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a  b  s  t  r  a  c  t

The  concept  of 4D  printing  is  its  formation  of  complex  three-dimensional  structures  that  have  the  ability
to  adopt  different  shapes  and  forms  when  subjected  to different  environmental  stimuli.  A  few  researchers
simply  view  4D  printing  as  an  extended  technique  of  3D  printing  or additive  manufacturing  with  the
added  constraint  of  time.  However,  the  unique  shape  change  mechanism  exhibited  in  this  process  is a
combination  of  shape  programming  and  the usage  of smart  active  materials  mostly  polymers.  This  review
eywords:
D printing
hape memory polymers
hape change
oft robotics

article  highlights  the  various  smart  materials,  activation  mechanisms  and the  shape-changing  techniques
employed  in  the  4D printing  process.  The  potential  of the  shape-changing  structures  and  their  current
applications  in  various  biomedical  and  engineering  fields  is  also explored.  The  article  aims  to  emphasize
the  potential  and viability  of 4D  printing  and  focused  on  providing  an  in-depth  insight  into  the  4D printing
process.
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1. Introduction

1.1. Additive manufacturing

Additive manufacturing or 3D (Three-dimensional) printing
involves layer by layer addition of material to form the desired
shape [1]. The steady rise of 3D printing techniques over the last
few decades is attributed to their ability to print complicated shapes
and the wide variety of materials they employ. The acceptance of
these techniques is mainly due to the freedom they offer during
the design stage by allowing the designers to tinker and improvise
freely to produce unique shapes and configurations [2].

In particular, 3D printing has found its niche in numerous
biomedical sectors like tissue engineering and pharmaceutics. Sev-
eral states of the art techniques employed for bioprinting are
already developed and significant progress is made in 3D bioprint-
ing of human tissues and organs over the last decade [3]. The
advancements in 3D printers, such as the integrated tissue-organ
printer (ITOP) has enabled stable fabrication of human-scale tissue
construction as a result of utilizing a blend of biodegradable poly-
mers and hydrogels [4]. Several other types of printing techniques
involving inkjet and extrusion-based printers have also been devel-
aterials for the future: Opportunities and challenges, Appl. Mater.

oped [5]. All these different techniques come with their own unique
printing mechanisms, materials, applications and advantages and
disadvantages [6]. There has been a continuous development of
new and more efficient 3D printing techniques over the years. One

https://doi.org/10.1016/j.apmt.2019.100490
https://doi.org/10.1016/j.apmt.2019.100490
http://www.sciencedirect.com/science/journal/23529407
http://www.elsevier.com/locate/apmt
mailto:balan.sheytra@vit.ac.in
https://doi.org/10.1016/j.apmt.2019.100490


 ING Model
A

2 plied 

s
a
m
m
t

1

m
t
f
l
A
p
a
t
a
4
p
f
s
4
t

c
a
c
a
t
a
t
c
t
a
e
i

1

d
f
i
h
t
i
e
b
m
a
e
d
c
v
s
w
r
t
4
c
t

i
s
o

ARTICLEPMT-100490; No. of Pages 22

 S. Joshi, K. Rawat, K. C et al. / Ap

uch technique is variable property rapid prototyping (VPRP) which
ims to tackle the limited material handling capacity of additive
anufacturing. VPRP is not restricted to the manufacture of single
aterial prototypes and can produce highly customizable proto-

ypes with a range of ratios and mix  grade [7].

.2. 4D printing

The next generation of printing techniques saw the use of smart
aterials to print structures that could change their shape with

ime as presented in Fig. 1. This characteristic shape change adds a
ourth dimension of time to the printing process which ultimately
ed to the evolution of 4D (Four-dimensional) printing techniques.
part from the ability to alter the base shape after printing, 4D
rinting techniques also offer several advantages over traditional
dditive manufacturing. These include minimizing a variety of fac-
ors such as the assembly time, the net cost, number of components
nd the failure rate [8]. The primary difference between 3D and
D printing is the static nature of the former technique. Unlike 3D
rinting, 4D printing allows the base material to transform into dif-

erent shapes with time with the response to external stimuli. The
tudy conducted by [9] highlights the differences between 3D and
D printing techniques, the evolution of these technologies through
he years and their potential in the different industrial sectors.

The concept of self-assembly which involves raw materials
oming together and assembling themselves, not being fed into

 machine for processing has often been used with 4D Printing in
onjunction [10]. However, 4D printing is not just restricted to self-
ssemblies. According to [11], the term 4D printing relates to the
echnique of using additive manufacturing on stimulus-responsive
ctive materials which results in a physical or chemical change in
heir composition with time. The stimulus is either of physical or
hemical nature such as humidity, pH, light intensity and tempera-
ure. As per market reports, the 4D printing sector would be worth
bout USD 313.1 million by 2025 [12]. The report attributes this
xponential rise in the market to the high demand for 4D materials
n the military, defense, aerospace and healthcare industries.

.3. History of 4D printing

Due to its immense potential, significant research was  con-
ucted on 4D printing. Several studies are available which have

ocused on different constituents of the 4D printing process rang-
ng from the materials employed in the printing techniques to the
istory of the technology itself. Fig. 2 provides statistical data for
he research done on 4D printing in recent years. [13] provides an
nsight into the evolution of 4D printing and highlights the differ-
nt materials used in common 4D printing techniques. The study
y [14] focusses on the progress of 4D printing and the different
ethods adopted by the pioneers of this field. One such method

dopted by Skylar Tibbits involved materials constituting parts that
xpand at different rates. These materials stretch and fold to form
ifferent shapes when activated by the stimulus. With the aid of the
ompany Stratasys, Tibbits evolved his printing technique to con-
ert 2D (Two-dimensional) and 1D (dimensional) strands into 3D
hapes. This technique employed water as an activating agent and
as highly effective in shape programming of non-electric mate-

ials. Jerri Qi’s research which dealt with shape programming of
hermally responsive composites was a milestone in the field of
D printing. When exposed to the appropriate temperature, these
omposites exhibited a shape memory effect which enabled them
o form the desired 3D shape [15].
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
Today, https://doi.org/10.1016/j.apmt.2019.100490

According to [16] there are three primary paradigms to 4D print-
ng. The first approach employs a smart material that changes its
hape to form new structures when acted upon by stimuli. The sec-
nd approach relates to 3D printing of polymeric material which
 PRESS
Materials Today xxx (xxxx) xxx

can act as a supporting structure for the growth of organic cells
and tissue. The technique employed is primarily in bioprinting
applications and requires a biodegradable base polymeric mate-
rial which can break down once the tissue formation is complete.
The last approach deals with self-assembly of small micro-sized
smart particles which upon stimulation change their pattern. Sev-
eral plans and strategies have also been designed to provide a
suitable methodology for 4D printing. The 4DP (Four-dimensional
plan) aims to provide a foundation for designing of 4D printed
materials. The 4DP plan requires classification of smart material
based upon the response provided by them when exposed to stim-
uli. The plan can potentially be improved by integration of additive
manufacturing and computational frameworks [17].

