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Abstract—4D printing is an emerging manufacturing
technology that extends three-dimensional (3D) printing
by incorporating smart materials that can change their
shape, properties, or functionality over time in response
to external stimuli, such as heat, moisture, light,
magnetic fields, or pH. This technology enables the
manufacturing of dynamic structures capable of self-
assembly, self-repair and adaptive behaviour. The
marriage of advanced materials with additive
manufacturing has unlocked new frontiers in healthcare,
aerospace, robotics, construction and wearable
electronics. In this paper, principles of 4D printing,
commonly used smart materials, fabrication techniques,
major applications and future research directions are
reviewed.

Index Terms—4D Printing, Additive Manufacturing,
Smart Materials, Shape Memory Polymers, Stimuli-
Responsive Materials, Self-Assembly

I. INTRODUCTION

Additive manufacturing has revolutionised product
development with rapid prototyping and customised
production. Conventional 3D printing produces static
objects. 4D printing introduces the fourth dimension
of time, enabling printed structures to change after
they have been printed. These transformations are
achieved by means of programmable materials that
respond to environmental stimuli. It was shown that a
simple 3D structure can be turned into a more complex
one with the time [1]. This result into a new era of
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printing involving a new dimension in 3D printing i.e.
time and this was given a separate name 4D printing
technology. The 4th dimension is the time, and we can
say in simple words that the 4D printing is just 3D
printing with extra dimension of time added to it. Or
we can say that the changes of the 3D printed materials
with time are the 4D printed materials. The concept of
4D printing was introduced to produce smart
structures that can adapt to changes in the environment
without human intervention. This innovation
combines material science, mechanical engineering,
computer aided design and advanced manufacturing
techniques to produce functional components with
dynamic behaviour. The 4D printing technique is
based on smart materials which are essential to
receive, transfer and analyse the applied stimuli. The
materials undergo a reaction by changing their shape
and/or property, which leads to a change in the
structure as a whole [2]. 4D Printing is based on
Stereolithography. In stereolithography, materials are
deposited layer by layer with the help of ultraviolet
light while printing. This is an accurate and fast way
of tailoring soft fabric structures. 4D printing is a
technology that uses a 3D-printed structure and
modifies it to a desired shape or property with an
external stimulus. Stimuli can be classified into one of
the three categories. These include physical stimuli
(temperature, moisture, light, UV light, magnetic
energy and electricity), chemical stimuli (oxidants,
reductants, ionic strength and pH level) and biological
energy (presence of glucose and enzymes). Fig. 1
shows some types of 4D printing substrates [3].
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Fig.1 Different categories of 4D printing bases.

II. PRINCIPLE OF 4D PRINTING

The principles of 4D printing take the principles of 3D
printing further by incorporating time as the fourth
dimension. 4D printed items have the capability of
altering their shape, structure or function with time
depending on the stimuli provided.

The principle of 4D printing consists of the following
components:

2.1 Additive Manufacturing

The item is made using normal 3D printing in which
material is added layer by layer to create the desired
initial structure.

2.2 Smart Materials

The smart materials involved in the 4D printing
process are crucial in receiving, transmitting, and
responding to the applied stimuli. The materials react
by actuating, that is, shape morphing or functional
modification that brings about a change in the overall
shape of the material. A preferred stimuli response for
the final printed material can be obtained through the
exploitation of the physical properties of the printing
materials. Therefore, the choice of smart material (or
combination of materials) depends on the use of the
final printed object [4].
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2.3 Programmable Material Behaviour

The programmable behaviour of a material can be
considered as the ability of the material to possess one
or more property or characteristics that can be
programmed depending on circumstances or
environment to perform certain function that could not
be achieved by fixed properties. Specifically,
programmable behaviour can take many forms
according to different kinds of shapes and/or
physical/functional properties variations [5].

