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Finding Capabilities of 4D Printing
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Abstract: 3D printing has made its remarkable place in the field
of additive manufacturing and keeps growing since its inception
(1980). The product developed through 3D printing are generally
of static configuration in nature and doesn’t show any change in
behavior. In 2013, this provided a lead to researchers at MIT to
add another dimension of time in products made through 3D
printing techniques where product shows change in its basic
configuration to get a predicted shape/ function with respect to
time when any stimulus (heat, liquid, pressure, light etc.) is
involved. This was named as 4D printing and this is in developing
stage. This can be achieved by various methods using materials
exhibiting smart behavior, self-assembly, self-repair, multi
material combination and other new 3D printing techniques.
Smart materials with 3D printing are finding its scope in various
sectors to provide the suitable substitute to the conventional one.
The aim of the this paper is to compare 3D and 4D printing
process, summarize basics of 4D printing processes including
materials that leads to 4D printing and find its application
strength in different fields, so finally able to explore the
capabilities of 4D printing processes.

Index Terms: Shape memory polymer (SMP), Shape memory
alloy (SMA), Steriolithography (SLA), fused deposition modelling
(FDM), selective laser sintering (SLS), Additive manufacturing
(AM).

I. INTRODUCTION

3D printing since its inception (more than three decades)
in additive manufacturing playing vital role in improving
efficiency ,cost reduction ,sustainable solutions to
transforming manufacturing field . With the inclusion of 3D
printing life in a company becomes easier as now producing a
component does not require complete set of machinery and
equipment. For making a product through 3D printing require
only to have a cad file of the object to be printed, then by
conversion to .stl format (or compatible to 3D printing
machine) it will be ready to print[1][2][3]. Printing of any
type of shape (from simple to complex) gave an additional
advantage in manufacturing as one was able to see the part in
final form and all pros and cons could be tested at the same
time new innovations can be expected in the current models
[4]1[5][6]. Evolution of “internet of things” gave a sharp edge
to additive manufacturing so due to this cost and time in
printing reduced[7][8]. There is wide variety of part materials
like plastics, resins, metals, polymers, bio degradable, food
material etc. The production capability of 3D printing process
of such materials is continuously increasing and researchers
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developing new and easier methods[6][9]. But the parts
produced from 3D printing processes are generally rigid and
static in nature and inanimate. 3D printed parts together used
to show dynamic effects but not the individual one. Despite all
significant advantages and capabilities of 3D printing this side
was always lacking. Continuous research work on finding
solution to the static nature of 3D printed parts , Skyler Tibbit
(2013) of self-assembly lab of MIT( Masschuate institute of
technology) with his team introduced a fourth dimension of
time in 3D printed parts and termed as “4D
printing”[10][11][12].This further gave lead to use of smart
materials in 3D printing.

Figurel: Shape transformation after applying stimulus in 4D
printing, a) 3D shape , b) Applying stimuli & c) final shape
change

Due to the addition of fourth dimension of time in 3D
printed part, the part can changes its shape or function over a
period of time when a stimulus is introduced to the 3D printed
part. This stimulus may be liquid, ultra violet light, pressure,
exposure of magnetic field etc. Figure 1 illustrate the
transformation of a 3D printed part into another shape such as
transverse elongation or its all side opening making it to flat
one. 4D printing can fabricate dynamic structures with multi
materials, shape changing properties, self-repairing
characteristics, self-assembly tendency. Mathematical

modelling helps in the design of distribution of multilaterals.
These all were not possible in 3D printing process so
enhances the capability of 4D printing. We can summaries
main differences between 3D and 4D printing methods on
table

comparing several bases as in

1[12][13][14][15][16][17].
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Table 1.Comparing 3D and 4D printing

Basis 3D printing 4D printing

Final shape change when No Changes in color, shape, function

stimulus triggers etc.

