
Smart Materials and Structures

TOPICAL REVIEW

On 4D printing as a revolutionary fabrication
technique for smart structures
To cite this article: Stephen Kirwa Melly et al 2020 Smart Mater. Struct. 29 083001

 

View the article online for updates and enhancements.

You may also like
4D printing: a cutting-edge platform for
biomedical applications
Moqaddaseh Afzali Naniz, Mohsen Askari,
Ali Zolfagharian et al.

-

4D printing of shape memory polymers: A
comparative study of programming
methodologies on various material
properties
Bijaya Bikram Samal, Anita Jena,
Shailendra Kumar Varshney et al.

-

Sequential shapeshifting 4D printing:
programming the pathway of multi-shape
transformation by 3D printing stimuli-
responsive polymers
Bangan Peng, Yunchong Yang and Kevin
A Cavicchi

-

This content was downloaded from IP address 219.217.246.178 on 07/08/2023 at 10:49

https://doi.org/10.1088/1361-665X/ab9989
https://iopscience.iop.org/article/10.1088/1748-605X/ac8e42
https://iopscience.iop.org/article/10.1088/1748-605X/ac8e42
https://iopscience.iop.org/article/10.1088/1361-665X/acda6e
https://iopscience.iop.org/article/10.1088/1361-665X/acda6e
https://iopscience.iop.org/article/10.1088/1361-665X/acda6e
https://iopscience.iop.org/article/10.1088/1361-665X/acda6e
https://iopscience.iop.org/article/10.1088/2399-7532/abcbe1
https://iopscience.iop.org/article/10.1088/2399-7532/abcbe1
https://iopscience.iop.org/article/10.1088/2399-7532/abcbe1
https://iopscience.iop.org/article/10.1088/2399-7532/abcbe1


Smart Materials and Structures

Smart Mater. Struct. 29 (2020) 083001 (19pp) https://doi.org/10.1088/1361-665X/ab9989

Topical Review

On 4D printing as a revolutionary
fabrication technique for smart
structures

Stephen Kirwa Melly1, Liwu Liu1, Yanju Liu1 and Jinsong Leng2

1 Department of Astronautical Science and Mechanics, Harbin Institute of Technology (HIT), P.O. Box
301, No. 92 West Dazhi Street, Harbin 150001, People’s Republic of China
2 Center for Composite Materials and Structures, Harbin Institute of Technology (HIT), P.O. Box 3011,
No. 2 Yikuang Street, Harbin 150080, People’s Republic of China

E-mail: liuliwu_006@163.com and lengjs@hit.edu.cn

Received 13 December 2019, revised 3 March 2020
Accepted for publication 4 June 2020
Published 9 July 2020

Abstract
Since the inception of additive manufacturing (AM) which is colloquially known as 3D printing,
tremendous technological advancements have been achieved over the years thanks to the
unwavering research efforts. Particularly, the progress in the 3D printable materials to include
stimuli-responsive materials has been hailed as one of the most significant breakthroughs in
AM. The combination of the smart materials and the AM’s ability to fabricate intricate
geometries has given rise to an emerging fabrication method which has been dubbed 4D
printing due to its ability to imbue the printed structure with dynamic capabilities (4th
dimension). 4D printing has received unprecedented research interest owing to its potential
applications in a myriad of fields including medical, aerospace, soft electronics, morphing
structures, and even fashion wear. In the spirit of furthering the concept of 4D printing; this
review presents its general background, recent advancements, various methods of 4D printing,
applications, current challenges, and future possibilities.

Keywords: additive manufacturing, 4D printing, smart materials

(Some figures may appear in colour only in the online journal)

1. Introduction

Since the antiquity, humankind has devised methods and
means of converting the formless raw materials into pre-
cise and useful structures for their day to day applications
ranging from household to industry. Over time, tremend-
ous advances in such techniques have been achieved cul-
minating into the well-acclaimed first industrial revolution of
the 18th and 19th centuries. At the time, a massive trans-
ition from hand-based manufacturing methods into machines
led to unprecedented growth in every aspect of the general
population. It led to a birth of an era of advanced techniques
aided by machines which we now term them as traditional

manufacturing processes. In the said methods, the desired geo-
metry of a structure is achieved by successive removal of
material from a workpiece either manually or automatically
using Computer Numerical Control (CNC) based machines
hence termed as ‘subtractive processes’ and includes methods
such as milling, turning, and drilling, etc. Forwards to about
three decades ago, another revolutionary manufacturing tech-
nique emerged thanks to the advances in computer software
and hardware technology. In contrast to the traditional meth-
ods, the emerging technology achieves the desired shape of
the structure through successive deposition of extremely thin
layers of the parent material one after the other and has been
termed as ‘additive manufacturing’.
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At the time of its inception; additive manufacturing (AM)
which is known to the general populace as three-dimensional
(3D) printing and sometimes called rapid prototyping (RP)
presented both a futuristic and a revolutionary method of fab-
rication [1] applicable to a wide variety of industries from
aerospace, biomedical, to fashion and jewelry [2]. In fact, it
has been hailed as one of the most innovative inventions of the
21st century. It possesses numerous advantages compared to
the conventional methods with the topmost being its ability to
fabricate parts with complicated geometries which would oth-
erwise be impossible to achieve with other techniques. Indeed,
3D printing is now ubiquitous in the manufacturing world and
has attracted the interests of both the industry and academia.
A well-presented review of the status and challenges of 3D
printing can be found by the work of Gao et al [3].

At its initial development, 3D printing was anticipated to
bring a new paradigm in the way engineering structures are
designed and manufactured. Campbell and Ivanova [4] named
it as a disruptive technology that would have significant eco-
nomic impacts. Undoubtedly, the overall mechanical behavior
of a 3D printed structure depends on the properties of the base
material. This has motivated researchers to focus on advan-
cing the printer’s material capabilities on top of other equally
important research areas in AM as illustrated in figure 1. Par-
ticularly, the ability to print metallic parts such as those made
of titaniummakes 3D printing full of future promises [4]. Des-
pite the myriad of advantages and possibilities of AM, there
exist some limitations. In some applications such as in the
medical industry, the printed parts lack the mimicry to the
human tissue due to their static nature [5]. In other words,
the printed structure for medical applications should be able
to respond to the dynamic environment presented by a living
body so as to achieve the intended function. The same is true
for other applications that require the 3D printed structure to
respond to some stimulus and perform certain functions such
as self-morphing [6].

