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4D printing is the fabrication process of 3D objects that can change their shape over time or in response to an environmental
stimulus. This process demonstrates a radical shift in additive manufacturing.

4D printing additive manufacturing

| 1. Introduction

Additive manufacturing (AM), commonly known as three-dimensional (3D) printing, is a popular fabrication technique due to
its ability to create complex, customizable structures from a 3D computer-aided design (CAD) file I, It is an attractive
alternative to traditional fabrication processes (e.g., moulding and machining) due to the reduction in both difficulty and cost of
producing detailed customizable architectures 2. Developments since the introduction of 3D printing in 1984 have been
improved fabrication accuracy, speed, multiple materials, and costs I8, Nevertheless, an inherent shortfall of these structures
is their static and rigid nature; retaining the shape in which they were originally printed and generally only performing one
function . The drive to incorporate active materials into the 3D printing process to overcome these limitations has led to the
development of four-dimensional (4D) printing technologies to create dynamic structures [,

4D printing is the fabrication process of 3D objects that can change their shape over time or in response to an environmental
stimulus. This process demonstrates a radical shift in additive manufacturing B8 It offers a streamlined path from idea to
reality with performance-driven functionality built directly into the materials 1. With this technique, a wide range of active
programmable materials can be produced which have the capability to self-transform from one shape to another &,

Systems that respond autonomously to a change in their environment are commonly found in nature, for example, the nastic
movement of leaves and flowers can be triggered by humidity, light, or touch [, This property had not, however, yet been
achieved in manufactured objects until recently [, At the core of this research is the development of additive manufacturing.
Printing methods using smart materials to produce four-dimensional architectures and metamaterials. These three-
dimensional structures are dynamic and have the ability to self-transform in response to a predetermined environmental
stimulus, such as electricity, light, temperature, or moisture, hence creating a fourth dimension of time 2. The shape-changing
characteristics of these structures derive from the use of stimuli-responsive smart materials during the printing process, which
give the structure the ability to change its function, shape, or physical properties such as Young’s modulus to form selective
structures and configurations A2 This review focuses on dynamic structures with shape-changing abilities. The
characteristic differences between 3D and 4D printing are given in Table 1 and Figure 1.
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Figure 1. The key differences between 3D and 4D printing. 3D printing involves the deposition of material into a
predetermined static shape. 4D printing, on the other hand, involves the careful deposition of a smart material into a
predetermined, smart static structure. When this smart static structure interacts with an internal or external stimulus, it will
transform its shape and become a smart, dynamic structure (131,

Table 1. Characteristic differences between 3D and 4D printing technologies. Adapted from 12,
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Characteristics 3D Printing 4D Printing

Structure formed by sequential Extension of 3D printing but with shape-memory

Build Process layering of 2D material "ink" programming step

. . Smart materials: shape-memory polymers (SMP),
« Thermoplastics, ceramics, metals,

) . . X shape-memory alloys (SMA), hydrogel

Materials biomaterials, nanomaterials . . .
composites, biomaterials,

Characteristics of structure change upon

. Creates rigid structure )
Shape flexibility exposure to external stimulus

. Thermomechanical training, multi-material printing
Shape-memory + No programming step

programming to create differential stresses

« Medicine, engineering, dentistry,

. . . Adds dynamic element to all 3D printing
- automotive, robotics, fashion, o
Applications applications
aerospace, defence etc.

