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Abstract
The addition of the time dimension to three-dimensional (3D) printing has introduced four-dimensional (4D) printing technol-
ogy, which has gained considerable attention in different fields such as medical, art, and engineering. Nowadays, bioscience has 
introduced some ideas which can be fulfilled by 4D printing. Blending time with variations caused by the situation has many 
beneficial aspects such as perceptibility and adaptability. Since 4D printing can create a dynamic structure with stimuli-responsive 
materials, the applications of smart materials, stimulus, and 3D printing are the effective criteria in 4D printing technology. Smart 
materials with their flexible properties can reshape, recolor, or change function under the effect of the internal or exterior stimuli. 
Thus, an attractive prospect in the medical field is the integration of the 4D printing approach along with smart materials. This 
research aims to show the most recent applications of 4D printing technology and smart materials in medical engineering which 
can show better prospective of 4D printing applications in the future. Also, it describes smart medical implants, tissue engineering, 
and bioprinting and how they are being used for the 4D printing approach in medical engineering applications. In this regard, a 
particular emphasis is dedicated to the latest progress in the innovation and development of stimuli-responsive materials that are 
activated and respond over time to physical, chemical, and biological stimuli and their exploitation through 3D printing methods 
to fabrication 4D printing smart parts such as intelligent tissue-engineered scaffolds, smart orthopedic implants, and targeted drug 
delivery systems. On the other hand, major challenges in this technology are explained along with some suggestions for future 
works to address existing limitations. It is worth noting that despite significant research that has been carried out into 4D printing, 
it might be more valuable if some investigation is done into 4D bio-printing applications and how this approach will be developed.
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1   Introduction

Rapid prototyping (RP) and additive manufacturing (AM) 
technologies have been used in many applications nowa-
days [1]. Generally, the AM technologies have seven prin-
cipal ingredients, namely material extrusion, vat polym-
erization, material jetting, sheet lamination, binder jetting, 
powder bed fusion, and directed energy deposition [1, 2]. 
Three-dimensional printing (3D printing), introduced in 
additive manufacturing categories [3], was proposed for 
the first time by Charles Hull [4]. The initial model of 3D 
printing used a stereo-lithography (SL) technique and was 
inspired by photo-polymerization of liquid resin by ultra-
violet (UV) light. In this approach, the printing process 
is carried out by a layer-by-layer method [5]. With the 
advance of technology, different techniques can be used 
in 3D printing methods, which are divided into several 
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categories: stereolithography (SL/SLA), digital light pro-
cessing (DLP), selective laser sintering (SLS), electron 
beam melting (EBM), selective laser melting (SLM), fused 
deposition modelling (FDM) or fused filament fabrication 
(FFF) [1, 6, 7].

It is worth mentioning that different materials such as 
metals, alloys, polymers, composites, ceramics and concrete 
are used in 3D printing technology [6]. Nowadays, 3D print-
ing technology is used in several industries, such as automo-
tive, textiles, construction, utility, aerospace, military indus-
tries, and many other operations [8, 9]. 3D printing is also 
applied to the medical and biomedical engineering (BME) 
fields, for instance, for pharmaceuticals, hearing aids, den-
tistry, implantable devices such as orthopedic implants, arti-
ficial hearts, encapsulation and bio-adhesion, bio-printing 
and tissue engineering, applications in healthcare and surgi-
cal instruments [10]. For example, researchers investigated 
on the fabrication of dental supplies through additive manu-
facturing technology [11]. They reported that 3D printed 
dentistry tools like implants and orthodontic wires are light-
weight and have suitable properties; thus, this technology is 
practical for the fabrication of diverse dentistry instruments 
and principles [12].

Briefly, the main applications of 3D printing technology 
in medical engineering are shown in Table 1, along with a 
short description, and each's limitations.