The necessity to have 3D printed dynamic structures for
various applications has led to a whole new concept arising
under the umbrella of AM and has been dubbed 4D print-
ing [7]. Since its first introduction about half a decade ago,
4D printing has caused unparalleled attention from research-
ers all over the world because of its immense possibilities in
the manufacturing world. In a nutshell, 4D printing encom-
passes the use of AM technology to create a structure that can
change shape, property, or functionality over time in a predict-
able way when a specific stimulus is applied [8]. According
to the original conceptor, the 4th dimension is the time factor
required by the additively manufactured structure to change
shape, property, or functionality when exposed to a stimu-
lus [9]. The targeted change in shape, property, or function-
ality of a 4D-printed structure can be achieved in three pos-
sible ways. The first and the most common method is the AM
of stimuli-responsive materials with the best example being
the shape memory polymers (SMPs). As it is well known,
SMPs are polymeric materials that can significantly change
their properties such as shape in a controlled fashion when a
specific stimuli e.g. heat is applied. SMPs stand out amongst

other stimuli-responsive materials thanks to their unrivaled
properties such as high recoverable strains, easy processing,
and multiple activation methods [10]. In selecting the AM
method for 4D printing, researchers should put into considera-
tion the process parameters that affect the properties of SMPs
such as curing behavior [11, 12]. The second is the AM of
a multi-material structure where several materials are com-
bined into one single structure [13]. The difference in mater-
ial properties such as thermal expansion coefficient or swell-
ing ratio will result into the desired shape, property, or func-
tionality change. The third involves the utilization of deform-
ation energy that relies on stress mismatch between two layers
in the additively manufactured structure [14]. This is where
mathematical modeling plays a crucial role in the design of
the structure. The models help in the design, evaluation, and
the adjustment of the parameters in order to realize the tar-
geted transformation of the structure. Figure 2 presents a
schematic illustration of the difference between 3D and 4D
printing.

4D printing possesses a combination of two indispensable
traits in manufacturing. The first one is the capability of the
AM to accomplish intricate geometries whereas the second
one is the capability of the printed structure to transform upon
introduction of a trigger or stimulus hence the 4th dimension.
The two mentioned traits of 4D printing make this techno-
logy open to a myriad of applications. As an example, the
most noticeable advantage of 4D printing is its ability to sig-
nificantly reduce the storage volume which comes in handy
for space applications. The structure could be stored in its
contracted shape which may be in 2D then deployed to the
required shape upon exposure to a stimulus. The current wide-
spread popularity of 4D printing in numerous research groups
worldwide can be attributed to its increasing potential applic-
ations. Particularly, the pioneering work of Ge et al [15]
demonstrated the possibility of utilizing 4D printing to realize
self-assembling structures based on active composite mater-
ials. Moreover, the work of Gladman et al [16] introduced
the concept of biomimetic 4D printing wherein the printed
structure is inspired by the biological systems such as plant
motions in response to stimulus like humidity or sunlight.
They were able to design hydrogel-based composite struc-
tures with anisotropic swelling behavior when immersed in
water. At the time of this writing, their paper remains the most
cited in 4D printing papers. With the progress in research,
advances in AM equipment, software, and material capabil-
ities will make 4D printing the fabrication technique of choice
for smart structures. In the same manner that the AM has
revolutionized the manufacturing sector, 4D printing is envi-
sioned to have an even more impact in the near future. Recog-
nizing the potential of this disruptive technology, the current
review aims to present a concise yet complete introduction of
4D printing that we hope would be highly informative espe-
cially to the ever-increasing number of upcoming researchers.
Unlike most reviews in the open literature, this work presents
on 4D printing as a fabrication technique with a focus on its
process, different classifications, applications, challenges, and
future directions.
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Figure 1. Schematic illustration of the main research directions in additive manufacturing.

Figure 2. Diagrammatic presentation of the basic differences between 3D and 4D printing.

1.1. 4D printing process

Like many other modern technologies, 3D/4D printing would
be non-existent without the technological advancements in
other sectors. These include computer hardware and software.
As for the former, the significant improvements in computer
memory capacity and the reduction in cost made it possible
to process huge amounts of data as in the case of Computer-
Aided Design (CAD) models. The developments in com-
puter software saw the unveiling of powerful 3D graphics and
numerous professional CAD programs [17]. In principle, the
AM process entails the realization of a physical model from
virtual CAD data. Both 3D and 4D rely on AM to achieve
the physical models and, therefore, their initial processes from
CAD modeling to the point of printing are identical. Their
main difference is on the material employed with the former

using conventional materials such as aluminum whereas the
latter requires smart materials such as SMPs [18].

For convenience and easy understanding, we would like
to categorize the 4D printing process into three main steps.
In terms of the process steps, 4D printing has one extra step
compared to the generic AM process which the programming
of the printed part. This, however, would be different in the
case that programming is incorporated into the printing pro-
cess. The generic 4D printing process is explained as follows:

1.1.1. Design. The first step in any fabrication process is
the conceptualization of the product. Before proceeding, one
should have a clear idea of the product he/she intends to
achieve. This is mostly determined by the intended applica-
tion. 3D/4D fabrication processes have the product concept
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represented in digital data using 3D-CAD software [19]. There
are dozens of 3D modeling software all of which can accom-
plish this step. The user’s choice depends on their expertise
and also the part to be modeled as some are suited for cer-
tain geometrical designs. The creation of the 3D model data
is not exclusive to the CAD software only but also reverse-
engineering software such as laser scanning.

The CAD modeling software offers a number of file exten-
sion options to save the 3D model part. These include IGES,
STEP, STL, etc. Most of the AM technologies work with
an STL extension. STL (Standard Tessellation Language or
Standard Triangle Language) file format goes back to the
advent of the first commercial AM technology in the 1980 s
(Stereolithography) and has become the de-facto file standard
for describing the CADmodel geometry data [19]. The second
part of the pre-processing step, therefore, is to convert the 3D
model into STL format.

1.1.2. Manufacturing. Since the AM fabrication technique
forms the overall part in a layerwise manner, the first step in
machine-processing is to sub-divide the STL file to form thin
cross-sectional layers in a process known as slicing. There are
several slicing software available both free and commercial.
It is worth to note that slicer settings such as the layer thick-
ness affect the overall quality of the printed part. Once slicing
is done, the information is bundled into a G-code file which
contains information about the model understandable to the
printer. The file is then fed into the 3D printing machine.

Depending on the type of machine used, some settings are
necessary before the actual printing. These include informa-
tion such as the printing speed, the nozzle temperature, .etc
once settings are completed, the printing process commences.

1.1.3. Post-processing. Most of the printed parts can be used
directly upon removal from the machine. Depending on the
complexity of the printed part, printing supports are required
as part of the structure. This will necessitate further processing
including the cleaning and removal of the supports before the
component is used for a specific application. As already men-
tioned, 4D printed parts whose programming is not incorpor-
ated into the printing process require a programming step. Tak-
ing an example of the heat-activated material; heating of the
printed component past the glass transition temperature then
deforming to the temporary shape and cooling to the room
temperature will be required to achieve the 4D functionality.

Generally, the number of steps required in 4D printing is
more than that of their corresponding 3D printing. This has
raised concerns with some researchers pointing that it makes
the process complicated and less distinctive from the conven-
tional fabrication of smart materials. The work of Ding et al
[20] proposed the integration of the programming step into the
printing process thereby reducing the number of steps from
five to only three. As the research progresses, future 4D prin-
ted parts would be removed directly from the printing machine
and utilized without further manipulations.