First introduced in 2013, 4D printing has since received great interest within material science showing potential for application
within the fields of soft robotics, defence, and manufacturing, among others 14!, Fabricating 4D structures for use in tissue
engineering and drug delivery systems provides a promising prospective technology for future generations, and hence this
review will focus on biomedical applications (151, This technology has the potential to supplement, or even replace, devices
used in various surgical procedures, including skin grafts or organ donations. A desirable characteristic of smart materials is
their ability to deform into a temporary configuration and recover to their original form by varying the applied stimulus 111, This
is called the two-way shape memory effect (SME) and has been exploited by material scientists to produce objects that can
be actuated after printing 2817, Research developments have been successful in developing the SME to produce
hierarchical self-morphing structures that can adopt multiple spatial configurations in response to a varying stimulus 18, The
structural response is dependent on both the materials and techniques used in the printing process. The shape-morphing
capability is usually achieved by either (1) printing a combination of active and rigid materials in different regions of the
structure to create areas of differential strain; or (2) by programming the temporary shape into the thermo-mechanics of the
structure after printing. An active area for research into the SME is incorporating the thermo-mechanic programming within the
3D printing process [BI2929 The most suitable method will vary depending on the printing materials used and the desired
structural response. Current smart materials deemed suitable include shape memory polymers (SMPs), hydrogel composites,
shape memory alloys (SMAs), and shape memory composites (SMCs). However, while shape-memory materials seem to
have been widely researched within material science, their conjunction with 3D printing is a relatively recent venture. Most AM
methods such as Stereolithography (SLA) and Fused Deposition Modelling (FDM) involve the sequential deposition of layers
of material onto a building platform [21. These processes can fabricate devices on the nano/micro scale showing potential for
use in drug delivery systems (DDS) and minimally invasive surgical systems [22l. The potential for this technology to develop
customizable dressings, drug delivery systems (DDS). Through the addition of the fourth dimension, 4D printing is seen as
being particularly well-suited to the biomedical field, with current research focusing on drug delivery systems (DDSs), tissue
engineering, regenerative medicines, and biomimicry 23],

| 2. Additive Manufacturing Techniques

The 3D printing technology (also referred to as AM) is used to generate a 3D specimen in which layers of material are
continuously formed under a computer-controlled program to create a physical object. ISO/ASTM52900-15 defines seven
categories of Additive Manufacturing (AM) processes: material extrusion, vat photopolymerization, powder bed fusion,
material jetting, binder jetting, sheet lamination, and directed energy deposition 24, The main commercially available 4D
additive manufacturing processes have been broadly categorised by their associated printing mechanisms; liquid
solidification, powder solidification, and direct material extrusion 25, These methods involve the light-curing of a
photopolymer, melt-material extrusion, and direct-ink printing 28, The technique is chosen depending on both the smart
materials to be printed and the desired properties/function of the final structure. Parameters such as printing speed, laser
frequency, and nozzle temperature directly affect fabrication accuracy, and hence these must be investigated and optimised to
ensure the viability of scale-up for industrial manufacture. The printing process can also be chosen to enhance and facilitate
the shape-memory functionality of the object. Independent of the AM technique, to fabricate a 3D structure requires a detailed
Computer Aided Design (CAD) model of the physical architecture. In most cases, the design model is digitally sliced into thin

https://encyclopedia.pub/entry/6279 2/9



4D Printing | Encyclopedia.pub

horizontal layers, and the printer forms the structure by sequentially printing each layer of the material 20, The basic

principles of commercial AM technologies are shown in Figure 2.

Figure 2. Different Additive manufacturing (AM) technologies used in 3D printing. (a) Photopolymerization; (b) Power bed
fusion; (c) Material extrusion; (d) Material jetting; (e) Binder jetting; (f) Direct energy deposition; and (g) Sheet lamination. AM
technologies currently used in 4D printing are fused deposition modelling (FDM); selective laser sintering (SLS);
stereolithographic apparatus (SLA); and polyjet.

2.1. Vat Polymerization

This area of AM technology requires the use of a liquid photopolymerizable resin, which is hardened by curing with light layer-
by-layer to fabricate the solid 3D structure. The main light-based techniques used in 4D printing are vat photopolymerization
and photojetting.

