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Introduction

Additive manufacturing (AM), also known as three-dimensional (3D) printing, as one

of the most potent manufacturing methods, is fabricating a 3D structure using

computer-aided design (CAD) data or computed tomography (CT) scan under com-

puter control by adding material layer by layer (Askari et al., 2021; Attaran, 2017;

Shirzad, Zolfagharian, Matbouei, & Bodaghi, 2021; Soltani, Noroozi, Bodaghi,

Zolfagharian, & Hedayati, 2020; Wong & Hernandez, 2012; Yan et al., 2018;

Zolfagharian, Kaynak, et al., 2020; Zolfagharian, Denk, et al., 2020). In contrast to

traditional manufacturing processes that start from raw block material and remove

waste materials, the AM process can demonstrate better aspects, such as freedom

of design, reduced postprocessing, waste reduction, faster construction, and lower

cost, and provide the opportunity for the fabrication of a complex structure (Levy

et al., 2018; Ngo, Kashani, Imbalzano, Nguyen, & Hui, 2018; Soltani et al., 2020;

Sun, Ma, Huang, Zhang, & Qian, 2020; Zadpoor & Malda, 2017). Researchers have

been developed various methods for 3D printing, such as fused deposition modeling

(FDM), selective laser melting (SLM), and stereolithography (SLA), due to the impor-

tance and application of 3D printing technology in different industries (Dudek, 2013;

Ngo et al., 2018; Shahrubudin, Lee, & Ramlan, 2019). The SLM is one of the AM-

metal-base processes in which a 3D part is created by applying laser energy to powder

beds. In this method, by using a laser in the powder area, each layer is melted to the

required cross section, and then, the melted powder particles bond and solidify. This

process continues until the 3D object is created (Olakanmi, Cochrane, & Dalgarno,

2015). The FDM process is one of the most popular methods among printing methods

due to its simplicity, accessibility, low cost, and ability to use different materials

(Rayegani & Onwubolu, 2014). In this method, in order to create a specific object,

a moving nozzle fused a thermoplastic continuous filament on a bed (Penumakala,

Santo, & Thomas, 2020; Rayegani & Onwubolu, 2014). Although 3D printing tech-

nology has evolved over time, there are still some limitations and challenges, such as

scalability, directional dependency, and structure rigidity, which could not change
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their shape and property over time (Ahmed et al., 2020; El-Sayegh, Romdhane, &

Manjikian, 2020). For example, recent researchers have found that 3D-printed sample

characterizations are dependent on various input parameters, such as printing speed,

orientation, print temperature, which make the predictability of the sample features

challenging.

With the advent of 3D printing technology, the concept of 4D printing technology

was introduced by Tibbits in 2013, and some of the challenges and limitations of 3D

printing technology were overcome (Tibbits, 2014). 4D printing technology has added

a fourth dimension to 3D printing technology, which displays the time. In other words,

the fourth dimension is that printed structures are a function of time (Askari et al.,

2021; Attaran, 2017; Bodaghi et al., 2020; Bodaghi & Liao, 2019; Damanpack,

Bodaghi, & Liao, 2020; Shirzad et al., 2021; Soltani et al., 2020; Wong &

Hernandez, 2012; Yan et al., 2018; Zolfagharian, Denk, et al., 2020; Zolfagharian

et al., 2021). In 4D-printed structures, in contrast to 3D printing technology, which

constructs 3D-static objects, dynamic structures with the ability to change shape

and color are built. Static structures, which are printed with active materials, under

external stimuli such as thermal, humidity, light, and electric or magnetic field, exhibit

a dynamic behavior such as self-sensing, self-actuating, and shape-changing (Khoo

et al., 2015; Shie et al., 2019; Zhang, Demir, & Gu, 2019). Active materials, such

as shape memory polymers, should be used in the printing process in order to print

structures with dynamic properties. Shape memory polymers (SMPs) have received

more attention due to their lower cost, lower density, high recoverable strain, simple

shape programming process, and excellent controllability over the recovery process

(Bodaghi, Noroozi, Zolfagharian, Fotouhi, & Norouzi, 2019; Jebellat, Baniassadi,

Moshki, Wang, & Baghani, 2020; Leng, Lu, Liu, Huang, & Du, 2009). Significant

research has been conducted on 4D printing technology due to its vast potential.

For example, in a study, the commercial polymer, SU-8, was employed in 4D printing

self-morphing structures in which the shape transformation is driven via a swellable

guest medium (Su et al., 2018). Using the self-folding mechanism by other

researchers, a biomedical application that can be used as a cardiac stent was intro-

duced. To model the thermomechanical behavior of structures, they used the phase

transformation approach, drove equilibrium equations, and solved them using an

in-house code (Bodaghi, Damanpack, & Liao, 2017). Since the printing parameters

have a significant effect on sample performance, the effect of filament size, orienta-

tion, air pump pressure, and the filling pattern was studied on the shape transforma-

tion. To model the shape transformation mechanism, a hyperelastic model was

employed for the SU-8 polymer (Su et al., 2018). Another research investigated pro-

gramming SMP during the FDM process. In this regard, the dynamic structures shape

their configuration from 1D to 2D and 1D to 2D-3D under the thermal stimulus. After

shape transformation, self-folding structures made of SMP could not be folded or

unfolded at temperatures lower than glass transition. To settle this issue, in a study,

by using the FDM process, a novel self-folding mechanism was designed. They fab-

ricated a hybrid hinge that was made of a soft elastomer and a 4D printing element.

They also validated their experimental result with COMSOL-based finite element

simulation (Yamamura & Iwase, 2021).
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The literature review reveals that the fabrication and modeling of 4D printing com-

ponents are extremely important and many researchers have done various studies on

4D printing and its applications. Therefore, in this chapter, first, the concept of the

shape memory effect is described, and then, based on the SMPs cycle, the 4D printing

programming during the FDM process is explained. Due to the complexity and diffi-

culties of employing shape memory constitutive equations in finite element software

to model 4D-printed elements, a simple method based on the 4D printing concept is

proposed. The proposed model has been calibrated based on experiments and, as case

studies, some of the smart structures are designed and modeled in finite element

software.

4D printing programming

In this section, by considering the shape memory effect (SME) and FDM process, the

concept of 4D printing, for 3D-printed samples during manufacturing, is described.