1.2. Pre-requisites for 4D printing

Unlike the conventional AM process, 4D printing ought to
achieve the transformation of the printed part in terms of shape
or functionality [21]. This increases the complexity of the pro-
cess with some extra conditions to be met in comparison to
3D printing. The first requirement is on the printer itself. The
printer should be compatible with the material intended for the
structure. This is true for most of the cases where the dynam-
ism of the structure is achieved by an introduction of a stimulus
that will trigger shape or functionality change courtesy of its
shape memory behavior. In some other cases, the mechanisms
of achieving the dynamism of the part is the deformation mis-
match induced by the difference in the properties of the mater-
ial such as the coefficient of thermal expansion [20, 22, 23]. In
such a case, 4D printing will require a multi-material printer
in order to achieve part with different material type compos-
itions. In contrast to a 3D printed structure which is static, a
4D printed structure is dynamic and it is crucial to predict the
behavior of the part upon stimulus. Specifically, mathematical
models are required to predict the desired final shape.

Without a specific stimulus, 4D printing would not be a
success. There are dozens of stimulus methods applicable to
smart materials such as heat [24], light [25], microwaves [26],
water/moisture [27], magnetic field [28] etc. Most of the stim-
ulus responses are not intrinsic to the material and, therefore,
are tailored by incorporating fillers such as carbon nanotubes
(CNTs) [29], magnetite [30, 31], silver nanowires (AgNWs)
[32], Gold nanoparticles (AuNPs) [33], etc.

1.3. Advantages of 4D printing

Since 4D printing is based on AM technology, it inherits all the
advantages of 3D printing and adds the advantage of having a
dynamic structure. AM in itself has been hailed as one of the
most promising and innovative technologies of our time that
will lead to a new industrial revolution [34]. This is because
of its remarkable advantages over the traditional manufactur-
ing processes as has been reported by numerous researchers
including Attaran [35] and Ford [36].

Once a product has been conceptualized and designed, it is
the duty of the designer to opt for a manufacturing process that
produces the part as efficiently as possible. Subtractive pro-
cesses involve numerous steps from cutting of the bulk mater-
ial to obtaining of the required geometry. These may include
cutting, welding, drilling, and polishing, etc. In contrast, AM
produces the part in a single step as soon as the 3DCADmodel
of the part has been completed and uploaded to the printing
machine. The single-step fabrication eliminates the need for
extra machinery, labor, costly tools, and saves on time leading
to a significant reduction in the overall fabrication cost. Addi-
tionally, there is no material wastage unlike in the subtractive
processes thereby saving much on the cost and enabling re-
usability [36].

One of the most obvious advantages of AM technology is
the ability to produce parts with complex geometry. In most
applications such as in the medical industry, parts with com-
plicated geometries are required which are not feasible with
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Figure 3. Categorization of 3D/4D printing methods basing on the printing technique.

the traditional manufacturing processes. Since the part begins
with a digital format, AM makes it easy to modify, share, and
customize the parts. This is highly advantageous as 3D CAD
model data can be sent over thousands of miles and reproduced
thus saving on time and transportation costs as recently done
by NASA to Astronauts at the international space station [37].

As already mentioned, 4D printing achieves 3D printed
parts with capabilities to change their characteristics such
as shape or functionality under the action of a stimulus.
This has principal advantages in various engineering and
medical applications where dynamic rather than static parts
are required [38]. Importantly, parts that cannot be printed
because of their relatively huge size compared to the printer
can be achieved via 4D printing since the action of a stim-
ulus can change to the required shape. 4D printing is being
used to invent new products and devices with wide range of
applicability due to their novel properties. This is made pos-
sible by extensive research in the materials community leading
to new materials such as SMPs with improved resin curabil-
ity with nanosilica fillers [39]. As the materials used for 4D
printing have to be smart materials, this technology advances
the smart printed structures. It also enhances the technology
of AM hardware and software to incorporate more advanced
materials thus forming the basis for research and innovation.

2. Methods of 4D printing

It should be emphasized that 4D printing utilizes commer-
cial 3D printing technologies to achieve the desired parts. To
the best of our knowledge, there are currently no specially
designed AM techniques for 4D printing. The only require-
ment, as stated in section 1.2, is that the 3D printer should be
compatible with the selected smart material or multi-material
printing capabilities for those cases where shape change is

defined by the deformation mismatch in the structure. Discus-
sion of the 4D printing methods, therefore, is basically the dis-
cussion of AM techniques.

Since the first invention of a 3D fabrication method in the
mid-1980 s by Chuck Hull [40], there have been dozens of
other methods introduced in the subsequent years. Although
these methods form the part using the layer by layer depos-
ition of material based on 3D CAD model data, they vary in
the techniques employed. The variations have led the Amer-
ican Society for Testing and Materials (ASTM) International
to classify these methods into various categories depending on
the technique employed as shown in figure 3. A number of
factors such as the starting materials, resolution, processing
speed, costs, and the performance requirements of the final
product influence the choice of the fabrication method to be
employed [41]. A summary of the 4D printing methods is
given in table 1.

2.1. Extrusion

As the name suggests, methods employing this technique fab-
ricate a three-dimensional part by selectively extruding mater-
ial through a nozzle over a movable platform layer by layer.
The material is supplied into the printer in a filament form
where it is heated at the nozzle to a semi-liquid state before
being extruded [42]. The raw materials for this method should
be able to be fused at adequate temperatures without degrad-
ing it [44]. Moreover, the materials should rapidly solidify at
room temperature upon extrusion. In order to achieve a uni-
form cross-sectional area of the extruded material, both the
applied pressure and the nozzle speed should be kept constant
[44]. Two of the most commonly used extrusion-based fabric-
ation methods are presented in the following sub-sections.
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2.1.1. Fused deposition modeling (FDM). It was invented
by S. Scott Crump in the late 1980 s and first commercial-
ized in the year 1991 [45]. It is currently the most commonly
used AM technique thanks to its numerous advantages includ-
ing ease of use, low cost of the equipment and raw materials,
non-requirement of chemical post-processing, faster printing
speeds, and wide availability [44]. The working principle of
this method is based on the hot-melt extrusion process where
the raw material is heated until it melts then extruded through
a nozzle. In this case, the nozzle is heated to the desired tem-
perature and the raw material is supplied from a spool via a
drive gear mechanism into the sprinter. Thin strands of the
melted material (100–300 µm) are deposited onto a build plat-
form according to the 3D CAD data to form the part. Most
configurations have the extruder system connected to a three-
axis system thereby enabling it to move in the three directions
accomplishing a 3D part whereas other configurations have
printing head moving in the x and z directions while the plat-
formmoves in the y-direction [46]. FDM supports a number of
thermoplastic materials such as acrylonitrile butadiene styrene
(ABS), polylactic acid (PLA), and nylon [41]. A schematic
illustration of the FDM printing technique is shown in fig-
ure 4(a). The FDM is the most utilized additive manufactur-
ing method to fabricate 4D printed structures especially those
that are made of thermal responsive shape memory polymers
[47]. An example of FDM printed 4D structure is shown in
figure 5(a).

