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Abstract
4D printing (4DP) combines the use of additive manufacturing (AM) to produce freeform components with stimuli-responsive 
materials, so that the printed parts can transform over a calculated duration of time. This paper provides a collective review 
of the transformational behavior of 4D printed parts that can be achieved using shape-memory polymers (SMPs). Using the 
process of 4DP, flat-packed structures can be printed and activated by external stimuli to transform into fully deployed func-
tional structures. The paper provides designers and engineers with an understanding of the possibilities of shape-changing 
behaviors that can be realized using 4DP, where examples of existing work are referenced. From this knowledge, designers 
and engineers are able to implement suitable design strategies using computer-aided-design (CAD) to better control the 
shape-change behavior. We summarize our findings using a taxonomy of shape-changing behaviors that can be categorized 
according to basic, complex, and combined behaviors.
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1 Introduction

Additive manufacturing (AM) has been recognized as a dis-
ruptive manufacturing process with considerable progress in 
the use of novel materials and machines. In recent years, 4D 
printing (4DP) has attracted attention as a new technology in 
which components can morph, change their shape, assemble 
themselves, or transform into a new form after time or when 
arbitrary environmental conditions are satisfied [5, 48]. With 
the development of 4DP technologies, widespread applica-
tions are expected to increase such as in the field of medi-
cal, construction, and robotics. The backbone of 4D printing 
requires the use of smart materials, including shape-mem-
ory alloys (SMAs) and shape-memory polymers (SMPs), 
although organic materials such as wood and paper can be 
used as bio-responsive materials. Statistics show that the 

market size of shape-memory polymers (SMPs) is expected 
to grow from US$1 billion in 2021 to US$3.4 billion in 
2025 [38]. For this paper, we shall focus on SMPs as they 
are more advantageous when compared to SMAs, because 
the current technologies have enabled them to be lighter, 
more cost-effective and have a higher recoverable strain than 
SMAs [16]. It is also expected that the widespread adop-
tion of using SMPs is more achievable when compared to 
SMAs which will typically involve more complex processes 
[22]. This paper provides a comprehensive review of the 
transformation of 4D printed parts that can be achieved 
using shape-memory polymers (SMPs). For example, using 
4DP, different forms of structures can be printed and acti-
vated in a timely and controlled way by external stimuli to 
transform into fully deployed functional assemblies. In the 
design stage, designers and engineers need to recognize and 
understand the various shape-change effects of 4DP parts. 
This paper has four sections. The next section discusses the 
state-of-art of AM and 4DP. Section 3 compares SMPs and 
SMAs, and discusses how the environmental stimuli can 
have an effect on SMPs. Finally, Sect. 4 compiles a list of 
transformation changes that can be achieved using 4DP and 
the authors propose a classification system.

 * Seokwoo Nam 
 Seokwoo.Nam@brunel.ac.uk

 Eujin Pei 
 eujin.pei@brunel.ac.uk

1 Department of Design, Institute of Materials 
and Manufacturing, Brunel University London, 
Michael Sterling Building MCST156, Kingston Lane, 
Uxbridge UB8 3PH, UK

http://orcid.org/0000-0001-7567-2555
http://crossmark.crossref.org/dialog/?doi=10.1007/s40964-019-00079-5&domain=pdf


168 Progress in Additive Manufacturing (2019) 4:167–184

1 3

2  4D printing (4DP)

2.1  An overview of additive manufacturing

Additive manufacturing (AM) is a process of building 
components in layers directly from 3D CAD data, without 
the need for complex and costly tools and with minimal 
material. It is a process of joining materials to make parts 
from 3D model data, usually layer upon layer, as opposed 
to subtractive manufacturing and formative manufactur-
ing methodologies [19]. Additive manufacturing (AM) 
uses methods such as material extrusion, material jetting, 
binder jetting, and sheet lamination to build solid three-
dimensional structures through the controlled deposition 
of materials one layer after another. Most AM processes 
today enable the production of mechanically stable parts 
that are rigid and static to achieve its intended form. Con-
sequentially, most of these parts are not designed to actu-
ate or transform. Moving parts such as hinges or actuators 
involve assembling multiple parts together after being 
produced [14]. The post-processing of putting together 
separate parts requires specific tolerances and also takes 
time to assemble. One answer to this is to use materials 
that can morph in a controlled manner over time when it 
is exposed to external stimuli.

