprolactone and poly(lactic acid) are
two leading synthetic polymers used for biomedical applications of 3D printing in journal publications. In
patent applications, poly(lactic acid), polyethylene glycol, and polycaprolactone feature similar invention
counts throughout the years. Interestingly, all synthetic polymers have patent publication declines in
2021. This may be due to the delay of the issuance of patents.
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Figure 17. Annual journal (left) and patent (right) publication volumes for top natural polymers used as
3D printing materials in biomedical applications

Figure 17 shows that gelatins, collagens, and their derivatives result in significant numbers of
publications in both journals and patents. Alginic acid is focused by people for journal publications, and
hyaluronic acid is reported by more researchers as patents instead. In 2021, the number of patent
publications in several polymers decreased. This may have resulted from the progress of patent issuing
in 2021.
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Figure 18. Annual journal (left) and patent (right) publication volumes for top inorganic substances used
as 3D printing materials in biomedical applications

Figure 18 indicates that HAp is leading the inorganic substance as 3D printing material in biomedical
applications. The trend between journals and patents (the number of journals is higher than patents)
displays that HAp has been investigated and has the potential to be commercialized in the foreseeable
future. Titanium, TCP, and TisAl,V also have steady development, but TisAl4V still has relatively lower
patent publication counts than other substances. We can look forward to seeing the rapid patent
growth in TicAl:V as a 3D printing material. The decline of patent publication count in 2021 may be
related to the progress of patent issuing.

3D Printing in Biomedical Applications

3D printing techniques have been extensively applied to various fields. Herein, we focus on the recent
biomedical applications using 3D printing. 3D printing in the biomedical field can include biofabrication
via bioprinting or 3D printing non-biological materials used for medical purposes. Biofabrication is an
automated process that generates a product with biological functions from biomaterials, living cells, or

other bioactive molecules or constructs using bioprinting or bioassembly, followed by tissue maturation.
40

Tissue and Organ Fabrication

Tissue and organ fabrication is enabled through tissue engineering principles, utilizing cells,
biomaterials, and technology to produce constructs that mimic the function and design of its
counterpart within the human body.** Bioprinting, a form of extrusion printing, is used in tissue
engineering to create these constructs. The most common is to produce a scaffold to load cells. The
scaffold can be made of naturally derived polymers, i.e. alginate, chitosan, gelatin, or collagen, or
synthetic polymers, polycaprolactone (PCL), poly(lactic acid) (PLA), poly(glycolic acid) (PGA), and
poly(lactic-co-glycolic acid) (PLGA).** The cells attach to these scaffolds and proliferate, developing their
own extracellular matrix. From here, the cells can mature and are regulated with the appropriate
stimuli.

Cartilage Fabrication

Tissue engineering applications with cartilage have become a popular focus in the biomedical
field. Articular cartilage and menisci can be fabricated with bioprinted scaffolds loaded with stem cells.
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This technique allows for the development of complex structures, the different types of cartilage, and it
can be constructed based on the patient’s specific needs.*> The use of stem cells in cartilage fabrication,
along with other tissues such as bone, prevents immune response rejection and its paracrine activity. In
recent years, the incidence of bone disorders and conditions has increased with limitations and
complications. To combat the complications of bone grafting, biomaterials in bone-tissue engineering
have expanded over the years. The objective is to prepare materials that are introduced to the bone
defect or injury and then remodeled by the patient’s own cells. For instance, the hydrogel-like freeform
reversible embedding of suspended hydrogels (FRESH) can be utilized as the 3D printing materials to
retain the initial shape for further modification. The mechanical weakness of hydrogels can be improved
with nanomaterials, such as graphene, to enhance its properties. Beyond natural polymers, synthetic
polymers, bioceramics, biodegradable metals, and carbon-based nanomaterials are commonly used.*