2.1.2. Direct ink writing (DIW). The high temperature needed
to melt filament raw materials in the FDM process is disad-
vantageous in that it can degrade the material [53]. This has
led to the development of other extrusion-based methods that
do not necessarily melt the material. DIW, also known as Rob-
ocasting or Direct-Write Assembly (DWA), is one of such
methods. It was invented in the late 1990 s at Sandia National
Laboratories in the United States [54] as a method of fabric-
ating geometrically complex ceramic parts. The viscoelastic
material in its paste form (also known as ink) is extruded
through a nozzle or syringe needle either pneumatically or
mechanically [55]. Like in the FDMprocess, the nozzle is con-
nected to a three-axis system and is situated above the build
platform enabling it to form the 3D part in a layerwise manner.
The ink should possess a relatively low viscosity under stress
so as to enable it to flow through the nozzle without neces-
sitating high pneumatic or mechanical pressure. Moreover,
it should exploit the shear-thinning rheological property thus
enabling it to retain shape upon extrusion. It should be noted
that because of the shear-thinning property, the extruded ink
behaves as semi-solid and, therefore, its shape retention does
not rely on the solidification or drying as in the FDM tech-
nique. The schematic illustration of the DIW process is shown
in figure 4(b). A 4D printed nanocomposite cylinder that was
fabricated via DIW is shown in figure 5(b)

2.2. Photopolymerization

This refers to a number of 3D fabrication methods whose basic
techniques involve the selective and spatial curing of a photo-
polymer liquid in a vet (tank) by a light source such as laser
beam or ultraviolet light. The curing process ensures solidi-
fication of the material layer by layer according to the CAD
data until completion of the 3D object. Examples of fabrication
methods basing on this technique include stereolithography
(SLA), digital light processing (DLP), continuous light inter-
face production (CLIP), daylight polymer printing (DPP), and
two-photon polymerization (2PP). A brief discussion of the
two most common processes (SLA and DLP) will be presen-
ted in the next sub-sections.

2.2.1. Stereolithography (SLA). It is the first-ever additive
manufacturing method invented in 1984 by Chuck Hull [40].
Utilizes high energy light (Ultraviolet or laser) to induce poly-
merization and subsequent solidification of a photopolymer
resin or monomer solution [42]. Basing on the part CAD
data, the resin is cured to a depth equal to the thickness of a
single slice then the platform is translated along the z-direction
enabling the built layer to be recoated with resin again and
the process repeats until the part is complete. The excess resin
not polymerized in the process is then removed and the post-
processing of the part follows.

Depending on the orientation of the light source and the
built platform, SLA can be classified into two categories
namely ‘right side up’ and ‘Inverted’ as illustrated in figure
4(c) [55]. The former has the light source situated above the
built surface thus forming the subsequent layers by lowering
the platform whereas the latter has the light source beneath
the build surface and has a transparent window in its base. The
build platformmoves up a distance equal to the thickness of an
individual layer to allow for uncured resin flow under the cured
part. Compared to other methods, SLA can produce parts of
superior quality and operates at a relatively lower temperature
[56]. A 4D printed shape memory polymer based bucky-ball
fabricated by SLA method is shown in figure 5(c)

2.2.2. Digital light processing (DLP). Unlike SLA where
the high energy light source is focused on a point of a single
layer, DLP utilizes a digital light projector screen to flash a
single image of the whole layer across the built platform at
once [44]. As a result, DLP is a relatively faster (shorter built
time) process compared to SLA.A schematic illustration of the
DLP technique is given in figure 4(d). The application of DLP
method for 4D printing was demonstrated by Zhang et al [51]
through fabrication of a high-resolution self-healing structure
based on shape memory polymer solution (see figure 5(d)).

2.3. Powder-based

Powder-based processes essentially employ the same proced-
ure as in polymerization-based methods except that instead of
the raw material as a photopolymer resin we have fine powder
particles in a ‘powder bed or built platform’. Depending on the
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Figure 4. Schematic illustrations of some of the 4D printing methods. (a) FDM, (b) DIW, (c) SLA, (d) DLP, and (e) SLS/SLM.

Figure 5. Examples showing the temporary and the recovered shapes of 4D printed structures realized via various printing methods namely
(a) FDM (adapted with permission from [48]. Copyright (2019) Elsevier), (b) DIW (adapted with permission from [49]. Copyright (2019)
American Chemical Society), (c) SLA (adapted with permission from [50]. Copyright (2017) Elsevier), (d) DLP (adapted with permission
from [51]. Copyright (2019) American Chemical Society), and (e) SLM [52].

energy intensity of the laser beam, thin layers of the powder
material is either fused or melted together layer by layer until
the whole 3D part is formed [57]. Two main powder-based
technologies (based on the intensity of energy source) include
selective laser sintering (SLS) and selective laser melting
(SLM).

2.3.1. Selective laser sintering (SLS). It was developed in
the 1980 s at the University of Texas -Austin by Carl Deckard
[58]. The method uses laser light to sinter or partially sinter
powdered materials layer by layer into a 3D part [59]. Mir-
rors and lenses are utilized to control the motion of the laser
beam and focus it onto the powder bed. The beam raises the
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temperature on the focused powder material sufficient enough
for the neighboring particles to experience necking [57]. To
avoid undesirable oxidation effects due to high heat, the fab-
rication chamber is filled with an inert gas such as argon.
Moreover, the powder bed is pre-heated to limit the intensity of
laser power required to sintering thus avoiding degradation of
the material. The pre-heating also helps to void the warping of
the printed part [44]. Awide variety of materials can be used in
this method mostly thermoplastic polymer types since moder-
ate energy is required to sinter the particles together. Complex
3D parts can be fabricated, unlike othermethods, without addi-
tional supports as the un-sintered powder itself acts as supports
[60]. The schematic illustration of the SLS set-up is shown in
figure 4(e).

2.3.2. Selective laser melting (SLM). The difference
between SLS and SLM is that the latter employs high-
energy intensity laser beams such that instead of sintering the
powder particles it completely melts them [57]. The process
is identical to the SLS but because of the high heat involved,
SLM is carried out in a more controlled environment. It is a
method of choice for fabricating metallic parts as it supports
a number of materials including stainless steel, aluminum
alloys, titanium, and nickel-base alloys, etc. The main disad-
vantage of this method is the high residual stresses induced
into the printed part because of the high heat involved in the
process. However, this may be advantageous for 4D print-
ing as under special conditions the residual stresses may be
released leading to a controlled deformation [61]. This was
demonstrated byMa et al [52] by fabricating a nickel-titanium
shape memory alloy part via the SLM process with spatially
controlled deformation courtesy of the differences in thermal
history during fabrication (See figure 5(e)).