2.2  4DP technology

4D printing technology capitalizes on the rapid devel-
opment of smart materials such as SMAs and SMPs 
with freeform digital manufacturing processes. An AM 
produced, self-changing structure that responses to an 
external trigger such as heat, light, electricity, or other 
stimuli is called a 4D printed part [39, 40]. 4D printing 
uses time as the fourth dimension, in the sense that the 
object can change over a duration, dependent on environ-
mental stimuli [37]. The biggest advantage of utilizing 
4DP is size reduction due to the computational folding 
that can be achieved. In AM parts, most machine build 
sizes have to accommodate the surface area and volume 
of the part. However, 4D printing does not have such 
constraints because large parts can be “folded” or “com-
pressed” in sections and printed to fit into the constraints 
of the machine bed. Farhang et al. [10] highlighted that 
the fundamental elements of 4DP include the AM pro-
cess, the stimuli, the stimuli-responsive material, inter-
action mechanism, and mathematical modeling. Figure 1 
describes that the AM process is necessary for the produc-
tion of freeform parts; and the stimuli, in turn, trigger the 
stimuli-responsive material into its new form. The inter-
action mechanism is the programming process in which 

the material is deformed into a temporary shape. Finally, 
the mathematical modeling process defines the material 
distribution and its structure needed to achieve the desired 
change in its shape [10].

The mathematical modeling process is intrinsically linked 
to the overall design of the part which is in turn linked to 
the computer-aided-design model. For example, the shape-
shifting behavior can be enabled by incorporating targeted 
smart hinges at precise locations within the structure [10, 
14, 36, 50]. The hinges are made from smart materials and 
all the other parts constitute non-reactive materials (Fig. 2).

Instead of stacking uniform layers to exhibit different 
dimensional changes that respond to the stimuli, the shape-
memory material could be arranged by controlling the 
amount, location, and pattern, so that different effects such 
as swelling ratios could be generated upon activation when 
exposed to stimuli. Figure 3 shows the results of the mate-
rial when different swelling ratios are achieved [23, 49, 55].

2.3  Current application of 4D printing

4D printing is still in its early stages of development. Below 
are the current examples of emerging 4D printing applica-
tions that demonstrate the potential to reshape new product 
development in several ways. Figure 4 is a 4D printed smart 
valve. The team at the ARC Centre of Excellence for electro-
materials’ science described that the use of shape-memory 
materials can be transformed from one form to another and 
could be applied for use in medical soft robotics. This com-
bination of technology and materials was used to create a 
valve that works in response to the temperature of the water 
surrounding the valve.

Figure 5 illustrates that MIT’s Tangible Media Group 
has developed a novel “pasta” that can respond in a 

AM
Process

Interaction
MechanismStimuli

Stimuli
Responsive

Material

Mathematical
Modeling

Fundamental 
Elements of 
4D Printing

Fig. 1  Fundamental elements of 4DP [10]
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variety of ways that fold when in contact with heat and 
water. The printed Pasta is flat, and when boiled, it can 
achieve different shape deformations such as bending, 

folding, and rolling. To achieve this effect, Wang et al. 
[53] 3D printed a piece of edible cellulose over the top 
layer of the gelatin.

Fig. 2  Structures with a smart hinge [14, 36, 50]

Fig. 3  Multiple material tessellations resulting in different shape-shifting materials [23, 49, 55]

Fig. 4  A smart valve is created by 4D printing [3]
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According to a market-research report by Frost and Sulli-
van [12], 4D technology and equipment are expected to grow 
rapidly in the medical, aerospace, defense, and automotive 
industries. 4D printing can produce a variety of products to 
support components for use in automotive parts to human 
organs. Benefits of 4D printing include improved functional-
ity of mechanical products, new uses of adaptive materials, 
additional manufacturing efficiency, and reduced manufac-
turing costs and carbon emissions. In addition, according to 
the Market research future [34], 4D printing technology is 
expected to be widely used in aerospace and defense, health-
care, automotive, construction, clothing, utilities, and others.

3  Overview of shape‑memory polymers 
(SMPs)

3.1  Differences between SMAs and SMPs

Smart materials have a dual-shape capability that can 
transform from one defined shape to another when stimu-
lated. These stimuli-responsive materials can be classified 

Fig. 5  Shape-shifting pasta [53]

