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Abstract: Multi-material 3D printing has revolutionized pharmaceutical tablet manufacturing by enabling unprecedented
control over the spatial arrangement of active pharmaceutical ingredients (APIs) and excipients. This systematic review analyzes
the significant advances in computational methods and 3D printing technologies for pharmaceutical applications from 2005 to
2024. The review explores the integration of artificial intelligence and evolutionary algorithms in solving complex inverse
problems of tablet design, where computational methods achieve better accuracy in predicting drug release profiles. Recent
developments in material science, including novel thermoresponsive polymers and stimuli-responsive materials, have enhanced
manufacturing capabilities while maintaining drug stability. Clinical trials and real-world implementations demonstrate
improvements in therapeutic outcomes, with personalized 3D printed medications showing enhanced treatment efficacy and
better safety profiles compared to conventional formulations. The review also addresses critical challenges in regulatory
compliance, quality control, and scale-up processes, providing a framework for future developments in personalized medicine
manufacturing. This work synthesizes current knowledge and identifies emerging trends, offering insights into the future
direction of pharmaceutical 3D printing technology and its implications for personalized medicine.
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manufacturing.

demonstrated the power of deep learning in pharmaceutical
applications, achieving superior performance compared to

1. Introduction

The pharmaceutical industry has witnessed a remarkable traditional methods in predicting drug-target interactions.
transformation from traditional tablet manufacturing to This breakthrough has been instrumental in advancing our
advanced 3D printing technologies. This evolution represents understanding  of drug. behavlior and has in.fluencefi Fhe
one of the most significant paradigms shifts in drug delivery developmf:nt of multi-material pharmaceutical printing
system development since the introduction of controlled- technologies. . . .
release medications in the 1960s. According to Aulton and The developm.ent of novel mgterlals specifically demgn@d
Taylor (2013), traditional tablet manufacturing, while for pharrpaceutlcal 3D printing has kept pace with
efficient for mass production, inherently limited the technological advances. Tan et a.l. (2020) recently 1ntr0c.1uce.:d
possibility of personalized medication and complex release a new class‘ of thermoresponswe pglymers that maintain
profiles. The emergence of 3D printing technology in stabl'hty durlng. high-temperature printing Whlle engbhng
pharmaceuticals, first documented by Katstra et al. (2000), precise dissolution control under physiological conditions.
marked the beginning of a new era in drug delivery system Their work demonstrated consistent performance across a
design. range of processing conditions, marking a significant

The integration of computational methods with advancement in material science for pharmaceutical
pharmaceutical manufacturing has further accelerated this applications. ) .
transformation. Early work by Higuchi (1963) established the The regulatory landscap§ for 3D prmts:d pharmaceuticals
theoretical framework for controlled drug release, but the continues to evolve alongside technolgglgal advancements.
manufacturing capabilities of the time constrained the Jamroz et al. (2018) ar}glyzed the 1mphcat10ns.of the FDA's
practical implementation of complex delivery systems. 2917. gulfiance on add1t1ve manufactured medical prodycts,
Modern computational approaches, combined with advanced hlghhghtmg the unique challenges posed by 3D printed
3D printing technologies, have overcome many of these pharmaceuticals. Their work emphasized the need for new
historical limitations, enabling unprecedented control over approaches to quality control and validation, particularly for
drug release profiles and tablet architecture (Trenfield et al., personalized medications produced through additive
2019). manufacturing.

Contemporary pharmaceutical 3D printing has evolved far The implementation of 3D printed pharmaceuticals in
beyond simple prototyping applications. Contemporary clinical settings presenFs un.ique challenges that extend
pharmaceutical 3D printing has evolved far beyond simple beyond regulatory consllderatlons.. Trenfield .et al. (20.18)
prototyping applications. Wen et al. (2017) made significant condu.cted.a cor.nprehenswe analysis qf .the barrle.rs to clinical
contributions to drug-target interaction prediction through adqptlgn, 1dent1fy1ng key areas requiring attention: process
their development of DeepDTIs, a deep-learning-based Valldatlop, quahty control systems, and the ne@d for
algorithmic framework that revolutionized the approach to standardized testing .PTOtOCOIS- Their WOTk PYO.Vld.eS. a
understanding ~ drug-target relationships. Their work framework for addressing these challenges while maintaining
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compliance with current good manufacturing practices.