Although 3D printing is considered a cutting-edge tech-
nology and undoubtedly has some faults, this manufactur-
ing process has many valuable benefits. As shown in Fig. 1, 
in comparison with traditional manufacturing methods 
like computer numerical control (CNC), milling and turn-
ing, additive manufacturing supply benefits of comfortable 
design, more flexibility, and decrease manufacturing cycle 
time [11]. Despite the limitations of 3D printing technology, 
its benefits are enormous. To overcome the challenges of 
3D printing, it is necessary to move to a novel technology 
known as 4D printing.

4D printing means “AM of objects able to self-transform, 
in form or function, when they are exposed to a predeter-
mined stimulus, including osmotic pressure, heat, current, 
ultraviolet light, or other energy sources” [2, 13, 14]. With 
the 3D printing methods, the manufacturing of the objects 
is based on the three geometrical axes x, y, and z, but in 4D 
printing, there is a new dimension, the “time” dimension. 
This does not represent the time taken to carry out the print-
ing. Instead, it represents the passage of time while objects 
undertake shape transformation and are mentioned as the 
main difference between 3D and 4D printing. In other words, 
according was reported by Momeni et al., 4D printing means 
“3D printing and time” [15]. To carry out 4D printing, one 
specific stimulus is required to commence the transforma-
tion. This can be humidity, heat, light, electrical field, and so 
on. In this case, unique materials are used to respond to these 
stimulus. These materials have programmable properties that 
can form at times specified by the stimuli. One of the criti-
cal features that 4D printing technology has in comparison 
with 3D printing is the possibility to build dynamic struc-
tures through the use of smart materials [16–18]. Since this 
technology has excellent potential to print living tissues or 
organs because these tissues have a dynamic structure [19].

There are more applications for 4D printing than 3D 
printing owing to 4D printing’s advantages [20]. In Table 2, 
the differences between 3 and 4D printing technologies are 
illustrated clearly.

Due to the use of smart materials in 4D printing, the 
objects can possess the following features: self-assembly, 
self-disassembly, self-sensing, self-folding, self-repairing, 
self-adaptability [21]. For instance, this innovative tech-
nology can manufacture a bone as part utilizing of stim-
uli-responsive materials, and this bone has the ability to 
extend in the human body over time [22]. So, 4D printing 
novel technology satisfies miscellaneous standards due to 
the use of smart materials and the fabrication of flexible 
parts. Figure 2 depicts the critical point is that all these 

Table 1  Main applications of 3D printing in medical engineering

Application Material Disadvantages Examples Refs.

Orthopaedic implant Metals such as (CoCr), (Ti6Al4V) Inability to grow the implant, tai-
lored to the age of the person

3D printing hip prosthesis by 
using SLM and EBM tech-
niques

[127]

Artificial heart Biocompatible materials Deficiency of human heart hemody-
namic function

3D printed artificial heart [128]

Tissue engineering Fibroblasts and keratin Lack of physiological function of 
native tissue

3D bio-printed of skin with 
natural polymer composites

[98, 108]

Drug delivery systems Cells or medications Shortage of high precision control 
over drug loading time

3D printing drug loaded systems [129]

Fabrication medicine Water Poly-vinyl-pyrrolidone 
Hydroxyl-propyl methylcellulose 
vinyl-pyrrolidone-vinyl acetate 
copolymer

3D printed orodispersible tablets [5]
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Disadvantages Advantages

Fig. 1  Comparison between some of the advantages and disadvantages of using 3D printing

Table 2  Differences between 3D printing and 4D printing [18, 130]

3D printing 4D printing

Formulated method 3D printing iteration of a 2D structure, layer-
by-layer method

4D printing is the new generation of 3D 
printing

Materials The usual materials, such as polymer, plastic, 
metals

Smart materials such as shape-memory alloys 
or shape-memory polymers

Design 3D digital data (scanning, drawing) 3D digital data for change (smart design)
Printer 3D printer 3D printer
Application Industrial art, toys, robotics, entertainment, 

automotive, aerospace, apparel, bio/medical 
devices

Dynamically switching shape for all applica-
tions by 3D printing such as self-repairing, 
self-regeneration