Muscle Tissue Engineering

Muscle tissue engineering has also garnered attention over the years (Figure 21). Gelatin methacryloyl
(GelMA\) is a bioink that can mimic the native skeletal muscle tissue environment.* This hydrogel has
promising potential as it is mixed with alginate for desired bioprinting viscosity. Cell-laden GelMA
microfibers are bundled. By working on the swelling properties and folding abilities, the cell-laden
GelMA microfibers can be used to mimic the structure of different skeletal muscle tissues.* For smooth
muscle tissue fabrication, collagen laden with smooth muscle cells form line patterns with layer-by-layer
deposition and demonstrate uniform cell seeding with controlled resolution.*® Cardiac muscle tissue or
heart organ applications commonly use hydrogel bioinks. Rather than creating an entire organ, cardiac
patches can be created from the patient’s fatty tissue.*’” The cells from the patient are reprogrammed to
pluripotent stem cells, and the collected extracellular matrix is processed into a hydrogel. This
eliminates the risk of implant rejection and is a biocompatible scaffold. The result is a bioprinted thick,
vascularized, and perfusable cardiac patch that will match the immunological, biochemical, and
anatomical properties of the patient.*” The patch allows stem cell adhesion, differentiation, and
proliferation to a damaged heart, improving wound healing and functional preservation.*®

Skin Tissue Fabrication

Skin tissue fabrication has posed unique challenges in tissue engineering. Engineered tissue cells can be
used to restore or replace damaged tissues and organs. Cell placement in the tissue construct is limited
and accounts for the spatial relations between the extracellular matrix and cells. In general, a hydrogel
scaffold is used, and the cells are integrated with a thermal inkjet printer to deposit the bioink. To mimic
the complexity of the skin tissue structure that allows different cells to proliferate, a laser assisted
bioprinting (LaBP) technique is used for the positioning of different cell types in an exact 3D spatial
pattern.*® Tissue engineered skin substitutes have widespread applications, from aiding patients in
tissue regeneration to replacing animals in research, whether for pharmaceutical or cosmetic needs.
Utilizing methods with a cellularized skin equivalent can revolutionize the field.

Pharmaceuticals

Manufacturing pharmaceuticals via 3D printing has revolutionized how we develop drug products,
implants, drug delivery systems, etc. The field of pharmaceuticals faces shortcomings when it comes to
personalized medication, and additive printing has provided potential solutions. There are several
techniques that can be used to print drug products: Powder-based printing, extrusion-based printing
(fused deposition modeling (FDM), pressure-assisted microsyringes (PAM)), stereolithographic printing
(SLA), selective laser sintering (SLS), inkjet printing, digital light processing (DLP), etc. Extrusion-based
printing has gained traction due to its low cost, compatibility with a variety of feeding materials to
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adjust the geometry and polymer for drug delivery purposes, and the ability to print at room
temperature using PAM.

There are two types of extrusion-based 3D printing. FDM is the most common as it is cost-efficient and
uses thermoplastics. Thermoplastic polymers such as polyvinylpyrrolidone (PVP), polyvinyl alcohol
(PVA), and poly(lactic acid) (PLA) are used as a drug carrier and require thermo-resistant drug molecules.
PAM requires lower temperatures than FDM to print products, allowing for desired viscosity during drug
formulation. A paste or gel that is shear-thinning is often ideal as it retains shape and structure after
going through the printer nozzle. PAM does require a drying time unlike FDM, during which the product
can deform or shrink.

3D printing offers techniques that make personalized medication viable. Current methods of production
feature limitations on drug release rates, and personalized medication pertains to manually splitting
tablets or measuring out liquid dosages. 3D printing enables a constant release rate as it can fabricate
different polymer matrices and provide more precise methods of measurement. The active ingredient
dose is controlled by changing the printed volume using computer software. More complex shapes can
also be created, such as the torus shape to an increased surface area. The polymers used carry a large
portion of the ingredients and serve different purposes whether it be to bind, disintegrant, compress,
dilute, or act as a filler. These include and are not limited to: Carbopol, Ethylcellulose (EC), Eudragit,
Hydroxypropyl Cellulose (HPC), Hydroxypropyl Methylcellulose (HPMC), Polycaprolactone (PCL),
Polylactic Acid (PLA), Polyvinyl Alcohol (PVA), Polyvinylpyrrolidone (PVP), Poly(Ethylene Glycol) (PEG),
and Soluplus.*®