3. Applications of 4D printing

Although 4D printing emanated from the already established
3D printing technology, it is still in its formative stages of
development as it is barely half a decade old. Nevertheless,
it has attracted massive interests from researchers all over the
world leading to a myriad of both demonstrated and potential
applications. The technology is expected to have a significant
impact in numerous areas such as biomedical, aerospace, soft-
electronics, and consumer appliances.

3.1. Medical applications

Because of the complexity of artificial medical parts in both
geometry and expected mechanical behavior in response to the
living system’s environment, biomedical applications takes a
lion’s share of 4D printing. The potential areas include smart
stents, tissue regeneration, and drug delivery [5].

3.1.1. Smart stents. Stents are diminutive tubular structures
that are inserted into the hollow parts of a living system such as
blood vessels to serve different purposes. 4D printing techno-
logy has enabled fabrication of adaptive stents that can change

shape or functionality in response to the body temperature thus
alleviating the challenges with the conventional static stents.

Zarek et al [62] employed 4D printing to fabricate a thermo-
responsive tracheal stent that could be deformed into a tempor-
ary shape, inserted into the body, and finally deployed back
into its original shape with the increase in the body temperat-
ure figure 6(a). It is more advantageous and safe to use com-
pared to conventional stents as complications like stent migra-
tion and injuries during insertion could be avoided. In order
to mitigate the tracheal collapse (known in medical terms as
tracheobronchomalacia), Morrison et al [63] fabricated stents
via 4D printing that could be implanted around the trachea to
both support breathing and the growth of the air passage figure
6(b, i–iii).

Cardiovascular diseases such as high blood pressure due
to blockage of the vessels as a result of plaque build-up are
some of the most common health problems in the world. Treat-
ment of such conditions has been achieved by using thermo-
responsive stents that expand with increasing temperature thus
enabling normal blood flow [65]. Wei et al [49] incorporated
magnetic iron oxide into polylactic acid (PLA)-based ink and
employed direct wire fabrication method to 4D print remotely
actuated stents for intra-vascular applications as shown in fig-
ure 6(c). Bodaghi et al [64] employed 4D printing to fab-
ricate self-expanding/shrinking thermo-responsive stents with
potential applications in treating blocked blood vessels figure
6(d, i–iii).

3.1.2. 4D scaffolds for tissue engineering. With the advance
in biomedical technology, damaged tissues due to injury or
trauma can be regenerated with the help of 4D printed scaf-
folds [66]. As illustrated in figure 7, the main difference
between 4D printing and 4D bioprinting is that the latter
involves the incorporation of cells intended for growth to
repair the damaged tissues into the 4D printed scaffold [67].
Readers interested in more detailed information on the applic-
ations of 4D printing for tissue regeneration are directed to the
recent comprehensive review by Miao et al [68].

Hendrikson et al [69] demonstrated the application of4D
printed scaffolds for regeneration of tissues in areas such as
bones and muscles where the dynamism of the scaffold is
required due to the varying activity of the body. The work-
ing process of the scaffold is schematically illustrated in fig-
ure 8(a). Generally, the materials for fabricating the scaffolds
should be both biocompatible and biodegradable to ensure
non-rejection by the body and also resorption. Miao et al [70]
utilized a novel soybean oil epoxidized acrylate to fabricate
biocompatible scaffolds via 4D printing figure 8(b, i–ii). The
scaffolds exhibited excellent shape memory property and were
capable of supporting the growth of human bone marrow stem
cells.

3.1.3. Vascular repair devices. Damage to blood vessels
may happen during major surgery or injury. The conven-
tional method of sewing up the fracture using biocompatible
suture may be time-consuming and the healing process is long.
The most desirable properties for 4D printed vascular repair
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Figure 6. Applications of 4D printed smart stents. (a) Tracheal stent for treating airway diseases (adapted with permission from [62].
Copyright (2016) John Wiley and Sons), (b, i–iii) 3D models of tracheobronchial splints, mechanisms of action in supporting airway
growth, and the virtual assessment of the splint over an airway model [63], (c) remotely actuated stents for treating plaque blocked blood
vessels (reprinted with permission from [49]. Copyright (2017) American Chemical Society), and (d, i–iii) schematic illustration of the
self-expanding tubular stent, its deployed state, and the initial configuration (reprinted with permission from [64]. Copyright (2016) IOP
Publishing).

Figure 7. Schematic presentation of the difference between 4D printing and 4D bioprinting.

devices include the self-healing and the shape memory cap-
abilities [51]. Kuang et al [72] fabricated a highly stretch-
able elastomer with shape memory and self-healing capabilit-
ies via 4D printing that has the potential to be used for repair-
ing the damaged vessels. As demonstrated in figures 9(a) and
(b), the device is programmed to a temporary shape having an
outer diameter smaller than the vessel’s inner diameter then
implanted to the vessel via the damaged area. Upon recov-
ery due to increase in temperature, the device outer diameter

closely attaches to the inner surface of the vessel thus recon-
necting it. The authors mentioned that the process takes about
3–5 min which is way faster than the conventional methods.

3.1.4. Drug delivery. The expedited healing process can be
achieved if drugs were to be delivered in a controlled man-
ner to the intended location in the body and at the required
rates. This can be achieved through 4D printed devices as they
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Figure 8. 4D-printed scaffolds for tissue engineering. (a) Schematic illustration of the working principles of 4D scaffolds (reprinted with
permission from [69]. Copyright (2017) IOP Publishing), (b, i–ii) digital images of 4D printed scaffolds with variable infill densities and
their corresponding scanning electron microscope (SEM) images [70], and (c) scaffolds fabricated via selective laser sintering process
showing its micro-computed tomography and scanning electron microscope (SEM) images (reprinted with permission from [71]. Copyright
(2010) Elsevier).

can respond to a specific stimulus such as infrared light and
open up thus releasing the drugs. Mirani et al [73] fabricated a
drug-eluting scaffold that can be used for detecting and treat-
ing infections in awound as shown in figure 9(c). It could sense
the pH change due to bacterial infection and release the anti-
biotic agents to the wound.

3.1.5. 4D printed organs for transplant. The demand for
organ replacements is ever increasing due to diseases, injury,
and even genetic problems. Organ donation is very challen-
ging as getting the donor involves long waits and sometimes
gets rejection. 4D printing has the potential to fabricate fully
functional human organs for transplant purposes [68, 75].

Kang et al [74] designed an integrated tissue-organ printer
(ITOP) that can be used to fabricate stable human-scale tissue
constructs of any shape. As shown in figure 9(d), they demon-
strated its capability by 4D printing human ear cartilage.

3.2. Soft electronics

In contrast to the conventional electronics which are rigid
in nature, the current technological trend is shifting towards
more human-friendly electronics that are flexible and port-
able. Indeed, the demand for stretchable and flexible devices
that can be flawlessly integrated with flexible surfaces such as
human skin is skyrocketing [76]. Such devices not only have

the potential of allowing electronics to be intertwined with our
everyday lives but could also be indispensable in areas such
as health monitoring, artificial skins, and implantable bioelec-
tronics [77]. A recent comprehensive review pertaining to soft
electronics has been done by Wang et al [78].