The temperature-sensitive SMPs are a class of active material in which temperature

plays a triggering role. As shown in Fig. 7.1, shape memory cycling consists of four

stages. At the first step, the sample is heated up to the Th, which is higher than the

glassy transition temperature (Tg). At the constant temperature (Th), the sample is

loaded and transformed to the desired shape, and then, the sample is cooled down until

Tg, which is lower than glassy transition temperature. In the next step, the mechanical

constraints are removed and an inelastic strain, called prestrain, remains in the sample,

which causes programmed shape (after a small elastic deformation). The programmed

shape is a free-state configuration that is stable in lower temperatures than Tg. When it

is needed, the sample could be reheated and recovered to its original (permanent)

shape; this step is called the shape recovery process.

In the FDM technology, a thermomechanical cycle similar to shape memory pro-

gramming is applied to the sample during the printing process. So, it may have the

potential to print a 4D SMP architecture with shape programming simultaneously.

Fig. 7.2 shows a schematic of 3D printing technology. The FDM technology is based

on melting raw materials. Therefore, in the first step, the filament heated up until Tin

Permanent
shape

Permanent
shape

Deformed shape

LoadingHeating Heating

Unloading

Cooling and

Energy stored

T
h

T
d

Fig. 7.1 Cycle of SMPs. Thermomechanical cycle of SMPs.

No permission required.
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in the liquefier, which is higher than the glassy temperature. So, the nozzle, by

applying the force into the filament, extrudes the filament onto the base (called plat-

form or table) and simultaneously prints it on the platform with printing speed Sp. In
this step, the filament is heated and stretched, so this step of the printing process is

similar to the heating-loading process in the SMP programming, in which the pre-

strain is created in the sample. By increasing the printing speed, the filament

stretches with a greater force; hence, the amount of prestrain induced in the sample

is greater. After deposition, the printed layer cools and solidifies in the same way as

the cooling step in the programming process. When one layer is printed, the platform

moves down, and the printing nozzle moves to build the next layer. Finally, the

thermomechanical programming process is completed when the 3D-printed sample

is detached from the platform.

It is noteworthy that during the printing process, layers experience several

heating–cooling processes. For example, during the printing of the second layer,

the first layer heats up somewhat, so some of its prestrain release; hence, its shape

memory effect decreases. In such a way, other layers undergo partial heating and some

of their prestrain release too. Since the first layer experiences more heating processes,

it has lower prestrain than other layers. In the same way, the latest layer does not expe-

rience any heating and has the maximum prestrain. The rate of the heating–cooling
process plays a significant role in the release of the prestrain. On the contrary, by con-

trolling the printing speed, the rate of the heating–cooling process can be changed.

Therefore, the printing speed is one of the critical parameters that can be affected

by shape memory programming. For example, at low printing speeds, the sample

has more time to cool, so the heating–cooling process slows down, and less amount

of prestrain is released. As previously stated, each layer undergoes a different

heating–cooling process, resulting in a different amount of induced prestrain in each

layer; thus, shape memory programming can be thought of as functionally graded

(FG) 4D printing.

Extrusion nozzle

First layer

Solidified material

End layer

Fig. 7.2 3D Printing technology. Schematic of 3D printing technology.

No permission required.

198 Smart Materials in Additive Manufacturing, Volume 2



Constitutive equations

SMPs are a class of programmable material whose shape changes under external stim-

uli such as temperature, magnetic, or electric field. Due to the significant development

of SMPs and the importance of understanding their complex thermomechanical mech-

anism, the development of a constitutive equation that is able to predict SMPs behav-

ior is taken into consideration. In this regard, for modeling the SMP mechanism, there

are various viewpoints that mainly can be classified as thermoviscoelastic modeling

and phase transformation approaches. In this section, these two approaches are

described.

Thermoviscoelastic approach

Due to the viscoelastic nature of polymers, thermoviscoelastic modeling can be

employed to describe and predict SMP behavior. In this viewpoint, the constitutive

equations are based on a rheological model in which the parameters are time and tem-

perature property-dependent. Dashpot, spring, and frictional elements are common

components of thermoviscoelastic models. The viscosity is one of the most important

features of the SMPs that is due to the mobility between polymer chains, which in such

modeling has been considered. Also, in this viewpoint, the modeling predicts SME

and predicts the viscoelastic behavior of polymers. Tobushi, Hara, Yamada, and

Hayashi (1996) proposed a simple viscoelastic model for investigating SMPs’ behav-

ior. In this model, they used a standard linear viscoelastic model (SLV) for modeling

the SMP mechanism, in which a Maxwell model is parallel with a spring element.

Fig. 7.3 shows the SLV model that consists of three elements.

For the SLV model, the stress–strain relationship can be expressed as follows:

_ε ¼ _σ
E
+

_σ
μ
� ε
λ

(7.1)

where σ and ε show stress and strain, respectively, and E, λ,and μ denote elastic mod-

ules, time retardation, and viscosity, respectively.

The SLV model, however, has some limitations, such as a disability in predicting

mechanical properties in the glassy transition region and the difference between creep

recovery above and below the glass transition region. To settle these issues, they

expressed model parameters in the form of an exponential function to solve the drastic

Fig. 7.3 SLV model. The standard linear viscoelastic (SLV) model.

No permission required.
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changes in mechanical properties in the glassy region. Also, they added a slip mech-

anism to solve the difference between creep recovery above and below the glass tran-

sition region. Fig. 7.4 shows the modified SLV model.

The stress–strain relationship for the modified SLV model could be expressed as

the following equation:

_ε ¼ _σ
E
+

σ
μ
� ε� εs

λ
(7.2)

The significant change in mechanical properties of SMPs in the glass transition region

could be described as the following form:

E ¼ Eg exp aE
Tg

T
� 1

� �� �
μ ¼ μg exp aμ

Tg

T
� 1

� �� �
(7.3)

where Eg and μg are the values of E and μ at T¼Tg.
where Eg and μg are the values of E and μ at T¼Tg, and aE and aμ show the slope of

straight line.