1.4. Advancements in 4D printing

In recent years, a significant endeavor is initiated to develop effi-
cient 4D printing platforms. An inkjet-based printer used to print
Bacillus Subtilis natto cells could change their shape with vary-
ing relative humidity [18]. These active biofilms were then used
to print various shape-changing structures like stimuli-responsive
artificial plants and lamps. The print is a highly customizable open-
source smart material printer which is used to print a large variety
of stimuli-responsive shape-changing materials [19]. It employs a
wide range of smart materials and has been successfully used to
create stimuli-responsive constructs such as sweat responsive gar-
ments and biodegradable hydrogel-based drug delivery systems.
With the advent of softwares such as Project Cyborg by Autodesk
Research and Kinematics by Nervous System [20], 4D printing is
easy to use. These softwares allow visualization of the 4D printed
product and help designers fully realize their product even before
the commencing the development stage. The study by [21], pro-
vides an analysis of the various types of software employed at the
different development stages of the 4D printing process. The collec-
tive effort of all these software is essential for the efficient building
of 4D products as presented in Fig. 3.

It is clear that 4D printing is not a simple printing process and
requires a combination of several components. Generally, a 4D
printing process uses a printing technique to print shape-changing
structures by actuating a smart material in response to stimuli. Over
the last decade, there has been a large number of reviews on the
4D printing of smart materials. A large amount of these reviews
either focus on 4D printing in the biomedical field or in a certain
engineering domain. This review aims to serve as an intermediate
by covering both the biomedical and structural applications of 4D
printing technology. The review also focuses on certain active mate-
rials, the printing techniques and the actuation process employed
to evoke the shape-changing mechanism.

2. Active materials

2.1. Shape memory alloy (SMA)

Shape memory alloys (SMAs) are metal alloy systems that can
exist in multiple unique phases or states when exposed to temper-
ature or load change [22]. SMAs exhibit shape memory effect by
which they retain their original shape even after severe deforma-
tion. SMAs exhibit superelastic behavior because they undergo a
phase change transformation. This transformation has a forward
and a reverse phase under which an austenite-martensite and
a martensite-austenite transformation takes place. This transfor-
aterials for the future: Opportunities and challenges, Appl. Mater.

mation greatly increases the fracture toughness of the SMA  [23].
An in-depth study of fracture toughness mechanism proves that
temperature has a pronounced effect in the toughening of SMA.
Increasing temperature greatly reduces the stress intensity fac-

https://doi.org/10.1016/j.apmt.2019.100490
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Fig. 1. Printed smart material exhibiting the shape-changing effect. (Reprinted with permission from [13], Copyright with License Number: 4615851131087).
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ig. 2. Statistical data of 4D printing based research (a) Publication distribution for
Plots  are drawn as per web  of science data collected from the year 2013 to 2019).

or which contributes to an overall increase in the toughness of
he SMA  [24]. A volume contraction is also observed during this
hase transformation. This volume contraction can potentially have

 deleterious effect on the fracture properties of superelastic SMAs.
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
Today, https://doi.org/10.1016/j.apmt.2019.100490

esearch conducted on this phenomenon proved that the forward
ransformation volume contraction decreases the strength of SMAs
hile the reverse transformation volume contraction has a negli-

ible impact on their strength [25].
ent countries (b) Publication distribution per year (c) Citation distribution per year

SMAs have become extremely common in engineering and med-
ical sectors [26,27]. Iron-based SMAs like the Fe-Mn-Si alloy system
has great potential in the civil engineering sector for repair and
reinforcement of structures [28]. NiTiHf based SMAs have the abil-
aterials for the future: Opportunities and challenges, Appl. Mater.

ity to operate at very high temperatures and thus are ideal for
aerospace and automotive applications [29]. Fig. 4 provides one
such aerospace application of SMAs. NiMn based SMA  systems
which can be actuated by magnetic fields are fitting candidates for

https://doi.org/10.1016/j.apmt.2019.100490
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Fig. 3. 4D Printing software and their applications.
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Fig. 4. SMA  based pin puller for aerospace applicatio

he production of actuators and sensors [30]. The review conducted
y [31] serves as a catalog of the various applications of SMAs in the
revalent industrial and commercial domains. The review focusses
n the application of SMAs in the biomedical, aerospace, automo-
ive and robotic sectors. SMA  based contraptions (implants, stents,
uide wires, and stents) are being widely used in medical sectors
ike neurology, orthopedics, and cardiology. They are also being
mployed as actuators in aeronautical and robotic sectors due to
heir cost-effective nature and their shape morphing ability. The
inary Ni-Ti SMA  system, which is more commonly referred to as
itinol has become a major player in the biomedical field. Nitinol
hich is an alloy of 50% Nickel and 50% Titanium that was  discov-

red in the early 1960s and became popular in 1980s. A significant
mount of research is dedicated to ascertaining the shape mem-
ry effect and the thermomechanical properties of nitinol [32–37]
ut a considerably less amount of attention is given to its failure
echanism.
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
Today, https://doi.org/10.1016/j.apmt.2019.100490

Research conducted on the failure mechanism of notched Ni-Ti
ound bar SMA  specimens displayed the negative effect of notches
n the superelastic behavior of the material [38]. This can be related
o the fact that the introduction of notches induces plastic strain
(Reproduced from [22]).

which causes a loss in the superelastic properties of the specimen.
Studies on the crack propagation and the cyclic crack growth resis-
tance offered by Nitinol when exposed to different environments
showed Nitinol to have low fatigue crack growth resistance and
high crack growth rates in comparison to other biomedical alloys.
These studies also showed the minimal impact of the environment
on the crack growth rates of Nitinol [39]. The mechanical prop-
erties of Nitinol or any other titanium-based material, in general,
improves with nanoscale refinement. Nano-structuring of nitinol
renders it more bio-compatible and makes it a safer option for use
in biomedical implants [40].

2.2. Shape memory polymer (SMP)

Shape memory polymers (SMPs) are smart materials that are
capable of changing their shape in response to external stimuli [41].
The concept of shape memory polymer arose in Japan in 1984 when
aterials for the future: Opportunities and challenges, Appl. Mater.

Nippon Zeon co-developed a polynorbornene based SMP. Tests
conducted by the Kuraray and the Asahi Company led to the devel-
opment of other SMPs which possessed a better range of transition
temperature values (Tg). These developments also led to the cre-

https://doi.org/10.1016/j.apmt.2019.100490
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Fig. 5. Shape Recovery of Polyurethane SMP. (Reprinted wi

tion of the Mitsubishi Heavy Industries (MHI) Polyurethane SMP
hich had a wide range of transition temperature values (Tg) and

etter processability [42]. The MHI  Polyurethane SMP  has many
nique features and properties which makes it ideal for several
cenarios. Studies are conducted to analyze the moisture and ther-
al  responsive properties of the MHI  Polyurethane SMP  in greater

etail [43]. Important applications of this particular SMP  include a
hermal responsive Braille pen which allows modification of mis-
akes by employing a pointer heater which reverts the SMP  back to
ts original state and moisture-responsive SMP stents which react
nd changes shape according to the moisture content. Fig. 5 dis-
lays the shape-changing capability of MHI  Polyurethane SMP.

The thermomechanical properties of SMPs are investigated
horoughly using a variety of conventional (uniaxial tensile tests,
yclic tensile tests, and creep tests) [44] and unconventional tech-
iques (bulging, point deflection and nanoindentation tests) [45].
he history of SMPs, their shape-changing mechanism, common
pplication and development through the ages have also been stud-
ed in great detail [46,47]. Both SMAs and SMPs have widely used
hape-memory materials. However, SMPs are lighter, more flexible
nd exhibit a greater degree of biocompatibility then SMAs [48].
MPs can also recover a larger magnitude of strain and consume
onsiderably less energy during the shape memory programming
49,50]. Fig. 6 shows the shape recovery cycle of an acrylate-based
MP.

