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Abstract
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printing, producing bioceramics, biodegradable
intain strength and biocompatibility during manufacturing. The
advent of 3D-printable tablets, thereby enabling customized

Food and Drug Administration approval of levetiracetam
ent in pharmaceutical production. Scientists and researchers
egrates with tissue-engineered scaffolds to create innovative
yint and cartilage regeneration research. Although 3D printing is an
care professionals deliver improved patient care, organizations still
andagds, conduct safety assessments, and obtain regulatory approvals, which may

biocompatibility, bioprinting, medical devices, medicine, printable tablets, safety

Additive manufacturing uses three-dimensional (3D)
printing technology, a core element in modern medical
device development. Three-dimensional printing
creates objects by adding material according to a
digital design, while traditional manufacturing
processes produce final products through material-
removal methods. Designers can create desired forms
because the method provides them with complete
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artistic control to invent complex shapes that were
previously impossible to create using traditional
manufacturing techniques.”’ This new technology
enables manufacturers to create their own custom
implants, surgical models, and drug-delivery systems,
which have become crucial medical devices that are
required for producing personalized medical
equipment.

Three-dimensional printing technology began with
the development of stereolithography (SLA), which
was first introduced in the 1980s. The system used
ultraviolet (UV) lasers to convert liquid photosensitive
resins into solid materials through a printing process.
Technology began as an industrial prototyping tool,
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which developers later transformed into medical
technology through further advancements.® Surgical
planning systems developed surgical medical
applications, which created anatomical models to
support maxillofacial and orthopedic procedures. The
surgical teams developed accurate operation plans
using patient-specific anatomical models, which helped
them achieve better surgical outcomes and reduce
erTors.

Researchers have developed new materials,
printing technologies, and software, thereby increasing
the use of additive manufacturing in medical fields.
Medical personnel use biocompatible materials, which
combine polymers with ceramics and metals to create
secure implants for surgical procedures. In addition,
researchers have developed live-cell scaffolds using
bioprinting technology for tissue engineering
and regenerative medicine research. The digital
reconstruction of patient anatomical structures, which
supports personalized treatment planning, results from
merging computed tomography (CT) and magnetic
resonance imaging (MRI) systems with computer-
aided design (CAD) systems.

In medical facilities, 3D printing is gainin
popularity because it enables personalized treatments
that previous methods could not provide. Physi€i
and surgeons employ additive manufacturing
produce unique implants that surgical tea
because standard prosthetics and imp
require surgical modifications during op
can create their own implants through a A
creation process that uses ndWMRI scans to
develop designs that match Ve gphysical conditions.
These personalized procedureshave increased surgical
accuracy, resulting in shorter operating times and
improved post-surgical outcomes.® The process of
reconstructing cranial and facial structures requires
specific patient implants that match their treatment
needs to achieve successful outcomes after their
traumatic injuries and tumor excision procedures.
Standardized implants are already used to treat patients
with bone defects that create aesthetic issues and
medical treatment difficulties. Furthermore, 3D
printing technology enables surgeons to produce
customized titanium and polymer implants that
precisely match the patient’s body shape, thereby
improving weight distribution and mechanical
strength.® The use of customized implants that match
a patient’s natural bone structure results in improved
outcomes for orthopedic total knee and hip
replacement operations. This narrative review explores
the basic principles of 3D printing technology and its
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medical applications. The article analyzes various
printing methods, including PolyJet, inkjet binder jetting,
electron beam melting, extrusion-based printing, and
SLA, by examining their operating principles, material
use, and relevance to medical applications.

Methods

This narrative review examined 3D printing in medical
applications. We conducted an extensive literature
search using publication databases such as Scopus,
Google Scholar, PubMed, and Web of Science. The
search covered published articles from 2015 to 2025.
ed “stereolithography

29 ¢C

technology,” “extrusio
“electron beam
technology,” “RelyJ
and 3D printinZ
“pharmaceuti€al i

LRI

technology,” “inkjet
gy,” “medical treatment
e tissue,” “3D printing,”
,” and “surgical planning.” We
identifie sh-language papers, of which 552
met t luSton criteria. Most investigations
ri China, followed by the USA, India,
e Uhited Kingdom, and Australia. Of these, 320
asgessed 3D printing, 163 assessed surgery, and 68
sed on biomaterial applications. By document
type, there were 427 articles, 265 reviews, 47 book
chapters, and 33 conference papers. Exclusion criteria
included printing technology cost and printing
equipment manufacturer.

3D printing technology

Three-dimensional printing technology is transforming
medicine by producing custom medical solutions that
meet each patient’s specific needs through 3D medical
designs.® Designers who work with additive
manufacturing can create 3D products by
transforming digital designs into physical objects, which
they build through layer-by-layer construction that
produces complete exterior shapes, internal details,
and material porosity. Designers use sequential layer-
building methods to create complex products that
current fabrication methods cannot produce because
those methods lack basic design capabilities. The
medical field employs 3D printing technology to create
customized medical solutions through rapid prototype
development, thereby enabling the use of customizable
materials for regenerative medicine applications. In
addition, clinicians use digital imaging technologies,
including CT, MRI, and ultrasound, to generate precise
anatomical information. The system takes input data
to produce CAD models, which serve as the
foundation for additive manufacturing. Specialized
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software first divides the CAD model into thin cross-
sectional layers, which then controls the printing
process.

