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Abstract-

4D printing (4DP) is an innovative advancement of 3D printing that adds a time-dependent functionality to
printed objects. Introduced in 2013, 4DP enables the creation of structures that can transform their shape or
behavior when exposed to external stimuli such as heat, light, pH, moisture, or magnetic fields. This is achieved
by incorporating smart materials like Shape Memory Polymers (SMPs) and hydrogels into the printing process.
SMPs allow objects to return to a pre-defined shape in response to environmental changes, while hydrogels—
responsive to temperature, water, or light—are especially useful in biomedical applications like controlled drug
delivery.The roots of additive manufacturing trace back to Chuck Hull’s invention of stereolithography (SLA)
in 1986. Since then, the field has evolved significantly, and 4DP marks a transformative leap. It has found
applications in diverse sectors such as aerospace (deployable satellites, morphing wings), biomedicine (self-
expanding stents, personalized implants), pharmaceuticals (targeted drug release), soft robotics, and tissue
engineering. In tissue engineering, for instance, 4DP is used to develop scaffolds that adapt to the body's
conditions, aiding in regeneration. Technologies like machine learning (ML), finite element analysis (FEA), and
computer-aided drug design (CADD) are enhancing 4DP through smarter modeling and predictive design. 4D
bioprinting, an extension of this concept, introduces responsiveness into biological structures, improving
therapeutic precision and customization. Despite its vast potential, 4DP still faces challenges including limited
material availability, slow response times, and the complexity of integrating multiple materials. Specialized
software and hardware are also required. However, with ongoing research and innovation, the technology holds
promising future applications in space manufacturing, wound care, and even 5D/6D printing. With the global
market expected to grow from USD 207.4 million in 2024 to over USD 4.44 billion by 2034, 4DP is poised to
revolutionize adaptive and intelligent manufacturing.

Keywords- 4D printing, smart materials, shape memory polymers, hydrogels, drug delivery,  bioprinting,
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Introduction

In 1986, Chuck Hull introduced the concept of three-dimensional (3D) systems for stereolithography (SLA), a
breakthrough that captured global interest and is widely regarded as a foundational moment in the development
of 3D printing technology.[1]Since the late 1980s, additive manufacturing (AM), also known as 3D printing or
fast prototyping, has steadily gained popularity.[2,3,4] At the moment, there are two primary types of additive
manufacturing for four-dimensional (4D) printing: vat photopolymerization techniques and extrusion-based
techniques [5,6].Because 3D printing can quickly prototype complexly shaped 3D goods, it has found
widespread use in biomedicine, polymer science, space research, and other domains.[7-11].Depending on how
these materials function, 3D microstructures made of intelligent materials may undergo specific changes over
time. Because of this, a new term, "4D printing,” has surfaced. [12]. In 2013, Professor Tibbits introduced the
idea of 4D printing [13].This marked the beginning of the 4D printing concept. At first, 4D printing was
explained with the formula “4D printing = 3D printing + time,” highlighting how a 3D-printed object can change
its shape, structure, or function over time.[14-16]. 4D printing is an advanced manufacturing technology that
builds on 3D printing by adding the dimension of time, enabling printed objects to change their shape, properties,
or functionality after fabrication in response to environmental stimuli such as heat, light, moisture, or pressure.
advancement of 3D printing that introduces capabilities such as self-assembly, shape transformation, and self-
repair by improving the printed object's form, structure, and function. 4D printing focuses on embedding flexible
smart materials into the product design, allowing microstructures to change according to a pre-defined pattern
when exposed to specific conditions or stimuli over time. Currently, 4D printing can produce dynamic,
responsive objects that traditional 3D printing cannot, due to its ability to incorporate time-dependent
transformations.[17-18],volume [19], and shape [20],Compared to traditional manufacturing, 4D printing
provides enhanced material adaptability, allowing for precise responsiveness to environmental changes, and has
already been successfully applied in several fields—for instance, in bioprinting, which enables the creation of
3D structures made from living biological components such as tissues, organs, cells, and nutrients.[21-23]. 4D
bioprinting, as a next-generation emerging technology, has the potential to revolutionize fields like regenerative
medicine, materials science, chemistry, and computer science,[24-26] with its key advantage being the ability of
printed biological structures to alter their functions over time in response to specific stimuli. [27]. This review
begins by presenting additive manufacturing techniques relevant to 4D printing, outlining the advantages and
limitations of the resulting products, and explaining the concept of 4D printing is first introduced, followed by
an exploration of various implementation strategies. The discussion then categorizes and reviews the types of
stimuli that activate responses in 4D-printed objects. It also examines commonly used smart materials in 4D
printing, such as shape memory polymers (SMPs) and hydrogels. Finally, the review highlights major
applications and outlines future prospects and developments in this rapidly evolving field.