Phase transformation approach

Polymers are a combination of many chains with different lengths and angles, which

each has different entropies and different temperature transitions. During the cooling

process, the phase transition first occurs in the chain with lower entropy, so the SMPs

have a phase heterogeneity consisting of glassy and rubbery phases. These phases

could change into each other under thermal conditions, and during the thermal pro-

cess, the amount of the changes constantly. By considering the fact that SMPs are

a combination of two phases, a new class of constitutive equations was proposed

by researchers (Bodaghi et al., 2017). In contrast to the thermoviscoelastic model,

or a rheological model, the phase transition model is a phonological model with a

physical meaning. These models not only cover the viscosity of the polymers but also

predict the phase transformation of SMPs. In this section, one of the phase transition

modeling approaches is described.

The volume fraction of glassy and rubbery phases during the thermal process can

be expressed by scalar variables ξg and ξr that can be defined as follows:

Fig. 7.4 Modified SLV model.

No permission required.
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ξg ¼
Vg

V
ξr ¼ Vr

V
(7.4)

in which Vg shows the volume of the glassy phase and Vr denotes the rubbery-phase

volume. Since the SMPs only consist of two phases, rubbery and glassy, the summa-

tion of the two phases’ volume fractions must be equal to unity (ξg+ξr¼1). The

change of the rubbery phase to the glassy phase or vice versa is considered only a func-

tion of temperature. Therefore, ξg and ξr only depend on the temperature, and the vol-

ume fraction of the rubbery phase can be rewritten as a function of the glassy volume

fraction, as the following form:

ξr ¼ 1� ξg (7.5)

So, the glassy volume and the volume fraction of the glassy phase are independent

variables and could be expressed as follows:

ξg ¼ ξg Tð Þ Vg ¼ Vg Tð Þ (7.6)

There are different methods to determine mechanical properties. Dynamic mechanical

thermal analysis (DMTA) is one of the important tests that determine material prop-

erties by considering temperature dependency. In this test, sinusoidal stress is applied

to the sample, and its strain is measured. Also, the temperature of the sample changes

during the test; therefore, this test can be used to determine temperature-dependent

mechanical properties. So, using the DMTA test, the glassy volume fraction can be

expressed explicitly as follows:

ηg ¼
tan h a1Tg � a2T

� �� tan h a1Tg � a2Th

� �
tan h a1Tg � a2Th

� �� tan h a1Tg � a2Tl

� � (7.7)

in which ai (i¼1,2) are specified by fitting the explicit function on the DMTA curve.

It is assumed that the rubbery and glassy phases in SMPs are linked to each

other in series form. Since printed structures are under small deformation and large

rotation, the total strain can be written as the sum of four parts; glassy, rubbery,

thermal, and inelastic, which is due to phase transformation; Eq. (7.8) shows

the total strain:

ε ¼ ξg εg+ 1� ξg
� �

εr+ εin+ εth (7.8)

where ε shows total strain, and εg and εr denote strain of the glassy and rubbery phases,
respectively; εin is inelastic strain and εth represents the thermal strain, which can be

defined as an integral part such as the following:

εth ¼
ðT0

T

αe dT (7.9)
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in which T0 expresses the reference temperature and αe is the equivalent thermal

expansion that is dependent on the temperature and defined as follows:

αe ¼ αr+ αg � αr
� �

ξg Tð Þ (7.10)

where αr and αg express thermal expansion for rubbery and glassy phases,

respectively.

During phase change from rubbery phase to glassy phase, cooling process, the

inelastic strain εin, is stored in the SMP that can be formulated as the following:

_εin ¼ _ξgεr (7.11)

in which the dot denotes the rating function.

In contrast to the cooling process in which the inelastic strain is stored in the SMPs,

in the heating process, the stored strain releases gradually in proportion to the volume

fraction of the glassy phase with respect to the preceding glassy phase. The strain stor-

age is expressed as follows:

_εin ¼
_ξg
ξg

εin (7.12)

In order to derive the stress state, the second law of thermodynamic, the Clausius-

Duhem inequality, must be satisfied. The ε and T variables are selected as external

control variables, also, εg, εr, εin,and ξg are chosen as internal variables. By consider-
ing Helmholtz free energy density functions, stress, σ, can be derived as follows:

σ ¼ σg ¼ σr (7.13)

in which the stress of glassy and rubbery phases can be formulated as follows:

σg ¼ Cg εg σr ¼ Cr εr (7.14)

where C is the elasticity tensor which for an isotropic material has two independent

constants and defined as follows:

C ¼ E
1+ νð Þ 1� 2νð Þ

1� ν ν ν 0 0 0

ν 1� ν ν 0 0 0

ν ν 1� ν 0 0 0

0 0 0
1� 2ν

2
0 0

0 0 0 0
1� 2ν

2
0

0 0 0 0 0 0

2
66666666664

3
77777777775

(7.15)
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in which E and ν denote Young’s modules and Passion’s ratio, respectively. Now by

substituting Eq. (7.14) in Eq. (7.8), the stress obtains as follows:

σ ¼ Ce ε� εin � εthð Þ (7.16)

whereCe is the equivalent elasticity tensor andexpressedwithCe¼ (Sr+ξg (Sg�Sr) )
�1,

in which S shows the inverse matrix of C (C¼S�1), the so-called compliance matrix.

The stress–strain relationship can be described as follows:

σ ¼ Sr+ ξg Sg � Sr
� �� ��1

ε� εin � εthð Þ (7.17)

In order to solve the nonlinear equation of SMP behavior, it can be considered as an

explicit time-discrete stress/strain-temperature-driven problem. The total [0, t] time is

broken down into subdomains, and the constitutive equation of SMP is solved in the

subdomains [tk, tk+1]. For all variables, the superscript k expresses the value of the var-
iable in the previous step, while the superscript k+1 indicates the current step. The

inelastic strain expressed with Eqs. (7.18) and (7.19), now by applying the linearized

implicit backward Euler integration method to the flow rule, can be discretized as

(7.18) and (7.19):

εk+1in ¼ εkin+ Δζk+1g εk+1r (7.18)

εk+1in ¼ εkin+
Δξk+1g

ξk+1g

εk+1in (7.19)

where

Δξk+1g ¼ ξk+1g � ξkg (7.20)

By using Eqs. (7.14), (7.17), (7.19), and (7.20) along with a mathematical sim-

plification, we could explicitly update the inelastic strain for the cooling and

heating processes. For the cooling process, for stress control, it could be written

as follows:

εk+1in ¼ εkin+ Δξk+1g Sk+1r σk+1 (7.21)

and for strain control, it could be written as follows:

εk+1in ¼ I+ Δξk+1g Sk+1r Ck+1
e

� ��1

εkinΔξ
k
g S

k+1
r Ck+1

e εk+1 � εk+1th

� �� �
(7.22)

For the heating process, Eq. (7.22) can be simplified as the following:
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εin ¼
ξk+1g

ξkg
εkin (7.23)

Now, by substituting the updated inelastic strain into Eq. (7.17), the stress–strain rela-
tionship for heating and cooling processes can be obtained as follows:

σk+1 ¼ Ck+1
D εk+1 � δ εk+1in � εk+1th

� �
(7.24)

where elasticity tensor CD, and the parameter for the heating and cooling processes δ,
are defined as follows:

Ck+1
D ¼ I+ Δξk+1g Sk+1r Ck+1

e

� ��1

Ck+1
e , δ ¼ 1 _T < 0 Ck+1

D ¼ Ce, δ

¼ ξk+1g

ξkg
_T > 0 (7.25)

Fabrication and modeling 4D-printed elements

Materials

In order to fabricate active elements, the polylactic acid (PLA) has been used as a SMP

filament with 1.75 mm diameters and the glass transition temperature of 65°C. In this
regard, a 3DGence DOUBLE printer developed by 3DGence has been used, which

extrudes a filament 1.75 mm with a 0.4�mm nozzle. The 3DGence Slicer software

was used to convert the STL file to G-code and control printing parameters. The print-

ing parameters such as the liquefier, chamber, and platform temperatures are set at

210, 24,and 24°C, respectively. The active elements (beam-like elements) were

4D-printed in the shape of a straight beam with the dimension (30�1.6�1) mm

for length, width, and thickness, respectively.

One of the most important properties that must be employed in thermomechanical

analysis is the dependence of the properties on temperature. Therefore, using a

dynamic-mechanical analyzer (DMA, Q800, TA Instruments, New Castle, DE,

USA), the temperature-dependent properties for 3D-printed beam-like samples were

determined. In this regard, the DMTA test was carried out in the axial tensile mode, in

which the frequency of forced oscillation and heating rate were considered 1 Hz and

5°C/min, respectively. Therefore, the results of DMTA 4D-printed beam-like were

reported as storage modules, Es, and phase lag, δ,which is shown in Fig. 7.5.

According to the phase lag result, the sample shows its peak curve at 65°C, which
indicates the glass transition temperature. It can also be deduced from the diagram

of storage modules that at 60°C,the sample experiences a drastic change in its storage

modules.
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4D printing elements

As mentioned in the 4D printing programming section, the print speed plays a signif-

icant role in inducing the SME on 3D-printed samples. Therefore, five beam-like

elements were printed at five different speeds Sp ¼ 5, 10, 20, 40, 70
mm

s
. Fig. 7.6 indi-

cates the straight configuration of the 3D-printed beam-like element. After prepara-

tion of the 3D-printed sample, samples were heated by immersion in hot water at a

specified temperature of 85°C, which is higher than the glass temperature transition,

and then, the samples were placed at room temperature and allowed to cool and reach

room temperature (24°C). Fig. 7.7 shows the configuration of the 3D-printed sample

after the heating–cooling process. As shown in Fig. 7.7, the straight beam-like element

configuration changes to a curved beam under the thermal stimulus. Fig. 7.7A shows

the 3D-printed sample, which has been printed at low speed Sp¼5 mm/s. In this print-

ing speed, the beam configuration remains unchanged under temperature stimulation,

3.5
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0
30 40 50 60 70 80

Temperature °C
90 100
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1
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0.6 T
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 (
δ)

Tan (δ)

0.4
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0

Fig. 7.5 DMA results. The

DMA results for 3D-

printed PLA.

No permission required.

Fig. 7.6 Straight beam-like configuration. The straight beam-like configuration after 4D

printing.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
https://doi.org/10.3390/polym12030519.
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and this is because no prestrain has not been induced in the sample. Therefore, the low

printing speeds could not be employed in the 4D printing programming. Fig. 7.7B

shows the configuration of the sample with print speed Sp¼10 mm/s after heating–
cooling. In contrast to the previous speed, the beam-like element after the

heating–cooling process transforms to a slight curve element at this printing speed,

demonstrating that increasing the print speed increases the amount of the induced pre-

strain. Because of the slight curve at the Sp¼10 mm/s, this print speed could be

thought of as a transition speed which printed samples with lower than Sp are static

elements and higher than are dynamic elements. The self-bending feature is due to

the unbalanced prestrain through the sample thickness, in which the lower layer

has less prestrain, and the upper layers have more prestrain. As shown in the exper-

iment, by increasing the 4D printing speed, the self-bending/folding feature increases;

therefore, by controlling 4D printing speed during the manufacturing process, the

shape programming process can be controlled. Nevertheless, the FDM 4D printing

technology has high potential in the fabricating and programming active elements

with self-bending/folding features.

Finite element modeling

The implementation of constitutive equations in commercial finite element software

such as ABAQUS, COMSOL, and ANSYS has been gaining attention due to its exten-

sive application. The constitutive equation of SMPs, due to their complexity, has a lot

of difficulties using in finite element software. In this section, to settle this issue by

considering the concept of SME and FG 4D printing, a simple method for modeling

the thermomechanical behavior of the 4D-printed self-folding element has been pro-

posed. In this regard, the temperature-dependent Young’s modulus of the 3D-printed

Fig. 7.7 The configuration of the 4D-printed beam-like elements at different speeds. The

configuration of the 4D-printed beam-like elements at different speeds of (A) 5, (B) 10, (C) 20,

(D) 40, and (E) 70mm/s after the heating–cooling process.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
https://doi.org/10.3390/polym12030519.
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component has been imported into COMSOL finite element software according to

Table 7.1:

As previously stated, the 4D-printed beam-like element can be regarded as an FG

material, with the induced prestrain changing gradually along with its thickness.

Therefore, to model 4D-printed elements with COMSOL Multiphysics, the sample

is divided into multiple sections whose thermal expansion is different. For this pur-

pose, the 4D-printed sample is discretized into six sections. Although considering a

large number of sections can lead to a more accurate answer, considering six sections

is acceptable in terms of computational cost and accuracy. Fig. 7.8 shows the divided

form of a 3D-printed sample in which black and white color shows the first and last

printed layers, respectively.