Medical systems that use 3D printing technology
base their printing methods on fundamental elements
that enable five printing techniques, including material
jetting and binder jetting, powder bed fusion, extrusion-
based printing, and vat photopolymerization. Each
technology offers unique benefits that depend on the
medical setting, materials used and required level of
printing accuracy. Material jetting, such as PolyJet
technology, allows users to print 3D objects using
photopolymer and other liquid materials, which are
released in tiny drops onto building surfaces while UV
light instantly solidifies the material. This method
produces high-resolution results because it uses 16-
micron layer thicknesses, thereby creating detailed
anatomical models and advanced medical devices.
Moreover, artists benefit from material jetting
technology because it enables them to create multi-
material objects within a single printing process. The
medical field depends on three main functions of
material jetting: it supports surgical simulatio
anatomical education, and preoperative planni
Surgical simulation creates patient-specific models
duplicate human tissue structure and de to help
surgeons practice their surgical technigueS§Dental

professionals employ PolylJet t % o8y to
manufacture various dental productsgin€luding crowns

and bridges, aligners, and surgio @ eS.
The binder jetting proc qUiLS
distribution across i
polymer powder be binder connects powder
particles through a bin method that follows the
CAD model. The object'requires post-processing
because its mechanical properties and service life
depend on sintering and infiltration. The medical field
uses binder jetting to create bone tissue engineering
scaffolds with porous structures and to develop drug
delivery systems.”” The binder-jet printing process
produces structures that retain their original porosity
and permit cell entry and blood vessel development.
In addition, essential nutrients for tissue healing can
pass through the structure. This system enables users
to construct composite scaffolds incorporating various
powdered materials, allowing developers to meet
mechanical specifications and chemical composition
requirements. The manufacturing process is valuable
because binder jetting enables manufacturers to
create tailored implants and drug-delivery systems.
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Several authors have identified powder bed fusion
(PBF) as a method that encompasses three primary
techniques ®: selective laser melting, selective laser
sintering, and electron beam melting (EBM). This
technology uses high-energy laser or electron-beam
sources to fuse powder particles by building the
material in successive layers. EBM systems require
specific environments to protect against oxidation and
contamination because they operate under vacuum
conditions. This technology enables orthopedic and
maxillofacial surgical procedures to create metal
implants that can bear weight and exhibit superior
mechanical properties.” Medical applications utilize
titanium and titanium alloys whose materials provide
strength, corrosionfresigtance, and biocompatibility.

EBM-printed i s with porous structures enable
bone intcgrat' ile reducing stress shielding, leading
to better ip replacements, spinal fusion
cages,ga8id 1al reconstructions. Moreover, PBF

en production of complete solid metal
i ntsp€omplex lightweight lattice structures, and
tomymedical devices built from patient imaging data.
hgindustry faces three primary obstacles: expensive
uipment, challenging post-processing tasks, and
limited ability to combine different materials.

The most common 3D printing method enables
low-cost printing because it requires only basic
equipment and offers various printing functions
that different users can access to meet their
requirements.!” The process needs thermal energy
to melt the thermoplastic materials, which contain
polylactic acid (PLA), polycaprolactone (PCL), and
other biocompatible polymers, because the material
needs to flow through a nozzle to create the final object
through layer-by-layer material application. Extrusion-
based printing is the primary technique used to produce
prosthetic devices, anatomical models, and drug-loaded
tablets.!Y Tissue engineering scaffold technology
shows effective results because it uses biodegradable
polymers, which naturally decompose during new
tissue development. Scientists are now able to create
tissue-like structures through bioprinting using cell-
laden hydrogels as bioinks."" The bioinks enable
researchers to create a biologically accurate
environment, which includes stem cells, growth
factors, and extracellular matrix elements to support
cell growth and differentiation. The extrusion-based
printing system allows designers to create prototypes
quickly by making multiple design changes. However,
the method exhibits lower accuracy than SLA and
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PolylJet techniques, which require additional work to
achieve better surface quality. Medical additive
manufacturing relies on this technology because it
provides affordable solutions that support various
material applications.

SLA and vat photopolymerization use UV lasers
and digital light projectors to build solid objects from
liquid photopolymer resins through a sequential
process. SLA is applied to produce dental models,
surgical guides, and preoperative anatomical replicas
because it delivers high-resolution results with smooth
surface finishes and accurate size measurements.
Using biocompatible resins, SLA now produces
sterilizable surgical guides and temporary implants.
SLA printing systems now use digital light processing
(DLP) technology, thus enabling printers to cure entire
layers simultaneously while maintaining quality
standards. The combination of SLA and DLP has
enabled the development of tissue engineering
scaffolds containing bioresorbable materials and cell-
laden resins that support cell growth and
differentiation. Current additive manufacturing
capabilities enable builders to create products that use
multiple materials through simultaneous depositio
combining rigid polymers with hydrogels and bioactive
components. These hybrid systems create co X
designs that replicate natural tissue structure
combining physical strength with biological S.
Hybrid printing technology enables theggre f
scaffolds with different mechanical s and
porosity levels, as well as drug-deligery Systems used
primarily in regenerative m scaffold uses
arigid polymer structure for , while the hydrogel
core contains stem cells andjgrowth factors that
facilitate tissue regeneration.