4D Printing Market Size and Forecast (2025-2034)

The global 4D printing market is projected to be worth approximately USD 281.73 million in 2025 and is
expected to grow significantly, reaching around USD 4,436.96 million by 2034. This growth reflects a strong
compound annual growth rate (CAGR) of 35.84% during the forecast period. The North American market is
anticipated to reach USD 102.24 million by 2025 and is set to record the highest CAGR of 35.85%, underscoring
the region’s leading role in the adoption and development of 4D printing technologies.
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Table no.1 4D Printing Market Size and Forecast (2025 to 2034) — USD Million

Year Mgr_ket Size (USD
Million)

2025 |281.73
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2027 ||~519.24

2028 ||~704.68

2029  |~956.81

2031  |-~1,762.83
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4,436.96

Market Overview:

4D printing, also referred to as 4D bioprinting, shape-morphing systems, or active origami, is an advanced
evolution of 3D printing that utilizes specialized materials to create objects capable of changing shape over time.
This innovation is driven by the need to reduce manufacturing costs, and the 4D printing market is expected to
experience significant growth as a result. Unlike traditional 3D printing, where materials are deposited layer by
layer, 4D printing introduces a new dimension, allowing the object to transform in response to environmental
stimuli such as heat, moisture, or pressure. For example, ventilators were quickly produced using 3D printing
techniques, with parts rapidly combined to meet the high demand during the crisis.[28] progress has been made
in the development of 4D-printed drug delivery systems. Melocchi et al. [29]Additionally, Uboldi et al.further
contributed to advancements in this field.[30]. Additionally, Uboldi et al. [31] emphasized the use of film coating
techniques in developing a 4D-printed slow-release system intended for organ retention.

Aim of the Review

This review examines the emerging field of 4D-printed drug delivery systems (DDS), focusing on the integration
of smart materials and stimuli-responsive mechanisms that enable temporal shape and functional transformations
in drug delivery devices. It discusses potential biomedical applications such as targeted therapy, controlled
release, and minimally invasive administration, while also addressing challenges like material limitations,
biocompatibility, regulatory hurdles,and manufacturing scalability. Finally, the paper provides insights into
future directions and research opportunities that could facilitate the advancement and broader adoption of 4D
printing in personalized medicine and precision drug delivery.[32,33,34]

[JRTI2512082 ‘ International Journal for Research Trends and Innovation (www.ijrti.org)



http://www.ijrti.org/

© 2025 IJRTI | Volume 10, Issue 12 December 2025 | ISSN: 2456-3315

1 .Materials for 4D Printing in Drug Delivery-

1.1 Shape memory materials (SMMs)

They have the unique ability to return to their original form after undergoing quasi-plastic deformation when
exposed to an appropriate stimulus, a behavior known as the shape memory effect (SME). Shape memory
polymers (SMPs) exhibit this capability by transitioning between their printed configuration and a predefined
shape in response to external triggers. In a study by Xie et al., a shape memory polymer was created using a
light-curing technique, demonstrating structural transformation when exposed to water. Additionally, SMPs can
be activated through magnetic induction by embedding nanoparticles within thermoplastic materials. Various
external stimuli, such as heat, can trigger these transformations in SMPs. [35,36,37], light [38,39], electricity
[40-46], magnetic fields [47,48] chemical stimulus (pH changes) [49,50], humidity [51] etc.

External stimuli

......

I

UV light Humidity Redox reaction Magnetic field

Figure 1. External stimuli for activation of polymer actuators. [52]

SMP resins exhibit greater brittleness and lower impact resistance compared to other SMPs [52], primarily due
to their high crosslinking density under large strain conditions.

1.2 Hydrogels: Hydrogels are 3D crosslinked polymer networks capable of absorbing and retaining substantial
amounts of water while maintaining their shape. They can be categorized in various ways: by polymer origin as
natural or synthetic; by crosslinking type as physical or chemical; by electrical charge as ionic or non-ionic; by
pore size as nanoporous or microporous; by size as nano-, micro-, or macro-gels; and by responsiveness to
external stimuli as either conventional or smart hydrogels.[53]

1.2.1 Thermo-Responsive Hydrogels:Thermo-responsive hydrogels show phase changes that depend on
temperature and are capable of rapidly transitioning between sol and gel states at a specific critical temperature
[54,55,56].