Orthopedics and Prosthetics

3D printing has opened new capabilities in creating prosthetics and orthopedics. Fused Deposition
Modeling, FDM, is the most common printing method due to its efficiency and lower costs. Thermal
Inkjet Printing and Selective Laser Sintering are two other methods seen in prosthetic fabrication. X-rays,
MRI, and CT scans can be translated into digital .STL 3D print files, offering customized designs and fits.
Acrylonitrile butadiene styrene (ABS) and poly(lactic acid) (PLA) are the most common materials used in
prosthetics. Prosthetics made from flexible materials use NinjaFlex, a thermoplastic polyurethane, or
Filaflex, a thermoplastic elastomer. SLS printers will use a nylon-based material, and Polyjet printers will
use a photopolymer resin. However, with photopolymers, there is an issue with the material degrading
in sunlight.>?

Flexible materials have provided more options with body parts and capabilities. With the progression of
prosthetics, prosthetic ears are developed with the ability to detect electromagnetic frequencies. These
prosthetics are fabricated from silicon, chondrocytes, and silver nanoparticles. 99% of hearing aids are
also 3D printed as it offers customization based on the patient’s size, location, etc.>?

Orthopedic implants are also projected to expand. 3D printed implants are especially prevalent in
orthopedic oncology. Malignant bone tumors can affect any part of the skeleton, and bone tumors have
bimodal incidence, affecting young patients especially. Limb salvage surgery is a common surgery for
malignant bone tumors and is individualized. 3D printed metal implants are used to reconstruct massive
bone defects after a wide excision is made. However, if the bone tumor is near the joint or physis,
segmental reconstruction is implemented. Modular implants are not utilized when reconstructing
unusual sites, like the pelvis. Titanium alloy powder is used for bone reconstruction, and common
printer types include electron beam melting or selective laser melting. Implants can not only focus on
filling bone defects but attempt functional reconstruction.
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Additional 3D printed implants on the skeleton include 3D printed polyetherketoneketone (PEKK) skull
implants where no shaving is necessary as the implant is a customized design and fit.>> There are also
maxillofacial, spinal, and dental implants. Dentistry often uses titanium or ceramics for dental implants.
Bioceramics offers an opportunity to produce cell-seeded implants that are patient-specific.>* 3D
printing shows promise as it is personalized to the anatomy, color, shape, and size of the patient without
the need to adjust the production machine.

Others (Surgical Instrumentation, Microfluidics, Anatomical Models)

3D printing can also be applicable in other instances in the biomedical field. Microfluidic chips provide a
cheaper, more resource-effective potential for drug discovery and tissue engineering. Lab-on-a-chip is a
microfluidic device that can be used to detect analytes and biomarkers. Organ-on-a-chip is a similar
concept, utilizing these chips to mimic a specific functionality of an organ to test in lab. Microfluidic
chips can be created by different 3D printing techniques, including stereolithography, multi-jet
modeling, and fused deposition modeling.>® Polymers such as hydrogels and other inorganic materials
are used to make the chip design. Resins can be used to create microfluidic chips by stereolithography to
detect Salmonella bacteria.*® Polydimethylsiloxane (PDMS) is commonly used in microfluidic devices,
especially with organ-on-a-chip. PDMS is transparent, flexible, permeable to oxygen, biocompatible, and
relatively low cost. However, PDMS is hydrophobic and fluorescent to a degree, so surface modifications
have been developed to improve PDMS chips. Other common materials for chips include glass and
thermoplastics.’” The variety of techniques and materials in 3D printing provide a broad spectrum of
options.>®