SMPs are being widely used in aerospace and medical industries
o form complex structures. Analytical simulations of such complex
eometries require the formation of competent models that can
redict the material behavior of these structures. One such model

ncorporated in a user material subroutine (UMAT) in Abaqus with
he aim of predicting the behavior of SMPs having complex geome-
ries [51]. This subroutine was then used to analyze a variety of
oundary value problems and was ultimately used to model the
esponse of certain biomedical devices. The deformations induced
n SMPs during the thermomechanical cycle have also been stud-
ed analytically. One such study proposed a new microstructure of
MPs which constituted of a constant active phase and a passive
hase which cycled between free and frozen transformations [52].
arious researchers conducted many studies to form constitutive
odels for predicting the thermomechanical properties, deforma-
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
Today, https://doi.org/10.1016/j.apmt.2019.100490

ion mechanism, shape recovery mechanism and microstructure of
MPs.

Triple shape memory polymers (TSMPs) are SMPs that have the
apacity to form and remember multiple shapes when exposed to
mission from [43], Copyright with License Number: 4615870271018).

stimuli. Generally, SMPs oscillates between two  primary shapes
when exposed to stimuli. But TSMPs also acquires a tertiary stage
comprising of covalent cross-links [53]. A significant amount of
research is done on the properties and the shape-changing pro-
gramming of TSMPs [54–56].

2.3. Hydrogels

Hydrophilic polymeric materials known as Hydrogels have
become common active materials in 4D printing because of their
ability to change their volume drastically with the response to stim-
uli [57]. However, they have a significant disadvantage in terms
of their mechanical strength. Structures constituting hydrogels
tend to be weak and extremely brittle. To combat this, they are
generally infused with a secondary polymeric network. Interpen-
etrating network (IPN) hydrogels are one such extremely tough
material composed of ionic and covalently bonded crosslinked
polymeric networks [58]. Similarly structured hybrid hydrogel inks
were used to 3D print hinges with analytically optimized bend-
ing characteristics [59]. Hydrogels infused with other polymers are
used extensively in the field of biomedicine [60,61]. Hydrogels of
crosslinked sodium alginate and PEG are used to form highly flex-
ible and biodegradable cellular constructs like kidney cells [62].
Hydrogel compounds are also utilized in the fabrication of organic
constructs like vascular networks and for wound healing regen-
erative medicines [63,64]. 3D scaffolds made from hydrogel inks
comprising of crosslinked pHEMA (poly(2-hydroxyethyl methacry-
late)) and HEMA (2-hydroxyethyl methacrylate) chains are used as
a culture platform for primary hippocampal neurons [65].

Recently a new 3D printing technique was  devised for print-
ing PNIPAAm (Poly(N-isopropyl acrylamide)) hydrogels which are
utilized for a collection of biomedical (drug delivery, tissue engi-
neering) and engineering (sensors and actuators) systems [66]
as presented in Fig. 7. This technique named projection micro
stereolithography (P�SL) provides an efficient and cost-effective
method to print PNIPAAm based 3D structures.

2.4. Other materials
aterials for the future: Opportunities and challenges, Appl. Mater.

The active material which is used in 4D printing is not just lim-
ited to singular materials like SMPs or hydrogels. Non-active and
multi-material structures of suitable composition can also display
a shape-changing effect when observed over time [67].

https://doi.org/10.1016/j.apmt.2019.100490
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Fig. 6. Shape memory cycle of acrylate-based SMP. (Reprinted with permission from [50], Copyright with License Number: 4615860581635).
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Fig. 7. PNIPAAm hydrogel-based structures. 

The addition of carbon nanotubes into polymeric materials in
xtremely small amounts results in the formation of Polymer car-
on nanotube composites (PCNs). These nanotubes induce certain
nique mechanical and electrical characteristics to the PCN which
llow the material to adopt different shape-changing actuation
chemes [68]. This can be utilized to create a variety of PCNs each of
hich can exhibit unique stimuli-responsive behavior and thus can

e used for a wide range of applications. Polymers combined with
ron Oxide (Fe3O4) nanoparticles and carbon nanotubes have been
sed to obtain a large configuration of shapes [69]. This is achieved
y introducing heat at different radio frequencies. For this particu-

ar configuration, a total of five different polymeric shapes can be
btained during the recovery process.

The addition of graphene nanocomposites to thermally acti-
ated SMPs increased the strength of the composite and allowed

 higher degree of deformation without fiber breakage [70]. The
ddition of graphene lowers the crosslinking density of the SMP
hereby making the composite extremely tough. These graphene
anocomposite based SMP  systems are an ideal candidate for the
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
Today, https://doi.org/10.1016/j.apmt.2019.100490

evelopment of self morphing aircraft structures. Graphene-based
ompounds have also been explored as potential smart materials
ecause of their agreeable mechanical properties, excellent ther-
al  and electrical conductivities and relatively inexpensive nature.
(Reproduced from [66]).

Due to these excellent properties, graphene-based smart mate-
rials have been used to fabricate sensors, actuators, photovoltaic
devices, and drug delivery biomedical devices [71–74]. [75] pro-
vides an in-depth review of the variety of smart materials fabricated
from graphene-based compounds and the techniques used for their
fabrication.

Generally, ceramics are extremely brittle and thus fail easily
at strains of low magnitude. However certain ceramics with a
fine structure and few grain junctions can handle larger magni-
tudes of stress without cracking and thus can potentially serve
as smart materials. The high strength and the refractory nature
of these compounds make them ideal for temperature-activated
shape memory applications [76]. Shape memory materials have
also been generated from organic sources like plant oil. One such
example is epoxidized soyabean oil (ESO) and polycaprolactone
(PCL) based compound [77]. This material has enhanced mechan-
ical properties and can be used as a biodegradable smart material.
The high degree of biodegradability and the superior mechani-
cal properties exhibited by this compound can be attributed to
aterials for the future: Opportunities and challenges, Appl. Mater.

its PCL component. This ESO/PCL based shape memory material
also displays excellent shape memory and recovery behavior and
is extremely reusable, making it ideal for shape-changing smart
devices.

https://doi.org/10.1016/j.apmt.2019.100490
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direction by allowing the hydrogel to absorb water at a temp below
36 ◦C. Photolithography process was  engaged to produce 3D struc-
tures with varying shapes and thicknesses from 2D poly(ethylene
glycol) based hydrogels bilayers. These 2D bilayers folded to form
ARTICLEPMT-100490; No. of Pages 22
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. 4D printing techniques

Over the last decade, 3D printing methods are adapted for the
rinting of various active structures. The chapter on 4D printing
nd its biomedical applications in “3D and 4D Printing in Biomedi-
al Applications: Process Engineering and Additive Manufacturing”
ays down all the different 3D printing techniques which are used in
onjunction with smart materials to obtain shape-changing prod-
cts [78]. Some of these include traditional and contemporary
ethods like in situ fabrication, extrusion-based methods, stere-

lithography (SLA), fused deposition modeling (FDM), electron
eam melting (EBM), inkjet printing and selective laser melting
SLM) [79–81]. Fig. 8 shows the 4D printing techniques discussed
n this review.