Fig. 6  Stimuli-responsive mate-
rials [47] Materials
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into several sub-categories, as shown in Fig. 6. However, 
shape-memory alloys (SMAs) and shape-memory poly-
mers (SMPs) are the most commonly used materials for 
4D printed parts [22]. The idea of using stimuli-responsive 
materials was initially based on thermally actuated shapes 
and today’s applications range from heat shrinkable tubes 
to smart medical devices. The application of shape-mem-
ory materials requires a combination of suitable materials 
and accurate programming. A temporary shape is achieved 
through a deformation process. In 4D printing, shape-mem-
ory polymers (SMPs) are commonly used as compared to 
SMAs. SMPs have a wider range of glass transition tem-
peratures from − 70 to 100 °C. SMPs also have the poten-
tial to achieve configuration recovery properties of up to 
400% of the plastic strain, while the recovery properties of 
SMAs are approximately 7–8%. SMAs are considered to 
be disadvantageous due to complex production, high costs, 
toxicity, and limited recovery (Table 1). Therefore, SMPs 
and hydrogels are preferred over the use of shape-memory 
alloys (SMAs) [9].

3.2  Characteristics of SMPs

Although SMPs were developed over 30 years ago, the past 
few years have seen SMP research progressing significantly 
in which material scientists have developed from single-
shape to multi-shape properties, and to design completely 
reversible transformative capabilities during this short span 
of time. SMPs possess at least two phases—a stable phase 
which stabilizes the polymer and this is used to recover the 
original shape; as well as a second (or temporary) phase. 
The deformation of the first phase is the force required to 
recover the original shape, and this is achieved through the 
interpenetrating networks, chemical crosslinks, or crystalline 
phases of the material [35]. The second-phase momentar-
ily fixes the temporary shape by the glass transition (Tg) 
or crystallization state between the different liquid crystal-
line phases, through covalent or non-covalent bonds such as 
Diels–Alder reactions, which is a thermo-reversible reac-
tion. Other stimuli-responsive methods such as switching 
by redox reactions can also be applied. The mechanism of 

SMPs is commonly achieved through thermal transitions, 
thermo-responsiveness, and chemo-responsiveness. The 
thermal transition of SMPs is due to molecular switches/
net points that are physical and chemical crosslinks. Phase-
segregated morphology and formation are the foundational 
mechanism behind the state of material change [25]. In ther-
mosets, the network chains between net points consist of 
switch segments of chemical crosslinks. The shape-memory 
switch is achieved through a thermal transition of the poly-
mer segments. Thermosets display less creep and, therefore, 
show a less irreversible change during transformation when 
compared to thermoplastics. They also display better shape, 
mechanical, and thermal memory than thermoplastics [26]. 
For thermo-responsive SMPs, a dual-component system 
is used in polymers that are excited by heat. The matrix 
remains elastic throughout and the fibers reversibly change 
in material stiffness [32, 41]. Thermo-responsive SMPs use 
the Glass Transition or the melting point as the threshold 
temperature. The SMP has two stages, in which the first 
is the deformation to a temporary shape (or the program-
ming stage); and the second stage is the recovery phase [18]. 
Finally, for chemo-responsive SMPs, immersion in a chemi-
cal stimulates the plasticizing effect of the polymer [43]. 
This effect often reduces the glass transition temperature 
(Tg) of the material and there is a need to heat the material 
over the Tg. There are alternatives for shape recovery due to 
this chemical responsiveness. It can be triggered by the ionic 
strength, the pH value, or the concentration of the agent [29]. 
Currently, thermo-responsive SMPs are most applicable for 
4DP parts, followed by chemo-responsive SMPs particu-
larly using hydration. The methods that can be used to print 
thermo-responsive SMPs include material extrusion, mate-
rial jetting, and stereolithography. As for chemo-responsive 
SMPs, usually hydrogels are used and bio-extrusion is the 
most common method of fabrication [25].

3.3  Stimuli and the shape‑memory effect (SME)

Materials that can respond and change its configuration 
according to the environmental conditions are often selected 
for use in 4DP. Global deformation of the material can be 

Table 1  Comparison between 
SMPs and SMAs [27]

