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ABSTRACT:

Additive manufacturing (AM), commonly referred to as 3D printing, has recently gained prom-
inence in pharmaceutical sciences as a breakthrough technology, offering a new dimension to
drug development and delivery. Its capacity to precisely control formulation parameters, dos-
age strengths, and release profiles enables the creation of patient-specific therapeutics that tra-
ditional manufacturing cannot achieve. By supporting rapid prototyping, on-demand produc-
tion, and the design of complex drug architectures, AM (3D printing) directly advances the
vision of personalized and precision medicine.

Recent progress has shown AM (3D printing)’s potential to accelerate preclinical screening,
minimize waste, reduce development costs, and enhance therapeutic outcomes. Regulatory
milestones, such as the approval of the first 3D-printed drug, reflect growing recognition of
this paradigm shift, although challenges remain in scalability, quality assurance, material com-
patibility, and regulatory standardization.

By revolutionizing the processes of drug development, additive manufacturing (3D printing)
simultaneously paves the way for a transformative shift toward personalized medicine. The
precision, flexibility, and patient-centered focus enabled by AM (3D printing) embody the very
principles of personalization, making the two concepts inseparable in practice.

This review explores how AM (3D printing) is transforming drug development and its critical
role in making personalized medicine a practical reality. By examining current applications,
technological innovations, and future directions, we highlight AM (3D printing) as a corner-
stone in the evolution of patient-centered pharmaceutical care.

Introduction

The continuous evolution of pharmaceuti- whereas AM enables drugs to be built layer
cal manufacturing has witnessed several by layer, allowing more intricate and per-
paradigm shifts, with additive manufactur- sonalized dosage designs, enabling a new
ing (AM), also known as three-dimensional level of precision and flexibility in drug de-
(3D) printing, emerging as one of the most velopment and delivery [}

disruptive technologies of the past decade. The origins of AM can be traced back to the
Conventional drug manufacturing depends late 20th century, when it was primarily uti-

on bulk processing with limited flexibility,
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lized in engineering and prototyping indus-
tries. Its translation into the pharmaceutical
sciences, however, gained significant mo-
mentum only in the last fifteen years, driven
by the growing demand for patient-tailored
therapeutics [># This transition was accel-
erated by the recognition that conventional
“one-size-fits-all” drug formulations often
fail to meet the diverse needs of populations
such as pediatrics, geriatrics, and patients
with rare diseases B}

The approval of Spritam® (levetiracetam)
by the U.S. FDA in 2015 marked the entry
of the first medicine produced using 3D
printing technology, representing a major
breakthrough in pharmaceutical develop-
ment and marking the first regulatory ac-
ceptance of a 3D-printed oral solid dosage
form [67) This milestone not only validated
the feasibility of AM in pharmaceutical
manufacturing but also inspired a surge of
research exploring its broader potential in
personalized medicine.

From a technological standpoint, 3D print-
ing offers several unique advantages, in-
cluding the ability to fine-tune drug release
profiles, combine multiple active pharma-
ceutical ingredients (APIs) into a single
dosage form, and design geometries that are
unachievable through conventional meth-
ods 89 By integrating computer-aided de-
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sign (CAD) with advanced formulation sci-
ence, AM provides unprecedented control
over critical quality attributes such as po-
rosity, dissolution rate, and mechanical
strength [0}
At the same time, this transformative tech-
nology raises questions about scalability,
material compatibility, and quality assur-
ance, which must be addressed before it can
be widely adopted in the pharmaceutical in-
dustry [1112l Nevertheless, the growing
body of scientific evidence underscores
AM’s potential to revolutionize drug devel-
opment and bring personalized medicine
closer to clinical reality.