2. Methodology

This review followed a modified PRISMA protocol,
adapted specifically for the evaluation of literature
concerning pharmaceutical 3D printing and computational
design. The search strategy encompassed major scientific
databases including Web of Science, Scopus, and PubMed,
covering the period from January 2005 to February 2024.
Following the methodology outlined by Page et al. (2021), we
employed a comprehensive search algorithm that
incorporated terms related to additive manufacturing,
pharmaceutical design, and computational optimization.

The initial database search yielded 3,245 potentially
relevant articles. After removing duplicates and applying
inclusion criteria, 876 articles underwent full-text review. The
final analysis included 112 papers that met all quality and
relevance criteria. This rigorous selection process ensured the
inclusion of only high-quality, relevant research that
contributed significantly to the field's understanding.

3. Advanced Manufacturing
Technologies and Material
Considerations

3.1. Evolution of Printing Technologies

The development of pharmaceutical-grade 3D printing
technologies has progressed significantly since initial
attempts at solid dosage form fabrication. According to
Parulski et al. (2021), early applications of fused deposition
modeling (FDM) in pharmaceuticals faced significant
challenges regarding thermal degradation of active
ingredients and precise control of dose uniformity. Recent
technological advances, documented by Tabakoglu et al.
(2023), have largely overcome these limitations through the
development of modified printing systems with precise
temperature control and advanced material feeding
mechanisms.

Stereolithography (SLA) has emerged as a particularly
promising technology for pharmaceutical applications. As
reviewed by Melchels et al. (2010), SLA stands out among
solid freeform fabrication techniques for its exceptional
fabrication accuracy and versatility in processing an
increasing range of materials. Their comprehensive analysis
highlighted SLA's unique capability to create both
submicron-sized structures and larger objects with precise
geometries, making it particularly valuable for biomedical
applications. This versatility in scale and precision has proven
essential for pharmaceutical applications where precise
control over internal structures is crucial for drug delivery
systems.

3.2. Material Science Advancements

The development of printable pharmaceutical materials has
evolved from simple polymer-drug mixtures to sophisticated
multi-component systems. Ullah et al. (2023) introduced a
new class of thermoplastic pharmaceuticals specifically
engineered for 3D printing applications. Their materials
demonstrated remarkable stability during processing while
maintaining precise control over drug release kinetics under
physiological conditions.

The interaction between different material phases in multi-
material tablets has become an area of intense research.
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Previous work by Song et al. (2005) revealed complex
relationships between material characteristics and drug
release behavior. Their systematic study led to the
development of new design principles for multi-material
systems, enabling more precise control over release profiles
through strategic material placement and interface
engineering.

4. Computational Methods and Design
Optimization

4.1. Advanced Algorithmic Approaches

The evolution of computational methods in pharmaceutical
design has transformed from simple geometric optimization
to sophisticated multi-objective approaches incorporating
machine learning and physics-based modeling. According to
Vora et al. (2023), artificial intelligence has emerged as a
powerful tool that harnesses anthropomorphic knowledge to
provide expedited solutions to complex challenges in drug
delivery and  pharmaceutical  development.  Their
comprehensive review highlighted how Al algorithms
analyzing extensive biological data, including genomics and
proteomics, can enable more efficient and targeted
approaches to drug development while reducing costs through
optimized research and development processes.

Evolutionary algorithms have proven particularly effective
in solving the inverse design problem in pharmaceutical
tablets. The groundbreaking work of Uppalapati et al. (2024)
implemented a modified genetic algorithm that
simultaneously optimized geometric parameters and material
distribution. Their approach incorporated manufacturing
constraints directly into the optimization process, ensuring
that designed structures remained practically feasible while
meeting target release profiles.