1.2.2 Magnetic Responsive Hydrogels: To impart magnetic responsiveness to hydrogels, external materials
such as paramagnetic or ferromagnetic substances are integrated into the polymer network, enabling quick and
significant actuation when exposed to magnetic fields [57] These magnetic components ranging from metal
alloys like iron-neodymium, to metal oxides such as magnetite, and surface-modified magnetic nanoparticles
can be incorporated into polymers like pNIPAM, pAAm, and gelatin through either chemical or physical
crosslinking, resulting in smart hydrogels that respond to magnetic stimuli [58,59,60].

1.2.3 Photo Responsive Hydrogels: Light serves as a highly beneficial stimulus for remotely triggering the
expansion and contraction of 4D-printed hydrogels, enabling precise control over the release of therapeutic
agents. The two main mechanisms driving the response in photo-sensitive hydrogels are 6 reversible crosslinking
and photothermal activation [61].

1.2.4 lon-Responsive Hydrogels: lon-responsive hydrogels utilize ionizable components in their structure to
enable adaptable behavior. These electrically charged hydrogels undergo volume changes when the salt
concentration in their environment changes. An example of an ion-responsive hydrogel includes those containing
carboxyl groups, such as sodium alginate (SA)(62), alginate(63), and poly(acrylic acid) (PAA)(64).
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1.2.5 Water-Responsive Hydrogels: Water-responsive hydrogels, Water-responsive hydrogels, also known as
superabsorbent polymers, are materials that can absorb and retain large amounts of water, leading to significant
swelling and changes in their physical properties when exposed to moisture,are three-dimensional crosslinked
macromolecular networks with a remarkable ability to swell by absorbing large amounts of liquid..

2. Applications of 4D Printing:

2.1. Aerospace and Automotive: Adaptive structures, the design phase poses significant challenges for
engineers due to the demanding aircraft specifications and performance requirements. To achieve optimal aircraft
design, reshaping structural members (SMs) plays a key role, particularly in enhancing wing structures to
perform efficiently under various flight conditions [65]. By 2025, 4DP technology in the aviation industry is
projected to hold over 25% of the market share, ranking just behind the military and defense sectors [66].

2.2.Biomedical: The properties of shape memory materials (SMMs) are advantageous in A wide range of
biomedical applications, including drug delivery systems, self-expanding stents, implanted devices, catheters,
guidewires, atrial occlusion tools, and thrombectomy devices [67].Four-dimensional printing (4DP) enhances
the potential for personalized medical treatments.The advancement of smart medical devices is closely tied to
the improved capabilities offered by shape memory materials (SMMs), including features like self-healing
[68].These devices are expected to improve pathological outcomes and facilitate less invasive surgical
procedures, allowing implants to be placed in regions that are typically difficult to access [69]

2.3. Soft Robotics: 4D printing technology offers not only the ability to process complex structural components
with flexibility but also imparts unique intelligence to the material structure, enabling the integration of both
structure and functionality [70]. Additionally, the use of multi-material 4DP allows soft robots to integrate
sensing and actuation functions during the manufacturing process [71].Precisely engineered microstructural
architectures have shown enhanced performance compared to traditional materials, due to their deliberately
designed micro- or nanoscale structures that provide novel optical, mechanical, or electrical properties [72].A
bioinspired microstructure was developed and manufactured as A high-efficiency integrated sensor-actuator
[73].

2.4. Pharmaceuticals: According to Basit and Gaisford, 4D printing is currently in the early stages of
development and requires further research before it can be used for manufacturing ingestible drugs.
[74].Melocchi et al. supported the previous viewpoint, suggesting that significant efforts will be directed toward
exploring materials, production methods, and functional behaviors in this field [75].Numerous SMP research
efforts in the pharmaceutical industry have focused on investigating polymer chemical structures for use in
consumable medications [76].

2.5.Tissue Engineering: The sophisticated functionalities of 4D printing technology is still in its infancy and
requires more research before it can be used for producing ingestible drugs. offer potential solutions to these
challenges. These include, among others, the capability to position implants in hard-to-reach areas [77] and
facilitate Minimally invasive surgeries. [78].Luo et al. developed a 4D structure loaded with cells that preserved
strong cell viability for a minimum of after two weeks, they discovered that NIR laser exposure had no noticeable
impact on the embedded cells [80]. Lai, Li, and Wang introduced an innovative strategy to advance The area of
tissue engineering.[81,82].

Advantages Over Traditional System:

I. 4D printing (4DP) enables the creation of flexible structures that can undergo geometric transformations
when exposed to specific environmental stimuli, reflecting the inherent responsive behavior of the
materials used [83].