The coefficients of thermal expansion of layers are selected so that the simulated

configurations replicate the experimental configurations after the heating–cooling
process. Table 7.2 shows the thermal expansion coefficient for different printing

speeds.

Considering the obtained coefficients of thermal expansion and applying them

into COMSOL finite element software, the beam-like configuration after the

heating–cooling process is shown in Fig. 7.9. To describe the geometric features of

4D-printed samples, three parameters are selected, as shown in Fig. 7.9C. The param-

eters R1, R2, and R3 represent the outer length, opening, and depth length, respectively.

Table 7.1 Temperature-dependent Young’s modulus for 3D-printed PLA.

T (°C ) 30 40 50 60 70 80 90

E (Mpa) 3350 3280 3166 2554 48 18 14

Fig. 7.8 Discretized printed sample. Discretized 4D-printed element.

No permission required.

Table 7.2 The thermal expansion coefficients for different printing speeds.

Sp (mm/s)

αi (1/ °C) 10 20 40 70

α1 �0.0006 �0.0016 �0.0018 �0.00252

α2 �0.0004 �0.0011 �0.0016 �0.00222

α3 �0.0002 �0.0011 �0.0013 �0.0022

α4 �0.00009 �0.0008 �0.0011 �0.00172

α5 �0.00007 �0.0006 �0.0008 �0.00152

α6 �0.00005 �0.0004 �0.0005 �0.00122
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As shown in Fig. 7.9, the 4D-printed sample with printing speed, Sp¼70 mm/s has

much more deformation than other printing speeds, which selected parameters clearly

indicate this fact. In addition to the experimental and finite element analysis (FEA), an

in-house code for solving the constitutive equation of SMPs is employed. Hence, to

investigate the accuracy of the simple method used in the finite element results, the

geometric features obtained from experimental, finite element analyses, and in-house

code are compared and listed in Table 7.3. As shown in Table 7.3, the in-house code

results are consistent with the simple method and experimental results. Therefore, the

simplemethod accuracy and efficiency for the 4D-printed sample with the self-folding

feature are validated.

(a)

(c) (d)

(b)

R
3

R
2

R
1

Fig. 7.9 Finite element simulation of the 4D-printed samples. Finite element simulation of the

4D-printed samples for different printing speeds (A) 10, (B) 20, (C) 40, and (D) 70mm/s after

the heating–cooling process.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
https://doi.org/10.3390/polym12030519.

Table 7.3 The geometric parameters of the 4D-printed active element after the

heating–cooling process.

Method Sp (mm/s) R1 (mm) R2 (mm) R3 (mm)

Experiment 10 29.8 28.2 3.1

20 29.3 19 8.3

40 29.1 16.3 9.2

70 29.0 7.1 10.5

In-house FE method 10 29.9 28.3 3.0

20 29.1 19.2 8.4

40 29.4 16.3 9.2

70 29.2 7.2 10.3

FE COMSOL Multiphysics 10 29.7 28.3 3.2

20 29.4 19.1 8.4

40 29.2 16.2 9.1

70 28.9 7.0 10.4
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Case studies

In this section, using 4D-printed beam-like elements, which in the previous sections

were fabricated and modeled in the finite element software, some of the 4D printing

applications have been shown. First, a soft actuator under thermal stimulus is fabri-

cated and modeled. Second, the 4D-printed composites with self-assembly and

self-folding features are investigated. Finally, by using passive and active elements,

adaptive metastructures with variable bandgap regions are proposed.

Self-folding structures

Self-folding is one of the most important mechanisms that provide the range of motion

and changing configuration in nature. The self-folding structure can be used for a wide

range of applications such as deployable biomedical devices and self-assembling

robots due to their excellent features, including reducing time and effort to assemble

complex structures and remote and spontaneous performances. The SMPs are good

candidates for being employed in self-folding structures due to their unique properties,

such as sensitivity to environmental changes (Felton et al., 2013; Mao et al., 2015). In

this section, by employing the 4D-printed beam-like elements, different patterns of

self-folding/twisting structures are designed, and their behavior under thermal stim-

ulus has been investigated.

Gripper actuator

The design and fabrication of a practical gripper play an important role in robot per-

formance which leads to overcome robot inaccuracy and enhance overall system per-

formance (Honarpardaz, Tarkian, €Olvander, & Feng, 2017). Therefore, the design and

fabrication of various grippers with different patterns and applications have been con-

sidered by researchers. In this subsection, by employing the fabricated active beam-

like elements, a smart gripper is designed in which four active elements are connected

to a passive pyramid. Fig. 7.10 shows the configuration of the gripper before the

heating–cooling process. After modeling the gripper in finite element software, it

Fig. 7.10 Gripper configuration. Gripper configuration before the heating–cooling process.

No permission required.
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is exposed to external heat, and its temperature reaches 65 °C and then cooled down to

the temperature room. Fig. 7.11 represents the deformed configuration of the gripper.

As shown in Fig. 7.11, due to the self-folding feature of active elements, the gripper

after thermal stimulus exhibits a self-folding behavior so that it can be used as a soft

robotic gripper. The amount of bending angle can be tuned by changing printing

speed. For instance, beam-like components with higher 4D printing speeds have more

bending angles, and as a result, the various deformed configurations can be achieved

by controlling the printing speed, which makes it possible to work in different

situations.

Self-folding smart composites

There are different strategies to generate a self-folding mechanism. One of them that

during the last decades has been considered by researchers is the embedded rigid par-

ticles in the soft matrix and controlling their orientation (Schmied, Le Ferrand,

Ermanni, Studart, & Arrieta, 2017; Sydney Gladman, Matsumoto, Nuzzo,

Mahadevan, & Lewis, 2016; Wang et al., 2018). One of the critical parameters that

significantly affect the controllability of composite deformation is rigid particle ori-

entation. To address this issue, rigid particles can be replaced with continuous fiber to

gain better controllability. In this subsection, using the active elements, three patterns

of self-folding smart composites are designed and modeled.

In the first pattern, a self-assemble structure is created using 4D-printed elements.