2.1.1. Stereolithography (SLA)

In this technique, a monomer resin held in a vat is exposed to a UV light source, causing a localised polymerisation reaction
that hardens the resin. When a layer is cured, the build-platform moves the structure to expose a fresh layer of resin to the UV
light 281, The light source can either be directed from above, known as “bottom-up” (Figure 3a), or from below through a
transparent window called “top-down” (Figure 3b) [28]. Repeating these steps until the final layers are cured produces the solid
3D structure 22139,
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Figure 3. Photopolymerization fabrication techniques. (a) The light source is from above and is taken from B2, (b) The light
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Invented by Charles W. Hull in the late 1980s as the first commercially available 3D printing technology, stereolithographic
apparatus (SLA) was initially adopted as an inexpensive and efficient way to manufacture prototypes and customisable
designs BIBU, SLA is now amongst the most widely used solid freeform fabrication techniques (28321331 This AM process
requires the use of liquid photopolymerisable and cross-linkable resins 24 and benefits from using materials that can achieve
high curing rates and precise depositions when printed [22, These material restrictions and the time-intensive nature of the
vertical build-up of layers remain the major limitations of SLA as a 3D printing technology.

A major advantage of SLA is the ability to fabricate high-resolution objects of various sizes; submicron-scale to decimetre-
sized objects have been produced using this method 28, While most AM techniques can achieve structural details in the
magnitude of 50-200 micron, Melchels et al. report the ability of SLA to produce details as small as 20 um 28, and Boydston
et al. have SLA-printed SMPs with accuracy between 0.1 mm and 1 pm 28, This indicates the suitability of stereolithography

for the fabrication of intricate biomedical devices where small, detailed structures are required for deployment within the body.

The area of liquid photopolymerizable smart materials is in its infancy, with only a small fraction of those available being
biocompatible and therefore suitable for biomedical use 2834 Research efforts are being made both to enhance the
properties of those already available and to discover new ones. For example, a review by Melchels et al. reports various
biomaterials suitable for use with SLA to create porous structures for tissue engineering applications 281, SLA is also suitable
for multi-material applications and has been utilised by Arcaute et al. to fabricate shape-memory composites (SMCs) 34, SLA
and other light photopolymerization-based techniques provide an accurate and simple fabrication process for creating
dynamic architectures. If further developments can be made to improve printing speeds, this technique shows potential as a

method for mass-manufacture of intricate 4D structures for biomedical applications.
2.1.2. Digital Light Processing (DLP)

Another light-based AM technique with the potential to fabricate biomedical devices is a digital light projection (DLP). This
technology utilises a digital mirror device (DMD) containing several million mirrors. A 2D pattern of pixels is projected onto the
mirror, which allows instantaneous polymerisation of the entire resin, as shown in Figure 4. By rotating the digital mirror device
(DMD) and breaking contact with the light source the device can be turned on/off. The print times are only dependent on layer

thickness and exposure times since the entire layer is cured at once (28],
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Figure 4. Top-down digital light processing AM technique. Taken from 27,

DLP is a suitable technique for fabricating SMPs, as recently evidenced by Invernizzi et al., who 4D printed a new thermo-
responsive SMP material comprising of polycaprolactone (PCL) chains with cross-linked 2-ureido-4 [1H]-pyrimidinone (UPy)
monomer units. DLP was chosen as an inexpensive fabrication technique, and the researchers were able to create a structure
with self-healing capabilities suitable for biomedical applications 32!,

2.2. Powder Bed Fusion

The basic principle of powder bed fusion AM techniques is the use of heat to melt or fuse a material together 28, The main
techniques in this area are selective laser sintering (SLS) and selective laser melting (SLM), which melt powders of polymers
and metals, respectively 28, These techniques do not require the use of any supports due to the unsintered powder

compacted around the structure 7,
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2.2.1. Selective Laser Sintering (SLS)

