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ABSTRACT

This chapter explores the revolutionary concept of 4D printing, a transformative
extension of traditional additive manufacturing that incorporates the dimension of
time. Unlike 3D printing, which constructs objects layer by layer, 4D printing lever-
ages smart materials that can alter their shape and properties in response to various
external stimuli such as temperature, moisture, and light. This adaptive capability,
often referred to as programmable matter (PM), opens new avenues for designing
materials that can autonomously adjust to their environment, thereby enhancing
functionality and performance. The chapter discusses the principles of 4D printing,
its diverse applications across industries and the implications for sustainable de-
velopment. Furthermore, it addresses the challenges faced in material innovation,
design processes, and manufacturing integration. Through a comprehensive review
of ongoing research and future prospects, this chapter highlights the potential of
4D printing to reshape manufacturing paradigms and contribute to the creation of
dynamic responsive products

DOI: 10.4018/979-8-3373-5473-6.ch006

Copyright © 2026, IGI Global Scientific Publishing. Copying or distributing in print or electronic forms without written permission of IGI Global Scientific Publishing is prohibited. Use of this chapter to
train generative artificial intelligence (ATI) technologies is expressly prohibited. The publisher reserves all rights to license its use for generative Al training and machine learning model development.

183



1. INTRODUCTION

The advent of 4D printing is deeply rooted in the progression of 3D printing
technology. To fully appreciate the transformative leap from 3D to 4D printing, it
is essential to understand the foundational developments in 3D printing. This his-
torical context not only elucidates the evolution of printing technologies but also
highlights the technological advancements that paved the way for 4D printing. 3D
printing, also known as additive manufacturing (AM) or rapid prototyping (RP),
represents a revolutionary shift from traditional manufacturing methods. This tech-
nology involves the creation of three-dimensional objects through a layer-by-layer
deposition process based on computer-aided design (CAD) models. The inception
of 3D printing can be traced back to the groundbreaking work of Chuck Hull, whose
patent for stereolithography (SLA) in 1986 laid the groundwork for the widespread
interest and development in the field. Although Hull’s stereolithographic process
was a significant milestone, the term “3D printing” was later associated with the
development of adhesive jetting technology and powder bed techniques at the
Massachusetts Institute of Technology (MIT). This era marked a pivotal moment
when 3D printing technology began to gain traction in various domains, including
industrial and consumer applications (Gross et al., 2014; Miao et al., 2020).

Over the years, 3D printing technology has diversified into several distinct
techniques, each with its unique advantages and applications. Key methods include
stereolithography (SLA), which utilizes ultraviolet light to cure resin layer by layer
and is known for its high precision and smooth surface finish; selective laser sin-
tering (SLS), which employs a laser to fuse powdered materials, allowing for the
creation of complex geometries and durable parts; and fused deposition modeling
(FDM), which involves extruding thermoplastic filaments through a heated noz-
zle, widely used for its affordability and ease of use. Additionally, jet 3D printing
(3DP) utilizes inkjet technology to deposit layers of material, often used for creating
multi-material objects; selective laser melting (SLM) uses a laser to melt metallic
powders, ideal for producing strong and intricate metal parts; direct ink writing
(DIW) involves extruding viscous materials through a nozzle, suitable for creating
functional structures with various materials; and electron beam melting (EBM) uses
an electron beam to melt metal powders in a vacuum, offering high precision and
efficiency in metal part production. These methods have significantly contributed
to the rapid advancements in 3D printing, which have included improvements in
speed, accuracy, and cost-effectiveness. The technology’s interdisciplinary nature,
involving material science, mechanical engineering, and data processing, has en-
abled the development of complex and innovative designs previously unattainable
with traditional manufacturing techniques (Chen et al., 2024; Shirazi et al., 2015;
Tofail et al., 2018)
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