The primary advantages of 3D printing technology
are its ability to create personalized medical implants,
prosthetic solutions, and surgical tools that improve
patient treatment outcomes. Designers use the system
to develop complex architectural designs that combine
internal lattice structures with materials with specific
density patterns. The design process uses rapid
prototyping to create multiple design iterations, thereby
helping doctors practice surgical procedures. This
technology enables facilities to manage multiple
materials, including metals, polymers, ceramics,
hydrogels, and bioactive substances. The system uses
imaging technology to create accurate anatomical
models that show detailed human body structures.
Medical 3D printing technology provides multiple
advantages to the field. However, it continues to
encounter various challenges, including regulatory
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requirements because there are no established rules
for testing medical devices; material constraints, which
impact product durability and human safety; financial
barriers, which emerge from PolyJet systems that need
special tools and expert knowledge; and the need to
create uniform workflows, which require precise
image analysis, model development, and post-
processing work for consistent results.

Medical 3D printing technology requires smart
materials that create scaffolds that modify their
properties in response to various mechanical and
chemical environmental changes."® The medical 3D
printing process needs basic technological components,
which require artificial intelligence systems to support
the design activities for i nd development work
for surgical planning so . S€ientists will develop
organ bioprigtin % logy that produces
vascularized tis djessential organ structures

i

for transpl iony Point-of-care manufacturing
a

technolo hospitals and clinics to produce
personalized m 1 devices that their patients require
tt atment locations. Furthermore, drug-loaded
affdldsicreate a system that enables targeted
dicing delivery through tissue engineering. Additive
ufacturing is rapidly expanding because it
combines engineering, materials science, and clinical
medical operations. This technology allows doctors
to design custom medical devices, including surgical
models, regenerative scaffolds, and specialized
pharmaceutical solutions. Technology is essential to
enabling precision medicine initiatives to function
across various medical domains.

Types of 3D printing technology and their
characteristics

* Polyjet technology

PolyJet technology creates solid objects by producing
photopolymer droplets, which the system converts into
solid materials using UV light. The system achieves
highly detailed 3D printing because it can print different
materials while producing continuous surface patterns.
The standard tools used in surgical simulation and
anatomical education use PolyJet models. The
materials used in this process produce weaker results
than thermoplastics and metals. PolyJet printing is a
material jetting technology because it uses inkjet
printing methods to apply photopolymer liquid to
different surface areas. The system uses UV light to
cure each droplet immediately, creating solidified
layers. The process builds 3D objects layer by layer.
The technology enables PolyJet to create accurate
anatomical models by maintaining a minimum layer
thickness of 16 microns.
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The main benefit of PolyJet systems is their ability
to print different materials simultaneously.!'
The system uses two types of photopolymers to create
a single product, which replicates the mechanical
properties found in human biological tissues. The
complete body structure displays all soft tissues,
including blood vessels, cartilage, and skin, along with
three different types of bone structures. The PolyJet
system supports surgical teams during preoperative
work by creating realistic touch sensations. The
medical education program uses PolyJet-printed
models to provide precise, patient-specific anatomical
models that medical students use to study CT and
MRI data. Unlike standard plastic models, these
customized prints replicate real medical conditions,
including tumors, congenital deformities, and vascular
abnormalities. Surgical residents can reduce risk during
actual operations by practicing complex procedures
in a safe environment before entering the operating
room.

Surgeons use CAD software to create 3D
vascular models, which they can investigate usin
PolylJet printing technology. Doctors use printed crani
models in neurosurgery to create precise surgic
that guide them through tumor removal

and reconstructive solutions for
treatment. The system offers sevegahb@ S
has several limitations. PolylJ @ ting requires
photopolymer materials, whiCh pagdaice prints with
weaker mechanical st andlower durability than
thermoplastics and ased printing materials.
Photopolymers lose“¢heir structural integrity
when exposed to UV light for extended periods and
when subjected to mechanical pressure. Certain
photopolymers create sterilization challenges because
they become sensitive to the high-temperature
conditions required for autoclaving. The project
requires one more element that needs evaluation. The
high cost of PolyJet systems and their proprietary
photopolymer materials creates access barriers for
users who need these technologies in resource-limited
environments. Medical additive manufacturing
achieves its highest level of precision through PolyJet
systems, which function as advanced additive
manufacturing equipment that supports multiple
material combinations.

Researchers investigate biocompatible
photopolymers and improved resin formulations to
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expand the potential uses of PolyJet technology in
creating implantable medical devices. The PolyJet
technology is currently being developed to enable
future applications, including surgical simulations,
prosthetic prototype development, and customized
medical device production.

* Inkjet technology

The 3D printing system uses inkjet technology to
produce 3D objects by applying a liquid binder to
powdered materials. The technology creates scaffold
systems with pores that serve as materials for bone
tissue engineering and drug-delivery systems.!
The application of rocessing techniques, which
include sinteringy leads, to stronger mechanical

properties in gfatg . The binder jetting process
requires®ope %

to spread a fine powder layer

containing , metal, and polymer materials over
ace. Digital design information guides

to distribute liquid binder onto the powder
. The binder creates a solid layer by binding

@a icles together. After workers complete powder
istribution for the new layer, the building platform

descends. The complete formation of the object marks
the end of the process.