Adapting 3D techniques for 4D printing of smart materials gen-
rally, require a few modifications to the former. FDM techniques
ere modified by adding an air circulation system to successfully

rint smart materials [82]. The wind provided from the air circula-
ion system helps to cool down the SMP  below its glass transition
emperature.

Inkjet printing is a non-contact technique that reads the struc-
ural data from a computer and reconstructs it physically by
eposition of small ink drops [83]. Inkjet printing is a highly
iocompatible process. According to studies by [84], cells manu-
actured via thermal inkjet printers do not exhibit high stress and
an be printed very precisely with greater than 30% transfection
fficiency. Other important applications of this technique include
ioprinting of living cells on culture disks [85] and 4D origami-
ased frequency selective surface [86].

Fused deposition modeling (FDM) technique involves extruding
 melted base material through a nozzle to form 3D structures in
 layer by layer manner. Due to the simplistic nature of this tech-
ique, it has been used for a variety of 4D printing applications
uch as manufacturing SMP  based robotic grippers and dog bone
amples [87,88]. FDM offers several basic advantages over the more
ontemporary 4D printing techniques. It is easily upgradable and
elatively inexpensive when compared to other modern techniques
ike polyjet printing. However, unlike polyjet printing, FDM cannot
roduce a smooth highly finished product [89]. Recently FDM tech-
iques have also been used successfully to print self-folding and
elf-coiling metamaterials [90].

Direct ink writing (DIW) employs nozzles to deposit viscoelastic
nks under large pressure to form 3D structures [91]. DIW printers
ave been employed in the biomedical field for the purpose of print-

ng high strength biodegradable scaffolds and for tissue engineering
92,93]. UV assisted DIW process has been used to print highly
tretchable self-healing shape memory elastomers [94]. These elas-
omers can potentially serve as biomedical repair devices due to
heir self-healing properties.

The technique of stereolithography (SLA) is one of the more
ommon methods employed for printing SMPs. It has very high
ccuracy and can employ a range of materials. It utilizes a laser to
olymerize the material layer by layer to form the 3D structure [95]
s shown in Fig. 9. Highly detailed studies of the SLA technique high-
ighting the manufacturing procedure, the base materials and its
pplications have been conducted [96]. Thermally activated poly-
ers based on tBA-co-DEGDA (tert-Butyl acrylate-co-di(ethylene

lycol) diacrylate) networks are developed using SLA techniques
97]. The finished product obtained via SLA was  found to have 82%
igher elongation than that obtained using industrial-grade SMPs.
fforts are made to develop inexpensive and energy-efficient stere-
lithography techniques such as UV-LED based stereolithography
98]. Another modified stereolithography technique, projection

icro stereolithography (P�SL) which is used to fabricate multi-
aterial SMP  structures like grippers, drug delivery systems and

owers [99].
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
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4. Shape change mechanism

The idea of utilizing the change in the shape of a material is
not novel to 4D printing. Several shape programming techniques
exist which utilize this particular feature. 2D polymeric sheets are
easily converted to 3D sheets by employing certain strategies. Poly-
meric sheets are preferable for such processes because they are
lightweight, cost-effective and extremely flexible [100]. Table 1
presents several 2D to 3D transformation strategies. This 2D to 3D
shape-changing techniques have real-world potential because of
the compactness and the low transportation costs they offer. Sim-
ilar techniques have been explored for edibles wherein 2D food
materials is easily transformed into 3D shapes by water absorption
[101].

4.1. Active origami and self-folding techniques

Active origami basically relates to the use of specific smart mate-
rial to create self-actuating structures, which are capable of folding
and unfolding like the real world origami paper techniques. This
technique can potentially provide a solution to large volume or
storage space engineering problems by designing structures that
can fold and occupy smaller spaces. Hinges based on polymeric
sheets combined with printed active composites (PAC) were used
to create active origami structures [102]. When exposed to external
stimuli, these conjoined sheets would fold into the desired shape
to form complex structures like 3D boxes and pyramids. Active
origami techniques have also been employed to create a variety
of 3D structures from origami tubes which have real-world appli-
cation in the field of robotics, actuators and for space deployment
[103].

Active origami techniques have been used to form 3D spherical
structures from 2D parylene-C films [104]. This technique is imple-
mented to form retinal implants that can change shape after being
surgically inserted into the eye as 2D sheets. Active origami is also
employed successfully for the formation of self-folding machines
like robots [105]. A 2D polymeric sheet embedded with electron-
ics was  transformed into a 3D robotic structure by self-folding
along the hinges. This particular application shows the rapid and
inexpensive nature of employing origami techniques for building
mechanical systems.

Light actuated self-folding are employed [106] for shape
programming of thin polymeric sheets. This particular method
replicates the origami and kirigami techniques of folding and cut-
ting paper to obtain the desired shape. The polymeric sheets when
coated with black ink, folds to produce origami structure or pop
up kirigami structures when exposed to near-infrared light. The
various geometries and configurations obtained via light actuated
self-folding are presented in Fig. 10. In general, self-folding tech-
niques are extensively used to form shape-changing structures.
SMP based materials that exhibit self-folding, when exposed to
thermal stimuli, are designed to form complex helical hinge struc-
tures [107]. A collision index is designed for the prediction of
the collision during self-folding. Managing these collisions would
enable the SMP  to follow the appropriate folding sequence with-
out restrictions. Hydrogel-based microgrippers were designed for
surgical and soft robot applications using self-folding techniques
[108]. Addition of magnetic nanoparticles to this composite system
allowed remote actuation of these devices. In aqueous solutions at
a temperature of 36 ◦C, the hydrogel-based system gives out water
and contracts causing the microgripper to open and close itself in
a particular direction. A similar actuation is achieved in the other
aterials for the future: Opportunities and challenges, Appl. Mater.
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Fig. 8. Traditional light and ink-based 3D printing methods. (Reprinted with permission from [81], Copyright with License Number: 4615880329578).

Fig. 9. Shape changing structures printed using SLA. (Reprinted with permission from [95], Copyright with License Number: 4615880573475).
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Fig. 10. (a) Kirigami techniques (b) Origami techniques. (Reprinted
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
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he final shapes when exposed to thermal stimuli, thereby exhibit-
ng the potential of active origami in the biomedical field [109].
ig. 11 shows the self-folding displayed by these hydrogel bilayers.
 permission from [106], Copyright with License Number: 4615880960246)
aterials for the future: Opportunities and challenges, Appl. Mater.

4.2. Stimuli based actuation

The characteristic shape transformation exhibited by the 4D
printed product is a response generated due to the effect of stimuli.

https://doi.org/10.1016/j.apmt.2019.100490
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Table  1
2D to 3D transformation strategies.

Strategy Type Description Figures

Conventional fabrication techniques Additive or subtractive techniques to
induce topographies on material

Induced surface topography Inducing topographies or features onto
the surface of the material

Bending Use of stimuli-responsive gels or
pneumatics to force the material to
bend and form 3D structures

Folding Different techniques to fold simple
sheets to form 3D structures
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Fig. 11. Self-folding of PEG-based 3D hydrogel bilayers. (Reprinted

hese 4D printed products contain a wide range of smart materials,
ach of which is actuated by different kinds of stimuli.