Technologies of Additive Manufacturing
in Pharmaceuticals

Additive manufacturing (AM), more com-
monly known as 3D printing, encompasses
a variety of technologies that differ in their
underlying principles, precision, and suita-
bility for pharmaceutical applications.
Among the most widely explored methods
is stereolithography (SLA), which employs
a light-sensitive resin that is cured layer by
layer using a laser or ultraviolet light. SLA
offers exceptionally high resolution and the
ability to fabricate intricate geometries, alt-
hough its use in pharmaceuticals is limited
by the need for biocompatible and safe pho-
topolymerizable materials ['314}

UV laser

Resin

(SLA)

L1

Printed

object

Figure 1: Stereo lithography Technology!
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Another prominent technology is in Fused
Deposition Modeling (FDM), thermo-
plastic filaments mixed with APIs are
melted and extruded via a heated nozzle to
build dosage forms layer by layer. The abil-
ity to produce solid dosage forms with cus-
tomizable release profiles has made FDM

Extruder

Pattern $
—

(FIDM)
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one of the most extensively studied 3D
printing methods in the pharmaceutical
field [15-16]

However, thermal stress during the extru-
sion process may restrict its applicability
for heat-sensitive drugs [!7}

Nozzle

Figure 2: Fused Deposition Modeling Technology 4!

Selective laser sintering (SLS) represents
yet another promising approach. The pro-
cess involves the use of concentrated laser
energy to fuse layers of powder particles to-
gether, and it does not depend on external
binders. SLS allows for solvent-free pro-
duction and excellent mechanical strength,

Source

Re-coater blade

making it suitable for both immediate- and
controlled-release dosage forms 319 Itg
main drawback is the high energy require-
ment and potential degradation of thermo-
labile APIs 20}

Powder |
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Figure 3: Selective laser sintering Technology 134

Inkjet printing has also emerged as an at-
tractive AM method for pharmaceuticals,
particularly for producing personalized
doses with high accuracy. By depositing

droplets of API-containing solutions onto
substrates, inkjet printing enables precise
control of drug loading, spatial distribution,
and even polypill fabrication [1-22}
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Figure 4: Inkject printing Technology [*3]

In spite of these advantages, challenges compatibility, and scalability still need to

such as nozzle clogging, limited solvent be addressed 23}

Finally, binder jetting and extrusion-based 1.Design Phase

semi-solid printing are being investigated

for their ability to handle a wide range of The process begins with computer-aided

formulations, including gels, pastes, and design (CAD), where the geometry, internal

suspensions. These approaches expand the structure, and drug release characteristics of

design flexibility of AM and facilitate the the dosage form are digitally created. This

incorporation of poorly water-soluble APIs, digital modeling step enables tailoring of

though optimization of excipient selection size, shape, and release kinetics to suit spe-

and post-processing steps remain critical cific patient needs [*1

for ensuring product stability [2425)

Together, these diverse AM technologies 2.Pre-Processing Phase

underscore the adaptability of 3D printing

to pharmaceutical needs, each with unique Once the digital model is finalized, it is con-

advantages and limitations. Ongoing inno- verted into a printer-compatible format

vations in material science, hardware devel- such as STL or AMF. Using slicing soft-

opment, and process optimization continue ware, the model is divided into layers, and

to push the boundaries of what can be essential parameters such as layer thick-

achieved in drug manufacturing. ness, orientation, and printing speed are de-
termined B}

Phases of Additive Manufacturing in

Pharmaceuticals 3.Material Preparation Phase

The workflow of additive manufacturing

(AM) in pharmaceuticals can be divided In this step, the required raw materials—ac-

into several systematic phases that ensure tive pharmaceutical ingredients (APIs) and

precision, safety, and efficiency in drug de- excipients—are selected and prepared. The

velopment and production. choice of material depends on the AM tech-

nique to be used, such as FDM, SLA, SLS,

18



REVIEW ARTICLE

ISSN: 3108-3218

1]

BTS EMPIRE Vol 01 | Issue 07 | July 2026

or inkjet printing, and must ensure compat-
ibility, stability, and printability [3°