24 Stimulus-Induced Transformation

Materials that are capable of reacting and altering their
shape depending on the environmental conditions are
usually chosen for application in 4DP. The global
change in the material is possible Materials that are
capable of reacting and altering their shape depending
on the environmental conditions are usually chosen for
application in 4DP. The global change in the material
is possible Materials that are capable of reacting and
altering their shape depending on the environmental
conditions are usually chosen for application in 4DP.
The global change in the material is possible when the
material is exposed to external stimuli such as water
and temperature, which are frequently employed as
activation stimuli. With regard to the addition of other
relatively unexplored stimuli such as magnetism, light,
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and pH, new ways of designing smart materials
become available [6].

2.5 Controlled Shape Change

Controlled shape change is a key characteristic of 4D
printing, wherein a 3D-printed object changes its
shape over time in reaction to certain stimuli. In 4D
printing, "fourth dimension" refers to time, since the
printed object changes after it was printed. The process
makes use of smart materials, which behave in
predictable ways in response to certain environmental
factors. These smart materials are programmed to
either deform or change back into their original shape
in response to certain stimuli.

2.6 Self-Assembly and Adaptation

4D-printed objects can self-assemble or adapt to
changes in the environment without requiring any
input from humans. This allows 4D-printed products
to be able to heal, change function, or improve their
performance.

III. SMART MATERIALS USED IN 4D PRINTING

The materials used in the case of fourth-dimensional
(4D) printing are categorized based on environmental
conditions and exterior stimuli when they react with
climatic changes [7].

These materials are classified into following
categories:

3.1 Shape Memory Polymers (SMPs)

Shape memory polymers are capable of regaining their
original form by undergoing thermal processing above
the transition temperature. The materials are relatively
light-weighted, cost-effective and highly applicable in
the biomedical field.

3.2 Shape Memory Alloys (SMAS)

Shape memory alloys include nickel titanium (Nitinol)
materials which have the ability to regain their original
shape through thermal processing. The materials
provide excellent fatigue resistance and high strength.

3.3 Hydrogels

The materials change due to moisture, temperature and
pH variations. Due to their high biocompatibility, they
are appropriate for tissue engineering and drug
delivery systems.
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3.4 Liquid Crystal Elastomers
They undergo reversible deformation in response to
temperature or light.

IV. 4D PRINTING MANUFACTURING
TECHNIQUES

4D printing is performed wusing an additive
manufacturing process. This process allows to produce
printing material directly from digital data provided by
a computer, without the use of any intermediate tools
[8]. Following processes of 3D printing involved in
the practice of 4D printing:

e  Fused Deposition Modelling (FDM)

e  Stereolithography (SLA)

e Digital Light Processing (DLP)

e Polyjet Printing

e Direct Ink Writing (DIW)

The choice of process depends upon material
compatibility and its desired use.

V. APPLICATIONS OF 4D PRINTING

5.1 Healthcare

4D printing enables patient-specific implants, self-
expanding stents, tissue scaffolds, and controlled drug
delivery systems.

5.2 Aerospace

Adaptive aircraft components and deployable space
structures can reduce weight while improving
operational efficiency.

5.3 Soft Robotics

Smart materials enable robots to perform complex
movements without traditional motors or rigid
mechanical systems.

5.4 Construction

Self-folding  structures and climate-responsive
building materials have the potential to improve
sustainability and reduce maintenance costs.

5.5 Wearable Electronics

Adaptive wearable devices can improve comfort,
sensing capability, and personalized healthcare
monitoring.
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VI. FUTURE RESEARCH DIRECTIONS

Future research should focus on:

e  Development of multifunctional smart materials

e Artificial
optimization

intelligence-assisted design
e  Multi-material printing techniques

e  Faster response mechanisms

o  Sustainable and biodegradable materials

e Integration with the Internet of Things (IoT)

e Large-scale industrial manufacturing

These developments are expected to accelerate the
commercialization of 4D printing technologies.

VII. CONCLUSION

The technology of 4D printing is one of the most
advanced technologies in the field of additive
manufacturing since it creates structures which react
to changes in their environment. It has high potential
applications in the fields of healthcare, acrospace
engineering, robotics, and construction industry. Even
though there are many obstacles on its way of
development, the further research is expected to
enhance material behaviour and productivity of the
process of 4D printing.
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