Materials used e Thermoplastics(Acrylonitrile e Smart materials(shape
butadiene styrene (ABS),Polylactic memory alloys
acid(PLA),Poly carbonate,Polyvinyl (SMA),Shape memory
alcohol (PVA)) Polymers(SMP),designed

e Metals and alloys materials)

Bio materials and gels

Self-assembled materials

¢ Nano materials e Hydrophilic polymers, bio
materials and plant oil
Printing facility e 3D printer (Steriolithography (SLA), o Multi material 3D
fused deposition modelling (FDM), printer(stratasys connex tech
selective laser sintering (SLS) printer), SLA 3D
machine etc.) printers(Zarek 2015)
Nature after production e Static e Dynamic  when stimuli

introduced(function of time)

The examination not closes in the table as this outlines the
nuts and bolts of 4D printing, yet from here one can
experience the investigates going in 4D printing. These looks
into expand the conceivable outcomes of progression engaged
with a 3D printed part. Because of these elements,
conceivable changes in the 3D printed part when presented to
stimuli, investigating by scientists. This will remain
uncompleted without discussing types of 4D printing,
materials & methods involved and applications of 4D printing
in various areas based on its capabilities and limitations.

1. TYPES OF 4D PRINTING

4D printed parts can be created by various 3D printing
processes based on the suitability and capability of 3D

=4 I» Printing

printing machine and availability of material. However the
approaches for making a 4D printed product can be classified
as design based 4D printing and material based 4D printing.
The first one comprises the efforts applied in the design so on
the exposure to stimuli the shape shows some controlled
dynamic behavior while in second approach uses materials
which show shape changing or shifting behavior[18][19].

Based on IDesizsn I

Based on MhNiaterials

Figure 2: 4D printing classification

In the beginning Skylar Tibbits (2013) in collaborations
with Stratasys developed a long strand that folded into letter
“MIT” and complex self-folding Hilbert curves when dipped
in a water tank. In first experimented they printed structure as
a single strand containing both rigid and active materials.
While in second experiment the strand was longer than first
experiment but with the difference that at each of the joints
two rigid discs was printed .These discs worked as angle
limiter when folding and touching on another face. This
limited the maximum angle at 90 degrees[10][11]. Yamagishi

Retrieval Number: E7261068519 /19©BEIESP

1096

et al., 2013 created 3D printed figure (gel matrix) of transfer
tissues and showed the geometric change for different types of
patterns such as sphere 1 and 2, Ellipse, Y shaped structure 1
and 2 for different problems (Figure 3) .In this work
Yamagishi et al., 2013 concluded that high circularity of
transfer tissues demonstrated excellent transcriptional
behavior by successful assembling of these three dimension
tissues into tubular construct
[20].
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Figure 3:Different types of pattern showing original figure and the change after stimuli [20].

In smart design orientation and layout of printed material  However in this work both approaches of 4D printed have
are taken care of. Qi Ge et al. (2013) further made a 4D  been used. The same folding of sheets to make a box was also
printed cubical box using printed active composite as hinges  performed by Ge Q (2013) using active material Is on hinges
of each folding joint. By doing this the showed the way that  (Figure 4)[15] and continued for mathematical analysis of
printed active composite can be integrated with other printed  different combinations [21].
components of different geometry and functionality [15].

Figure 4: Step by step folding process using PAC as hinges[15].
Use of polymers responsive to Ultra violet light also found ~ 5.However these shape memory polymers also behave
its space in 4D printing where 3D printed object changes its  dynamically when exposed to UV light[22][23][24][25].
color on exposure to light or vice versa as shown in figure

a

Indoor

Under UV light

Figure 5: Printing through UV responsive materials (a) Cat (b) Flower and (c) change in polymer structure with UV in dark
room [22].

In 4D printing Shape memory polymers and alloys are  environment[26].However bio
used comfortably on the basis of their property of being materials are adding new
contraction and expansion when exposed to thermal feathers in 4D printing
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applying in medical field. They have capability to grow or
expand with the growth of the human cells with or without
self-degrading with time [27][28].

We find mostly 4D printing is done through materials as
well as with smart design, finding place in additive
manufacturing for different applications. These applications
are based on the materials available and tailorable to the
requirement [29][30][31][32].

11l. MATERIALS USED

Main motivation using 4D printing is that it is providing a
vast platform for researchers to make a utility object with
desired dynamics when exposed to certain environment. This
dynamics is based on the capability of the smart material and
its compatibility with printing method.4D printing with
suitable materials leads to saving of space, cost, inclusion of
minimum number of movable parts into to where they can
think about making savings in space, cost, minimum number
of movable parts as the final product is going to take a very

@) )
Bottom-up SLA printing platform I'=65C

' ‘7

less space as compared to other conventional fabricated
product and when take final shape when desired stimuli
provided. The materials for 4D printing may be shape
memory polymers (SMPs); shape memory alloys (SMAS);
soft gels and composite active materials with different shape
memory effects. All smart materials have different materials
properties and quality of degrading itself with time. These two
things decide the application and its printing method.
Research on materials used in 4D printing has very bright
future.