.2.1. Temperature-induced actuation
Shape memory polymers can produce a change in their shape

n response to fluctuation in thermal energy. SMPs has a transition
emperature called the glass transition temp (Tg) above which they
et temporarily deformed. However, they can recover their origi-
al shape with the help of a recovery force when reheated above
g [110]. A certain magnitude of internal stress is induced into
MPs during the printing process. These stresses are later released
hen exposed to thermal stimuli. This phenomenon results in a
icrostructure transformation and the polymeric material is able

o produce a change in its shape [111].
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
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Advancements in the study of thermal responsive SMPs have
nfluenced the development of new and improved shape memory
ycles, as presented by Fig. 12. The introduction of additional pro-
ramming steps into the standard one-way shape memory effect
permission from [109], Copyright with License Number: 4630080589066).

(1W-1SM) has led to the development of the two-way shape mem-
ory effect (2W-2SM). This 2W-2SM is of great interest as it allows
multiple memory shape cycles to take place [112]. Fig. 13 highlights
one such multiple memory shape cycle.

Several contraptions have since been developed which utilize
these effects. A polymer actuator that utilizes the 2W-2SM has
been designed to operate in the absence of any external load [113].
Research toward the development of thermo-responsive poly-
mer  laminates which follow 2W-2SM is well channelized [114].
Crosslinked 2W-2SM polymers are widely used in the biomedical
field for the construction of artificial muscles [115]. Studies have
been conducted to make SMPs follow a certain shape-changing
sequence when exposed to thermal stimuli. Samples of epoxy-
based SMPs with varying compositions are printed to have different
aterials for the future: Opportunities and challenges, Appl. Mater.

glass transition temperatures. This enabled these samples to follow
a predetermined sequence to revert back to their original shape.
This method was  then applied for the creation of self interlocking
and helical structures [116].

https://doi.org/10.1016/j.apmt.2019.100490


ARTICLE IN PRESSG Model
APMT-100490; No. of Pages 22

10 S. Joshi, K. Rawat, K. C et al. / Applied Materials Today xxx (xxxx) xxx

Fig. 12. One way  and Two-way shape memory effect. (Reprinted with permission from [113], Copyright with License Number: 4621150956785).
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Fig. 13. Triple shape memory effect. 

.2.2. Moisture or solvent-induced actuation
Water or solvent-induced shape change in polyurethane SMPs

s due to the plasticizing effect. Plasticizing makes the poly-
er  more flexible and reduces the transition temperature to the

mbient temperature of the solution [117]. The shape change
echanism triggers the low transition temperature and conse-

uently, the shape recovery process takes place. SMPs which
roduce shape change effect by exposure to water are generally
reated by the combination of hydrophobic and hydrophilic poly-
eric groups. The characteristics of one such group containing

 hydrophilic polyurethane block copolymer and a hydrophobic
olyhedral oligomeric silsesquioxane (POSS) were focussed upon
ith the aim of generating different sets of properties by alter-

ng the ratios of these two components [118]. An increase in the
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
Today, https://doi.org/10.1016/j.apmt.2019.100490

OSS component caused an increase in the melting point and crys-
allinity of the material. Certain composite materials have shown
ignificant shape change when magnetically actuated in a suit-
ble solvent [119], as presented by Fig. 14. These highly flexible
(Reproduced from [112]).

composites are ideal for the formation of highly biocompatible
structures.

A variety of 3D shapes by immersing hydrogel comprising of cel-
lulose fibers into the water were developed [120]. When exposed
to water, these hydrogel-based materials expand anisotropically to
form three dimensional shapes from simple sheets. However, the
structures formed are found to be extremely weak and brittle. A 2D
film with a swellable guest medium was  designed to form 3D struc-
tures in response to organic solvents [121]. These 3D structures
could have a use in the field of bioelectronics (polymeric LEDs),
regenerative medicine and soft robotics.

4.2.3. Magnetically induced actuation
Shape memory nanocomposites containing magnetic nanopar-
aterials for the future: Opportunities and challenges, Appl. Mater.

ticles like iron oxide (Fe3O4) display shape-changing effects when
exposed to alternating magnetic fields [122]. In order to manu-
facture scaffolds by 4D printing, the property of changing when
exposed to the alternating magnetic field was utilized by printing

https://doi.org/10.1016/j.apmt.2019.100490
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ig. 14. Magnetically actuated material exhibiting shape change insolvent.
Reproduced from open access [119]).

e3O4 based poly (lactic acid) based SMPs. These scaffolds expand
n the presence of alternating magnetic fields and can potentially
e employed as stents in the biomedical field. Similarly, the SMP
ystem comprising of crosslinked poly(-caprolactone) and Fe3O4
anoparticles can be utilized for the formation of drug delivery
ystems and stents. The crosslinked polymer structures of these
MPs enable them to achieve a higher degree of shape recov-
ry ratio [123]. Such electromagnetically induced shape change
echanism occurs due to properties of the super magnetic Fe3O4

articles. These particles cause inductive heating in the SMP, con-
erting the energy from the external magnetic field into local
eat energy which ultimately initiates the shape-changing process
124]. The use of electromagnetic induction for shape change allows
he thermal energy required for the shape-changing mechanism to
riginate within the SMP  itself. Other applications of magnetically
ctivated SMP  include Nickel-zinc ferrite loaded SMP  based med-
cal devices that exhibit shape-changing effect when exposed to
lternating magnetic fields [125]. Super magnetic nanocomposite
ased SMP  systems had also been employed in the biomedical field.

 wt% oleic acid-coated magnetic nanocomposite system exhibited
hape memory effect when exposed to alternating magnetic fields
126].

.2.4. Light-induced actuation
Light-induced activation is often considered to be a more favor-

ble shape-changing initiator than thermal induced shape change.
his is because light-activated SMPs can recover their shapes at
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
Today, https://doi.org/10.1016/j.apmt.2019.100490

mbient temp and thus do not require any external heat source
127].

Photoinduced activation of crosslinked rubber polymeric mate-
ial has been achieved by stress relaxation techniques [128]. Stress
 PRESS
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is induced on the crosslinked polymers by irradiating one side of the
polymer. Upon relaxation, this stress dissipates within the material
producing deformations and causing shape change. Azobenzene
based liquid crystal polymeric networks exhibited shape change
when exposed to linearly polarized light [129], as presented by
Fig. 15. Changing the polarization of the incident light caused the
material to bend in different directions. Azobenzene based liquid
crystal polymers are also extensively used for light energy powered
robotics applications [130]. Photoinduced actuation of robotics
eliminates the need for additional mechanical components that are
required in great numbers for traditional mechanical robotic sys-
tems. Polymers containing cinnamon groups were used to form a
variety of complex shapes and structures by UV light activation
[131]. These structures are not constrained like thermally induced
SMPs and can recover their shape even at ambient temperature.
Polymer gels having triphenylmethane leucocyanide groups swell
in the water when exposed to ultraviolet radiation [132]. They de-
swell when the radiation is removed. This swelling and deswelling
cycle is attributed to the development of osmotic pressure between
the polymeric gels and the water solution as a result of UV light
exposure.

5. Biomedical application

SMPs have started to replace traditional polymers in the field of
biomedical sciences. However, certain criteria for the design and
selection of SMPs for biomedical applications should be followed
[133]. Fig. 16 lists a few of these design parameters.

