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Abstract

4D printing utilizes additive manufacturing methods to produce stimulus-responsive components that can change its shape
from one to another when subject to appropriate stimuli. The use of 4D printing technology is expected to significantly
become more widespread with more applications across bio-medical, aerospace, and defence industries. This paper discusses
emerging applications for 4D printing and suitable stimulus-responsive materials for 4D printing. In terms of designing for
4D printing, aspects of the shape memory effect (SME) including one-way SMEs, two-way SMEs and three-way SMEs are
presented. Materials and structures in the form of homogenous compositions and heterogeneous compositions are discussed,
as well as different types of shape-shifting behaviours such as self-folding, self-assemblies, and self-dis-assemblies. Finally,
current software and examples are presented together with the existing limitations that need to be overcome to achieve
widespread adoption of 4D printing.

Keywords 4D printing - Four-dimensional printing - Smart materials - Shape-changing effect - Shape memory effect - Self-

assembly

1 4D printing: a radical shift in additive
manufacturing

Current research has seen a radical shift in additive man-
ufacturing (AM) research heading towards 4D printing,
introducing Time as the fourth dimension. 4D printing is
defined as the use of AM to produce stimuli-responsive
parts that can shape change or function change from one
form to another when subject to appropriate stimuli with-
out reliance on robotics or electromechanical devices [1].
4D printed component is time-dependent yet predictable
[2]. The transformation is due to the properties of stimulus-
responsive materials that can react to fluctuations in the
external environment and generate a response in geometry
change (Fig. 1).

The concept of 4D printing relies predominantly on five
factors—the AM process, types of stimulus-responsive
material, stimuli, interaction mechanism, and mathematical
modelling [2]. The use of AM processes enables freeform
objects to be produced directly from digital information
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without the need for intermediate shaping tools. Most AM
processes can support 4D printing as long as the selected
stimulus-responsive material is supported by or compat-
ible with the printer. For a single multi-material print, a 3D
printer capable of multiple-material printing is required to
combine two or more materials to produce heterogeneous
composition. AM technologies that are capable of multi-
material printing include, but not limited to, the PolyJet
Stratasys Connex 3 Objet printer, FDM the RoVa3D 5 Noz-
zle 3D printer from ORD Solutions, Original Prusa i3 multi-
material upgrade [3, 4].

Stimulus-responsive material, often known as smart
materials or programmable materials, is highly dynamic
in form and functions [5]. The type of stimuli-responsive
materials is the key element to grant the capability of self-
transformation and determines the type of stimuli needed
to trigger the change in property and the functionality of
the component in 4D printing. The properties of stimuli-
responsive materials permit the phenomena of coupling or
conversion of energy between various physical domains; for
example, converting thermal energy into mechanical work.
This coupling of energy can be direct or indirect. Direct
energy coupling refers to mechanical response due to field-
induced eigenstrain in the stimulus-responsive materials,
whereas indirect is mechanical response due to field-induced
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Fig. 1 4D printed self-folding truncated octahedron demonstrating the “transformation over time” when submerging in water [1]

change in stiffness or other properties. The types of stimu-
lus-responsive materials capable of change in physical prop-
erties can be classified into shape-change material and shape
memory material. Shape-change material possessed stimu-
lus-induced behaviour known as shape-change effect (SCE).
Shape-change material transforms instantly and spontane-
ously in response to its stimulus, and returns to its original
or permanent shape when the stimulus is removed. Shape
memory polymers have the ability to memorize and recover
to their trained shape from a temporary shape when stimu-
lus is applied, known as shape memory effect (SME). The
complete shape memory cycle will be discussed in Sect. 4.

The types of stimuli can be categorised into physical,
chemical, and biological energy. Physical stimuli include
temperature, moisture, light, ultraviolet light, magnetic
energy, and electricity. Chemical stimuli include chemicals,
oxidant, and reductants and based on ionic strength and pH
level, whereas biological stimuli include substances such as
the presence of glucose and enzymes. Most experimental
studies focused on the use of water [6-9], heat [10-15], a
combination of heat and water [16, 17] as well as a combi-
nation of heat and light [18]. The primary shape-shifting
response or output are fold, curl, twist, expansion, and con-
traction [1, 19, 20].