4.Fabrication/Printing Phase

The drug product is then manufactured
layer by layer using the chosen AM tech-
nique. For instance, fused deposition mod-
eling (FDM) involves extruding API-poly-
mer filaments, stereolithography (SLA) re-
lies on UV light to cure resin, selective laser
sintering (SLS) fuses powder particles with
lasers, and inkjet printing deposits precise
droplets of API solution 313334}
5.Post-Processing Phase

Following printing, products may undergo
additional steps such as drying, curing, sin-
tering, or removal of support material to
achieve the required mechanical strength
and stability. These finishing processes are
crucial to ensure reproducibility and perfor-
mance consistency 2711

6.Quality Control and Testing Phase

The printed dosage forms are then evalu-
ated for critical quality attributes (CQAs)
such as weight variation, drug content uni-
formity, porosity, dissolution rate, and me-
chanical integrity. Advanced analytical
methods and regulatory guidelines help to
confirm reproducibility and compliance
[11,55,61].

7.Application and Clinical Use Phase

Finally, the finished products are applied in
real-world scenarios, such as polypills for
chronic diseases, pediatric-friendly orally
disintegrating tablets, implants, or mi-
croneedle patches. These applications high-
light the clinical potential of AM in deliver-
ing patient-specific and precision-based
therapies [1259)
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Applications of Additive Manufacturing
in Pharmaceuticals
Additive manufacturing (AM) has found
extensive applications in the pharmaceuti-
cal industry, particularly in the design and
production of novel drug delivery systems.
The capacity to manufacture customized
oral dosage forms is one of its most signifi-
cant contributions. With AM, tablets can be
fabricated in various geometries, sizes, and
drug-loading patterns, enabling precise
control over disintegration and dissolution
kinetics, which is crucial for tailoring drug
release profiles to patient-specific needs
26,28].

An important use of AM is the fabrication
of polypills, in which several APIs are inte-
grated within one tablet while still main-
taining different release profiles while
maintaining distinct release characteristics.
This approach is particularly advantageous
in chronic diseases like diabetes, cardiovas-
cular disorders, and HIV, where patients of-
ten require multidrug therapy 23! By re-
ducing pill burden, AM-based polypills im-
prove adherence and patient outcomes.

In addition to oral dosage forms, AM has
been utilized for the fabrication of implants
and transdermal systems. Customized im-
plants with controlled drug-eluting proper-
ties can be developed to provide localized
and sustained drug release, thereby mini-
mizing systemic side effects 323 Simi-
larly, microneedle patches produced using
AM offer a minimally invasive platform for
transdermal drug delivery and vaccination,
enhancing patient comfort and compliance
[34,35].

AM also supports the development of oro-
dispersible and pediatric-friendly formula-
tions, where taste masking and rapid disin-
tegration are critical. This is particularly
important for children and geriatric patients
who face difficulties in swallowing conven-
tional tablets 337} Furthermore, AM pro-
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vides opportunities in oncology, where pa-
tient-specific chemotherapeutic dosage
forms can be created based on tumor genet-
ics and metabolic profiles, aligning with the
principles of precision medicine [38-3%)

Overall, these applications demonstrate the
potential of AM to transform conventional
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pharmaceutical manufacturing by introduc-
ing flexibility, personalization, and im-
proved therapeutic outcomes. The adapta-
bility of AM across multiple dosage forms
underscores its role as a disruptive innova-
tion in modern drug development 40

Table 1: Applications of Additive Manufacturing (3D Printing) in Pharmaceutical [162% 31, 35,

45]