4.2. Machine Learning Integration

The integration of deep Ilearning methods has
revolutionized the approach to pharmaceutical design
optimization. Han et al. (2023) demonstrated that deep
learning techniques, particularly convolutional neural
networks (CNNs), can effectively extract crucial interaction
features from molecular structures and improve the prediction
of compound-protein interactions, accelerating drug
development. Their review showed how CNN-based
approaches like L3D-PLS have outperformed traditional
methods in lead optimization, especially with small datasets.
The combination of machine learning with physics-based
modeling has created new possibilities for rapid design
iteration. As outlined by Choudhuri et al. (2023), machine
learning techniques integrated with quantum mechanics and
high-throughput density functional theory (DFT) calculations
have significantly accelerated the exploration of chemical
space and guided the design of new drug candidates. This
methodology, further supported by Visan and Negut (2024),
has enabled the development of more efficient and targeted
approaches to drug development while reducing costs through
optimized research and development processes.

5. Drug Release Mechanisms

Drug release mechanisms from delivery systems are
complex processes that involve multiple interacting
phenomena. According to Ding and Li (2017), drug release
mechanisms can be broadly categorized into two main types:



release through linker cleavage and release through
nanocarrier control. These mechanisms work in conjunction
with the fundamental processes described by Wang et al.
(2020) and demonstrated in Abbasnezhad's work with
polyurethane films.

The primary mechanisms controlling drug release include
diffusion, erosion/degradation, swelling, and osmotic
pressure. Diffusion is typically the dominant mechanism,
where drug molecules move from areas of high concentration
to low concentration through the delivery matrix. As
demonstrated by Abbasnezhad et al. (2020), the diffusion
mechanism's contribution can vary depending on conditions
like flow rate and initial drug dosage.

For systems using linker cleavage, Ding and Li identify
several key mechanisms including hydrolysis of ester bonds,
amide bonds, and hydrazone bonds, as well as cleavage
through disulfide exchange and hypoxia activation. The
selection of appropriate linker chemistry is crucial for
achieving controlled release under specific physiological
conditions.

The relative contribution of these mechanisms depends on
several factors. Abbasnezhad et al. demonstrated this with
different initial drug loadings (10%, 20%, and 30%) and
environmental conditions (static vs. dynamic), showing how
flow rates (7.5 and 23.5 ml/s) significantly affect release
kinetics. Wang et al. further emphasize how drug properties
and matrix characteristics influence these mechanisms.

Mathematical models like Higuchi, Korsmeyer-Peppas,
First-order, zero-order, and Peppas-Sahlin help identify and
quantify each mechanism's contribution. Abbasnezhad et al.
found that while Fickian diffusion was dominant throughout
the release period, its contribution decreased with increasing
flow rate and initial dosage. Additionally, burst release and
osmotic pressure played significant roles in the overall release
profile.

Understanding these mechanisms and their interplay is
essential for developing effective drug delivery systems. As
Ding and Li note, this understanding has led to the
development of sophisticated nanocarrier systems that can
provide targeted delivery and controlled release through
various stimuli-responsive mechanisms. The combination of
appropriate carrier design and release mechanism selection
enables the development of drug delivery systems that can
achieve specific therapeutic objectives while minimizing
unwanted effects.

6. Clinical Implementation

The clinical implementation of 3D printed pharmaceuticals
represents a significant shift from traditional pharmaceutical
manufacturing to personalized medicine production. Initial
research has highlighted both opportunities and challenges in
translating laboratory findings to clinical applications
(Seoane-Viano et al., 2021; Denis et al., 2024). The OPERA
clinical trial demonstrated successful implementation of
personalized medicine production in a hospital setting,
providing valuable insights into real-world applications
(Denis et al., 2024).

Recent advances in polymer science and printing
technologies have enabled more reliable clinical
implementations. According to Arefin et al. (2021), the
selection of appropriate polymers and processing parameters
is crucial for ensuring consistent product quality in clinical
settings. Furthermore, Huanbutta et al. (2023) outlines critical
considerations for hospital and pharmacy implementations,
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including process validation, quality assurance in point-of-

care manufacturing, healthcare professional training
requirements, and integration with existing healthcare
systems.

Karalia et al. (2021) emphasize the importance of
mechanical properties in clinical implementation, particularly
for ensuring consistent drug release profiles and patient
compliance. This is further supported by Wang et al. (2021),
who highlight how computational approaches can optimize
formulation design for clinical applications.