Not all stimulus-responsive components can undergo
intended transformation when exposed to optimum stimu-
lus. It requires a set interaction mechanism to plan out the
sequence of shape-shifting behaviours when triggered by
the stimulus under an appropriate amount of time. For the
phase fixation of shape memory materials, mechanical load-
ing methods or physical mechanism manipulation techniques
have to be designed to deform and program the structure at
a temporary shape (Fig. 4).

Mathematical modelling is necessary to plan out the
required amount of time and sequence of stimulus to act on
the stimulus-responsive component. For single multi-mate-
rial 4D print, this process further involves design of mate-
rial orientation and distribution, the calculation of different
expansion or contraction rates of each stimulus-responsive
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material to function comprehensively in an effective self-
transform system. The mathematical modelling is usually
undertaken in conjunction with geometric programming
using computer-aided-design (CAD) and finite-element
analysis (FEA).

2 Applications for 4D printing

The use of 4D printing supports product design freedom
with a little additional cost for complexity [21]. For exam-
ple, products can be designed to be adaptable and tuned to
free energy in the environment such as the use of moisture,
temperature, pressure, altitude, or sound as potential stim-
uli. The growing interest in 4D printing has been kindled
by research in responsive structures for soft robotics and
printable actuators [17] for use in medical devices, smart
textiles, defence, and aerospace. For self-assembly, AM
parts are no longer constrained by the size of the print bed.
Parts can be programmable for postfabrication, whereby
parts can be self-assembled to reduce the volume for the
initial storage, paving the way for flat-packed cargo. These
responsive structures can be printed in a simple geometric
form before transforming into a larger and more complex
design to reduce the overall print time and manufacturing
complexity. Individual parts can be printed using smaller
AM systems and later self-assembled into a larger com-
ponent. One example proposed by Zhou [22] is the trans-
fer of nano-scale parts inside the human body which will
undergo self-assembly at a desired location for a specific
medical purpose. Other applications include space explora-
tion in which parts can assemble at a predetermined envi-
ronment without the need for an external power source or
human intervention. For soft robotics, 4D printing is moving
towards true material robotics by minimising and removing
the need for expensive, error-prone, and complex electro-
mechanical devices such as motors, sensors, and electron-
ics as the conventional robotic mechanisms are often bulky,
energy consuming, and difficult to assemble [23]. 4D printed
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structures can also be designed to self-repair. Some possible
applications include flexible self-healing pipes by Campbell
[24] and self-healing hydrogels [25]. The use of 4D printing
technology is expected to significantly become more wide-
spread with more applications across different sectors [3].
Frost and Sullivan [26] predicted that applications used by
4D printing technology in the future could include adaptable
sensors, for bio-printing artificial organs and for space and
automotive parts.

3 Smart materials for 4D printing

Stimuli-responsive materials are capable of transforma-
tion when there is a change in the environment and this
coupling effect or interaction can result in a mechanical
response due to field-induced eigenstrain (a deformation
produced without external forces such as thermal expan-
sion or phase change) in the smart material, or resulting
in an indirect mechanical response due to a field-induced
change in stiffness. The transformational characteristics
of smart materials include self-sensing, responsiveness,
shape memory, self-repair, self-adaptability, and multi-
functionality. Smart materials can be classified as shape
memory materials and shape-changing materials. Shape
memory materials have the ability to recover to their origi-
nal shape from a temporary shape when stimuli are applied
and this is known as the shape memory effect (SME) [27].
Shape memory materials (SMMs) include shape memory
alloys (SMAs), shape memory polymers (SMPs), shape
memory gels (SMGs), shape memory ceramics (SMCs),
and other shape memory hybrid (SMHs) materials [28].
Shape-changing materials are materials that possess
stimulus-induced behaviour, known as the shape-change
effect (SCE). They morph in response to the stimuli and
may return to its permanent shape when the stimuli are
removed. Zhou [29] explained that the type of trans-
formation is usually limited to simple affine alterations
such as linear volume expansion (stretching) or contrac-
tion (shrinking). Homogeneous expansion or contraction
(shrinking) in all directions does not lead to a change

of geometry. In contrast, inhomogeneous expansion or
shrinking will lead to induced surface topography such as
buckling, folding, and bending. One of the key challenges
in the field of 4D printing research is to be able to visualize
and communicate the material properties physically and
digitally (such as by means of individual voxels); and to
be able to successfully program the parts so as to achieve
a desired transformational change at a specific location.