APPLICATION

EXAMPLE

BENEFITS

Oral dosage forms

Customized tablets

Controlled release, patient-

specific
Polypills Diabetes/HIV drugs Reduced pill burden
Implants Drug-eluting implants Localized, sustained release
Pediatric/Geriatric Orodispersible tablets Easy swallowing, taste mask-

ing

Ophthalmic delivery
inserts

Microneedle arrays, ocular

Offers targeted therapy for
eye diseases like glaucoma

Personalized oncology
mulations

Tailored chemotherapy for-

Aligns treatment with pa-
tient’s tumor profile for
higher efficacy

Intravaginal/Intrauterine

Rings or implants with drugs

Enables long-term, sustained
delivery for contraception or
infection control

Pulmonary/Inhalation therapy
inhalers

Development of 3D-printed

Dry powder devices that en-
hance lung-specific delivery,
beneficial in conditions like
asthma and COPD

20
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Veterinary formulations

Animal-specific tablets
capsules

or

Ensures precise dosing across
different species and body
weights

Bioprinting & Regeneration

Scaffolds, bone grafts, tissue
matrices

Supports tissue repair and
controlled drug release at the
site

Topical & Transdermal sys-
tems

Customized patches, gels, or
films

Provides localized action,
faster healing, and reduced
side effects

BJ-3DP technology

—>
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ples of 3D printing technology for the preparation of drugs and its application in

the pharmaceutical field are described in detail
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Figure 5: Global commercialization progress 6713, 17,39
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sciences. One of the most notable ad-
vantages is the ability to produce personal-
ized medicines, allowing dosage forms to
be tailored according to an individual pa-
tient’s age, weight, genetic profile, and
therapeutic requirements. This level of cus-
tomization enhances patient adherence and
therapeutic efficacy, especially in cases in-
volving pediatric and geriatric populations
where dosing precision is critical 4142}
Another significant benefit lies in the com-
plexity of drug designs achievable with
AM. Unlike traditional methods, AM al-
lows the creation of highly intricate geom-
etries, multi-layered structures, and con-
trolled-release systems, which can optimize
drug dissolution and bioavailability. Such
advancements also open opportunities for
fabricating fixed-dose combinations in a
single unit, thereby reducing pill burden for
patients with multiple chronic conditions
[43,44].

In terms of production, AM is more re-
source-efficient since it minimizes raw ma-
terial wastage while improving overall pro-
cess efficiency. Traditional processes often
involve subtractive techniques that require
cutting or shaping, leading to loss of raw
materials. Instead of removing excess ma-
terial as in conventional methods, additive
manufacturing constructs products sequen-
tially in layers, using only the exact amount
of material required. This not only im-
proves sustainability but also lowers pro-
duction costs in the long term 43
Furthermore, AM supports on-demand and
decentralized manufacturing, making it
possible to produce medications at the point
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of care such as hospitals or pharmacies.
This capability is particularly beneficial in
emergency situations, rural healthcare set-
tings, and during supply chain disruptions.
This approach decreases reliance on cen-
tralized production centers and enables
quicker availability of essential medicines
[46,47].

Another advantage of AM is the potential
for rapid prototyping and accelerated drug
development. Researchers can quickly fab-
ricate dosage forms, test different formula-
tions, and optimize parameters without un-
dergoing the lengthy steps required in tradi-
tional production. This shortens the time-
line from drug discovery to clinical applica-
tion, significantly boosting innovation in
the pharmaceutical sector [48:4%)

Finally, AM enhances patient-centered care
by enabling novel dosage forms such as
chewables, orally disintegrating films, and
visually appealing shapes that improve
compliance in children and elderly patients.
The integration of smart technologies with
AM further expands possibilities for creat-
ing responsive drug delivery systems with
sensors or embedded markers for tracking
patient adherence [
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HOT MELT EXTRUSION PROCESS

3D PRINTING

Figure 6: Workflow of Additive Manufacturing in pharmaceutical manufacturing

48]

Disadvantages and Limitations of Addi-
tive Manufacturing in Pharmaceuticals
Despite the numerous benefits of additive
manufacturing (AM) in drug development,
several limitations restrict its widespread
adoption in the pharmaceutical industry. A
major drawback is the significant expense
associated with specialized equipment and
pharmaceutical-grade raw materials. 3D
printers specifically designed for pharma-
ceutical applications are expensive, and the
requirement for pharmaceutical-grade pol-
ymers, excipients, and drug powders further
increases production costs, making large-
scale implementation less feasible for many
manufacturers 512}