Selective Laser Sintering (SLS) is a similar technique to SLA, however, a high-powered laser is used to sinter a photopolymer
powder rather than a liquid resin 7. The newly formed layer is formed by sintering of the powder by an incident laser beam. A
levelling roller is used to spread a fresh layer of powder over the previously formed layer, and the unsintered powder acts as a
support for the overhanging layers 9. The process of powder rolling and sintering is repeated until the final 3D structure is
formed. A disadvantage of this technique is that the formed structure requires thorough cleaning to remove excess powder
and the high temperatures involved mean this technique is not currently suitable for bioprinting 28], Current 3D applications for
this technology include the printing of hearing aid shells. Its ability to print biomaterials indicates its potential to fabricate
various personalised medical devices 34139,

2.2.2. Selective Laser Melting (SLM)

Selective Laser Melting (SLM) uses a laser to melt metallic powders in the same layer-by-layer process by inter-stage curing
from a high-intensity laser beam 9. This creates a homogeneous and dense 3D metallic structure removing the need for
structural supports or binders 281, The printing set-up is enclosed in a chamber as the reactivity of metallic compounds
requires an inert atmosphere 9. The 4D potential of this technology derives from the ability to fabricate both shape-memory
alloys (SMAs) and single metallic smart materials [1]. For example, Shishkovsky et al. recently fabricated structures made
from the shape memory alloys Ni-Ti (Nitinol) and Cu-Ni-Al using SLM 9. Figure 5 displays the general apparatus for SLM
and SLS AM techniques.
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Figure 5. Apparatus for heat-based AM techniques selective laser melting (SLM)/selective laser sintering (SLS). Taken from
(23]

2.3. Material Extrusion
2.3.1. Direct Ink Writing (DIW)

Direct ink writing involves controlling the orientation of an anisotropic filler within a polymer matrix. This generates stresses
which are manipulated sequentially for individual pixels using ink writing. Although the time-intensive material layering and
curing of light-based techniques is omitted, the pixel-after-pixel manipulation also results in slow fabrication times 2,

Slow printing times remain a major limitation, and hence an area of extensive research within both 3D and 4D printing
technology. The layered process of the fabrication methods is slow and hinders the potential for wide-scale manufacture. A
solution to this has been proposed by Huang et al., who reported a potential ultrafast 4D printing technique where light-
curable monomers are briefly exposed to digital light, removing the need for sequential layering or manipulation of pixels.
Short bursts of light exposure caused the pixels within a 2D monomer film to polymerise to different extents resulting in
varying crosslinking densities throughout the material. This produced controllable differential swelling and stresses within the
printed structure, which induced 3D shape morphing capabilities of the SMP and hydrogel when immersed in water. The
cross-linking densities of the smart material can be tailored by controlling the digital light exposure. Huang et al. report that
this simple technique has the potential to fabricate complex geometries with shorter fabrication times because of the
controllable stresses and short light exposure 2.

2.3.2. Fused-Deposition Modelling (FDM)
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Fused-deposition modelling (FDM), also known as melt material extrusion (MME) or fused filament fabrication (FFF), is an AM
technique based on the extrusion of thermoplastic filaments [28. A reel of polymer filament is melted to form a semi-liquid
before being extruded through a heated nozzle. The partially melted filaments solidify when deposited onto the build platform,
and the 3D structure is built up from sequential layering of the extruded filaments B2, A schematic for the mechanism (Figure
6a) and apparatus (Figure 6b) of this technique is shown below.
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Figure 6. Fused-deposition modelling (FDM) extrusion-based AM technique. (a) Cross-section of printed material taken from