Shape memory polymers (SMPs) are more popularly used
for 4D printing and they will be described in further detail in
this paper. For example, SMPs and hydrogels are preferred
over the use of shape memory alloys (SMAs) as SMPs have
a wide range of glass transition temperatures from — 70 to
100 °C, allowing their stiffness to be tailored [30]. SMPs
have the potential to achieve a shape recovery property up
to 400% of plastic strain, whereas SMAs are around 7-8%.
SMAss are regarded disadvantageous due to complex man-
ufacturing, higher costs, toxic, and with limited recovery
(Table 1). SMPs are predominantly polymeric materials that
have an ability to revert back to its preprogrammed shape
from a deformed (temporary) configuration when exposed to
stimuli [21]. While activated through ambient energy, SMPs
exhibit a radical change from a rigid polymer to an elastic
state, and back to a rigid state again. Between the glassy and
rubbery states of SMPs, large reversible changes of elastic
modulus can be observed as high as 500 times. SMPs have
high elastic deformation, with a strain up to more than 200%
for most of the materials and they have low density and can
be biodegradable as well as biocompatible for medical appli-
cations. SMPs have low thermal conductivity compared to
SMAs which may be useful if shape memory foams are to
be used as insulation materials [31]. The challenge for multi-
material 4DP is to identify and use materials that are strong
and malleable in the presence of stimuli. Ideally, the material
should also exhibit different behaviour in the presence of
different stimuli, and exhibiting a plurality of functions [18].

The potential stimulus-responsive polymeric materials
for 4D printing include polylactide (PLA), thermoplastic
polyurethane (TPU), and UV-cured thermoset polymers
such as VeroWhite Plus RG835 used in material jetting
[22].

Table 1 Comparison between

Property
SMPs and SMAs [31]

Shape memory polymers Shape memory alloys

Density (g/cm®) 0.9-1.2 6-8

Extent of deformation Up to 800% <8%
Required stress for deformation (Mpa) 1-3 50-200
Stress generated upon recovery (MPa) 1-3 150-300
Transition temperature (°C) —10to 100 —10to 100
Recovery speed 1 s to min Less than 1s

Processing condition
Cost

<200 °C; low pressure
< 10/1b (£7.5/1b)

> 1000 °C; high pressure
Approx. $250/1b (£189/1b)
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4 The 4D printing shape memory effect

The main characteristic of shape memory materials
(SMMs) is the ability to recover to their programmed
shape from a temporary shape when stimulus is applied.
This is known as the shape memory effect (SME) [27].
SMMs require two processes to form a complete shape
memory cycle [32]. The first step is to deform the material
into a temporary shape through the “programming pro-
cess” (Fig. 4), followed by the “shape recovery process”.
SMMs will remain constant in its temporary shape until
the right optimum stimulus is applied to trigger the shape
recovery process. The rapidity of shape change from a
temporary shape depends on the responsiveness of the

Fig.2 One-way shape memory

material and the physical design of the geometrical part.
The network elasticity of the SMM determines the “mem-
ory” of one or more shapes. The two significant factors
that determine the shape memory effect of SMMs are the
strain recovery rate (R,) and the strain fixity rate (Ry). The
strain recovery rate (R,) refers to the ability of the material
to memorize its permanent shape, whereas the strain fix-
ity rate (R;) refers to the ability of the switching segments
within the mechanical deformation. Both R, and R; have to
add up to 100% to be measured as an effective SMP. The
calculation for strain recovery and fixity rate is made up
of R,=100% X (¢ — €,..)/€ and R;=100% X €/¢,,,4; Whereby
e =fixed strain after cooling and unloading; ¢ = strain
after recovery; and ¢, = maximum strain under load [33].