Anatomical modeling provides important tools for teaching and learning in medicine. Patient-specific
models, or biomodels, can be 3D printed from the patient’s MRI/CT scan data. This application shows
the potential pathologies, accurate sizing and placement for future implants, accounts for unexpected
anatomy, models surgical resection and reconstruction, and decreases overall surgery time with better
planning.>® There are three primary 3D printing methods for anatomical models: fused deposition
modeling (FDM), powder bed fusion (PBF), and stereolithography laser curing (SLC). FDM is the most
common due to its low cost and compatibility with thermoplastics. FDM-produced models’ mechanical
properties are useful for manipulation during surgical rehearsal. PBF works with high precision parts in
materials like Nylon, a material ideal for sterilization. SLC also creates precise resin-based models.
Coloring of the models also provides insight as areas of interest can be highlighted to stand out from the
model and provide better understanding. Biomodels help not only medical personnel but also the
patient by augmenting the patient’s understanding and capacity for consent with better preoperative
understanding.>®
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Publication trends for 3D Printing in Biomedical Applications
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Figure 19. Annual publication trends for different biomedical applications of 3D printing

Next, we look at the trends of publications related to different biomedical applications of 3D printing.
The publications of tissue/organs, orthopedic/prosthetic, pharmaceutical, and others were examined
from our database (Figure 19). The analysis displays that the 3D printing technique has mainly been
applied to tissue/organs-related fields since 2014. In 2021, 3D printing contributed to tissue/organs by
46.0%, followed by pharmaceutical (25.9%), others (16.8%), and orthopedic/prosthetic (11.2%).
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Figure 20. Comparison of journal and patent publication trends for different biomedical applications of
3D printing: (a) tissue/organs; (b) orthopedic/prosthetic; (c) pharmaceutical; (d) bioprinting.

Figure 20 provides more details for each application. Journal publication counts are considerably higher
than the patent. This may indicate that the commercialization of inventions in journals and that the
patent issuing process is usually time-consuming. We further analyzed a sub-field of tissue/organs—
bioprinting. Figure 20D shows the total publication counts in 2021 are 1014, around 42% of the
tissue/organs publication. Bioprinting has become one of the most attractive fields in tissue/organs
application of 3D printing techniques.
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Figure 21. Journal and patent publication volumes involving application of 3D printing in different organs
in the field of tissue/organs applications.

The publication counts related to different organs within the tissue/organs subfield are shown in Figure
21. Cartilage, muscle, and skin are the top 3 organs with the most journal publication counts, at least
one time more than the corresponding patents. The total publication counts of selected organs in Figure
10 are 3411, approximately 16% of the documents selected from our CAS database. The development of
tissue/organs application using 3D printing techniques is remarkable.
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Figure 22. Journal and patent publication volumes involving top 15 frequently used substances (Inset
graph represents the number of publications involving unspecified substances) for 3D printing

applications in tissue/organs

The top substances occurring in documents related to tissue/organs and orthopedic/prosthetic
applications are shown in Figures 22 and 23, respectively. 3D printing applications in tissue/organs

mostly use natural polymers (in hydrogel form) like gelatin, collagen, alginic acid, and chitosan, while

synthetic polymers like polycaprolactone and poly(lactic acid) are also used. HAp, TCP, and alkaline
phosphatase are also applied to the tissue/organs. However, in this application, journal publication

counts are considerably higher than the patents. This may represent the potential for development of

the commercialized application using these substances.
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Figure 23. Journal and patent publication volumes involving top 15 most frequent substances for 3D
printing applications in orthopedic/prosthetic

HAp, titanium, polycaprolactone, poly(lactic acid), TCP, zirconium dioxide, and TicAl;V contribute
primarily to the orthopedic/prosthetic application. Silica, alumina, titania, and zirconium dioxide are
commonly utilized as fillers in this field, and corresponding major publications are patents.
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Figure 24. Journal and patent publication volumes involving top 15 frequently used substances (Inset
graph represents the number of publications involving unspecified substances) for 3D bioprinting

Figure 24 shows the top substances occurring in documents concerning bioprinting. In general, natural
polymers like alginic acid, sodium alginate, gelatins, and collagens as well as synthetic polymers like
polycaprolactone, polyethylene glycol diacrylate, and methacrylic anhydride primarily resulted in journal
publications. Alginic acid and sodium alginate have been extensively utilized as materials for 3D
bioprinting applications. HAp also got involved in this area as an inorganic filler with other natural or
synthetic polymers to form modified biopolymers for bioprinting.
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Figure 26. Top 15 concepts having appeared most frequently in publications on application of 3D printing
in orthopedic/prosthetic