In this regard, a flat paper sheet is reinforced with eight 4D-printed elements. Fig. 7.12

shows the undeformed configuration of the self-assemble structure. In order to predict

the thermomechanical behavior of the self-assemble structure under the thermal stim-

ulus, the simple method is employed in the finite element software. According to the

DMTA test, PLA has a low Young’s modulus at 85 °C. Therefore, if the active ele-

ments are heated up to 85 °C, the stiffness of the paper prevents elements from defor-

mation and backs them to their straight configuration. To solve this issue, in the FEM,

the structure is heated up to 65 °C. The interaction between 4D-printed elements and

Fig. 7.11 The gripper deformed configuration. The FE Abaqus simulation of the gripper at

printing speed: (A) 20 and (B) 40mm/s.

No permission required.
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the paper sheet is considered perfect bound, in which there is no relative displacement

among them. The heating–cooling process is applied to the structure so that at first, the
structure is heated up to 65 °C and then cooled to room temperature. Fig. 7.13 indicates

the deformed self-assemble configuration after the heating–cooling process.

As shown in Fig. 7.13, the self-assembly structure’s deformation, with the initial

flat state form, can be considered a 2D-to-3D shape changing, which can be called a

self-assembly mechanism. By increasing the printing speed, the structure undergoes

more bending so that the printing speed of Sp¼70 mm/s has more bending, and on the

contrary, the speed of Sp¼20 mm/s has the least bending. It should be noted that in to

have the best self-assemble structure, the optimum printing speed should be used, in

Fig. 7.12 Configuration of the smart composite. Configuration of the smart composite before

the heating–cooling process.

No permission required.

Fig. 7.13 Simulated configuration of the self-assembly composite. The simulated configuration

of the self-assembly composite after the heating–cooling process for (A) 20, (B) 40, and

(C) 70mm/s.

No permission required.
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which in this structure the printing speed of Sp¼40 mm/s is optimum printing speed.

Also, by changing the arrangement of 4D-printed elements along the flat paper sheet,

different self-assembly patterns can be obtained.

As a second pattern, a smart hand-like structure is proposed in which a hand-like

flat paper sheet is reinforced with 4D-printed elements. Fig. 7.14 shows the unde-

formed configuration of the hand-like structure. To model the thermomechanical

behavior of the hand-like structure, the proper thermal and mechanical boundary con-

ditions are applied to the FEM. For this purpose, it is assumed that the interaction

between 4D-printed elements and the paper sheet is tie-type, which means there is

no relative motion between them. Also, the structure is heated up to 65 °C and then

cooled to room temperature. Fig. 7.15 represents the configuration of the hand-like

structure after the heating–cooling process for three different printing speeds. As

shown, the active elements bend under the thermal stimulus, and as a result, the shape

of the hand-like structure changes under the thermal stimulus. Also, different printing

speeds have different bending angles, which indicates the potential of printing speeds

to generate wide ranges of hand motion patterns.

The third pattern is a smart corrugated structure that is reinforced with horizontal

4D-printed elements, which are attached to both paper sides. Fig. 7.16 shows its unde-

formed configuration at the top and cross-sectional view, in which the yellow ele-

ments show the 4D-printed element attached upward and the black line shows the

bottom 4D-printed elements. The attachment between paper sheer and elements is that

the first printed layer is connected to the paper. For modeling the thermomechanical

behavior of the 4D-printed elements, the variable coefficient thermal expansion tech-

nique has been employed in finite element software. The thermal and mechanical

boundary conditions are tie-type and 65 °C, respectively. After the heating up struc-

ture to 65 °C, it is placed at a specific temperature (room temperature) to cool down.

Fig. 7.17 represents the deformed configuration of the rectangular structure after the

Fig. 7.14 The hand-like gripper. Undeformed configuration of the hand-like gripper.

No permission required.
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heating–cooling process for three different speeds. After applying an external stimu-

lus, the 2D reinforced rectangular paper wrinkles to form a 3D corrugated structure.

As shown, different printing speeds have different pitches, so the higher the printing

speed, the lower the pitch value. Moreover, one of the parameters that significantly

affect the corrugated feature is the distance between 4D-printed elements.

Adaptive dynamic structures

One of the most important issues in our modern daily life is the analysis of acoustic

waves. Acoustic metamaterials are a type of architect material that is designed to con-

trol and manipulate waves passing through it. The periodic structures as a kind of

metamaterials have the ability to damp some specific frequency ranges of elastic

waves, called bandgap or stopband (Bertoldi & Boyce, 2008; D’Alessandro, Zega,

Ardito, & Corigliano, 2018; Li, Wang, & Yan, 2021; Meaud & Che, 2017). In other

words, while elastic wave propagation occurs in all directions in the propagating fre-

quency ranges, bandgap areas provide a frequency range where elastic wave propa-

gation is stopped, and this ability can be used in a variety of applications,

including controlling and managing wave propagation and acoustic mirrors. The

geometry and material type of periodic structure determine the bandgap width, fre-

quency level, and modal location of the structure (D’Alessandro et al., 2018).

Fig. 7.16 Configuration of the smart corrugated structure. Configuration of the smart

corrugated structure with horizontal 4D-printed beams.

No permission required.

Fig. 7.15 The deformed configuration of the hand-like gripper. The deformed configuration of

the hand-like gripper after heating–cooling process for (A) 20, (B) 40, and (C)70mm/s.

No permission required.
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Traditional materials and structures do not change their configuration and properties,

so they can only be used in a constant range of frequency. The researchers have

designed adaptive structures with variable and uncommon behavior in different appli-

cations. Therefore, by employing different methods, researchers have tried to design

and fabricate adaptive and tunable structures (Bertoldi & Boyce, 2008; Bertoldi,

Boyce, Deschanel, Prange, & Mullin, 2008; D’Alessandro et al., 2018; Li et al.,

2021; Li, Wang, Chen, Wang, & Bao, 2019; Meaud & Che, 2017; Shim, Wang, &

Bertoldi, 2015; Singh & Pandey, 2018).

Fig. 7.17 The FE simulated smart corrugated structure. The FE-simulated smart corrugated

structure after the heating–cooling process: (A) 20, (B) 40, and (C)70mm/s.

No permission required.
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Wave propagation formulation

To study wave propagation in architected period structures, the Bloch theorem has

been used. Based on the Bloch theorem, the displacement of any point in a periodic

architected structure can be defined as a function of the displacement of its

corresponding point in the reference unit cell (U
!

Ref r
!� �

). As a result, wave propaga-

tion analyses for the entire periodic structure were simplified to solve equations for a

unit cell.