effect Reprogramming
required
—> L —>
: Stimulus
ki isd
(A) (B) (A) (B)
Fig.3 Reprogramming pro- Programming process
cedure for a one-way shape . L X
memory effect Loading @
A
—> —> —> —>
T > Toans Cooling under
o fixed strain
T < Ttans T > Ttrans
Permanent  Pre-deformed v
original shape . Temporary Recovered to
shape Loading fixed shape permanent original
shape
(B) (A) (B)
Fig.4 Two-way shape memory ) " (Heating)
effect [30] Deformation~—, /
Heating L 4
\/ — —» \ —>
Original shape T > Tirans e

@ Springer

\ (Cooling)

No reprogramming required



Progress in Additive Manufacturing (2018) 3:95-107

99

This paper will study on the shape memory effect (SME)
of shape memory polymers (SMPs).

4.1 One-way shape memory effect

The majority of SMPs have a one-way shape memory effect
which is irreversible. When an external stimulus is applied,
the deformation (temporary) shape will become a permanent
shape. A programming step (Fig. 2) is needed for the object
to return back to its temporary shape.

Figure 2 describes the process of the one-way shape
memory effect where the SMP changes from its tempo-
rary shape (A) back to the permanent original shape (B)
under an applied stimulus. In the programming process, the
SMP is first heated above transition temperature to soften
the material, so that a deformation force (e.g., loading) can
be applied to the original shape. The predeformed shape is
cooled under the load to a fixed temporary shape. When the
unloaded fixed temporary shape is exposed to stimuli, in this
case is heat, the original shape (B) is recovered (Fig. 3). In
terms of heating, Behl [34] explained that there are various
types of thermal transition temperatures that are associated
with switching domains. It includes the melting transition
(Tians = Ty)» liquid crystalline transition (Ti,,= T} c), or
glass transition (7y,,,=7,). However, most melting and liq-
uid crystalline phase transitions have relatively small tem-
peratures. For the shape memory effect, the glass transition
(T,) temperature is usually considered.

1. deforming the structure (B) at temperature above transi-
tion temperature (7> T},,,,) by mechanical loading;

2. phase fixation in which temperature is lowered below
transition temperature (7 < T,,,,) With the mechanical
loading remained;

3. phase transformation in which the load is removed and
desired temporary fixed shape (A) is achieved;

rans

Fixing Ato B
B

Deformed at Thign
130°c

Original Shape (A) Cool to Tiow 1 70°C
low,

Recovery Shape (A)
Recovery B to A

4+

Heating at 130°c
Thigh

Fig.5 Three-way shape memory effect [40]

Temporary Shape (B)

Recovery Shape (B)

4. shape recovery from (A) to (B) by reheating the structure
up to transition temperature (7> T,,¢)-

4.2 Two-way shape memory effect

SMP with two-way shape memory effect has the ability to
remember two different shapes when exposed to stimuli.
The material can change from a temporary shape back to its
permanent shape (Fig. 4) and the change is reversible. Zhou
[35] emphasised that this behaviour is neither mechanically
nor structurally constrained, thereby allowing for multiple
switching between encoded shapes without applying any
external force. The two-way SME can be found in liquid
crystalline elastomers and photo-actuated deformation poly-
mers [36]. Chen et al. [37] successfully demonstrated the
two-way shape memory behaviour using a polymer laminate
prepared from a 1.0 mm-thick active layer of PHAG5000
polyurethane-based shape memory with a 1.0 mm-thick
substrate of PBAG600-based polyurethane. The effect was
observed by bending upon heating from 25 to 60 °C and
reverse bending upon cooling from 60 to 25 °C.