5.1. Angiography

Angiography is the medical procedure of introducing suitable
materials into the arteries to locate blocked areas [134]. It involves
introducing a medium into the arteries to locate blood clots or
areas of blockage. This medium fed through a catheter is guided
to its destination by guidewires. Guidewires composed of stainless
steel was  initially used for this process. However, these guidewires
are prone to deformation and kinking as a result of which steering
them inside the human body becomes difficult. Nitinol guidewires
are now being extensively used for this purpose due to their high
flexibility and good kink resistance [135]. This great elasticity and
flexibility offered by Nitinol allow it to pass smoothly through var-
ious complex paths in blood vessels without deformation. Fig. 17
presents a nitinol based SMP  used in the field of angiography

5.2. Stents

Angioplasty involves opening blocked blood vessels bypassing
a stent along guidewires. This stent consists of a balloon which is
expanded to provide an opening in the blood vessel. The supere-
lasticity of nitinol makes it ideal for this operation [135].

For the proper functioning of a stent, it must provide just enough
force to maintain the opening. If the force is too high, the stent will
harm the adjacent vessels while if it is too low it would not be
able to resist the forces of the adjacent vessels and the opening will
close. Superelastic nitinol stents satisfy this stringent criterion. Niti-
nol exhibits high compatibility with the body and unlike stainless
steel, it does not put a large amount of force on the blood vessels
[136]. This biocompatibility of Nitinol is due to the formation of a
passive titanium oxide layer which protects the material from cor-
rosion and also makes it less prone to chemical breakdown [137].
Stents consisting of shape memory material coupled with a support
aterials for the future: Opportunities and challenges, Appl. Mater.

structure have been designed as a non-invasive way of dealing with
physical anomalies [138,139], as presented by Fig. 18. These devices
are highly expandable and provide means of forming a variety of
SMP  foams with different structures and geometrical shapes. These

https://doi.org/10.1016/j.apmt.2019.100490
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Fig. 15. Actuation of the smart polymer at different incidence angles and light wavelengths. (Reprinted with permission from [129], Copyright with License Number:
4615890563585).
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Fig. 17. Model of a nitinol-based stent employed for angiography.
Fig. 16. Design parameters for biomedical smart devices.

oams expand into the physical anomaly to provide the necessary
keletal support.

.3. Drug release system
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
Today, https://doi.org/10.1016/j.apmt.2019.100490

SMPs is used for storage and subsequent controlled release
f drugs in biomedical applications [140], as evidenced by
ig. 19. Oligo[(�-caprolactone)-co-glycolide]-dimethacrylates
ased biodegradable drug delivery system has been successfully
(Reprinted with permission from [135], Copyright with License Number:
4615890780880).

synthesized [141]. The shape memory process and the recovery
mechanism of the drug delivery system were designed not to
hamper the drug release capability of the material.

5.4. Artificial cornea implants

Scaffolds developed from interpenetrating polymer networks
(IPN) were used to make artificial cornea devices [142]. The use of
IPNs allows the preparation of 3D scaffolds possessing high strength
and high water retention capacity. These properties combined with
their well defined highly porous structure leads to the development
of extremely biocompatible devices, as shown in Fig. 20.

5.5. Regenerative medicines and tissue engineering
aterials for the future: Opportunities and challenges, Appl. Mater.

Chitosan-based hydrogels have been used to manufacture
wound dressing systems [143]. These systems employ rutin which
significantly enhances the cellular healing process. Polypeptide
hydrogels have been employed for the fabrication of wound healing

https://doi.org/10.1016/j.apmt.2019.100490
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Fig. 18. (a) Perforated SMP  stent (b) SMP  stent-catheter system. (Reprinted with permission from [138], Copyright with License Number: 4615891002938).

Fig. 19. The smart drug release system. (Reprinted with permission from [140], Copyright with License Number: 4615891281774).

Fig. 20. IPN based artificial cornea cross-section.
(Reprinted with permission from [142], Copyright with License Number:
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Fig. 21. Fabrication of nanofibrous scaffolds for tissue engineering.
(Reprinted with permission from [146], Copyright with License Number:
4630110824863).
615891459124).

ystems [144]. These compounds possess antibacterial properties
nd exhibit a greater magnitude of cell proliferation which boosts
he healing process. Scaffolds provide a base structure for mold-
ng of various polymeric biomaterial for tissue engineering. An
deal scaffold should have the required mechanical strength to sup-
ort the cell and tissue constructs during their regeneration. The
tudy by [145] provides an in-depth analysis of the various physi-
al characteristics of biocompatible polymers used for the creation
f scaffolds in tissue engineering.

SMPs fabricated into ultrafine nanoscale fibers produce tissue
ngineering scaffolds [146,147], as shown in Fig. 21. These nano-
ized constructs combine the salubrious effect of both nanofibers
nd SMPs to form a system that is extremely biodegradable and
ighly efficient in bone and tissue recovery and repair. Nano-
iocomposites of natural polymers are used to design scaffolds for
one tissue engineering [148]. The scaffolds generated from a com-
ination of natural polymers like chitosan, hydroxyapatite, gelatin,
nd alginate provide good mechanical strength and help in cell pro-
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of materials for the future: Opportunities and challenges, Appl. Mater.
Today, https://doi.org/10.1016/j.apmt.2019.100490

iferation. Table 2 discusses some of the numerous other biomedical
pplications of smart materials.
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Table 2
Biomedical applications of smart materials.

Field Printing Procedure Materials Advantages Disadvantages Reference

Phenomena Stimulus

Biomedical
polymeric
scaffolds

Particulate
leaching

Solvent
generated
response

PLGA and sodium chloride
in  different organic
solvents

Production of highly
porous 3D scaffolds
without any inherent
limitations

Thermal degradation of
the polymer can occur
during the process

Liao et al. [149]

SMP  based
Thrombectomy
device

Laser heating Heat MM6520 and MM5520
thermoplastic SMPs

Treatment of ischemic
stroke

Modifications are
required prior to
in vivo deployment

Small IV et al.
[150]

SMP
biocompatibility
study

Laser  or electrical
heating

Heat MP-5510 thermoset resin
and MM-5520
thermoplastic resin

SMP  specimens ideal
candidates for vascular
stents

SMP  specimens don’t
enhance platelet
activation under shear
conditions

Cabanlit et al. [151]

Tissue  Engineering Custom multi-material
3D printing with
varying Pressure, 3D
printer speed, and
nozzle height

Three primary inks used
with the following
composition: A 10:1 base
to catalyst silicone
elastomer, 40 wt  % Pluronic
F127 in DIUF water, GelMA
solution

Construction of highly
complex
multi-material tissue
constructs

Factors like pressure,
nozzle diameter,
engineering
environment and build
time have to studied
separately for
optimization

Kolesky et al. [152]

Vascular phantom
fabrication

Polyjet 3D printing Combination of three
materials. The primary one
is a hard material while the
secondary is a soft elastic
material. Additional
support material is also
added.