WhereU
!

r
!
, t

� �
expresses displacement for an arbitrary point in the periodic struc-

ture andU
!

Ref r
!� �

indicates its corresponding point in the reference unit cell. Also, R
!

and r
!
show the lattice and position vector, respectively. Besides, k

! ¼ k1, k2ð Þ is the
wave vector and k1 and k2 are its components along the x and y directions, respec-

tively. Also, ω and t indicate frequency and time, respectively. In order to define peri-

odically in the period structures, the direct vector must be specified. Fig. 7.18 shows a

periodic structure in which a1 and a2 are direct vectors that according to them, the

lattice vector defines as follows:

R
! ¼ n1 a

!
1+ n2 a

!
2 n1, n2 ¼ 0, � 1, � 2,… (7.26)

Bloch wave vector varies in the Brillouin zone. Therefore, to analyze the wave prop-

agation, the reciprocal space corresponding to the direct space should be defined,

which is shown in the following equation.

Fig. 7.18 Direct vectors of periodic structure. Periodic structure with its direct vectors.

No permission required.
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a
!

i:b
!

j ¼ 2π δij ¼
b
!
1 ¼ 2π

a2 � a3
a1: a2 � a3ð Þ

b
!
2 ¼ 2π

a3 � a1
a1: a2 � a3ð Þ

8><
>: a3 ¼ 0, 0, 1ð Þ (7.27)

where δij is the Kronecker delta.
Fig. 7.19 shows the first Brillouin zone (FBZ) and irreducible Brillouin zone (IBZ).

To analyze the wave propagation, the IBZ has been employed which is a small part of

the FBZ (Fig. 7.19).

According to the equation just now mentioned, the wave propagation is a linear

eigenvalue problem with three unknown parameters ω, k1, and k2 which the wave vec-
tor investigates in the IBZ. To solve the wave propagation equations, COMSOLMul-

tiphysics software is employed. Also, convergence studies on mesh size have been

performed to achieve reliable and accurate results.

Design adaptive periodic structures

In this section, using the concept of active and passive elements, two periodic struc-

tures are conceptually proposed. The term passive elements imply elements that under

thermal stimulus do not change their configuration and dynamic behavior. As men-

tioned in the previous sections, 4D-printed beam-like elements during the printing

process can be programmed to show a dynamic behavior under the stimulus. No

induced prestrain is generated in the 4D-printed sample at low printing speeds. There-

fore, low printing speeds, such as 5mm/s, can be used to print passive elements. On the

contrary, active elements are printed at a high printing speed, in which the induced

prestrain is generated along with the sample and under the thermal stimulus changes

its dynamic behavior and shows self-folding features. Therefore, by employing active

and passive elements and arranging them into a periodic structure, two architected

Fig. 7.19 First Brillouin zone and irreducible Brillouin zone. First Brillouin zone (FBZ, dashed

square) and irreducible Brillouin zone (IBZ, colored triangle).

No permission required.

216 Smart Materials in Additive Manufacturing, Volume 2



structures have been designed. Structures consist of a mainframe and beam-like ele-

ments, which are made of passive and active elements, respectively. The first arrange-

ment is such that the active elements in the diagonal and parallel form are connected to

the passive frame. The second arrangement is such that the active elements are con-

nected in parallel to the passive frame. In order to simplify, the first and second struc-

tures are called diagonal and parallel, respectively. Fig. 7.20 represents the designed

periodic adaptive structure, in which yellow and blue colors indicate active and pas-

sive elements, respectively.

Adaptive diagonal structure

The wave propagation properties in the terms of dispersion curve of adaptive diagonal

structures are studied. In this section, COMSOL-based numerical have been used to

show how adaptive periodic structures can be designed with variable dynamic perfor-

mance without adding additional resonant components.

To ensure the accuracy of results, the bandgap of a triangular structure was calcu-

lated and compared with the earlier results (Srikantha Phani, Woodhouse, & Fleck,

2006). As shown in Fig. 7.21, the COMSOL-based results are in good agreement with

the earlier results, which indicates the accuracy of the method used in the COMSOL

Multiphysics software.

Eigenfrequencies of adaptive periodic structures are calculated by applying peri-

odic boundary conditions to different elastic wave vectors estimated based on the

IBZ. The first natural frequency of the fixed-fixed beam, shown in Fig. 7.20 with a

Fig. 7.20 Periodic adaptive structures. Periodic adaptive structures with active and passive

elements: (A) diagonal structure and (B) parallel structure (the dashed line shows the fixed-
fixed beam which is used for the frequency normalization).

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
https://doi.org/10.3390/polym12030519.
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dashed line, is used to normalize eigenfrequencies in the form of Ω ¼ ω=ω0
, in which

ω0 ¼ 22:4
ffiffiffiffiffiffiffiffiffiffiffi
EI=mL40

q
expresses the first natural frequency of the fixed-fixed beam.

Fig. 7.22 represents dispersion curves and some of the mode shapes for diagonal

structure before any external stimulus. It can be seen from the dispersion curves that

there is a bandgap in the range of 1.902 to 2.043, which is shown in gray color. This

bandgap region covers 4.68% of the total frequency range. By considering the mode

shapes, it is determined that the cause of the bandgap is the resonation of active

elements.

After stimulating the diagonal structure under the heating–cooling process, the

active element shows their self-bending features and changes mass distribution and

stiffness in the structures. Fig. 7.15 shows the changed configuration for three differ-

ent printing speeds. As shown in Fig. 7.23, the structure with a higher 4D printing

speed undergoes more change, and its 4D-printed elements have more curvature

and deformation. Fig. 7.24 shows the dispersion curves for the diagonal structure

at different printing speeds. The bandgap area for the print speed of 20m/s is in

the range of 1.751 to 2.043, which covers 4.68% of the total frequency range. For

the print speed of 40m/s (Fig. 7.25), the bandgap area covers Ω¼1.751 to 1.812 of

the frequency range, which covers a smaller range of the total frequency than the print

speed of 20m/s. Unlike the previous two print speeds, at a print speed of 70m/s

(Fig. 7.26), there is no bandgap area in the frequency range. The obtained dispersion

curves for different printing speeds show that using 4D-printed elements can achieve

adaptive structures which keep their performance in the various functional ranges.