The operational benefits of binder jetting
technology enable users to produce highly porous
materials.® Bone tissue engineering materials require
specific design parameters, which create porous
structures that enable cell movement, blood vessel
development, and nutrient transport throughout the
tissue. Researchers determine required pore sizes by
investigating powder particle sizes and binder-to-
powder ratios. Scientists use the binder jetting process
to test various materials, including hydroxyapatite and
tricalcium phosphate ceramics, to study methods for
bone regeneration. The post-processing stage begins
after the printed parts complete all necessary
processes, including sintering to improve density and
strength. Metal printing processes use bronze and other
alloy materials for infiltration, which produce stronger
printed components. Inkjet-based systems in
pharmaceutical manufacturing print active
pharmaceutical ingredients (APIs) onto edible
substrates. The method enables users to produce their
own drug mixtures while providing accurate control
over dosage levels. Through inkjet printing,

manufacturers can create complex release patterns,

which traditional tablet compression techniques do not
permit.
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Binder-jet printing offers two benefits to
businesses: it enables high-speed production, which
increases output.!’”? The manufacturing process
requires dedicated production runs to produce multiple
implants and scaffolds because it needs to establish
systems with extensive operational capabilities. The
printing process uses surrounding powder to support
the object, enabling complex overhang structures
without extra support materials. Binder jetting
technology has operational limits that restrict its
possible uses. Printed components have low green
strength because they must undergo sintering to
achieve full strength. Sintering requires operators to
maintain precise control because any size reduction
will affect the final dimensions of the objects.
Achieving mechanical strength is challenging because
it requires complete dissolution of the metal parts.
Researchers work on improved binder materials and
optimized sintering techniques while testing bioactive
molecules during scaffold printing. Clinical research
evaluates hybrid binder-jet systems that combine
growth factors and antimicrobial agents to improve
patient outcomes.

* EBM technology

The EBM process begins by melting metal powder
when the EBM activates its electron beam s
The method proves effective for titanium o @ i
implants because it delivers strong pical
properties and biocompatible perf 8) The
medical staff uses the system to dévelop‘@ustomized
implants, which they need @ ir hip and spinal
surgical operations. EBM opgtates as a PBF system
and requires high-vacuum conditions to function. The
system uses an electron beam to melt metal powder
layers according to CAD design specifications. The
vacuum environment prevents oxidation, helping
maintain material purity and preserve mechanical
properties. EBM primarily uses titanium alloys, with
Ti-6Al-4V being the most common choice because
of its high strength-to-weight ratio and exceptional
osseointegration properties. EBM produces bone
implants that can withstand high-stress, weight-bearing
activities, including hip stems, spinal cages, and knee
components. EBM enables the creation of porous
lattice structures that replicate trabecular bone. The
porous structure enhances stability by enabling bone
ingrowth. By adjusting the beam energy, scan speed,
and layer thickness, EBM implants can achieve
different mechanical properties.
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Orthopedic cancer specialists create customized
implant solutions for their patients who undergo
complete bone tissue destruction using evidence-based
medical practices as their primary approach.”
The researchers use additive manufacturing
technology to create accurate 3D models, which
display complete anatomical details that remain
unchanged after the removal of tumors. The system
has three main limitations because it requires
expensive machinery and specialized operating
environments, and it offers fewer material options than
polymer-based printing. The EBM manufacturing
process produces durable, biocompatible metal
implants that meet current orthopedic surgical
standards.

g technology

¢ Extrusiongba @
The Fortus 3D mgyaaethod uses extrusion-based

fused depo eling (FDM) technology to
produce ect$ by applying thermal energy that
melts PL CL thermoplastic materials. The

e @' wide-ranging uses, including creating
osthietig/devices, producing anatomical models, and
ufacturing drug-filled tablets.*” Bioprinting
tations enable the placement of cell-filled
hydrogels through their printing process.

FDM is the easiest-to-operate 3D printing
technique and requires the least financial backing.
A thermoplastic filament becomes semi-liquid when
heated, then is pushed through a nozzle onto a build
surface.®" The material solidifies into layers, which
form through the cooling process. FDM serves the
medical field as a cost effective way to create
prosthetic limbs that can be customized quickly.
Prosthetics designed with lightweight materials
tailored to patient dimensions provide improved
mobility. Hot-melt extrusion helps the pharmaceutical
industry create drug-loaded filaments needed for
production. The filaments are printed into tablets with
specific shapes and infill patterns that enable controlled
drug release.

Bioprinting skin is a highly advanced medical
technique that uses 3D printing to deposit layers of
living human skin cells, collagen, and gel-based
substances called bioinks (Figure 1). It produces
functional, multi-layered skin for burn injuries, drug
testing, and skin diseases. Bioprinting adaptations use
extrusion systems to deposit hydrogels containing living
cells. The constructs function as scaffolds, enabling
the creation of cartilage, skin, and vascular tissues.
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Bio-printed skin

Figure 1. Bio-printed skin.

FDM offers three main benefits: lower cost, broad
material compatibility, and ease of operation. The
system has three primary disadvantages: it produces
less detailed images than SLA and PolyJet systems, it
can leave visible layer lines, and it may damage delicate
biomolecules via thermal exposure. Research has
continued to improve three key areas, namely, noz
precision, multi-material capability, and bioin
compatibility. Advanced regenerative capabi '
extrusion systems come from combigi

* SLA technology
Additive manufacturing technolg

which became a standard gné
different sectors adopte 't&
proj

objects using an

@ ction system that
projects laser beams o e liquid photopolymer resin
filling the vat, accordingygo CAD specifications.??
The laser generates a two-dimensional object, which
starts the photopolymerization process that changes
the liquid resin into a solid material. The 3D building
process begins when the machine creates new layers
by moving the platform and applying resin to finished
areas until the 3D model reaches its final shape. The
SLA printing system achieves high precision by
producing detailed results and exceptional surface
finishes. Users can create accurate layer thicknesses
ranging from 25 to 100 micrometers, enabling them to
build complex microstructures and exact anatomical
parts. Dental professionals use SLA technology
because it enables the exact production of dental
materials needed for dental work, maxillofacial
treatments, and surgical guide development. Dental
practitioners use SLA technology to manufacture

dental crowns aligner molds, surgical drilling
guides, dhd i ositioning templates. The smooth
surface sdtices the need for extensive post-
procegsi oving operational efficiency in clinical
W, owsg'The process enables fast production of

ized orthodontic appliances from intraoral scan
@ts, improving treatment precision and patient

faction.