4.3 Three-way shape memory effect

According to Erkecoglu [30], the main difference between
a one-way and three-way shape memory effect is that the
three-way shape memory effect has one intermediate shape
between its original and temporary shapes. If there is more
than one intermediate shape, then this is also known as
a “multiple shape memory effect”, achieved by combin-
ing multiple two-way shape memory polymers with dif-
ferent glass transition temperatures [38]; or by heating a
programmed shape memory polymer first above the glass
transition temperature and then above the melting transi-
tion temperature of the switching segment [39]. The three-
way shape memory effect is shown in Fig. 5, whereby there
are two different thermal transition temperatures—T),,,

FixingBto C

\>

Deformed at Tiow,1 70°C

Cool to Tiow,2 0°C

Recovery Cto B

I

Heating to Tiow,1 70°C

Intermediate Shape
(©)
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(70 °C) and T, (0 °C). This is attributed to the two
segregated crystalline domains in the original shape. Li
[40] listed several methods to manage triple shape memory
effects such as by blending, grafting, and blocking co-
polymers, SMP hybrids, or other polymer laminates.

A material with dual-SME is able to achieve one per-
manent shape and one temporary shape, whereas a triple-
SME material can achieve one permanent shape and two
temporary shapes. The dual shape mechanism (Table 2)
is achieved by assembling two components in the form
of hard and soft segments within a single matrix. This
single component is able to transition into a pliable state
upon reaching the glass transition (7,) temperature and the
original shape can be recovered. A typical example is to
utilize the glass transition of the polymer. Above the 7, a
polymer is in the rubbery state and soft and can be easily
deformed. Upon cooling to below T, the polymer is in the
glassy state and hard. The original shape may be recov-
ered upon heating to above the 7,. The cross-linked chains
serve as an element to store the elastic energy which acts
as the driving force for shape recovery [32]. The term
dual-component mechanism (DCM) is referred when two
components are assembled in the form of hard and soft
segments within a matrix. The hard segment is elastic
within the working temperature and the soft segments
become pliable upon heating, and the material deforms at
high temperatures [21].

Table 2 Differences between a dual-and-triple shape memory effect

5 Design of 4D printed parts and material
compositions

To fully capitalize on the use of smart materials, the
design of the 4D printed structure and the assignment
of materials will require novel tools and methods [41].
Specialized software is needed to design specific folds,
creases, and patterns, and to demonstrate the sequence
of folding. A longstanding challenge is to find a way to
control the sequence in which the structure will fold in a
controlled manner [42]. Project Cyborg from Autodesk
is a cloud-based meta-platform of design tools capable
of programming matter from nanoparticle to human-scale
manufacturing. The software can simulate self-assemblies
and programmable materials, and specify the optimisa-
tion parameters for geometrical transformation, shape
constraints, and the folding sequence [6]. Other pattern
folding software such as Origamizer can be used to create
complex origami shapes through assigning nodes, edges,
paths, polygons, vertices, and creases [43]. The software
is capable of generating crease patterns that can fold solid
geometries into a complex polyhedral model with a desig-
nated number of seams. Another example is the E-Origami
System developed by the Symbolic Computation Research
Group (SCORE) that can study the mathematical aspects
of paper folds. This system allows users to fold sheets
using algebraic and symbolic methods. It offers two meth-
ods of folding, classified as mathematical folds and artistic

shape is
terminated

One-way shape memory effect: the temporary
retained once the stimulus

Two-way shape memory effect: the
is | temporary shape can be recovered to the
initial shape when the stimulus is terminated

Dual
shape

—

> <

(Permanent (Temporal
expansion of part) expansion of part)

Triple
shape

(Semi-permanent
expansion of part)

(Temporal
expansion of part)

—
‘......