Property Shape-memory polymers Shape-memory alloys

Density (g/cm3) 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) − 10 to 100 − 10 to 100
Recovery speed 1 s to min < 1 s
Processing condition < 200 °C; low pressure > 1000 °C; high pressure
Cost < $10/lb (£7.5/lb) Appx. $250/lb (£189/lb)
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achieved when exposed to external changes such as water 
and temperature that are commonly used as the activation 
stimuli. When combined with the other less-exploited trig-
gers such as magnetism, light, and pH, they open up new 
avenues to design smarter devices [2]. Thermal-responsive 
SMPs, through heating from a source such as heated gas or 
water, can also trigger the SME. Other methods for SMP 
actuation that have shown potential for application include 
light and electricity sources. SMPs are characterized by their 
ability to recover their original shape from a temporary form 
that they take on. They remain in the temporary shape until 
an external stimulant is used and then it reverts back to its 
original shape. This process is known as the shape-memory 
effect (SME). The geometrical design and responsiveness 
of the material influences the transition speed of the mate-
rial from one form to another. The amount of shapes that 
can be retained in the memory of the material depends on 
its network elasticity. The strain recovery rate (Rr) and the 
strain fixity rate (Rf) determine the “intensity” of the SME. 
The strain recovery rate (Rr) is the ability of the material to 
memorize its permanent shape; and the strain fixity rate (Rf) 
refers to the ability of the switching segments within the 
mechanical deformation. Materials can be either reversible 
or irreversible. Reversible materials usually have two-way 
memories, since they have two permanent stages, although 
most existing SMPs are almost limited to one-way mem-
ory, needing reprogramming after each recovery. Two-way 
SMPs have an SME that can change back and forth from 
a temporary shape back to a permanent shape. Smart or 
stimulus-responsive material: stimulus-responsive mate-
rial is one of the most critical components of 4D printing. 
Stimulus-responsive materials can be classified into several 
sub-categories, as shown in Fig. 6 [47].

4  Shape change through 4D printing

4.1  Basic, complex, and combination 
shape‑changing behaviors

As an emerging, future-ready technology, 4D printing has 
added an extra dimension to the progress of additive manu-
facturing where structures can morph after being exposed to 
triggers such as light and heat. The manufactured constitu-
ent is capable of small or radical changes that can result in 
totally new structures. We classify shape-change behaviors 
into three categories—basic shape change, complex shape 
change, and a combination of shape change. Basic shape 
changing involves only a process of single deformation. The 
main characteristic is that it is a single-step process that pro-
duces a wholly uniform effect. Basic shape-changing behav-
iors include bending, rolling, twisting, helixing, buckling, 
curving, topographical change, expansion, and contraction. 

Basic shapes can be programmed to undergo a specified 
sequence of deformations over time to subsequently achieve 
complex shapes, sometimes also known as “sequential” 
shape-shifting [31]. Complex shape-changing behaviors 
consist of multiple deformations which can be derived from 
extending an earlier form of a basic shape change or as a 
completely multi-faceted form. For example, multiple fold-
ing, multiple bending, multiple rolling, multiple twisting, 
multiple helixing, multiple buckling, multiple topographi-
cal changes, and curvature changes are extended behaviors 
of the basic shape change. Other complicated shape-change 
behaviors include waving and curling. Finally, a combination 
type of shape changing is an amalgamation of different types 
of shape-changing behaviors in which two or more constitu-
ent behaviors can be programmed to occur in the component 
either simultaneously or in a carefully timed sequence. In 
terms of mathematical analysis, all shape deformation is a 
resultant of different stress along the plane. It is influenced 
by different strains, gradients, and shapes. Taking a step fur-
ther, Table 2 summarizes the differences of shape-changing 
behaviors through a mechanical analysis lens.

4.2  Basic shape‑changing behaviors

Basic shape-changing behavior results in a single deforma-
tion and the transformation occurs as a one-step process. 
This includes folding, bending, rolling, twisting, helixing, 
buckling, curving, topographical change, expansion, and 
contraction.

4.2.1  Folding

A fold is essentially a deformation in which the in-surface 
distance between the sheet’s two distinct points is kept with-
out having to self-intersect [8]. A fold is a sharp curvature 
caused by deformation along a crease. Folding is a local-
ized deformation of the material which emphasizes on a 
narrow hinge area using sharp angles [24, 44]. Tibbits [51] 
produced a 4DP structure which could fold itself into a pre-
cisely truncated Octahedron. The component was printed 
using material jetting technology and water was used as the 
stimuli (Fig. 7).

4.2.2  Bending

Bending is the distributed deformation of a material along 
the deflected area that creates the curvature [24]. Wu et al. 
[54] produced such an actuation behavior in which two seg-
ments are linked in the middle and the orientation of the 
fiber remains parallel to the direction of the bending force. 
Figure 8 illustrates the bending behaviorbehavior, and if an 
array of the segments are arranged by altering the materials 
and position of fibers, it would also be possible to achieve 
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Table 2  Mechanical analysis of each shape deformation

Shape changing behaviour Mechanical analysis

Folding
Raviv et al. [14]
Tibbits [54]
Ionov [20]

Folding deformation is caused by a stress 
mismatch between rigid and active materials, 
which is possible with various swelling ratios 
[10]

Bending
Gladman et al. [15]
Wu et al. [54].
Zhang et al. [57]