SLA models provide the basic framework that
maxillofacial and craniofacial surgical professionals
need for preoperative planning and simulation. The
surgical team creates complete reconstruction plans
using CT-derived anatomical models that show each
patient’s specific details. The surgical team needs to
develop precise osteotomy and implant positioning
plans after the surgeon completes tumor removal from
the patient. The surgical team needs SLA models to
create precise 3D models, allowing them to perform
procedures with improved accuracy and faster results.
Research shows that biocompatible, sterilizable resins
enable SLA technology for medical applications.
Medical-grade resins now meet International
Organization for Standardization (ISO)
biocompatibility requirements, allowing their use in
surgical guides used during operations and in
temporarily implantable devices. Researchers have
developed specific resins that can withstand
sterilization procedures that use ethylene oxide gas
and low-temperature plasma sterilization. Users of
SLA technology gain various benefits, but they must
also manage several drawbacks. Photopolymer resins
are more brittle than that of thermoplastics used for
extrusion-based printing. The materials degrade after
extended exposure to UV radiation. Cleaning uncured
resin residues requires special attention because
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isopropyl alcohol acts as a solvent, while post-curing manufacturing processes use measurement
under UV light is required for the material to reach its parameters that depend on the specific body area and
best mechanical strength. defect size to be measured. Designers develop
Current SLA technology development relies on advanced lattice structures through computational
DLP, which enables systems to build complete layers design methods, which achieve maximum mechanical
using projection methods instead of standard laser strength while sustaining high levels of porosity.%
printing technologies.*® Scientists have developed Researchers build scaffold systems with various
micro-SLA systems, which enable the production of ~ porosity levels to model how bone tissue transforms
microscale scaffolds that function as materials for from cortical bone to trabecular bone, improving

tissue engineering purposes. Researchers created biomechanical strength.® The essential role of
bioresorbable photopolymers that enable SLA mechanical strength becomes critical in areas that

production of scaffolds that break down during experience heavy weight loads. Scaffolds act as
regenerative medicine applications. The system offers temporary building elements, providing structural
additional clinical advantages because it can combine support until their degradation matches new bone
bioactive molecules with antimicrobial agents and drug- formation. Users of additivemanufacturing systems
delivery systems. SLA technology remains the primary can alter mechanical i changing materials
method for creating high-precision medical 3D-printed and adjusting struct g

products. This technology remains important in dental Several mateti ave been reported in bone

practices, surgical procedures, and biomedical device
manufacturing because it delivers exceptional
resolution and a refined surface, and it offers an
increasing selection of materials safe for medical use.

ceramics such as hydroxyapatite and
e are widely used because their
tes match those of natural bone
droxyapatite serves two functions

3D printing.

3D printing methods and materials: bone tissue osteoconduction. The rapid breakdown of tricalcium

Bone tissue engineering is needed because it requires phate allows it to function as an effective
developing scaffolds that can replicate actual e temporary scaffold, which supports rapid bone
structure. Bone is living tissue that develops_int healing.®® The production of ceramic scaffolds occurs
system that includes cortical and cancello through binder jetting and extrusion-based printing
which have different physical traits. Scignati methods. Sintering during post-processing enhances
efficient methods to reconstruct entire b mechanical strength, although it can decrease porosity
including all their internal com if not managed properly.

Extrusion-based printing commonly uses PLA and
polycaprolactone. The materials decompose through
that meet exact specificationsgfor design elements, body processes, eliminating the need for surgical
internal scaffold structure, material distribution, and removal. PLA’s main characteristic is its high stiffness,

assembly procedures. whereas PCL provides greater flexibility, which

The 3D printing process enables users to create continues until the material begins to break down.
3D objects by assembling them through a sequence Researchers created combined ceramic-particle
of steps employing CAD patterns that medical materials to develop new composites after finding that

professionals develop from patient diagnostic imaging polymer scaffolds did not provide sufficient
results. Standard scaffold production methods, which osteoconductivity.

use solvent casting and gas foaming techniques, fail The researchers found that composite scaffolds
to produce internal structures that maintain identical perform best when bioceramics and biodegradable
structural patterns throughout the manufacturing polymers are combined. Combining ceramic elements
process. with bioactive materials improves bioactivity, while

Bone growth and blood vessel formation perform polymer materials can be processed based on their
best when researchers measure pore sizes between physical properties to achieve better performance. The

100 and 600 micrometers. The material contains an study materials can be printed using extrusion printing
interconnected porosity system that provides two main and SLA printing methods. Researchers are studying
functions: enabling cells to stay healthy through nutrient nanocomposite materials containing bioactive glass and
intake and waste removal. Designers of additive graphene to improve mechanical properties and

support cell growth.
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Titanium implants produced through EBM can
support higher loads than most other materials.
Doctors can use permanent metallic implants to treat
large defects that need lasting support, but
biodegradable scaffolds will stop working after their
designated time ends. EBM enables the creation of
titanium structures with porous elements that support
bone integration while preserving structural strength.
Medical professionals use these implants to treat bone
injuries and support artificial joint procedures.