Shape memory Polymers Y.Y.C.Chung et al. used photo
polymer with tBA-co-DEGDA network for switching
mechanism to make complex structure of Bucky-ball (Figure
6) and demonstrate shape memory behavior. This was
prepared by stereolithography process (SLA).Their work also
included the testing of Mechanical strength and 100% shape
memory performance (> 20 thermomechanical cycle) of the
bucky ball[33].

lg)

Figure 6: Unfolding and folding at different temperature zones of a C60 bucky-ball[33].

Ge.Q et al. tailored (synthesizing and adding different
rations of cross linkers) photo curing methacrylate based
Shape memory polymers using high resolution
microstereolithography (uUSL) to exhibit thermomechanical
behavior with high efficiency. Besides having high
thermomechanical behavior other properties like rubbery

3D CAD model

Sliced 2D Images

| Material I
| _ Exchange

modulus (Ranging 1MPa to 100MPa), glass transition
temperature (ranging from -50°C to 180°C) and failure strain
(about 300%) exhibiting high strength values shows the
strong interface bonds with each other. With this when a
structure is printed with multiple SMPs that exhibit all
thermodynamic properties for which they are tailored[30].
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Figure 7: a) Process flow SMP printing through SLA, and b) Photo-curable shape memory polymer network [30].

M. Zarek et al. also prepared a photo curable SMPs
through a series of macro-methaacrylates with various
degrees of methaacrylation to map thermomechanical and
shape memory properties( greater than 20 memory cycles) of
the printed specimen (dog bone in this case) and medical &
electronic device [26].

K. Yu et al. printed different functional objects of

functionally epoxy based SMPs tailored to meet thermal
response, using objet Connex 260 polymer printer. They have
made different specimen hinges with different grading and
uniform grading for various desired movements of parts.
Placing these hinges in a linear order so as to move in helix
they created a specimen and figure out all movement
sequences (Figure 8) with precision[34].

Figure 8 Sequential shape recovery process of the helical SMP component with time[34].

M. Bodaghi et al. reported creation of an adaptive material
using functionally graded 4D printing using FDM process and
polyurethane-based SMP as wire and a rectangular plate type
specimen[35].

Light Induced Polymers Another class of SMPs is where
they only change its color or started self-healing when
exposed to stimuli like water or light [36][23]. Before being
printed through 4D printing they were made by conventional
methods. Glass transition temperature change is achieved by
the processes of photo-crosslinking and photo-cleaving in
these polymers. Exposure of UV light does not change the
much temperature to initiate the change of form but its
crosslinking of covalent groups that leads to gain the
predefined gain (temporary one) ( at UV light wavelength >
260nm) and back to original shape when UV light wavelength
tends to below 260nm [37].

Dinesh et al. printed Samples of stretchable and UV
curable (SUV) elastomers, prepared with mixing of aliphatic
urethane diacrylate (AUD) and trimethyl benzoyl diphenyl
phosphine oxide (TPO) as photo initiator using Object 260
Connex 3D printer.S.Naficy et al. (2016) reported that 3D
printable inks can be achieved by integrating linear types of
polyether-based polyurethane (PEO-PU) with a-ketoglutaric
acid, N, N’-methylenebisacrylamide (UV initiator) and
monomers. They also established correlation between
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material and fabrication parameters along with simulation and
fabrication successfully[24].

Composite active materials are used two or more than two
active materials (SMPs) having different orientation and
arrangement to make a composite. With this one take the
advantage of properties of two or more than two materials to
achieve the final effect of 4D printing effect. This effect
includes possibility of bending, curling, coiling, twisting, and
folding of the final 3D structure of such types of
composites.in other way we can say one can exercise various
origami shapes by using different types of materials and their
combinations [38]. Yigi Mao et al. created a composite SMP
of hydrogel sandwiched between two active materials
(Tangoblack (TB) and Grey60) using multiple material 3D
printer. The swelling property of hydrogel was used to
perform shape changing when 3D structure immersed in water
or solution (Figure 9.2). Bending starts when temperature of
water was 3°c and increased when temperature increased to
75% and show reversal when cooled down outside to room
temperature (Figure 9.0and 9.1). This work includes practical
demonstration of bending, twisting, coiling of a 3D printed
structure and FEM analysis of hydrogel under different
conditions and varying loads[14].