(Permanent
expansion of part)

(Temporal
expansion of part)
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folds. The mathematical method of folding is based on
the axiomatic definitions of origami folds; whereas the
artistic fold is ideal for the creation of imaginative origami
pieces as it can specify relatively straightforward folding
features such as whether the fold is a valley or a mountain,
which lines are to be folded, and to what angle which they
should be folded. Inversely, Akleman et al. established
a simulation software to unfold a given convex polygo-
nal mesh into either multiple or one-piece planar sheets
[44]. They claimed that the algorithm for single-panel
unfolding first divides the initial shape into triangles to
guarantee that all faces of the shape are planar. Next, a
‘dual mesh’ is constructed from the triangulated shape,
such that every face becomes a vertex and every original
vertex becomes a face. Every vertex of the dual graph is
then two-dimensionally thickened into a triangle and every
edge of the spanning tree is two-dimensionally thickened
into a developable quadrilateral. The material composition

Fig.6 Homogeneous 4D
printed staple that demonstrates
the tightening function [29]

Fig. 7 Heterogeneous stimuli-
responsive mechanism integrat-
ing thermo-responsive gels with
photo-responsive fibre-global
and local shrinkage and bending
[18]

Evolution of the untethered sample under the light

Light
T=20,k.= 0.5

Light
T=32, k. =0.5

of 4D printed parts can be described as being homogenous
(single material) or heterogeneous (multiple materials). A
homogeneous composition consists of the use of a single
material. Yang [32] demonstrated the concept of a single
material 4D printed as a self-tightening mechanism made
from PLA (Fig. 6). The shape-shifting effect of a single
material can be advanced by adjusting the gradient dis-
tribution of the material by strategically controlling the
spatial position (e.g., density and porosity) and morphol-
ogy (e.g., design and arrangement) of the lattice structure
across the component.

A heterogeneous 4D printed part consists of a mixture
of two or more materials being printed as a single com-
ponent. The materials can be a combination of smart or
conventional composite materials or using various smart
materials that react differently under various stimuli. Kuk-
senok [18] proposed a stimuli-responsive mechanism that
integrated thermo-responsive gels with photo-responsive

3 & |
3D Printed 3 §
3 “ M 3
g . 2 3
{7 s — i
After

stretching Before shape recovery
N
After 5 N ‘ ]
heating - i |

After shape recovery

Evolution of the untethered sample in the dark
at high temperature.

~ Heat

T T=28,kL=0.0

—
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l Heat
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Fig. 9 a Gradient from centre to edge; b one-way gradient; and ¢ pat-
terned gradient

fibres to demonstrate global shrinking and localized bend-
ing, whereby the structure has controllable and repeatable
dynamic movements when exposed to light and heat (Fig. 7).

Innovate from the conventional multi-material printing,
another approach of achieving a heterogeneous composi-
tion 4D printed part is using functionally graded additive
manufacturing (FGAM). FGAM is a layer-by-layer fabrica-
tion process that involves gradationally varying the mate-
rial organization within a component to achieve an intended
function. It can generates dynamically composed gradients
or through complex morphology of individual voxels [45,
46]. Voxels are the fundamental building blocks within the
3D digital space. In this case, the properties and functional-
ity of a 4D printed structure are determined by the spatial
arrangement of the voxels, whereby each individual voxel
represents a single material with its own properties. Conse-
quently, a collection of voxels with different material infor-
mation contributes to a multi-material structure. Digital
materials function as an extensible modelling and software
infrastructure to support the representation and simulation of

-

Fig. 10 Differences between folding and bending [53]

Localized
deformation

Folding

@ Springer

@ Voxel Type 1 Voxel Type 2

the material structure across multiple time scales and com-
positions. It can serve as an enabler to control and simulate
the materials [47]. The arrangement of multi-material 4D
printed structure using digital materials can be classified
as having a uniform distribution (Fig. 8) or having a graded
distribution (Fig. 9).

6 Types of shape transformation effects
of 4D printed parts

Shape-shifting behaviours that researchers have explored
tend to focus on simple forms and using a bilayer composite
comprising of soft hyper-plastics and SMPs [48]. Such geo-
metric programming involves two or more active materials
in which the desire to generate complex and multiple shapes
from the same starting material can be achieved by program-
ming the sequence of shape transformation with temporal
control. Self-folding and bending structures are more com-
monly applied in 4D printing. The difference between fold-
ing and bending is shown in Fig. 10. A fold is a deformation
in which the in-surface distance between any two points in
the sheet is preserved without self-intersection [49]. Bend-
ing is a global deformation associated with a smoother dis-
tributed curvature, whereas folding emphasises on localized
deformation with sharp angles in a narrow hinge area [50].
Most shape-shifting behaviour from 2D into 3D is achieved
through bending that is caused by expansion or contraction
of materials with different magnitudes in different directions
[51,52].