(41, (b) schematic of general apparatus taken from 1201,

Filaments suitable for use in FDM have been produced from various thermoplastics, including polylactic acid (PLA),
acrylonitrile butadiene styrene copolymer (ABS), polycarbonate (PC), and polyurethane (PU), which each exhibit variable
stiffness, elasticity, and toughness 281, FDM printers are simple, inexpensive, and reliable 42 with the potential to fabricate
various medical devices such as modified release dosage forms for drug delivery systems, as evidenced by Goyanes et al.
1891 Bodaghi et al. have also utilised FDM to create a structure with triple-SME using a combination of hot and cold

programming of an SMP [43],

Due to the high printing temperatures required, FDM can only be used with heat-resistant materials. It is therefore not suitable
for printing cell-laden bioinks or hydrogels, which become denatured when exposed to high temperatures 42, FDM is an
interesting fabrication technique in the field of tissue engineering due to the potential for creating porous polymer scaffolds 27,
FDM is also unsuitable for fabricating polymers with low glass transition temperatures (Tg). Polymer filaments with low T lose
their stiffness at ambient temperatures making extrusion through the printing nozzle almost impossible 2. This can be
prevented either by employing materials with higher glass transition temperatures or operating at temperatures far below T,
42 For example, a study by Kashyap et al. investigated the process of combining FDM with salt leaching to create a
radiopaque, porous SMP structure with potential for use within interventional radiology 42, The addition of fillers (Tungsten as
a radiopaque agent and sodium chloride as a porogen for salt leaching) in the printing filament reduced the printability of the
polymer due to increased viscosity, causing blockage of the printing nozzle. The researchers suggested incorporating a larger
diameter printing nozzle to reduce blockage, but this reduced the precision and accuracy of the printed structure 2. The
group considered that using filaments of higher stiffness at ambient conditions, hence polymers with higher Tg, could increase
the pushing force and reduce blockage 2. Extensive research is being focused on finding suitable materials for fabricating
biomedical devices with incorporated shape-memory behaviour. Developments in the last decade have vastly reduced the
cost of FDM printers. This supports the prospect of FDM as an inexpensive option for producing personalised medical devices

such as drug delivery systems.
2.4. Material Jetting

In recent years there have been vast developments in 4D printing technologies, most notably the Photopolymer Inkjet
(PolyJet) printer, which employs the photo jetting principle. Photo jetting is a 4D printing process whereby microscopic layers
of resin are jetted onto the build platform. The resin is instantly cured by UV light before the next layer is deposited on top 1%
28] Recent developments have expanded PolyJet technology to facilitate multi-material printing. This works by concurrent
extrusion of distinct materials through different nozzles in the apparatus. Printing both active and inactive materials in distinct
areas of a structure can create hinges and joints, resulting in origami-inspired shapes that can self-fold, twist, and curl when
exposed to the environmental stimulus as reported by Ge et al. [44],

Light-based printing methods such as SLA, DLP, and Polyjet, where a photopolymerizable ink is cured by light, are attractive
due to their ability to fabricate detailed structural designs. There have been notable efforts into finding biocompatible liquid
photopolymerizable materials, however, further research is required before there can be a wide-scale application of this

technology in fabricating biomedical devices.

2.5. Microscopy Aided Design and Manufacture (MADAME)
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Sidler et al. recently published a report detailing a new printing technology with potential use in fabricating wearable
technologies and internal hiomedical devices 13l This technique uses multi-dimensional printing incorporated with
programmable weaving to fabricate complex structures such as woven protein fibres. An interesting application of this
technology is the fabrication of smart textiles for wound treatments. The textiles are tuned to individual patients’ movements,
can administer drugs, and can signal to the patient or carer when replacement of the textile is required. This method has
further potential to produce smart dressings, drug delivery patches, and replacement body parts 15/, This study highlights the
current drive to improve AM printing techniques for the biomedical industry. Table 2 displays a summary of the main AM

techniques and smart materials currently used to fabricate 4D structures.

Table 2. Summary of common 4D AM techniques and applicable smart materials. Adapted from 431,

AM Process AM Systems Applicable Materials
SMPs
SLA Soybean oil
Liquid solidification
SMCs
Direct laser printing (DLP) SMPs
SMPs
FDM
Material Extrusion SMCs
Hydrogel extrusion SMCs
SMPs
Material Jetting PolyJet
SMCs
SLM SMAs
Powder solidification SMPs
SLS
SMCs
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