They also demonstrated the
extension of hydrogel for
creating a composite through
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3D printing and performed all mechanical and thermal testing
processes on specimen and provided validation.
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Figure 9.1: Demonstration of two- way reversible SMP composite (hydrogel in-between two active materials) through 3D
printing[14]
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Figure9.2 :a) comparison of characterization of SMPs b) Swelling behavior of hydrogel at varying load[14].

Hydrogel is another soft matter whose ability of being
thermos responsive and moisture retainer, regains original
shape after moisture removal, is utilized as shape memory
effect hence used as moisture induced shape memory
materials[39][40][17]. It has a three dimensional network
who can absorb large amount of water. It is in use since the
inception of shape memory polymers but now the researches
shows its use in 3D printing. J. L. Zhang et al. reported the
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evolution of hydrogel and its applications in baby diapers,
woman hygiene, packaging, drug delivery, agriculture and
horticulture etc [41][17][42]. They systematically studied
influence of water content in relation to SME/SCE in
hydrogel and fabricated a hybrid material using elastic
hydrogel matrix having tailored properties of SME. Sina
Naficy et al. also reported that
4D printed structures made
through hydrogel- based ink
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show reversible shape changing effect when exposed to water
and heat stimuli [43]. Bakarich et al made hydrogels from an
interpenetrating  network  of alginate and  poly
(N-isopropylacrylamide) and by its 4D printing created a
smart valve. They determined swelling ratio (Q) of the printed
hydrogel (immersed for 30 min) at 20 and 60°C temperature
of water by Q = (Ws-Wp)*100/Wp% and did extensive
research on various parameters [44][45][46].

Shape memory alloys (SMA) differ from shape memory
polymers by their glass transition temperature (T4) or melting

L Inducr stress (nanan
mteraction))

3. Release sress

Sermulush
2 Freeze the seocnge \ .
e T
Prograsnaming Step Recovery Step

Frermument Shape Trmgeonay Shape
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transition temperature from a hard to soft phase which is
responsible for shape memory effect. Most commonly used
are Nitinol or nickel and titanium combined [38]. However
Gold cadmium, silver cadmium, copper-aluminum-nickel,
copper tin, copper zinc and ferromagnetic (thin film, low band
width) alloy also show shape memory effect but are in less use.
Some SMA shows forward action only (one way) and some
reversible (two way) broadly covered by A.Y. Lee et al. [18].

Strmuhas 1
—_— e
-~

Stirmuhas 2

Permanent Shape 1 Permanent Shape 2

)

Figure10:Schematic representation of a) one way and b) two way (reversible) shape memory effect [18].

IV. PROCESSES AND PRINTERS FOR 4D
PRINTING:

In general practice products from shape memory alloys,
polymers or soft memory materials like hydrogels primarily
produced by conventional methods (e.g. extrusion, casting
using vacuum arc melting, injection molding, synthesis etc.).
In these techniques impurities of alloy goes minimum and
metals are well mixed. The shape-memory effect solely
depends on the molecular design and doesn't need a particular
chemical structure within the continuance units. Therefore
adjustment can be made in molecular parameter to get desired
material properties for a specific application. Although smart
materials can be made by above mentioned conventional
methods but due to the effectiveness, elimination of most of
the steps and minimum lead time 3D printers are gaining
popularity .3D printing of smart material are most widely used
nowadays and are called as 4D printing. In 4D printers,
multi-materials, smart material polymers, smart material
alloys and other soft smart materials can be used to make a
three dimension structure. The materials with low glass
transition temperature needs less little modification else
complete new printers are used. ASTM standards 52900,
2015 identified seven categories of additive manufacturing
processes (or 3D printing processes) like fused deposition
modelling(FDM),stereolithography (SLA),Selective Laser
Sintering(SLS),material jetting(also Poly Jet, binder jetting,
sheet lamination and directed energy deposition ,for different
type of materials [47][48]. G.Sossou et al. in their work stated
that for 27 maximum available smart materials there could be
270 ways of 4D printing with seven additive manufacturing
processes[16]. For a particular type of material with retaining
its desired characteristics a particular type of 4D printer is
used [12].M.Bodghai et al. demonstrated how FDM process
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can be used to build metamaterials(polyurethane based SMP)
for different types of 4D printed shape and characterize on
the basis of printing parameters[35]. Experiments with
metamaterial and 3D printing were also performed by other
researchers also  [49][50][51][52]. Most  popular
commercially available Additive Manufacturing (AM)
techniques  uses liquid photo polymer in PolyJet or
stereolithography ~ (SLA),material  extrusion as  per
ISO/ASTM 52900 or fused deposition modelling(FDM) of
polymeric filaments and metallic or polymeric powders in
selective laser sintering (SLS) [53] .Though poly jet printing
is the start of 4D printing, but SLA is the widely in use. Very
few researchers are taken FDM as printing method due to its
compatibility with SMPs.
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Table 2 Materials and methods used by different researchers/authors.