Su et al [79] demonstrated the application of a 4D prin-
ted self-morphing polymer as a soft electronic actuator device.
As shown in figure 10(a, i–ii), the two ends of the 4D printed
polymer were connected by alumina foil strips to act as con-
ductive electrodes. The bending of the device was triggered
when immersed into acetone thus connecting the two ends of
the aluminum strips thereby connecting the circuit. Such a 4D
printed soft electronic device not only reduces the design com-
plexity but also on the cost. In a similar fashion, Zarek et al
[80] achieved a flexible electronic temperature sensor by inkjet
printing a conductive layer of silver nanoparticles into a 3D
printed thermo-responsive SMP. As shown in figure 10(b, i–
iii), the temporary shape of the device is set to be an open cir-
cuit. When the temperature increases beyond the melting tem-
perature of the SMP, the device returns to its original shape
thus closing the circuit and lighting the LED.

Sundaram et al [81] developed a method to fabricate self-
folding 3D printed composites with embedded electronics.
Electrochromic elements were printed within the composite
to allow the electrical control of the device through its legs.
As shown in figure 10(c, i–iii), voltage application causes the
structure to change shape (folding angle). The device can be
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Figure 9. (a, i–ii) digital and optical microscopic images of 3D printed shape memory tubing, (b, i–iv) demonstration of its application for
rapid vascular repair and reconnection (a and b adapted with permission from [72]. Copyright (2018) American Chemical Society), (c, i–iv)
the fabrication of an advanced multifunctional dressing and the demonstration of its application for drug delivery and wound monitoring
(reprinted with permission from [73]. Copyright (2017) John Wiley and Sons), and (d, i–iv) 4D printing of a human ear cartilage (reprinted
with permission from [74]. Copyright (2016) Springer Nature).

applied in sensing applications. Muth et al [82] reported on
embedded three-dimensional printing (e-3DP) for fabricating
highly stretchable elastomeric matrices. In this method, con-
ductive ink is printed unto an uncured elastomeric reservoir
which will then form a resistive sensing element resulting to a
flexible strain sensor. The electrical resistance of the device
will change as a function of time with changing strains in
response to different positions of the hand.

3.3. Active origami structures

Origami is a decades-old tradition associated with Japanese
culture that has spread all over the world. Basically, it involves
the folding of a flat piece of material mostly a paper into a
complicated three-dimensional structure. In recent years, ori-
gami has attracted increasing interests from engineers in that
the process can be parameterized and applied to develop new
structures and devices that can provide technological solutions
to engineering problems. Possibilities include saving on the
storage volume by packing large objects into small volumes
that can be deployed for use such as solar arrays for space
applications [15].

Ge et al [83] fabricated active origami structures via 4D
printing using printed active composites (PAC) as the hinge.
As shown in figure 11(a), the printed flat shape assembles into
the desired 3D box upon the application of a stimulus (heat-
ing). Almost similar kind of work was presented by Mao et al

[84]. They fabricated a sequentially self-folding structure that
turns into a box upon the application of thermal energy. The
flat structure composed of SMPs with disparate shape memory
behaviors which consequently facilitated the time-dependent
behavior of each polymer with an increase in temperature lead-
ing to the sequential activation. The idea of sequential fold-
ing of a flat structure into a box was further demonstrated by
Yuan et al [85]. Unlike in the previously mentioned work, they
achieved the sequential folding by applying a current through
the conductive wires embedded into the flat structure. The
activation process is shown in figure 11(b). It is worth noting
that the folded box was reported to maintain the shape as long
as the electrical circuit remained closed and would return to
its initial flat shape upon disconnection of the circuit.

Liu et al [86] fabricated a Miura-origami structure via 4D
printing then investigated its recovery force when subjected
to compressive loading. They reported shape recovery ratios
of more than 94% and volume changes of up to 289%. The
folding and the unfolding process of the 4D printed structure
is shown in figure 11(c).

3.4. Morphing structures

Morphing structures have the ability to change their geo-
metric parameters in response to environmental conditions
such as temperature or humidity [87]. As such, they have
a wide variety of potential applications especially in the
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Figure 10. Applications of 4D printing in soft electronics. (a, i–ii) schematic of a soft-actuator that acts as a relay for a LED light and its
experimental implementation (reprinted with permission from [79]. Copyright (2017) Royal Society of Chemistry), (b, i–iii) 4D printed
temperature sensor (reprinted with permission from [80]. Copyright (2015) John Wiley and Sons), and (c, i–iii) photographs of 3D printed
self-folding electronics and their change in folding angles over the course of one week [81].

aerospace industry [88, 89]. A growing number of researchers
are directing focus on utilizing 4D printing to achieve morph-
ing structures.

Wang et al [90] reported on morphing composites embed-
ded with continuous fibers accomplished via 4D printing
technology figure 12(a). The difference in the coefficient of
thermal expansion (CTE) between the fibers and the mat-
rix facilitated the deformation of the composite. In its shape
morphing, the size and the direction of the principal curvature
were determined by the angle between the intersecting fibers
and the bisector of the angle respectively. Ding et al [20]
employed direct 4D printing to fabricate composite structures

that could transform into different shapes upon the application
of a stimulus (heat). As shown in figure 12(b), flat and ring-
shaped printed composites transform into wavy-shaped struc-
tures when the heat is applied. The trick is to alternate both the
elastomer and SMP segments along the lengths of the printed
composite strips with a prescribed period that can result in the
wavy structure when activated by a stimulus. Both the pitch
and the angle of the pattern including the thickness ratio of
the elastomer and the SMP determine the geometry of the res-
ulting activated structure. As a concept that can be applied to
aircraft wings, Yuan et al [85] demonstrated the synergistic
action of multiple laminated hinges in a wing-like structure to
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Figure 11. Some of the 4D-printed active Origami structures. (a, i–ii) two-dimensional flat cross and star shapes and assembles into a
three-dimensional box and a pyramid respectively upon heating (reprinted with permission from [83]. Copyright (2014) IOP Publishing), (b,
i–ix) schematic of the design of sequential folding box and the snapshots of its folding and unfolding process (reprinted with permission
from [85]. Copyright (2017) Royal Society of Chemistry), and (c) photographs of the recovery process of a 4D-printed Miura-origami
structure after a compressive loading (adapted with permission from [86]. Copyright (2018) Elsevier).

facilitate morphing. Figure 12(c) shows the snapshots of the
action and the subsequent de-activation of the soft morphing
airplane.

3.5. Smart grippers

Devices that have the ability to grab or release objects can be
applied in a number of applications such as drug delivery [91].
By utilizing multi-material SMPs and a high-resolution pro-
jection microstereolithography, Ge et al [65] achieved smart
grippers and demonstrated their ability to grab and drop an
object as shown in figures 13(a) and (b). Akbari et al [92]
exploited the same technique of multi-material 3D printing
to fabricate a soft gripper that could grasp a 15 g cylindrical
object as shown in figure 13(c). 4D printing provides a simple
and straightforward approach to fabricating object gripping
devices compared to the conventional methods.