Il.  The 4DP structures' self-operational properties—such as self-assembly, self-adaptability, and self-
repair—have improved their feasibility in a range of applications.[84]
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I1l. By offering adaptable equipment and preventing the need for resupply from Earth, it enables the reduction
of launch expenses.[85]
IV.  Additionally, the aerospace sector can use 4DP to build self-deploying devices and elements related to
engine cooling, air control, and other applications because components can self-assemble in space.[86]
V. However, the potential applications of 4DP in a variety of industries will become.[87]
VI.  Furthermore, 4D printing technology could be transformative as the next generation of additive
manufacturing.[88]
VII.  Furthermore, in manufacturing applications,4D printing method to helps to cut down on waste, mistakes,
and product loss.[89]

Challenges and Limitations:
Challenges:

. The main obstacle is that the intended shape or property transformation places limitations on the
mechanical characteristics of 4D-printed structures.[90]

Il.  Significant advancements have been made in developing smart printable materials with a range of
mechanical properties, and this research is essential for advancing 4D printing.[91-93]

I1l.  Since most shape memory materials (SMMs) support only one-way shape transformation, they pose a
challenge for designing dynamic or reconfigurable structures.[84]

IV.  While various biomaterials, including metals and polymers, and ceramics have potential as smart
materials, currently only smart polymers have proven effective for use in 4D printing.[94]

V.  One of the key challenges in the field of 4D printing is the creation of smart components.[93]

VI.  Some of the challenges associated with the properties of smart materials include oxidation, alterations in
phase transformation behaviour, microstructural flaws, rapid solidification, and directional cooling.[94]

Limitations:

I.  The current methods for 3D/4D printing are limited in their ability to produce complex shapes.[86]
Il.  The technology in question needs further enhancement to create more highly precise medical devices.
I1l.  Although 4D materials have been used to create tissues with intricate structures, their full potential in
clinical applications has not yet been realized due to incomplete tissue maturation and the absence of
clinical trial evidence.[95]
IV.  The complex physiological conditions of the human body are complex.are maintained through a variety
of regulatory processes.[96]
V. However, It is crucial to emphasize that the laser-assisted method is costly and restricts researchers to
using only single-material as printer ink.
VI.  To overcome these challenges, future research could utilize Internet of Things (IoT) and Artificial
Intelligence (Al) systems.[97]

Future Prospective Of 4D Printing

4D printing is an interdisciplinary field that merges art, science, and engineering, enabling the creation of
structures that change over time in response to external stimuli. It relies on advancements in smart materials,
such as shape memory polymers and hydrogels, and employs mathematical modeling to predict and control these
transformations.[98]. Furthermore, 4DP is seen as a potential advancement in the evolution of lean
manufacturing.[99]Advancements in 5D[100]and 6D printing[101] technologies could further enhance the
capabilities of 4D printing, enabling more complex and adaptable structures. A notable Implementation is in
space manufacturing. NASA, in collaboration with Made In Space, Inc., has demonstrated the feasibility of 3D
printing aboard the International Space Station (ISS). This technology enables the in-orbit fabrication and
deployment of CubeSats, which can significantly reduce the reliance on rocket resources, fuel, and scheduling
time. However, these light-responsive materials could be harnessed to develop solar panels that continuously
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follow the sun’s movement, ensuring a consistent power supply and potentially minimizing the size and power
demands of onboard batteries[102].While a range of materials—such as shape memory polymers and stimulus-
responsive hydrogels have been successfully explored, their slow response times and limited efficiency continue
to hinder further progress in the field[103]. Moreover, 6D printing merges the responsive behavior of 4D printing
with the complex geometries achievable through 5D printing, allowing the creation of smart-material structures
with intricate curved designs. Together, these innovations pave the way for new possibilities in advanced
manufacturing.[104]. 4D printing enables the development of adaptive wound dressings that conform to wound
contours and function as drug delivery systems, facilitating targeted medication release at the site. Future
research focuses on creating self-folding, protein-based structures and capsules capable of adjusting their drug
release profiles autonomously. [105]

Conclusion: 4D printing is a groundbreaking advancement in additive manufacturing, integrating time-
dependent, self-transforming structures with smart materials that react to external stimuli. This technology has
the potential to revolutionize industries like biomedicine, aerospace, soft robotics, and pharmaceuticals by
enabling the creation of adaptive, functional objects that can change shape or behavior in response to
environmental factors. Despite challenges like material constraints, slow response times, and the complexity of
multi-material integration, 4D printing’s transformative potential in creating personalized medical devices,
responsive scaffolds, and dynamic structures remains immense, paving the way for future innovations in
engineering and healthcare applications.
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