al.(2015) [54]

Sr. Author 3D printing method/printer Material
No.
1. K.Wang et Poly Jet/object 350 Stratasys’s dualmaterial

auxetic metamaterials composed of elastic
joints and stiff walls without instability
during deformation

al.(2016) [26]

2. A. Rafsanjani et | SLS Nylon-based rubber-like metamaterials
al.(2015) [51]

3. Mousanezhad et Poly Jet/Eden260V Stratasys Austenatic metamaterials
al.(2015) [50]

4, K. Che et al.(2016) Poly Jet/Object 260 Meta material
[50]

5. Mao et PolyJet/Object 260 Hydrogel
al.(2016)[[14]

6. M. Bodaghi et Poly jet/Object 500 SMPs
al.(2016) [55]

7. M.Bodaghi et FDM/- Polyurethene based SMP/metamaterials
al.(2017) [35]

8. M. Zarek et DLP/ PICO Plus39 PCL

(385 nm UV source) and PICO2

(385 and 405 nm UV source)
printers (Asiga, Australia)

al.(2016)[29]

9. Xin Li et al.(2017) FDM/ALM Technology SMP with thermosetting polyurethene
[56]
10. A. Le Duigou et FDM/Prusa i3 Rework 3D printer Hygromorphic biocomposites.(blend of

PLA and PHA matrix
recycled wooden fibre).

reinforced with

11. S. Miao et SLA/self-developed table top 3D Soybean oil epoxidized acrylate
al.(2016) [28] Laser printer

12 S. Tibbits et Poly Jet/ Connex multi material Hydrophilic UV curable polymer/hydrogel
al.(2014) [10][11] printer

13 Qi Ge et al.(2013) Poly Jet/Object Printed active composite
[15] Connex260.Stratasys.

14 Kai yu et al.(2015) Poly Jet/Multimaterial Obijet Functionally gradient epoxy based SMP
[33] Connex 260, Stratasys

15. M.Zarek et SLA/Fridom Pico 2 DLP(Asiga, PCLDMA
al.(2017)[27] Asutralia) printer

16. M.Zarek et SLA/DLP(Picoplus39,Asiga) Oligomer
al.(2016) [26] printer

17. Y. Y. C. Choong SLA/  (DigitalWwax  System tBA-co-DEGDA network based SMP
(2017) [33] 029X, Italy

To achieve 4D printed parts showing behavior in predicted
manner programming of material is required. This
programming is a process of understanding that how the
material transformation occurs in different phases and at the
end it must retain its original shape. These phases depend on
temperature  difference, pressure difference, density
difference, magnetic field difference etc. To introduce shape
memory effect in 3D printing understanding of the
functioning mechanisms of different materials is required.
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V. MECHANISMS INVOLVED:

Thermal Shape memory effect: All shape memory alloys
responding to temperature can exist in different phases like
martensitic or austenite phase. Depending on the existing
phase cooling or heating is decided as per defined application
(Figure 11) and for getting original shape the process has to in
reverse mode for demonstration of shape memory effect.
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Figure 11: Description of temperature change requirement corresponding to phase transformation

(As-Austenite  start, Af-Austenite finish, Ms-
Martensite start, Mf-Martensite finish)

But Martensite has various types variants (like twinned and
detwinned martensite) when changed from austenite. Based
on these and temperature variation SMAs shows different
types of shape memory characteristics as one-way shape
memory effect(OWSE),two-way shape memory effect(TWSE)
and super elastic effect(SEE).