Bending deformation is the 
swelling/shrinkage mismatch between both 
layers in response to activation stimuli, while 
sustaining the same strain at the interface 
between both layers, could result in different 
types of deformation [6]

Rolling
Ge et al. [13]
Gladman et al. [15]

Rolling deformation is a normalized curvature 
that varies depending on both the expansion 
mismatch and the thickness, which is a 
nonlinear relationship between the rolling 
radius of one hand and the ratio of expansion 
and the sample thickness [4]

Twisting
Ge et al. [13]
Wang et al. [53]
Zhang et al. [57]

Twisting deformation printed the fibers with 
certain angles to induce twisting, and by 
adjusting the print angles of active fibers, the 
final twist angle would be changed [57]

Helixing
Zhang et al. [57]
Ionov [20]

Helixing deformation is made by a uniaxial 
expanding/shrinking active layer for a 
nonzero angle between the main straining 
direction of the active layer and the main axis 
of the bilayer strip [21]

Buckling
Manen et al. [31]
Sharon and Efrati [46]

Buckling deformation that compressive 
stresses above a certain critical value will 
induce out-of-plane buckling of the flat 
structure [31]

Curving
Tibbits [51]

Based on the light intensity gradient along the 
thickness of material, a stress gradient could 
be created, which results in spontaneous 
curving of the structure after release from the 
substrate [58]

Topographical change
Hu et al. [17]
Tibbits et al. [52]

Mountain and valley features can be 
generated from concentric circles in the 
presence of an appropriate stimulus. Surface 
topography is the representation of local 
deviations of a surface from a flat plane. 
These features usually occur under 
compressive loading conditions [52]

Expansion/contraction
Bakarich et al. [3]
Raviv et al. [42]
Yu et al. [56]

“This mechanism is driven by a variety of 
expansion ratios between active and rigid 
materials, which consist of scalable, 
hydrophobic active materials and rigid 
materials [3]

Waving
Wu et al. [54]

Wave shape deformation could occur in 
bilayers with comparable stiffness and layer 
thickness through swelling/shrinkage 
mismatch in response to activation stimuli [6]

Curling
Tibbits et al. [52]

Curling deformation is enabled by a stress 
mismatch between rigid and active materials 
from their different swelling properties [52]
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several features altogether known as a “wave” which is a 
complex shape. This behavior was achieved using a change 
in the water temperature as the stimuli.

There is a difference between folding and bending shape-
change behaviors. Folding is a localized deformation that 
has sharp angles occurring within a narrow hinge area; while 
bending is a global deformation that results in a smoother 
curvature [44]. When a continuous force is applied to the 
bending effect, the shape deformation of rolling occurs. 
The difference between bending and rolling is the variance 
between the gradient after the deformation. Bending has two 
positive and two negative gradients, while rolling consists of 
various gradients (Fig. 9).

4.2.3  Rolling

Rolling is a behavior in which the shape moves by turning 
over and over on its own axis. This deformation process 
enables the component to maintain a constant cross section 
throughout the deformation process. This shape-changing 
behavior is usually triggered by heat in the common shape-
memory cycles with programming and recovery steps [10]. 
Figure 10 was a component produced by Ge et al. [13] that 
shows an example of rolling. The left image shows the strip 
in its original shape and the right images show the results of 
different fiber architectures. In general, the size of the cur-
vature depends on the design variables such as the compos-
ite, the geometry, and its properties; the applied mechanical 
load; and the thermal history [13].

4.2.4  Twisting

The twisting action is dominated by in-plane stretching [1]. 
It is possible to make the self-twisting strips by combining 
two anisotropic active layers of similar types with primary 
straining directions that are perpendicular to each other 
(Fig. 11). By increasing the twisting widths, the stretch-
ing energy increases rapidly, while the bending energy of 
the helix constructs is only linearly related to the width of 
the part. Twisting is favorable for small widths for shape-
change behaviors [1]. Examples of twisting can be seen in 
the twisted pasta shapes produced by MIT and water was 
used as the stimuli (2017).

The twisting shape-change behavior is dominated by the 
in-plane stretching, and bending is dominated by the helix-
ing layer. By increasing the width of its own twisted sam-
ple, the stretching energy increases very quickly, whereas 
the bending energy of a helixing structure is only linearly 
related to the sample width. Another key difference between 
twisting and helixing is that the axis of the twist is centered, 
whereas the axis of the helixing shape change has various 
axes [21] (Fig. 12).