Osteogenic growth factors, which contain bone
morphogenetic proteins (BMPs), primarily enhance
regenerative outcomes. Two proteins that enable
osteoblast development work with BMP-2 and BMP-
7 to accelerate bone development. Printed scaffolds
use controlled-release systems that provide continuous
biological activity. Embedding growth factors in
polymer matrices enables gradual release, reducing
the frequency of required treatments. The study must
control dosage distribution because improper dosing
can cause dangerous effects, including ectopic bone
development.

The research shows that stem cell bioprinti
technology can successfully restore extensivg bon
defects. The combination of specific biochemica
mechanical signals instructs mesenchymahstem cells
to differentiate into osteoblasts. Scientigts use

extrusion-based bioprinting techn eate
hydrogels containing cellular mategials unction
as scaffold components.*” Bioink ning alginate,

gelatin methacrylate, and c ag
environments, which celydevelopment. Hybrid
constructs form w ted structural polymers
combine with hydrogels that hold living cells,
replicating the structure of natural bone tissue.

3D printing in medical applications

Medical professionals can use additive manufacturing
technology to create customized cranial and orthopedic
implants that deliver effective results in their
procedures. These implants provide patient-specific
solutions that use CT imaging data to match anatomical
structures precisely. Dentists use titanium and
polyetheretherketone implants, which they create
through additive manufacturing, to repair cranial
defects caused by trauma and tumor removal. The
implants restore the original skull shape while
protecting brain tissue. Moreover, 3D-printed interbody
fusion cages function as surgical implants that maintain
spinal stability while enabling bone fusion.®® Through
porous material structures, bone tissue establishes
permanent bonds with materials, which allow its
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movement. The development of custom dental
implants has brought major advantages to medical
practice because they enable dentists to develop
complete bone segment replacements for patients
needing orthopedic oncology procedures. These
implants help patients regain lost limb movement,
improving their overall quality of life.

The first major medical application of 3D printing
was surgical planning. The anatomical models that
surgeons print help them assess their surgical
techniques and identify potential surgical issues.*”
Cardiovascular surgery experts utilize customized
models of intricate congenital heart defects to develop
precise representations of their patients’ circulatory
systems. The sys ables doctors to conduct
preoperative testingfor device placement and catheter
navigatign es unexpected events during
surgery.

ons use 3D-printed brain and cranial
%ate tumors, plan deep brain stimulation
& d evaluate skull injuries. Furthermore,
dic surgeons utilize printed models to develop
redfment strategies for osteotomy procedures, joint
alignment operations, and fracture fixation methods.
The models provide visual guidance, enabling surgeons
to practice procedures with customized instruments
that match the patient’s needs, increasing surgical
precision and operating speed. Prosthetic device
manufacturing is changing as 3D printing technology
becomes essential for specialists who need surgical
planning tools during development. Producing
traditional prosthetics requires workers to complete
several manual tasks, increasing manufacturing
costs and extending delivery timelines. Additive
manufacturing allows manufacturers to create
prosthetic limbs that meet requirements for lightweight
design, strong materials, and precise replication of
body shape.

Designers can create multiple design options
through 3D printing, improving user comfort and
product performance based on patient feedback.C?
In addition, 3D printing technology enables constant
size changes and personalized design for prosthetics,
which makes them ideal for pediatric patients who
need support during their growth process. The
production process for customized prosthetic sockets,
orthotic braces, and assistive devices delivers efficient
results, lowering production costs and shortening
waiting periods. Tissue engineering solutions are
needed in the medical field, and 3D printing technology
can produce them through scientific research. The
3D-printed bone scaffolds use composite materials,
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including polymers and ceramics, to construct
structures that replicate trabecular bone patterns. The
scaffolds provide a structural foundation that supports
mechanical loads while enabling cells to establish
contact and develop blood vessels. Printed scaffolds
improve regenerative function when combined with
bioactive molecules, growth factors, and stem cells.
Bioprinting technologies enable users to create bones
and cartilage as well as basic organ structures. The
layer-by-layer deposition creates tissue constructs that
maintain natural tissue characteristics, while hydrogels
containing chondrocytes enable cartilage regeneration.
The 3D printing process enables bone repair
through hydroxyapatite and tricalcium phosphate
scaffold production, which features controlled porosity
and interconnecting pore structures that facilitate bone
tissue integration and vascular development.
Technologies that let researchers control scaffold
microarchitecture and mechanical properties have
revolutionized research methods by offering better
options than current bone grafting techniques.
Furthermore, 3D printing enables personalized
medicine by producing medicines tailored to individual
patients’ specific health needs.®” Medical expert
encounter challenges when using standard tablet
production methods because these methods crééite
fixed dosage levels, which make it difficult tosesca
personalized medication schedules. The 310 @
tablets produced by additive manufac deliv
precise medication amounts throug
mechanisms and detailed design
provides effective treatmentdf
patients who need different
Food and Drug Administration@DA )-approved 3D-
printed drug Spritam® (levetiracetam) demonstrated
the clinical viability of this method, expanding its
potential use in pharmaceutical development. Drug-
loaded scaffolds act as treatment systems that deliver
medication throughout tissue engineering procedures.
Scaffolds that restore joint tissue regeneration capacity
allow defect sites to receive anti-inflammatory
medication and growth factors, enhancing tissue
recovery while minimizing overall adverse effects.
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Drug-delivery systems using 3D printing
technology create customized systems that deliver
drugs through drug-release mechanisms. Excipients
can be printed from materials including polyvinyl
alcohol, hydroxypropyl methylcellulose, and Eudragit
polymers. Researchers developed three drug-release
systems, namely, immediate release, sustained release,
and multi-drug release, through the combination of
tablet geometry changes with infill density
modifications. The FDA approval of Spritam®
confirmed clinical feasibility. The 3D-printed scaffolds
serve as cartilage repair materials used by medical
professionals in joint tissue engineering applications.
The study materials comprise hydrogels containing
alginate and gelatin an egradable polymers
containing PCL. The 1ds Support chondrocyte
growth, enablirg the op extracellular matrix
structures. The ed scaffolds deliver anti-
inflammatogy™agengs and growth factors to treat