_\
@N@ﬂ%

Martensite phase fraction

[e=]

As Af
Temperature —— »
['C]

Figure 12: Phase change of SMA [57]

OWSME is an intrinsic property of SMAs where they
only remember austenite phase after unloading and stay in this
phase only (i.e. No shape change occurs) even on further
cooling .On further heating it regains its original shape
(Figure 12 &13). Unlike OWSME in TWSME remember its
martensitic phase under certain condition hence show
reversible action. For performing this type of behavior TWSE
requires thermomechanical treatment. Another SME besides
above mentioned is super elasticity (SE) is also associated
with the recovery of the deformation on unloading. This is
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generally seen above Af, when materials deforming shows
detwinned martensitic phase (i.e. unstable at high temperature)
and load is removed so SMA goes back to original shape
completing loading and unloading cycle. While reversing this
do not follow the same path (Fig 13) as unloading path is
below the loading path .Area between this gap in stress-strain
diagram represents the total energy dissipated during
transformation [58][59][57][60].

1000
750
- Load
= 500 —
=
]
E 250
B Unload
0 . T T ]
0 0.02 0.04 0.08 0.08
Strain [%)

Figurel3: Stress train curve showing SE behavior on
unloading [57].

SMPs are more advantageous than SMAs because of their
as tailorable properties for making composites and more
compatible in biomedical use. SMPs response depends on the
glass transition temperature as discussed in previous section.
The working mechanism for thermos responsive SMPs are
identified as, dual state mechanism (DSM), dual composite
mechanism (DCM) and partial transition mechanism (PTM)
[18][61][58][59].The processes and differences in all three
are explained in table 3.
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Table 3 Mechanisms for thermos responsive SMPs

of stored elastic energy when

Sr.No. DSM DCM PTM
1 Basis of shape change is glass Basic shape change is due to Take advantage of
transition temperature of the SMP | composite  matrix ~ of  two | intelligent heating at defined
as per standard. elastomers (Hard and soft). place of a polymer so some part
softens and some not.
2 Shape recovery due to reliving Elastic energy is stored in hard Elastic energy stored in

component and on cooling it

unsoften part leads to shape

cooling starts below glass

transition temperature. recover.

defines the original shape to

recovery of soften part.

Magnetic Shape memory effect: This effect induces in
those SMAs who demonstrate change in shape when
subjected to magnetic field caused by twin boundary motion
mechanism. First report on the motion generation of
austenite-martensite interfaces due to this effect was reported
by K.Ullakko [59] of MIT in 1996 in Fe-33.5Ni alloy used as
actuator and explained on the basis of energy. Since then lots
of improvement has been done. Due to Magnetic induced
orientation (MIR) strain is produced in SMAs this strain is
caused due to re- orientation (by rotation) of the random
domain of cells in the direction of exposed magnetic field.

Higher the magnitude of the magnetic field higher the strain
produced and shape get changed. Figure 14 show that how the
orientation of atoms gets changed (elongation) when
magnetic field applies and also on the application of external
force it shows contraction. Another theory defining magnetic
field induced phase change is the Zeeman energy which is the
potential energy of a magnetized body in an external magnetic
field. This comes from magnetization difference between
phase change transformations or we can say re-orientation of
crystals. This increase in energy leads to change of a
non-ferromagnetic phase to ferromagnetic phase and
vice-versa [18][59][571[62][63].

B B B B B
LI T 2 | & | =
#l [ [ T | al e |
LI O L0 e [l
DR .

B a = |«
et = a |l
4| ] | i = @ & [ a
G =, * 0 e
LIRS BT a | a|=
[l [ e[l e ~Bn=
e el = = |4 | &
el = = A [ [
@ | E |- EF‘E/ | |
L4 4 | 4@ = = i Ll L
@ | al - ©iw o | x|
a e e Eie [l [
e [lal |le = o = o g LI
Az o | & & o]t el N T
-l el Telle el e OB NS .