4.2.5  Helixing

A helix is a type of smooth space deformation in which a 
curve occurs in a three-dimensional space. Zhang et al. [57] 
experimented with helical structures and various patterns of 
spiral like structures by forming a 2D sheet twisted into a 3D 

Fig. 7  An example of a folding 
behavior [51]

Fig. 8  An example of a bending 
behavior [54]
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shape. It is an example of an internal strain being produced 
using AM-based polymer and triggered by thermal stimuli 
(Fig. 13). Zhang et al. [57] used certain angles to print the 
fibers to induce twisting. By adjusting the active fibers’ print 
angles, they were able to change the twisting behavior of 
the helix.

4.2.6  Buckling

Buckling is characterized by a sudden sideways failure of 
a structural member subjected to high compressive stress 
[45]. Examples of buckling behavior can be seen in the work 

by Manen et al. [31] in Fig. 14. This example of a buckling 
behavior was activated using different temperatures as the 
stimuli. The scale of stretching energy is usually linear with 
the material thickness, whereas bending behavior exhibits 
a cubic reliance on the thickness [31]. Material properties 
do not require a thickness gradient. Programming the flat 
layout of various active and manual elements can produce 
the desired compression stresses when activated. The exter-
nally generated compression force is also used in the passive 
material layer to induce non-planar buckles [28].

4.2.7  Curving

Curving is the amount by which the surface of a geomet-
ric object deviates from a flat plane. In an experiment by 
Tibbits [51], mountain and valley features can be generated 
from concentric circles in the presence of an appropriate 
stimuli (Fig. 15). This shape-changing behavior is enabled 
by a stress mismatch between rigid and active materials 
from their different swelling properties when in contact 
with water.

Fig. 9  The difference of folding, bending, rolling, and multiple rolling

Fig. 10  An example of a rolling 
behavior [13]

Fig. 11  An example of a twisting behavior [53]
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Fig. 12  The difference between twisting and helixing [11]

Fig. 13  An example of a helix-
ing behavior [57]

Fig. 14  An example of a buckling behavior [31]

Fig. 15  An example of a curv-
ing behavior [51]
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4.2.8  Topographical change

The topographical change results in a distorted shape that 
resembles the physical features of a ground terrain. The 
image on the left shows a shell with different curvatures near 
and further away from the central apex. While its hypotenuse 
is fully straight near the apex, it becomes more curved fur-
ther away the apex. It can also be observed that the corners 
bend into the shell (Fig. 16).

4.2.9  Expansion and contraction

In general, materials expand when heated and contract 
when cooled. The shape, volume, and area of the material 
changes as temperatures fluctuate. Expansion and contrac-
tion shape-changing behaviors are based on a shape-memory 
cycle, which includes the usual programming and recov-
ery steps for thermo-responsive SMPs. Bakarich et al. [3] 
demonstrated expansion and contraction behaviors of linear 
free swelling and shrinking of a thermo-responsive hydrogel 
being immersed in cold and hot water (Fig. 17).

4.3  Complex shape‑changing behaviors

Complex shape-changing behaviors consist of multiple 
deformations that can be derived from extending an ear-
lier form of a basic shape or as a completely multi-fac-
eted form. These characteristics of multiple deformation 

shape-changing have one or two more steps’ deformation. 
For example, multiple folding, multiple bending, multiple 
rolling, multiple twisting, multiple helixing, multiple buck-
ling, multiple topographical changes, and curvature changes 
are extensions of the basic form. Other complicated struc-
tures include waving and curling.

4.3.1  Waving

The waving behavior results in a shape that has undulat-
ing features or a wavy up-and-down form. Wu et al. [54] 
produced experiments of an active “wave” shape when 
immersed in hot water (Fig. 18). This design of the struc-
ture requires positions of materials that are located in two 
segments. The wavy pattern is made up of a combination of 
SMPs and other laminated segments [54]. This flat tri-layer 
component transforms into a curved wavy shape upon heat-
ing. It is possible to achieve various wave shape-changing 
behaviors by altering the position and materials of each 
layer.

Depending on the layer thickness and the induced strain, 
both waving and curling can be effectively programmed. The 
key difference between waving and curling is the regularity 
of the curves after deformation. Waving has a more regu-
lar curve, while curling consists of various irregular curves 
(Fig. 19).

4.3.2  Curling

As an alternative to curved creases, we can use surface 
curling by creating continuous surfaces. A larger surface 
provides an even expansion force and usually displays the 
effects of curling far more visibly. Figure 20 by Tibbits et al. 
[52] shows an example a curling behavior.