3.6. Dynamic fashionwear products

Potential applications of 4D printing extend beyond engineer-
ing and technological needs to fashion wear and consumer
products. There has been growing interest from leading fash-
ionwear firms to utilize the technology in developed revolu-
tionary products. As Helmore [93] reports, 4D printed dresses
are expected to have a huge impact in the near future. Such
dresses are self-adaptive to environmental changes such as
temperature or humidity adjusting to the desired shape without

tensile loading thus giving the wearer more comfort [94]. The
top shoe company, Adidas is already employing 4D printing to
fabricate futuristic sports shoes which are light and perfectly
tailored for the person wearing them [95].

With thermally-responsive SMPs, Zarek et al [96] utilized
4D printing to fabricate dynamic objects. As shown in fig-
ures 14(a), (b), they demonstrated their application as jew-
elry (smart ring) and shoe accessory (smart heel). Yang et
al [97] fabricated sunflower-like structures based on shape
memory composites that could change from closed to opened
state upon heating as shown in figure 14(c). Almost a similar
kind of structure was demonstrated by Ding et al [20] except
that their flower-like structure consisted of multiple petals at
different layers. The layers could assume different curvatures
upon heating hence a different configuration of the structure
as shown in figure 14(d).

4. Current challenges and future perspective

Whereas 4D printing technology is considered to be relat-
ively new (just half a decade old), it has its foundations on the
very well established 3D printing technology (over three dec-
ades old). Like any other new technology with some known
foundation, 4D printing brings in new challenges of its own
on top of the already explored inherent challenges of 3D
printing.
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Figure 12. Applications of 4D printing on morphing structures. (a) Morphing structures with embedded continuous fibers under the
influence of temperature (reprinted with permission from [90]. Copyright (2018) Elsevier), (b, i–iii) structural elements with various
deformation modes such as the transformation of a flat plate into a wavy and helix structure [20], and (c) snapshots of activation and
de-activation of a morphing airplane model (reprinted with permission from [85]. Copyright (2017) Royal Society of Chemistry).

Figure 13. 4D printed multi-material smart grippers. (a) Photographs of the fabricated smart gripper showing the transition from the
temporary to the permanent shape and vice versa, (b, i–iv) snapshots showing the process of gripping an object [65], and (c) snapshots
showing the process of grasping and releasing of a 15 g cylindrical object by the smart gripper in a span of 15 s (reprinted with permission
from [92]. Copyright (2019) Elsevier).
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Figure 14. Examples of fashionwear products realized via 4D
printing. (a) Photographs of the flower-themed ring that changes
shape with temperature, (b) dynamic heel attachment showing its
temporary and permanent shapes (adapted with permission from
[96]. Copyright (2016) Taylor and Francis), (c) sunflower-like
structure responding to stimulus by changing from closed to opened
state [97], and (d) printed flower with multiple petals assuming final
configurations with different curvatures upon heating (adapted with
permission from [20] Copyright (2017) John Wiley and Sons).

Most 3D printing technologies have low resolution and thus
affect the overall quality and precision of the printed compon-
ents [41]. For instance, poly-jet printers which are typically
used for multi-material 4D printing have a resolution of few
tens of micrometers which might not be good for some applic-
ations such asmedical devices. High resolution is desired since
it leads to good surface finish. Resolution and printing speed
go hand in hand. An attempt to improve the resolution by
employing a small nozzle size leads to slower printing speed.

There is also a challenge to the stringent requirements of the
raw materials for 3D printing. For instance; 3D printing tech-
nologies suitable for 4D printing such as FDM, SLM, or SLA
require the raw material to be in filament, powder, and liquid
respectively. This greatly limits the variety of smart materials
to be explored for 4D printing [2]. It also means that the intro-
duction of new material types may require designing of new
printing hardware. On top of that, the use of laser light to cure
the photopolymer or melt the powder may lead to degrading

the material due to high heat thus affecting the durability of
the part [98].

All the additive manufacturing techniques form the 3D part
in a layer by layer manner. This poses a challenge to the over-
all mechanical properties of the printed part as it depends on
the adhesion between layers [99]. More research, therefore,
should focus on ways of improving the interlayer adhesion.
Enhanced adhesion of the layers translates to better mechan-
ical properties which are good for the development of 4D print-
ing technology.

Stimulus makes it possible to achieve the 4th dimension
of a 3D printed part. Most currently available smart materials
respond to one type of stimulus [100]. This limits the applicab-
ility of the 4D printed parts. For instance, 4D printed devices
destined for biomedical applications are expected to interact
with a complicated network of tissues experiencing multiple
stimuli [67]. Therefore, it is desirable for these materials to
be able to respond to such stimuli present in human bodies.
Moreover, the glass transition temperature for thermally activ-
ated 4D printed parts has been reported to be too high for the
human body temperature [101]. This affects the recovery of
the part in the body and, therefore, more research ought to be
done concerning materials with lower activation temperatures.

Research in themodern era is seldom accomplishedwithout
numerical simulation using commercial finite element codes
such as ABAQUS. Simulation tools that can accurately predict
the behavior of the 4D printed parts under various stimuli need
further development.

In summary, the current challenges associated with 4D
printing technology can be categorized based on four areas
namely; technological limitations of the printing hardware,
smart material, simulation tools, and design of the 4D struc-
ture. Despite all these, 4D printing has been hailed as one
of the revolutionary inventions in the recent past. It is envis-
aged to have a significant impact on the manufacturing of
dynamic structures for various applications. As the research
advances, we expect that most of the challenges mentioned
will be addressed. Particularly, the varieties of smart materials
that are 4D printable are expected to increase. It is worth not-
ing that one of the most active researches being undertaken
is in the search for smart materials with tunable properties
that can be tailored for specific purposes. A direct result of
such research will be the surge of 4D printing applications.
These will range from complicated engineering and technolo-
gical applications such as self-deployable space structures to
simple household applications such as smart clothing or wear-
able devices.

5. Conclusions

Emerging from the already established additive manufacturing
technologies, 4D printing inherits the highly attractive flexib-
ility and versatility in fabricating parts with super complic-
ated geometries. On top of that, it adds yet another fascinat-
ing and admirable trait of fabricated components; the ability
to change functionality or shape when a change in a specific
stimulus such as temperature is detected. While it is still an
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upcoming technology, the mentioned traits project it to be the
future indispensable manufacturing technology for dynamic
and geometric-complicated structures.

Recognizing the impact of 4D printing in academia and
industry, this review work has sought to present a brief
research summary with more focus on the current 4D print-
ing methods. After a brief introduction on the main research
directions in AM and the difference between 3D and 4D
printing, we elucidated on the 4D printing process from the
design, manufacturing to post-processing. Furthermore, we
expounded the AM methods that have been demonstrated to
accomplish 4D printing whilst giving examples from the lit-
erature. Moreover, we have enumerated the emerging applic-
ations in areas including medical, soft electronics, Origami
structures, morphing structures, and fashionwear products.