The top 15 concepts indexed from documents related to tissue/organs and orthopedic/prosthetic are
shown in Figures 25 and 26, respectively. Concepts that frequently appeared in tissue/organs
application include bioprinting, biocompatibility, bone formation/bone, pharmaceutical hydrogels, etc.
This trend aligns with the bioprinting volume in tissue/organs application (Figure 9d). Cartilage
fabrication (bone formation) is also the top subfield of tissue/organs (Figure 21). Pharmaceutical
hydrogels (hydrogels) primarily contribute to this field as well (Figure 22). For orthopedic/prosthetic
applications, concepts such as dental implants, bone formation, and artificial bone frequently appeared.
This indicates that dental/bone-related innovation is the mainstream in orthopedic/prosthetic
applications.

Conclusions & Outlook

In conclusion, the publication trends of the recent biomedical applications using 3D printing
primarily contributed to journals over patents. The major techniques are the powder and
extrusion methods using poly(lactic acid), polycaprolactone, and hydroxylapatite (HAp) as the
materials. Tissue/organs engineering and pharmaceutical-based applications are the most
attractive fields of biomedical applications. Cartilage, muscle, and skin are the top three with
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significant publications. Natural polymers have been widely studied for 3D printing and have
been strongly favored over synthetic polymers as 3D printed hydrogels or in bioprinting.

There are several challenges with 3D printing tissue and organs. These include: (1) donor site
morbidity and graft failure are still shortcomings faced; (2) stem cells’ fragility and vulnerability
that delay maturation of cells for time-sensitive treatment; (3) biomechanical limitations and
functionality of the fabricated tissue; (4) short cell viability during bioprinting and after
implantation; (5) disease from allografts and risk of body rejection; (6) biomaterials’ ability to
biodegrade within a desirable time frame and maintain structure. Advances in bioinks, media
use, and application of stem cells have proven to make great strides in these shortcomings. 3D
printing can also apply to surgical instrumentation such as hemostats, needle drivers, scalpel
handles, retractors, and forceps are available in design packages such as SolidWorks. At this
moment, the total journal publication number is dramatically higher than the corresponding
patents. We can expect the commercialization of these innovative ideas in the foreseeable
future.

Method

This work used data from the CAS Content Collection, which covers publications in more than 50,000
scientific journals from around the world in a wide range of disciplines, 62 patent authorities, and 2
defensive publications (Research Disclosures and IP.com).

The following search query was used to find as many documents related to biomedical applications of
3D printing as possible. About 22,000 documents were retrieved. Publications related to certain
narrower fields or applications, or those involving certain substances, were obtained by searching within
this entire document collection using corresponding search criteria.

((3d print? or three-dimensional print? or three-dimension print? or additive-manufactur? or
stereolithog? or selective laser sintering? or fused deposition model? or direct metal laser sintering?)
and (1/cc or 2/cc or 3/cc or 4/cc or 6/cc or 8/cc or 9/cc or 10/cc or 11/cc or 12/cc or 13/cc or 14/cc or
15/cc or 16/cc or 63/cc or 64/cc or 1/sx or 2/sx or 3/sx or 4/sx or 6/sx or 8/sx or 9/sx or 10/sx or 11/sx or
12/sx or 13/sx or 14/sx or 15/sx or 16/sx or 63/sx or 64/sx)) or (bioprint? or bioink? or bio-print? or bio-
ink?)

Definition of Sections in CAS

Section 1: Pharmacology; Section 2: Mammalian Hormones; Section 3: Biochemical Genetics; Section 4:
Toxicology; Section 6: General Biochemistry; Section 8: Radiation Biochemistry; Section 9: Biochemical
Methods; Section 10: Microbial, Algal, and Fungal Biochemistry; Section 11: Plant Biochemistry; Section
12: Nonmammalian Biochemistry; Section 13: Mammalian Biochemistry; Section 14: Mammalian
Pathological Biochemistry; Section 15: Immunochemistry; Section 16: Fermentation and Bioindustrial
Chemistry; Section 63: Pharmaceuticals; Section 64: Pharmaceutical Analysis.
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