Figure 14: Principle of Magnetic shape memory alloy

Photo shape changing effect: These types of shape
memory polymers start self-healing or changing the shape
when exposed to ultraviolet light (>260nm). Some SMPs also
change the surface color. Mostly phenylazosulfonate, stilbene,
cinnamate, and azobenzene compounds demonstrate their
light responsive behavior. The Figurel5 shows a reversible
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reaction of molecules of cinnamate group with wavelength of
UV light as catalyst. While moving in forward direction when
wavelength is greater than 260nm the molecule starts photo
crosslinking (In dark black lines) and form another compound.
When wavelength reduced below 260nm, shape recovery
starts [64][65][66].
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Figure 15: Reversible reactions of molecules of cinnamate group [65]

Chemical shape changing effect (Chemo effect) :Unlike
SMPs most of the SMASs are unresponsive to change due to
exposure of any chemical. Time of response varies on the
property of the chemical. As in light induced polymers shape
change starts due to photo crosslinking, SMP also shows
shape change due to chemical crosslinking of polymers. Also
percentage of recovery is more in case of chemically induced
SMP than photo induced SMP. This works only for those
SMPs who are having glass transition temperature as a shape
shifting mechanism. Besides water few other solvent (with
varied water to solvent weight ratios) are also reported. This
water and other solution have plasticizing effect on SMP
molecules on interaction. Use of solvent reduces glass
temperature (up to 75 °C or less) of SMP much lower than the
water (up to 140°C) resulting fast shape recovery. Chemo
responsive shape changing mechanism includes cooling,
softening and swelling of thermos- responsive SMPs, gels and
hydrogels [18][41][66][67]1[68][69].

VI. CAPABILITIES OF 4D PRINTING IN
VARIOUS APPLICATIONS:

4D printing technology can change the current business
environment. The self-changing ability of material leads to
the range of applications in various industries. The concept of
4D printing technology along with 3D printing provides the
platform for new business ideas that can adapt and compete
for current market trend by lowering capital requirement, time
efficient, less space for holding inventory and increasing
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efficiency of the business. The various application areas are
explained in the below sections.

Medical research

In medical field different property of SMPs like memory

effect and self- healing properties are in the utilization is
already in process. All these properties are remedial solution
to the existing problem in relation with human health and are
solved by SMPs. Besides these SMPs also exists in the field
of medical equipment. Now with the help of 4D printing
methods innovations are in process to reduce the current
effort in various aspects. University of Michigan developed a
3D printed stent which gets absorbed into the body over time
(normally 2 to 3 years) (Figure 17). The successful implants
of a customized 4D printed structure is based on the design
and selection of the right material that adapt the environment
of the human body and should not behave unpredictable. Matt
Zarek et al also created a customized 4D tracheal stent made
of PCL based resins and all the mechanical tests were
performed [27]. Besides customized 4D printed endoluminal
medical devices and self-deploying stents, 4D printed hearing
aids, dental prosthetics, bio-medical scaffolds, specific
surgical devices, static bone prosthesis, self-tightening
surgical sutures & staples(Fig 16) and surgical implants are in
current and future scope of 4D printing. The future 4D
printing technology will include all types of implants and
reconstructive surgery  with minimal invasion
[131[271[271[32][35]1[70].
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Before recovery

m

After recovery

a)

b)

Fig 16: (a) 3Dprinted Biodegradable (PLA) staple.(b) Demonstration of self-Tightening capability of PLA(showing shape

recovery in the order of stretching, heating and cooling)[32]

a)

Aerospace

SMAs and other active materials have wider existence in
optimizing the design and performance of aircrafts in
aerospace field by reducing complexity when compared to
existing ones. Most well-known applications of these as the
hydraulic tubing coupling applied on the F-14 in 1971.Further
implementation of SMAs have been spread in the areas of
fixed wing aircraft, rotorcraft and spacecraft. In most of the
applications of SMAs temperature difference is the key
stimuli for shape changing.4D printed component is always a
better replacement for different component with different
material options. A team of Professor Lu Jian and Dr. Liu
Guo(City university Hong Kong) recently developed 4D
printing for ceramics finding new applications especially as a
propulsion component aerospace and also for electronic
devices. With 4D printing scientist are getting customized
solution for the existing component. MIT research scientist
Skylar Tibbits and the team from Airbus collaborated to
create a 4D printed particular air inlet component. The
collaboration with Airbus developed new air inlet which
adjusts automatically to control air flow which is used to cool
the engine. The 4D printing technology will help the
machinery to adapt and perform the complex task efficiently
[101[71][72][73][741[75].
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- (b)
Figurel7: 3D printed spring used for temporary endovascular embolization (a) a straight and (b) complicated [32].