osteoarthriti hlocal delivery. Combining drug-
delivery ‘Syste ith tissue engineering techniques
ar, ajorachievement in regenerative medicine.

Advantages, challenges, and limitations of 3D
ing in the medicine industry

Medical professionals in the healthcare industry benefit
from 3D printing technology because it provides
several advantages in their work (Table 1). Medical
professionals employ customization to develop
customized solutions that address individual patient
needs.®? The rapid prototyping method enables
medical professionals to create surgical procedures
and medical devices at increased speed while reducing
production costs and development time. Moreover, the
layer-by-layer fabrication enables the production of
3D objects with internal structures that typical
manufacturing methods cannot produce. Scientists use
bioprinting technology to develop regenerative
medicine procedures that combine living cells with
bioactive materials. Implementing a digital workflow
system provides three primary benefits: reproducibility,
traceability, and compatibility with existing diagnostic
and imaging systems.

Table 1. A comparison table summarizing the major three-dimensional printing technologies.

Category Advantages Disadvantages

PolylJet High resolution High costs
Stereolithography High accuracy Material brittleness
Electron beam melting High speed Rough surface finish
Extrusion-based printing Minimal waste Visible layer lines

Binder jetting Broad material range Lower mechanical strength
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Medical professionals must meet specific
technology requirements to access the full benefits of
3D printing in healthcare. The lack of international
and national safety standards prevents regulatory
agencies from establishing essential operational
requirements needed to evaluate the safety and proper
functioning of 3D-printed medical devices. Medical
device manufacturers need standardized production
methods and materials to develop their manufacturing
processes. In addition, 3D printing requires new
production methods to create implants, prosthetics, and
scaffolds by selecting printers, materials, and digital
manufacturing techniques. System testing requires
comprehensive preclinical and clinical evaluations to
verify operational capability throughout the product’s
functional lifespan. The FDA, along with other
regulatory organizations, has published initial additive
manufacturing guidelines. However, comprehensive
systems are currently being developed to regulate
clinical use, post-market evaluation, and long-term
product research. Regulatory frameworks create two
benefits through their specific requirements: the
protect patient safety and enable medical practitione
to gain investor confidence in 3D-printed i
devices.

Printed implants require two tests

titanium alloys, bio-crystals,
polymers by assessing tissue i

-

body’s immune respQ
manufacturers creatoghro

metal implants that
ch the EBM process show
high strength and effectivig osseointegration. However,
their overall performance requires evaluation because
they may face stress shielding, corrosion, and surface-
roughness issues. Tissue engineering requires
polymeric scaffolds to achieve two opposing goals:
natural breakdown causes tissue loss, while prolonged
persistence can trigger chronic inflammatory
responses. Bioprinting hydrogels for cartilage and soft-
tissue applications requires precise control of
crosslinking density, porosity, and nutrient diffusion to
sustain cell viability over extended periods.
Furthermore, 3D-printed implants and scaffolds
require scientific validation, including in vitro toxicity
testing and extended in vivo studies to evaluate their
safety and performance.

The current state of 3D printing technology for
medical applications remains restricted because it
depends on materials that have not yet been developed.

Recent advances in 3D printing technologies for medical applications 11

The development process must achieve mechanical
strength, degradation rate, sterilization compatibility,
and surface characteristics that meet multiple clinical
requirements. Orthopedic implants need metal or dense
bioceramic solutions that provide the required tensile
and compressive strength. Soft tissue scaffolds require
materials that combine flexible and porous hydrogels
to support cellular infiltration and extracellular matrix
growth. Most photopolymers and hydrogels face
sterilization challenges because they cannot withstand
standard autoclaving, requiring gamma irradiation or
ethylene oxide treatment to sterilize while preserving
their physical and biological properties. Researchers
face challenges when creating multi-material
constructs becaus bioinks and rigid polymers
respond different environmental conditions and

sterilizafion % s,Yeading to device performance
issues. Testing gequires material testing and
stand afdi abrication and post-processing

iz
pr s fo address these material challenges.
{hﬁ althcare sector requires expensive 3D
tiflg machines, and medical facilities must provide
ssgntial 3D printing services. Organizations need
ificant financial resources to acquire EBM and
PolylJet printers because they require basic equipment,
specialized materials, and trained, certified
professionals. Organizations also need financial
resources to train employees in operating systems,
quality assurance procedures, and post-processing.
Hospitals need basic equipment to access advanced
3D printing technology, which creates barriers to
access. Low-cost extrusion-based printers, which,
combined with desktop SLA systems, create printing
systems that enable small-scale production facilities
to produce prosthetics, surgical models, and
educational materials. Upcoming printing technology
will deliver economical solutions that make 3D printing
standard across multiple medical applications.