Geometrical accuracy
and mechanical
evaluation

Non-optimal STL file
design and the pre and
post-print workflow
phase

Ionita et al. [153]

Biomedical
microbots

Expansion of
different layers

Heat and water
generated a
response

A hydrogel comprising
NIPAAm, acrylamide, and
PEGDA

Extremely versatile
and feature-rich
prototype microbot

Further optimization of
the microbot requires
extensive studies of its
physical design

Fusco et al. [154]
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Tissue  Engineering 3D Printing using
Novogen MMX
bioprinter

A solution of Nov
PBS (phosphate-b
saline)

. Engineering and structural applications

.1. Aerospace and aeronautical industry

Significant endeavors have been undertaken to incorporate
ctive materials such as SMAs and SMPs into aerospace technolo-
ies. A significant amount of research has been oriented towards
he utilization of SMPs to form space inflatable systems such as SMP
oam-based antennas [156]. Spacecraft which employs SMP  based
eployment mechanism has also been developed. This design con-
ists of a shape memory actuator which launches the deployment
echanism based on the response from a heat source [157]. The

sage of SMPs for this design enables spacecraft to occupy a smaller
olume. Smart memory materials are also being considered for use
n deployable secondary structures for planetary exploration and
ettlement [158,159]. Fig. 22 displays one such aerospace applica-
ion of SMPs.

The cold hibernated elastic memory (CHEM) technology
mploys SMPs to form self deployable, highly flexible, low-cost
tructures [160]. The material is made flexible by heating it above its
lass transition temp (Tg). After achieving the required shape, it has
o be cooled below Tg to become solidified. This technology offers
everal advantages over traditional space deployment structures.
t simplifies the deployment mechanism and occupies a very small
mount of space. It also has excellent damping capability which
akes it ideal for tolerating debris impact in space [161].

SMPs used in aeronautical industries for the production of tra-
ition aircraft components. Deployable wings manufactured from
MPs offer considerable advantages over traditional mechanical
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
Today, https://doi.org/10.1016/j.apmt.2019.100490

eployment technology [162]. These SMP  based technologies pro-
ide a low-cost alternative to traditional technology with the added
enefit of occupying a smaller storage volume. Incorporation of this
echnology has also led to less reliance on mechanical components
nd
ed

The printing strategies
employed are
conducive to cell fusion

The maximum length
of extruded material is
limited.

Kucukgul et al.
[155]

such as hinges and servos. These systems have also been proved
to maintain the correct aerodynamic configuration by performing
thorough static deformation analysis.

Several aerodynamical projects like the DARPA smart wing
program have been designed to utilize the shape memory effect
of active materials. These projects aimed to incorporate active
materials like SMAs into traditional aircraft to enhance their aero-
dynamic performance [163]. SMAs have also been incorporated
in composites to develop extremely tough and ductile struc-
tures. These structures can absorb a large magnitude of energy
before failure which along with their other salubrious proper-
ties makes them ideal for aeronautical applications [164]. SMAs
is employed in the field of adaptive aerodynamics to develop
vehicles with optimum aerodynamic configuration. Vehicular com-
ponents like spoilers and rear upper panels designed from SMAs can
significantly improve the aerodynamical performance of vehicles
[165].

SMAs can also be utilized to achieve precise actuation in space
antennas [166]. SMAs provide an ideal replacement for traditional
actuation systems which have a very limited life span. SMAs do
not require lubricants and are considerably inexpensive as they
do not require supplementary mechanical components like gears
and motors. Elastic memory composite (EMC) hinges fabricated
from graphite sheets and EMC  resins serve as inexpensive and reli-
able means of deployment in spacecraft, satellites and solar panels
[167].

6.2. Soft robotics and shape memory actuators
aterials for the future: Opportunities and challenges, Appl. Mater.

The exponentially growing field of Soft Robotics pertains to
the development of robots made from soft and highly stretch-
able materials. These robots are highly flexible and capable of
achieving executing complex motions with great maneuverability

https://doi.org/10.1016/j.apmt.2019.100490
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Fig. 22. Aerospace application of SMPs as a

168]. 4D printing techniques are used to print inks consisting of
rosslinked liquid crystalline polymers and photoinitiators [169].

hen exposed to suitable thermal stimuli, these inks can generate
omplex actuators which have application in soft robotics.

A soft robotic arm inspired by the muscular hydrostat of an octo-
us has been designed to successfully emulate the movements of an
ctopus’s arm. This robotic structure comprises of smart actuators
nd a sleeve support structure which allows the robotic arm to bend
n all directions [170]. The origami uni-bot is a soft robot exhibit-
ng reversible actuation. This robot can potentially be employed
n the biomedical industry as drug delivery system due to its dual
hape memory behavior [171]. Environment-friendly soft robots
re designed for non-destructive sampling of deep coral reefs.
hese soft robots are highly compatible with the natural coral reef
ystem and thus can safely handle the specimens [172]. SMP  based
riboelectric nanogenerator (STENG) has been developed which
an act as biosensor and energy harvester. This highly stretchable
ensor harvests mechanical energy to shape change when acti-
ated by the thermal stimulus. This STENG is highly stretchable
nd can easily adapt to different surface topographies, as shown
y Fig. 23. It can potentially be employed as a wrist splint which
an alter its shape by thermal activation. Further, its ability to
ecover its original shape makes it ideal for soft robotic applications
173].

Several studies have been dedicated to designing shape memory
aterial based soft robotic grippers [174–178]. These grippers are

xtremely agile and capable of handling a large selection of objects.
ig. 24 and Fig. 25 provide examples of soft robotic systems that are
esigned to perform unique tasks.

Significant research is done on SMP  based actuators that respond
o different stimuli. The use of these actuators simplifies the process
y removal of all unnecessary mechanical and electrical parts. The
MP  based actuators designed by [179] comprise a shape mem-
ry member, a deformable part and a retaining element. When
he shape memory member is activated, the deformable member
eforms as a consequence of which the retaining element generates

 mechanical motion. These actuators can then be implemented in
elease mechanisms that are commonly employed in space, aero-
autical and transportation sectors. SMA  based actuators have also
een developed. SMA  based actuators which can provide a great
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
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egree of the movement have found their application in wearable
obotics [180].

Development in the field of soft robotics would allow the
eplacement of stiff robotic structures with highly responsive smart
Surface Reflector (Reproduced from [159]).

components. Soft robotic components are able to perform a larger
range of operations due to their high flexibility. New and more effi-
cient modeling and printing techniques are designed to spread the
influence of soft robotics in the current industrial sector. Further
evolution of soft robotics can see them integrating with artificial
intelligence and machine learning to form highly flexible self-
learning robotic units.

6.3. Additional structural and mechanical applications

Paper is an environmentally friendly, cost-effective and low
weight material that makes it ideal for prototyping applications.
3D printed papercrafts integrated with electronics are designed
using a novel strategy named Printed Electronic papercrafts (PEP)
[181]. The strategy highlights a seven-step process for printing elec-
tronic papercrafts which can then be used for several applications.
These include the creation of detailed architectural prototypes,
water sensing flowerpots, smart toys, and electroluminescent
photo frames. Structures designed from pneumatically actuated
soft composites are used to create shape-changing prototypes
of mobiles, tablet cases and lamps [182]. Composite structures
used for the design process have a complex multilayer geome-
try comprising of two  structural layers, a sensing layer, and an
additional add-on layer. The two structural layers are required to
generate both isotropic and anisotropic deformation. The sens-
ing layer has conductive material for sensing input and output
while the add-on layer influences the material properties of the
structure. Polyurethane based SMPs are utilized to create I-beam
shaped fasteners for the assembly of microbots [183]. Tradition-
ally the assembling process with the aid of adhesives is performed,
however, the demand for new and more complex microbots has
rendered adhesives anachronistic. These SMPs offer several basic
advantages over adhesives. They can be easily removed by exposure
to heat, can prevent stress concentration and are easily replaced
which makes the repairing process for microbots considerably eas-
ier. Table 3 provides insight into other important applications of
smart materials. The advances in technologies like PEP can help
the industry to arrive at a more environmentally friendly and sus-
tainable future. The primary advantage of these techniques is their
use of universally available material which opens up this research
aterials for the future: Opportunities and challenges, Appl. Mater.

field to a larger audience leading to more innovation. The devel-
opment of new 3D printers that are compatible with highly elastic
base material can enhance the entire fabrication process of soft
composite based shape-changing structures. This can potentially

https://doi.org/10.1016/j.apmt.2019.100490
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Fig. 23. STENG shape-changing wrist splint. (Reprinted with permission from [173], Copyright with License Number: 4630111089845).