C C

Bending

Smoother
curvature
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(A) Roll (B) Spiral Twist

(C) wave-like

(D) Wrinkled and rolled

Fig. 11 Primary shape transformations of self-folding polymers are roll, spiral twist, wave-like structure, and wrinkled and rolled [48]

Fig. 12 Extensional active fold

Bonding Points
v N\
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Fig. 13 Torsional active fold

The term self-folding is a class of self-assembly mecha-
nism that uses a shape transformation effect such as fold-
ing, curving or rolling from a printed patterned geometry
or using thin films that are fabricated in spiral-shaped or
cylindrical tubes (Fig. 11) [43, 54]. The self-folding con-
cept can be classed as those with hinges or without hinges.
Significant design parameters or drivers that need to be
considered while designing active self-folding mecha-
nisms include the selection of the folding mechanism, the
size of the component and the type of material. It is also
important to account for the actuation strain, actuation
stress, and the capacity of generating and manipulating
the desired field at the chosen location of the bend [43].

Folding mechanisms can be operated using hinge-based
active folding mechanisms by means of a extensional fold
with a variable length of active rod or a spring connected
to the two faces joined by the hinge (Fig. 12); a torsional
fold that uses an active torsional element at the hinge
(Fig. 13); or a flexural fold that uses an active element
with a predetermined folded shape (Fig. 14) [43].

Bending can be classified into two categories in terms
of a layered structure (Fig. 15) or a functionally graded
composition of smart materials (Fig. 16). The thickness
and dimensions of the different layers play a critical role in
determining the bending degree of the printed component
[13]. Most self-folding polymers can undergo considerable

© o 5

Fig. 14 Flexural active fold

Passive material @ Active material 1

g

L Y

Fig. 15 Conventional multi-material printing to create a bilayer of an
active and a passive layer

Active material 2

Y

@ Active material 1

A

Fig. 16 Functionally graded AM heterogeneous composition of two
active materials

and reversible changes of volume, being ideal for systems
that require reversible folding [51].

Other researchers have focused on the design of more
complex stimuli-responsive mechanisms. For example,
Rajiv et al. [8] demonstrated three examples of deforma-
tion including linear stretching, folding, and ring stretching
through various configurations of multi-material compo-
nents that would react to water. In the case of linear stretch-
ing, the rigid material acts as a scaffold, while the active

@ Springer



104

Progress in Additive Manufacturing (2018) 3:95-107

(hydrophilic) layer generates the force for action. This
method was achieved by assembling a series of rigid disks
with expanding materials in the middle. By adjusting the
ratio of expanding materials to the number of rigid disks,
the length (and extent) of stretching can be effectively con-
trolled (Fig. 17).

Rajiv et al. [8] also proposed folding that can be achieved
by adjusting the distances between the stoppers, the rigid
plates of different spacing, and the diameters between the
bars to define the angle of fold. This is achieved by printing
a layer of hydrophilic material over a layer of rigid material
and the disks in the centre act as stoppers to prevent the fold
from bending further (Fig. 18).

Finally, they proposed that ring stretching can be
achieved by forming a stack of ring-like shapes. Each ring
is made up of two layers of material. When the component
is submerged in water, the inner layer expands and this

Before ;
-
-

(1M
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[
(IR

[

(1N
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U]
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(TN

e )
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Fig. 17 Linear stretching [8]

Fig. 18 Folding [8]

O

L)\

Fig. 19 Ring stretching [8]
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causes a deformation of the ring. The stretching length
is adjusted by controlling the radius of the ring (Fig. 19).