The dispersion curves obtained from two printing speeds of 20 and 40m/s indicate

increasing printing speed has a little effect on bandgap width and only moves the
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Fig. 7.21 Results validations. Comparison of COMSOL-based results with.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
https://doi.org/10.3390/polym12030519.
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Fig. 7.22 Dispersion of the diagonal metastructure. Dispersion curves and mode shapes of the

diagonal metastructure.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
https://doi.org/10.3390/polym12030519.

Fig. 7.23 The deformed configuration of the adaptive periodic diagonal structure. The

deformed configuration of the adaptive periodic diagonal structure after the heating–cooling
process for three different 4D printing speeds: (A) 20, (B) 40, and (C) 70mm/s.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
https://doi.org/10.3390/polym12030519.
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stopband region. However, increasing the print speed does not always change the

stopband range. For example, when the printing speed increases to 70mm/s, the

bandgap region vanishes, and the structure transmits the whole wave in all frequency

ranges. In general, the results show that by changing 4D printing speeds, different dis-

persion curves can be obtained, which by manipulating the appropriate and functional

bandgap region can be found. Hence, the 4D printing elements have a high potential to

fabricate adaptive structures with variable bandgap regions.

Adaptive parallel structure

As mentioned in the previous section, in the parallel structure, the active elements are

connected to the passive frame in parallel. Fig. 7.27 shows the dispersion curves for

parallel structures before any heating–cooling process. The dispersion behavior for

parallel structures is different from the diagonal structure. As shown in dispersion cur-

ves, unlike the diagonal structure in which the bandgap region appears in the fre-

quency range, no bandgap region has not appeared, and the whole elastic wave in

the range of 1–3 passes through the structure. Fig. 7.28 indicates the parallel structure
configuration after the heating–cooling process for three 4D printing speeds. As

expected, the 4D-printed active elements under thermal stimulus change their config-

uration and activate their self-bending features. Hence, by changing the configuration
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Fig. 7.24 Dispersion curves and mode shapes of the diagonal structure for printing speed

20mm/s. Dispersion curves and mode shapes of the diagonal structure with the 4D printing

speed at 20mm/s after the heating–cooling process.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
https://doi.org/10.3390/polym12030519.
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of structures, the mass distribution and stiffness of the structure change, and as a result,

dynamic behaviors change. Figs. 7.29–7.31 show the dispersion curves and mode

shapes of the parallel structure after the heating–cooling process for different printing
speeds of 20, 40, and 70m/s, respectively.

After the heating–cooling process, the 4D-printed beam-like elements change their

configuration to a bent state. As shown in the dispersion curves, after the

heating–cooling process, the parallel structure printed at a speed of 20m/s, a narrow

region of bandgap in the range of 1.945 to 1.989 appears in dispersion curves. The

ratio of the bandgap range to the total frequency range is 1.48%. By changing the

printing speed to 40mm/s, the beam-like elements bend, and as a result, the dispersion

curves change. At this printing speed, multiple bandgap regions appear in the disper-

sion curve. The multiple ranges of bandgap regions are in the range of 2.172 to 2.231,

2.371 to 2.505, 2.421 to 2.430, 2.441 to 2.569, and 2.594 to 2.765, which in the prac-

tical view has more performance than other structures and covers 12.32% of the total

frequency range. The printed structure, at a printing speed of 70m/s, does not expe-

rience any bandgap region, and all of the elastic waves pass through the structure. By

considering the parallel structure dispersion curves, it could be concluded that the par-

allel structure shows a better performance than the diagonal structure. The parallel

structure covers more and multiple bandgap regions so that it locally resonates filters

in the broader range.
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Fig. 7.25 Dispersion curves and mode shapes of the diagonal structure for printing speed

40mm/s. The counterpart of Fig. 7.12 for 40mm/s.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
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Fig. 7.26 Dispersion curves and mode shapes of the diagonal structure for printing speed

70mm/s. The counterpart of Fig. 7.12 for 70mm/s.
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adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
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Fig. 7.27 Dispersion curves and mode shapes of the adaptive parallel structure. Dispersion

curves and mode shapes of the adaptive parallel structure.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
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Fig. 7.28 The deformed configuration of the adaptive periodic parallel structure. The deformed

configuration of the adaptive periodic parallel structure after the heating–cooling process for

three different 4D-printing speeds: (A) 20, (B) 40, and (C) 70mm/s.

From Noroozi, R., Bodaghi, M., Jafari, H., Zolfagharian, A., & Fotouhi, M. (2020). Shape-

adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
https://doi.org/10.3390/polym12030519.
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Fig. 7.29 Dispersion curves and mode shapes of the adaptive parallel structure for printing

speed 20mm/s. Dispersion curves and mode shapes of the adaptive parallel structure with 4D-

printed active elements at 20mm/s after the heating–cooling process.
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Fig. 7.30 Dispersion curves and mode shapes of the adaptive parallel structure for printing

speed 40mm/s. The counterpart of Fig. 7.17 for 40mm/s.
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Fig. 7.31 Dispersion curves and mode shapes of the adaptive parallel structure for printing

speed 70mm/s. The counterpart of Fig. 7.17 for 70mm/s.
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adaptive metastructures with variable bandgap regions by 4D printing. Polymers, 12(3), 519.
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Conclusion

In this chapter, first, the constitutive equations of SMPs based on the ther-

moviscoelastic and phase transformation approach were introduced. Then, by

employing FDM technology, one of the most popular 3D printing methods, the con-

cept of 4D printing technology was presented. It was shown, experimentally, that dur-

ing the 3D printing technology, the sample is subjected to a thermomechanical cycle

similar to shape memory programming. Moreover, it was shown that printing speed

has many effects on the 3D-printed sample shape memory effect. Due to the impor-

tance of modeling the thermomechanical behavior of 4D-printed samples, based on

the concept of FG 4D printing, simple to reproduce but the accurate method was pres-

ented to predict 4D-printed sample behavior. This method was validated and cali-

brated with experimental results and correctly predicted the self-folding feature of

4D-printed elements. As case studies, the thermomechanical behavior of the smart

gripper and self-folding smart composite structures under external stimulus was inves-

tigated. Also, by using the 4D-printed elements, the adaptive dynamic structures were

designed and modeled in finite element software and their bandgap region were ana-

lyzed for different printing speeds.
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