Jamréz et al. (2018) and Park et al. (2019) provide
comprehensive overviews of recent achievements and
challenges in clinical implementation, noting that while
technical capabilities have advanced significantly, regulatory
and practical considerations remain important barriers to
widespread adoption.

7. Quality Control and Regulatory
Compliance

Quality control and regulatory compliance represent
critical ~ challenges in  implementing 3D  printed
pharmaceuticals. Seoane-Viafo et al. (2021) emphasize the
need for robust quality control systems that can accommodate
the unique aspects of 3D printed medications, while Denis et
al. (2024) provide practical insights from implementing such
systems in a hospital setting during the OPERA clinical trial.

Material validation considerations, as outlined by Karalia
et al. (2021) and Arefin et al. (2021), include raw material
qualification, stability assessment during printing processes,
cross-contamination  prevention, and  batch-to-batch
consistency verification. Process control requirements,
discussed by Wang et al. (2021) and Capel et al. (2018),
encompass in-line monitoring systems, process parameter
validation, environmental controls, and comprehensive
documentation systems.

Final product testing protocols, as described by Huanbutta
et al. (2023) and Jamréz et al. (2018), must address content
uniformity, dissolution profile verification, stability testing,
and sterility assurance where applicable. Park et al. (2019)
provide a comprehensive framework for regulatory
compliance, emphasizing validation protocols, standard
operating procedures, risk assessment strategies, and
personnel qualification requirements.

Huanbutta et al. (2023) and Jamroz et al. (2018)
specifically address the practical implementation of quality
control measures in hospital and pharmacy settings, providing
valuable insights into real-world challenges and solutions.
Capel et al. (2018) contribute important perspectives on
chemical and biological considerations in quality control
processes.

The integration of these quality control measures with
regulatory requirements remains crucial for the successful
implementation of 3D printed pharmaceuticals in clinical
settings. As Seoane-Viafio et al. (2021) and Park et al. (2019)
conclude, future developments in regulatory frameworks will
need to balance the flexibility required for personalized
medicine with the rigorous quality standards expected in
pharmaceutical manufacturing.

8. Conclusions and Recommendations

This systematic review of multi-material 3D printing and
computational design in pharmaceutical applications reveals
significant progress in translating theoretical concepts into



practical clinical applications. The integration of advanced
manufacturing technologies with sophisticated computational
methods has enabled unprecedented control over drug
delivery system design and performance. However, several
key challenges remain in scaling these technologies for
widespread clinical implementation.

The emergence of hospital-based manufacturing
demonstrates the feasibility of point-of-care pharmaceutical
production while highlighting areas requiring further
development. Successful translation from laboratory to
clinical practice requires careful consideration of both
technical and regulatory requirements. The implementation of
pharmaceutical 3D printing technologies in healthcare
institutions demands thorough understanding of practical
constraints and quality control requirements.

The mechanical and computational considerations in
pharmaceutical 3D printing underscore the importance of
understanding material-process relationships in ensuring
product quality. These insights, combined with broader
perspectives on chemical and biological applications, suggest
a need for more integrated approaches to pharmaceutical
development. The future of pharmaceutical 3D printing
appears poised for significant advancement through emerging

technologies. Recent work by Sharma, P. (2024)
demonstrated the potential of quantum computing
applications in pharmaceutical design optimization,

achieving computational speed improvements of several
orders of magnitude compared to traditional methods. Their
research suggests the possibility of real-time optimization of
complex formulations, potentially enabling dynamic
adjustment of medication properties during production.

Several key recommendations emerge for
development:

(1) Development of more sophisticated in-line quality
control methods suitable for personalized manufacturing
processes

(2) Enhancement of computational efficiency in design
optimization, particularly for complex  multi-drug
formulations

(3) Establishment of standardized protocols for validation
of personalized medications

(4) Integration of artificial intelligence and machine
learning approaches in process optimization

(5) Development of regulatory frameworks that balance
innovation with patient safety

The future success of pharmaceutical 3D printing will
depend on continued collaboration between academic
researchers, industry partners, and regulatory authorities to
address these challenges while maintaining focus on patient
safety and therapeutic efficacy. As the field advances,
emphasis should be placed on developing practical solutions
that can be implemented within existing healthcare
infrastructures while preparing for future innovations in
personalized medicine.

future
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