4.3.3  Multiple folding

Mao et al. [33] demonstrated a sequence of self-folding 
operations for transforming a 2D strip into 3D shape, as 
shown in Fig. 21. The folding behavior was triggered by 
heat in multiple shape-memory cycles with programming 

Fig. 16  An example of a topographic change behavior [17]

Fig. 17  An example of an 
expansion and contraction 
behavior [3]

Fig. 18  An example of a waving 
behavior [54]
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and recovery steps. Multiple folding behaviors can also be 
programmed in which the behavioral effects can be pre-
cisely timed to occur simultaneous or they can happen in 
a sequence. Even more complex folding has been demon-
strated by Tibbits [51] where different material properties 
or geometric densities can be used to achieve this effect. 
The majority of the materials used in this study are digital 
materials being fabricated using AM machines such as the 
Objet Connex 260 from Stratasys. Digital materials are 
made by mixing the two basic model materials VeroW-
hite and Tangoblack before UV hardening. VeroWhite 

is a stiff plastic polymerized with ink-containing isobor-
nyl acrylate, acrylic monomer, urethane acrylate, epoxy 
acrylate, acrylic monomer, acrylic oligomer, and photo-
initiators at room temperature. TangoBlack is a rubbery 
material at room temperature polymerized by monomers. 
It is composed of urethane acrylate oligomer, exo-1,7,7-
trimethylbicyclo, hept-2-yl acrylate, methacrylate oli-
gomer, polyurethane resin, and photo-initiators. The digi-
tal materials are composed of varying compositions of 
these two materials that lead to different thermo-mechan-
ical properties [33].

Fig. 19  The difference between 
waving and curling

Fig. 20  An example of a curling 
behavior [52]

Fig. 21  An example of a multi-
ple folding behavior [33]
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4.3.4  Multiple curving

Tibbits [51] demonstrated a surface topographical alteration, 
as shown in Fig. 22. Three shapes evolved over a period of 
time, in which the generation of sinusoidal topographies (a 
continuous wave) is presented by the varying swelling ratios 
of rigid and active materials. Notably, the material concen-
tration along the edges is different from the centre.

4.4  Combination shape‑changing behaviors

Combination shape-changing behaviors consists of merg-
ing different types of shape-changing behaviors that result 
in an amalgamation of different deformation results to the 
component.

4.4.1  Bending, twisting and waving

Ge et al. [13] demonstrated the feasibility of combining 
twisting and bending; as well as bending and waving, as 
illustrated in Fig. 23. This shape-changing trait uses heat as 

stimuli in the typical shape-memory cycles with pre-defined 
programming and recovery steps.

4.4.2  Expansion and contraction

Manen et al. [30] demonstrated the combination of expan-
sion and contraction, as illustrated in Fig. 24. They used 
a parallel arrangement of expansion and contraction strips 
to produce a mono-layer self-rolling element. In a separate 
experiment, arranging the strips at a 45° angle in the longi-
tudinal direction produced a self-twisting structure.

4.4.3  Hierarchical structures

Hierarchical structures combine various forms of shape-
changing components into a system. Chen et al. [7] produced 
a single actuator (a, b) as a unit (c, d), following which the 
units were co-joined into a complete system (e, f) and later 
into a much larger system of systems (g, h). (c, d) exhib-
its four actuators that are serially connected. Notably, the 
geometry of the bracket is the same as that of the pin. (e, f) 

Fig. 22  An example of a multi-
ple curving behavior [52]

Fig. 23  An example of bending, 
twisting, and waving behavior 
[13]

Fig. 24  An example of expan-
sion, contraction, twisting, and 
bending behavior [30]
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illustrates the tetrahedron module as well as global joints 
that are used to link the members. (g, h) exhibits the multiple 
tetrahedron units’ tiling to showcase a space frame’s deploy-
ment. All three corners of the top tetrahedron are linked to 
the top-most point of the three lower counterparts [7]. As a 
system, the entire assembly can be “programmed” to expand 
(or contract) in response to stimuli (Fig. 25).