The digital workflow management system must
adhere to standard operating procedures because the
existing imaging system produces inconsistent results
among various healthcare facilities through its
segmentation process and model training methods.
Medical imaging data require complete segmentation
of CT, MRI, and ultrasound images because these
images generate patient-specific implants, surgical
guides, and scaffolds that require identification of
anatomical structures. Different segmentation
techniques, which combine various imaging methods
and CAD software algorithms, can introduce multiple
errors that reduce accuracy, performance, and
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operational safety for printed devices. Digital
workflow standardization develops through printing
operations, which must adhere to quality assurance
standards that establish operational procedures for
clinical workflows. Developers create automated tools
and artificial intelligence-assisted segmentation
solutions to improve operational efficiency and reduce
human error, thereby creating reliable, scalable
production processes for customized medical devices.
Surgeons use 3D printing technology to develop
surgical training models that realistically simulate
human body parts. This method produces three results:
reduced operation time, lower health risks, and
enhanced surgical accuracy. Clinical results show
improvement because doctors can use orthopedic and
maxillofacial surgery guides to place implants
accurately, helping patients recover more quickly.?
The 3D printing process creates physical models,
which help patients understand surgical procedures
during their informed consent process.
Regenerative medicine develops tissue-like
structures through 3D bioprinting using controlled cell
and biomaterial placement combined with growth
factor application. Researchers have made substantia
advances in developing cartilage, skin, and bone ti§sue,
although they are still researching how to t
complete, functional human organs. Bigp
scaffolds create complex tissue structufg
hierarchical pore designs and varying
properties that support cell survi
differentiation. Three-dime & oprinting
technology can address cox ‘1@ ‘ 1 challenges
by combining stem cells, growlffactors, and signaling
molecules to enhance tissue reg@neration.
Pharmaceutical research uses 3D printing
technology to create custom medical treatments for
individual patients. The first FDA-approved 3D-printed
drug, levetiracetam Spritam®, established additive
manufacturing as an effective way to produce
personalized medications that provide precise dosing
and controlled drug release. These 3D-printed tablets
enable customized treatment solutions for patients
who require specialized medication and have difficulty
swallowing. Scientists create customized drug-release
profiles through tablet design elements, including
material selection, shape changes, and internal
structure modifications.
The field still faces several challenges because
of three key factors: regulatory approval and material
standardization, long-term biocompatibility assessment,

=
o
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o
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and cost limitations. Researchers need to conduct
ongoing studies to identify better materials and printing
methods and develop standard procedures that
produce consistent clinical results. Engineers,
materials scientists, clinicians, and regulatory agencies
must work together to integrate 3D printing
technologies into standard medical procedures.
Combining artificial intelligence and machine learning
with advanced imaging technologies will enhance 3D
printing applications through precise design and
manufacturing processes, improving efficiency and
production capacity and revolutionizing surgical
planning, tissue engineering, drug delivery, and
personalized medicine.

Additive manufacturifig 1§still in its early stages,
but ongoing technologigal ptogress will drive
advancements as n 10al applications emerge.
Medical professi use customized implants,
prosthetics, ical models to improve patient
outcomes edures safer, and increase patient

satisfac ical professionals will rely on
io hybrid scaffold technologies because
e able the creation and restoration of human
tiSsues and organs. In addition, 3D printing technology

enable pharmacists to produce personalized
medicine solutions and help track patients’ absorption
rates of different medications. Overall, the combination
of 3D printing materials and methods with digital
workflows will make additive manufacturing an
important way to create precise medical solutions for
individual patient needs.

Challenges and future directions

The world has achieved important development
milestones, yet it must still address existing challenges.
Researchers need to complete their testing because
the process requires biocompatibility and degradation
testing. Moreover, testing procedures that require
regulatory approval must include complete mechanical
testing alongside biological testing. System
implementation processes also face operational growth
challenges because business expansion requires
financial resources. The field currently benefits from
scientific progress driven by researchers’ studies of
materials science, automation, and multi-material
printing methods. In the future, researchers will study
smart scaffolds that use sensor technology to detect
biological signals, monitor healing processes, and
deliver targeted medical therapies.
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Conclusion

By creating patient-specific anatomical models,
implants, prostheses, surgical guides, medication
delivery systems, and tissue-engineered constructs,
medical 3D printing has become a transformative tool
in contemporary healthcare. By combining advanced
imaging, CAD, biomaterials science, and additive
manufacturing, 3D printing enables greater anatomical
precision and customized therapeutic strategies that
improve surgical planning, procedural accuracy,
functional outcomes, and patient-specific rehabilitation.
Its growing use also supports the shift from traditional
standardized therapies to more individualized,
precision-based healthcare. Despite these
developments, issues with manufacturing costs,
material selection, reproducibility, quality control,
biocompatibility, scalability, sterilization, intellectual
property concerns, and regulatory harmonization limit
the widespread clinical translation of medical 3D
printing. Furthermore, establishing the safety,
effectiveness, and long-term performance of 3
printed medical devices requires robust clinical da
and standardized production and validation pro
Therefore, resolving these translational chablenges

require ongoing multidisciplinary cooperatiofl between
doctors, biomedical engineers, materi tists,
regulatory bodies, and industry stake Overall,

3D printing’s therapeutic potenti@ gxpected to
expand further through inte ith advanced

i ifiéial intelligence,
d digital health
er, these advancements
establish medical 3D pginting as a key enabling
technology for patient-centered, precise, and
increasingly regenerative healthcare.
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