Another significant limitation is scalability.
While AM is excellent for producing indi-
vidualized medicines and small-batch man-
ufacturing, its ability to replace traditional
large-scale pharmaceutical production is
still questionable. Conventional techniques
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[41, 43, 45, 46,

like tableting and encapsulation remain
more efficient and economical for mass
manufacturing 3354}

Another major limitation lies in the regula-
tory space. Agencies such as the FDA and
EMA are yet to establish comprehensive
guidelines for the approval and validation
of 3D-printed medicines. On the standardi-
zation, validation, and approval of AM-
based pharmaceutical products. This uncer-
tainty slows down industrial adoption and
creates compliance-related barriers for
pharmaceutical companies 3¢}
Furthermore, drug stability and compatibil-
ity issues exist when combining active
pharmaceutical ingredients (APIs) with
printing excipients. Exposure to high tem-
peratures during fused deposition modeling
(FDM) or to UV light in stereolithography
may degrade sensitive drugs, reducing their
therapeutic efficacy 7} Additionally, re-
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producibility in dose accuracy and mechan-
ical strength of 3D-printed dosage forms re-
mains a concern 18}

Lastly, technical expertise and training re-
quirements are critical barriers. The inte-
gration of AM in pharma demands special-
ized knowledge in material science, engi-
neering, and pharmaceutical formulation.
The lack of skilled workforce and limited
research infrastructure in many regions hin-
der its global implementation [3%:60)

In summary, while AM is a transformative
technology in personalized medicine and
innovative drug delivery, its cost, scalabil-
ity issues, regulatory uncertainties, stability
concerns, and technical requirements con-
tinue to limit its full-scale integration into
mainstream pharmaceutical manufacturing.

Future Perspectives and Conclusion

The integration of additive manufacturing
(AM) into pharmaceutical sciences is grad-
ually transforming the drug development
and delivery landscape. As technology con-
tinues to advance, the potential of AM in
personalized medicine, on-demand manu-
facturing, and patient-centered therapies is
expected to expand significantly. Future re-
search is likely to focus on optimizing print-
ing techniques to achieve greater precision,
reproducibility, and scalability ('} Moreo-
ver, the adoption of advanced materials,
such as stimuli-responsive polymers and
nanocomposites, could enhance the func-
tional capabilities of printed dosage forms,
enabling controlled and targeted drug deliv-
ery [62631

In addition, regulatory frameworks will
play a critical role in shaping the trajectory
of AM in pharma. Establishing standard-
ized protocols for validation, quality assur-
ance, and large-scale production is essential
to ensure patient safety and widespread ac-
ceptance of printed medicines (%l Collabo-
ration between academia, industry, and reg-
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ulatory agencies will be instrumental in ad-
dressing these challenges and accelerating
the translation of AM from research labor-
atories to clinical and commercial applica-
tions [65:66].

Integration with Al and machine learning
may further strengthen AM by supporting
predictive formulation models, optimizing
print parameters, and enhancing quality
control, and real-time quality monitoring
(67,681 Such digital integration could reduce
development timelines and manufacturing
costs, thereby increasing the accessibility of
personalized therapies. Furthermore, AM
holds promise for use in remote or resource-
limited settings, where on-demand drug
production could address supply chain chal-
lenges and ensure continuous availability of
essential medicines [©)

In conclusion, additive manufacturing in
pharmaceuticals represents a paradigm shift
toward precision, personalization, and in-
novation. While challenges related to cost,
regulatory acceptance, and large-scale im-
plementation persist, ongoing advance-
ments suggest a promising future. The con-
vergence of material science, engineering,
and pharmaceutical technology will likely
position AM as a cornerstone of next-gen-
eration drug development and healthcare
solutions 17}
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