Origami is the Japanese art of paper folding in which
desired shapes are achieved through the sequence of fold-
ing from a planar sheet. The folding principles of origami
have shed new approaches for manufacturing, assembling,
and morphing structures. It involves three steps to design
active origami structures for 4D printing. The first step
is to decide the desired shape (magnitude of fold), sec-
ond is to identify the crease patterns needed, and, finally,
testing to ensure that the folding sequence is in the right
order to achieve the desired shape (folding kinematics).
The creases are defined by their endpoints and the regions
within the sheet bound by the creases known as faces
(Fig. 20). A ‘mountain-valley’ feature determines the fold
direction of a crease [43].
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Fig.20 Schematic of a crease pattern

7 Conclusion

Researchers have begun to explore the possibilities of 4D
printing as an emerging technology as additive manu-
facturing technologies mature in parallel to our growing
knowledge of smart materials, available stimuli, math-
ematical modelling, and geometric programming. This
paper has provided an overview of 4D printing, covering
the material, technological, and design considerations that
should be considered when developing components for 4D
printing. The paper discusses emerging applications for
4D printing and the use of smart materials for 4D print-
ing. Aspects of the shape memory effect (SME), one-way
SMEs, two-way SMEs, and three-way SMEs are presented
as well as potential materials and structures in the form
of homogenous compositions and heterogeneous compo-
sitions are discussed. For 4D printing to become com-
mercially achievable, further research needs to be carried
out. For example, computer-aided design software need
to be able to visualize the properties of smart materials
in conjunction with the use of multi-scale physics simula-
tion. Fabrication systems have to be sufficiently reliable to
ensure that the spacing between the voxels that represent
the materials are suitable and reproducible. Finally, new

Matrix

L:;mA

e

metrology equipment or other forms of measurements may
need to be developed to ensure the quality of parts.

Future work will focus on realising 4D printed parts that
eliminate the need for mechanical loading. For example,
recent work by Mao [13] produced a multi-material layered
composite with a reversible shape-changing effect. Each
material reacts differently to the stimuli, thereby switching
behaviours between two stable and stiff configurations with-
out the need for mechanical loading. The controlled spa-
tial distribution and temporal arrangements also determine
the geometrical and temporal shape-change characteristics,
mechanical stiffness, and load-carrying capacity for each
configuration. The lower layer is made up of a hydrogel
sandwiched between two columns of elastomers, while the
top is placed with a layer of thermo-responsive SMP. Small
holes are made within the elastomer layer to permit the flow
of water, in which the design restricts the swelling of the
hydrogel in the Z direction, allowing the shape change to
only occur in the X-Y direction. In addition, the difference
in stiffness between the elastomer and the SMP means that
the strip bends inwards. More importantly, the thermo-sensi-
tive SMP is carefully designed in such a way to regulate the
sequence of time for the shape change to take place. Other
novel work includes parts that are capable of self-assembly
and disassembly. For example, Wu [12] proposed a multi-
polymer 3D printed trestle design with four equal active
composite strips connected to the center (Fig. 21).

The 3D printed structure is programmed with load of 8%
strain when stretched at 70 °C. The temperature is reduced
to 0 °C and the load is removed. After releasing at a low
temperature, the 4D printed structure bends with a slight
curvature. The strips fold and the trestle stands up from the
flat shape as the temperature increases. The trestle goes back
to its flat shape when it reaches 70 °C (Fig. 22). Shape-
shifting behaviour can undergo more complex actuations;
however, the current information regarding the folding
deformation is still relatively limited [2]. Reversibility of
the transformation has been relatively unexplored, especially
for applications that require cycles of folding and unfolding,
or wetting and drying. Comprehensive tests are required to

SMP fibre 2 with lower Tg

. SMP fibre 1 with higher Tg

T1=T2=0.38mm

H: 2mm

Fig.21 Design of the trestle, cross section of the composites strips, and the 3D printed part [12]
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Fig. 22 Deformation behaviour of the structure [12]

fully understand the complete lifespan and the degradation
of the materials. Future research will need to investigate
how we can generate, store, and use passive and abundant
energy sources to activate those shape memory or stimuli-
responsive materials.
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