4.5  The need for a taxonomy

As each author provides each different shape deformation 
with separate explanations and descriptions, it has become 
difficult to gain an overview of the types of shape-change 
behaviors that can be realized using 4D printing processes. 
Furthermore, the current knowledge in the literature is not 
only sparse, but also fragmented. The purpose of the tax-
onomy is an attempt to classify the different shape-change 
behaviors and to distinguish their corresponding character-
istics. Understanding the types of shape-change behavior 
is essential for designers and engineers to implement suit-
able shape deformations within the CAD and programming 
process. To identify the types of shape-change behavior for 
4D printed parts, we conducted a thorough review of the 
literature, and analyzed the types of shape deformations 
before summarizing this into a tabulated form. To develop 
the taxonomy, we first grouped all the types of shape defor-
mation that were similar, paying a special attention to those 
types that were identical, but were named differently. The 
second step was to assign names to the taxons. In the pro-
cess, we realized that all of shape-change behaviors are 
related in number of “sequential” shape-shifting process. 
Therefore, these shape-change behaviors were named “basic 

shape-change behaviors” and “complex shape-change behav-
iors.” It can be mutually related and we assigned a new 
group known as a “Combination Shape-Change Behavior”. 
We continued to proceed in this way to determine all the 
groups and categories.

4.6  A taxonomy of shape‑changing behaviors

For the first category, we classify basic shape-changing as a 
single deformation that occurs from a single step or process. 
This includes folding, bending, rolling, twisting, helixing, 
buckling, curving, topographical change expansion, and 
contraction. The second category involves complex shape-
changing behaviors in which the deformation can take place 
in either a single or multiple steps. Those that involve two 
more steps of deformation are also known as a “sequential” 
shape-shifting process whereby certain changes occurred at 
specific points of time. Complex shape-changing behaviors 
include multiple folding, multiple bending, multiple rolling, 
multiple twisting, multiple helixing multiple buckling, and 
multiple topographical and curvature changes are extensions 
of the basic form. Other even more complicated structures 
include waving and curling. The third category of shape-
changing behaviors takes place in a combined form, whereby 
two or more constituent behaviors can be programmed to 
occur within the component. The classification table is illus-
trated in Fig. 26.

Taking a step further, we observe that basic shape-
changing behaviors are often single-deformations, where 
the changes occur simultaneously. For more complex shape-
changing behaviors, multiple deformations or “sequential” 
shape-shifting process can be programmed to occur. We 

Fig. 25  An example of hierarchical structures [7]
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Fig. 26  A taxonomy of shape-
changing behaviors of 4D 
printed parts
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illustrate this phenomenon in Fig. 27, in which basic shape 
changes are limited to a single step of deformation and are 
located at the bottom corner of the matrix. Consequentially, 
complex shape changes that have the capability to have 
multiple deformation stages integrated into the design are 
located on the top right corner of the matrix.

5  Summary

4D printing is increasingly gaining traction as a new technol-
ogy that can overcome some AM limitations and yet also offer-
ing new applications. We view the essential elements of 4DP 
to include the AM process, the stimuli, the stimuli-respon-
sive material, the interaction mechanism, and mathematical 

modeling. Against this backdrop, the paper provides an over-
view of shape-memoryshape-memory polymers (SMPs) and 
the various shape-changing behaviors. Designing features 
within the 4DP components allows simple structures to be 
manufactured before being activated into complex functional 
parts and structures. Upon activation, the 4DP components 
can be fixed or return into its original shape. One of the most 
important factors within the field of 4D printing is to under-
stand the shape-change effect, which is dependent on three 
main factors based on the stimuli, the type of active mate-
rial, and the computer-aided design. Therefore, it is impor-
tant to specify the location of the shape change, understand 
the different types of shape-changing behavior, and how it 
behaves across time. Figure 28 presents this conceptual under-
standing that 4DP constitutes the AM process, the stimulus, 

Fig. 27  Matrix of shape-changing behaviors and types of deformations in 4D printing
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stimuli-responsive material, interaction mechanism, and math-
ematical modeling; following which the 4DP effects itself are 
centered on the location, the shape-changing behavior, and 
also the behavioral change across time. Very little work has 
been carried out to cover these studies of transformational 
shapes and structures that can be achieved from 4D printing 
and design modeling of CAD in the programming 4D printed 
parts. However, it needs to apply which various methods of 
shape change are effectively for intelligent design modeling of 
CAD, such as applying various printing shape changing. In the 
programming stage, designers and engineers need to under-
stand and implement strategies using shape-change behavior 
to control the shape-change effect of 4D printed parts. This 
study can bridge the gap in the existing knowledge in this area. 
A key direction for future work would be to subject this tax-
onomy to a more thorough empirical survey and experiments 
for enhanced validation. Moreover, it will investigate the effect 
of relationship CAD programming and the shape change using 
SMPs through applying applications directly. It will analyze 
design direction which can predict the effect of shape change 
though appropriate CAD design.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creat iveco 
mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate 
credit to the original author(s) and the source, provide a link to the 
Creative Commons license, and indicate if changes were made.
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