Fig. 24. Heat actuated soft robotic grippers. (Reproduced from [99]).
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Fig. 25. Soft Robotic ring gripper. (Reprinted with p

e used to generate more dynamic devices capable of assuming
ultiple shapes.

. Avenues for future research

The various advances in 4D printing offer an exciting future
herein the technique would be used across all the different indus-
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
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rial and manufacturing sectors. In order to bring about a successful
uture with regard to 4D printing, there is a need to develop new
nd highly customizable material which could respond to a range
f external stimuli to undergo their respective shape transforma-
ion from [178], Copyright with License Number: 4630111309171).

tion. There is a need to develop new 4D printing software for
the different types of 4D printing techniques. Software develop-
ment in the field needs to consider the base smart material, the
printing technique, geometrical and structural requirements of the
product and the shape-changing mechanism of the 4D printing
technique. 4D printing techniques have to develop tremendously
that will adapt to different materials and are not throttled to
aterials for the future: Opportunities and challenges, Appl. Mater.

a single material. 4D printing has great potential in the many
subfields of biomedical engineering. However, to develop faster,
more cost-effective bioprinting techniques significant efforts are
vital.
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Table  3
Structural and engineering applications of smart materials (Images reproduced from [159,184,186,187,189].

Field Construct Material Advantages Improvements Reference

Structural Metamaterials The metamaterial
can be
programmed to
take a variety of
shapes in response
to actuation

The model can be
further optimized
and extended to
the nano and
microscale

Overvelde et al.
[184]

Deployment/space TEMBO EMC
Material

Considerably
better performance
and lower
operating cost than
conventional
reflectors

– Barrett et al [159]

Smart  textiles SMA  & SMP  based textiles Nickle-Titanium
SMA  &
Polyurethane SMP

Textiles capable of
changing shape in
response to their
environment

Research into
pigments has to be
conducted for
further
optimization of
these textiles

Y. F. et al. [185]

Structural Filaflex These structures
can exhibit a
gigantic magnitude
of shape change

– Liu et al. [186]

Transportation/packaging Polyurethane
shape-memory
polymer

The proposed
structure can form
various shapes
making it ideal for
transportation
purpose

– Beites [187]

Deployment/space Deployable hinge Fiber-reinforced
thermoset
styrene-based
shape-memory
polymer composite
(SMPC)

Has a greater
storage modulus
than those of
conventional SMPs

Delamination and
buckling of SMPs
have to be
considered for
optimization

Lan et al. [188]

Aeronautical Shape memory
polymer
composites
(LaRC-SMPC)

Biocompatible
biodegradable,
ductile and light

Investigation under
simulated
aerodynamic load
exposed
shortcomings in
the material

Kang et al. [189]

Deployment/space Deployable Tensegrity
reflectors

PETG Reduction of
mechanical
components and

Issues concerning
reflector
deployment

Tibert et al. [190]

d
w
o
p

There is a need to develop biocompatible smart materials which
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
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o not have limited compatibility and can offer full functionality
ith multiple tissue and stimuli system [191]. The next iteration

f smart biomedical devices necessarily needs to undergo com-
lex movements, enabling them to work more effectively inside
the net cost of the
structure

sequence have to
resolve for
optimization

the human body. Research requires orienting toward reducing the
aterials for the future: Opportunities and challenges, Appl. Mater.

development times of new biopolymers. Multifunctional materials
that are capable of providing numerous functions independently
needs to adapt thoroughly for fabricating biomedical devices [192].
It is essential to develop high-resolution fully automated bioprint-
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Fig. 26. Summary of the review and

rs that are affordable, user-friendly and commercially viable [193].
D printing has to develop beyond its current application to utilize

ts far-reaching scope. There is an obligation to develop new smart
aterials that deploy for novel shape programming techniques.

xtensive research requires to enable the cohort of more complex
tructures and to diversify the existing roster of base smart materi-
ls for 4D printing processes. Another imperative area of research
n 4D printing is the degradability of the structures. Structures
apable of changing shape over time are prone to degenerate and
hus significant research for making the shape-changing process
epeatable is necessary and more feasible in the long-term. Fig. 26
rovides a concise summary and highlights the different issues and
opics discussed in this review.

Apart from the various applications discussed earlier, 4D printed
roducts find potential applications in human body systems such
s artificial muscles, implantable biomedical micro-devices, and
earable sensors. The use of this technology through printed

nzymes can impact tissue engineering concepts such as vas-
ularization and tissue production. 4D printed self deformed
icro-capsules can be one of the future products which cover the
ounds and prevent further corrosion by gastric acid. This technol-

gy can find huge application in printing customized contact lenses,
nd personal hygiene products. Other practical applications and
ub-products include deployable aerospace structures such as mor-
hing aircraft wing, reconfigurable, functionally deployable and
echanically tunable structures, and shape-changing photovoltaic

olar cells. Interestingly 4D printing has also found its potential use
n fabricating dynamic jewelry such as Responsive rings that change
olor with temperature and footwear accessories such as shoes
ith Smart Heel. 4D printing technology is in the nascent phase of

ommercialization. This reflects the high cost to throughput ratio.
his emerging technology helps in enhancing the sustainable envi-
onment by minimizing the wastage of natural resources thereby
educing the cost in the long run and provide sustainable alterna-
Please cite this article as: S. Joshi, K. Rawat, K. C, et al., 4D printing of m
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ives to existing products. 4D printing market poised to witness
 series of new eco-friendly product launches and partnerships
cross the value chain resulting in resource efficiency and sustain-
ble consumption.
ture advancements for 4D printing.

8. Conclusions

4D printing has grown considerably since its inception and
has spread its influence in several industrial sectors. 4D printing
generally employs 3D printing technology with smart material to
generate a shape change mechanism with time. It provides greater
flexibility and versatility as one structure can potentially serve mul-
tiple functions.

The future with 4D printed materials is bright and highly opti-
mistic. 4D printing has the potential to eradicate the inherent
weakness of mechanical systems. 4D printed smart materials can
possibly be used to design novel systems that are not limited to any
particular degree of freedom. Such novel systems are achieved by
replacing traditional mechanical components like motor and gears
with suitable smart materials. New and more efficient methods
of incorporating electronics into smart structures can lead to the
improvements of novel smart devices. The growth of biocompat-
ible smart material systems can revolutionize the medical sector
and can boost the efficiency of the healing process. It is very diffi-
cult to imagine a future where 4D printing has an inadequate and
significant impact on the industrial sector.
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