House appliance and furniture

In the area of human comfort for relaxing MIT lab created
IKEA furniture which assembles itself when exposed to
splash of water. In dis-assemble position it takes very less
space being in laminar form. Researchers from Carnegie
Mellon University demonstrated self-folding 3D printed flat,
hard plastic parts that changes shape when dipped in hot water
(Figure 18) [76]. The printed material contains residual stress
and at cooling this stress is relieved leading to the contraction
of thermoplastic which results in wrapping the edges and
surfaces. Extending this work Henriette Bie et al from Delft
University of Technology printed an adaptive geometry of
chaise lounge having variable stiffness to adjust a size and
weight of an average man for different sitting and lying
postures. Here shape is not like a flat plate with uniform
distribution of material to be following a origami structure but
Shape change is achieved by varying the material distribution
using material combination of thermoplastic rubber and
elastomers (TPE)[77].Besides furniture 4D printed lamps,
vases, decorative bulbs and vessels also are of great interest of
the collaboration of self-assembly lab of MIT and Swiss
designer Christoph Guberan [78].
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Figure 19: Variable stiffness 3D printed chaise- lounges [77].
| \

™
&

-~

Figure 20: Market viable products to show case by MIT [78]

Fashion weather change generated the idea of clothes for weather
Draw backs and increased demands of flexibility in  change leading to human comfort. Initially fiber coated SMPs
clothing, footwear and jewelry created new fashion lines with  and on latter stages cloths with

the use of SMPs and SMAs. Capability of shrinking and 100 percent different type of
expanding on exposure to temperature variation due to SMPs came in practice as

-
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output of various researches. Water resistive cloths also
utilized the thin sheets of different SMPS joined with
adhesives serve the desired purpose. Lots of research has been
published till now on the types and mechanisms SMPs and
SMAs use in different way in textiles, breathing cloths
product aesthetics, and jewelry and so on.4D printing of these
products will change the market scenario. A design studio in
collaboration with MIT has developed 4D printed wearable
which consists of thousands of unique interlocking
component .Recently Spanish Engineer Raul P Casillas
developed a thermally stimulation based smart fabric for
NASA by 4D printing [79][73][80].

Construction

So far we are able to find different applications of SMPs
based on their capability to make the building smart, adaptive,
comfortable, ecofriendly with energy savings. At the same

time 3D printing also making future office buildings in Dubai
with high sustainability, high productivity, maximum energy
savings, and ecofriendly with Minimum lead time
[81][82].4D printing in constructions is aiming to club the
capabilities of both SMPs and 3D printing (Figure 21).
Concept of smart water pipes is also in existence where on
basis of water pressure diameter of pipe shrinks or expands.
Exploring capabilities 4D printing is also the research target
of DAPRA (Defense Advanced Research Project Agency) is
also exploring the capabilities of 4D printing through ELM
(Engineered Living materials) program to seek revolutionary
changes in military logistics and construction in remote areas
with severe conditions using materials with self-repair and
self-adaptability to environment[83][84][85] .Though we
have not seen 4D printing seen in concrete industry but more
researches can be seen with its bright future.

Construction through 3D printing (Additive Manufacturing)

Concept of Smart architecture using SMPS or Smart Design:
1. Self-Regulating sun protectors, adaptive internal and

outer surfaces, functionally smart architecture etc.
2. Smart contouring of walls, eco-friendly and energy

savina huildina.

Figure 21: Concept envelope of 4D printing in construction

VII. CONCLUSION

Adaptability of environment and feasibility to manufacture
at low cost, low number of moving components and minimum
lead time are the fundamental requirements of any process to
be selected with smart materials. On the basis of end use its
basic functions are decided. In the present paper so far we
have discussed on the basic concepts of 4D printing, various
possible mechanisms of 4D printing, materials for 4D printing,
printing methods of 4D printing and applications of 4D
printing. Exploring possible uses of stimuli responsive
materials are already interest of researches but inclusion 3D
printing making this research very emerging trend. There is no
doubt that with SMPs, demands of modifications in existing
3D printers are increased to make it compatible up to an
extent. The popular and most viably applied 4D printing
methods are polyjet, SLA, SLS and FDM with selected SMPs.
In FDM shape memory effect of the materials do not follow
standard memory cycles then other mentioned 4D printing
methods. Many researches have also mentioned this point and
choose the compatible SMPs to FDM. Till the paper written
various industrial applications of 4D printing chalked out
practically. 4D printing has the capability to print an object
responsive to external environment in a better way than the
conventional methods.
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