The advance and eventual ubiquity of 4D printing tech-
nology rely on the progress in other areas such as 3D print-
ing hardware, smart materials, mathematical modeling, simu-
lation software, and stimulus methods. Specifically, printing
hardware must possess multi-material printing capabilities.
For high-quality surface finish and overall mechanical prop-
erties of a complex 4D printed part, printer resolution plays
a significant role. The advance in the science and engineer-
ing of smart materials is a recipe for extending the horizons
of 4D printing. That means materials that are more versatile
with enhanced properties that are tunable for specific func-
tions can be realized. Like most engineering problems, 4D
printing utilizes mathematical models to predict the behavior
of the designed component thus ensuring optimization of the
part to the desired behavior before production. Together with
the simulations software advancement, mathematical models
will accelerate the developments in 4D printing.

Various research groups and funding institutions are spend-
ing a fortune to expedite the advancement of 4D printing tech-
nology. With these accelerated researches, we expect the vari-
ous challenges mentioned to be overcome in the near future
leading to more intriguing applications. It is our hope that
the brief review presented herein inspires more interest and
research towards the success of 4D printing technology.
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2018 Additive manufacturing—a review of 4D printing
and future applications Addit. Manuf. 24 606–26

[19] Khan M S and Dash J P 2019 Enhancing surface finish of
fused deposition modelling parts 3D Printing and Additive
Manufacturing Technologies ch 5, ed L J Kumar, P M
Pandey and D I Wimpenny (Singapore: Springer
Singapore) pp 45–57

[20] Ding Z et al 2017 Direct 4D printing via active composite
materials Sci. Adv. 3 e1602890

[21] Tibbits S, McKnelly C, Olguin C, Dikovsky D and Hirsch S
2014 4D printing and universal transformation Proc. 34th
Conf. Assoc. Comp. Aid Design Arch. pp 539–48

[22] Yuan C, Ding Z, Wang T J, Dunn M L and Qi H J 2017
Shape forming by thermal expansion mismatch and shape

17

https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-8269-1594
https://orcid.org/0000-0001-5098-9871
https://orcid.org/0000-0001-5098-9871
https://doi.org/10.1080/17452759.2015.1097054
https://doi.org/10.1080/17452759.2015.1097054
https://doi.org/10.1016/j.cad.2015.04.001
https://doi.org/10.1016/j.cad.2015.04.001
https://doi.org/10.3727/194982413X13608676060655
https://doi.org/10.3727/194982413X13608676060655
https://doi.org/10.1016/j.actbio.2019.05.005
https://doi.org/10.1016/j.actbio.2019.05.005
https://doi.org/10.3390/ma12081353
https://doi.org/10.3390/ma12081353
https://doi.org/10.1016/j.matdes.2017.02.068
https://doi.org/10.1016/j.matdes.2017.02.068
https://doi.org/10.1007/s40964-019-00079-5
https://doi.org/10.1007/s40964-019-00079-5
https://doi.org/10.1080/17452759.2016.1254845
https://doi.org/10.1080/17452759.2016.1254845
https://doi.org/10.1038/srep07422
https://doi.org/10.1038/srep07422
https://doi.org/10.1177/1081286519877563
https://doi.org/10.1177/1081286519877563
https://doi.org/10.1063/1.4819837
https://doi.org/10.1063/1.4819837
https://doi.org/10.1038/nmat4544
https://doi.org/10.1038/nmat4544


Smart Mater. Struct. 29 (2020) 083001 Topical Review

memory locking in polymer/elastomer laminates Smart
Mater. Struct. 26 105027

[23] Zhou Y et al 2015 From 3D to 4D printing: approaches and
typical applications J. Mech. Science Technol. 29 4281–8

[24] Volk B L, Lagoudas D C and Maitland D J 2011
Characterizing and modeling the free recovery and
constrained recovery behavior of a polyurethane shape
memory polymer Smart Mater. Struct. 30 094004

[25] Berg G J, McBride M K, Wang C and Bowman C N 2014
New directions in the chemistry of shape memory
polymers Polymer 55 5849–72

[26] Guo Z et al 2008 Strengthening and thermal stabilization of
polyurethane nanocomposites with silicon carbide
nanoparticles by a surface-initiated-polymerization
approach Compos. Sci. Technol. 68 164–70

[27] Gu L, Jiang Y and Hu J 2018 Bioinspired poly(vinyl
alcohol)-silk hybrids: two-way water-sensitive
shape-memory materialsMater. Today Commun. 17
419–26

[28] Soto G D et al 2018 Nanocomposites with shape memory
behavior based on a segmented polyurethane and magnetic
nanostructures Polym. Test 65 360–8

[29] Kai Y, Liu Y and Leng J 2014 Shape memory polymer/CNT
composites and their microwave induced shape memory
behaviors RSC Adv. 4 2961–8

[30] Gong T et al 2012 Remotely actuated shape memory effect
of electrospun composite nanofibers Acta Biomater. 8
1248–59

[31] Yao Y, Luo Y, Lu H and Wang B 2018 Remotely actuated
porous composite membrane with shape memory property
Compos. Struct. 192 507–15

[32] Luo H et al 2014 Electro-responsive silver nanowire-shape
memory polymer compositesMater. Lett. 134 172–5

[33] Fang T et al 2018 Preparation and assembly of five
photoresponsive polymers to achieve complex
light-induced shape deformationsMater. Des. 144 129–39

[34] Berman B 2012 3-D printing: the new industrial revolution
Bus. Horiz. 55 155–62

[35] Attaran M 2017 The rise of 3-D printing: the advantages of
additive manufacturing over traditional manufacturing
Bus. Horiz. 60 677–88

[36] Ford S and Despeisse M 2016 Additive manufacturing and
sustainability: an exploratory study of the advantages and
challenges J. Clean. Prod. 137 1573–87

[37] Goldstein P 2018 FedTech (available at:
https://fedtechmagazine.com/article/2018/10/nasa-turns-
3d-printing-help-astronauts-aboard-international-space-
station)

[38] Javaid M and Haleem A 2019 4D printing applications in
medical field: a brief review Clini. Epidemiol. Glob.
Health 7 317–21

[39] Choong Y Y C et al 2020 High speed 4D printing of shape
memory polymers with nanosilica Appl. Mater. Today 18
100515

[40] Hull C W 1984 Apparatus for production of
three-dimensional objects by stereolithography
US4575330A

[41] Wang X, Jiang M, Zhou Z, Gou J and Hui D 2017 3D
printing of polymer matrix composites: a review and
prospective Composites B 110 442–58

[42] Ngo T D, Kashani A, Imbalzano G, Nguyen K T Q and Hui
D 2018 Additive manufacturing (3D printing): a review of
materials, methods,applications and challenges
Composites B 148 172–96

[43] Ambrosi A and Pumera M 2016 3D-printing technologies for
electrochemical applications Chem. Soc. Rev. 44 2740–55
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