Flexibility No flexibility, characterized by rigidity/only 
creates static structures

Has flexibility, ability to create dynamic 
structures

Programming of material Does not use smart and programmable materi-
als

Utilizes programmable materials that can 
implement different functionalities
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Fig. 2  Some properties of smart 
materials, when exposed to the 
stimulus a by hot water (Repro-
duced from ref [140] with 
permision from Nature.), b by 
heating c by light and heating  
Reproduced from ref [141], 
with permission from Royal 
Society of Chemistry
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abovementioned features occur after the stimulus is applied 
to smart materials and over time.

This review investigates the recent medical applications 
of 4D printing and the materials used for such printing.

2   Research method

Review and original papers by keywords as “3D printing” and 
“4D printing” were studied with the aim of a better under-
standing and comparison of these technologies. In the follow-
ing relevant articles on the Scopus, IEEE Explore, PubMed 
and Web of Science databases besides keywords as “4D print-
ing applications,” “smart materials in bioengineering” “stim-
uli-responsive materials” and “4Dp in biomedical aspects” 
were studied. Considering this technology has become the 
hottest and interesting topic in the last decade, it is necessary 
to show the latest developments and innovations in this field.

3  Research objectives

During the last decade, 4D printing technology has attracted 
the attention of scientists due to its unique capabilities and 
the elimination of limitations in traditional manufacturing 
methods and 3D printing, so the 4D printing subject has 
become a hot topic in additive manufacturing categories. 
Nowadays, this new technology is used in various research 
and applied products, including the fields of tissue engi-
neering, manufacturing of medical tools and equipment, 
drug delivery systems, and so on. Therefore, for purposeful 
development and more efficient use of this technology, it is 
necessary to get acquainted with the newest applications and 
achievements of this technology in the biomedical engineer-
ing field. Thus, in this research, the latest applications of 4D 
printing technology in medical field along with limitations 
and future perspectives are presented. The main objectives 
of this paper are below:

• To study and brief review of additive manufacturing tech-
nology along with advantages and disadvantages.

• To identify 4D printing technology and comparison 
between 3D printing technology.

• To identify shape-changing behavior of 4D printed parts.
• To study the research status of smart materials, with their 

stimulus along with applications in the biomedical field.
• To investigate significant and effective parameters on 

parts printed through 4D printing technology.
• To identify a broad process of 4D printing in medical 

engineering applications.
• To discuss some limitations and future outlook of 4D 

printing technology along with some suggestions for 
future works.

4   Stimulus and responsive materials for 4D 
printing

Additive manufacturing or 3D printing materials are divided 
into various types, such as metal, glass, plastic, and food 
[23]. Nevertheless, most of the 3D printing materials are 
not applied to 4D printing because those materials do not 
react to the stimulus [23]. Consequently, the proper selection 
of materials is fundamental for 4D printing. Therefore, the 
materials used in 4D printing technology should have a more 
useful property in comparison with the materials used in 3D 
printing [23]. Stimuli-responsive-materials, also known as 
smart materials, can change their shape, features, or nature 
under the influence of specific stimuli [24]. Hence, the fea-
tures of smart materials used in medicine can be attributed 
to tissue regeneration, drug delivery diagnostics, medical 
devices, etc. [25]. To accomplish the prosperous 4D print-
ing of materials, it is essential to have a comprehensive 
knowledge of how environmental or external stimuli, such 
as those of a biological or physical nature, will influence 
these smart materials’ properties. This knowledge sets the 
required foundation for 4D printing smart materials. Conse-
quently, in the following section, several types of stimulus 
that have great potential in bioengineering applications are 
explained in detail.

4.1   Stimuli

It is worth mentioning that different kinds of stimulus, such 
as physical (temperature, light liquid/moisture), chemical 
(ionic concentration, pH), biological (glucose, enzymes), 
and combinations of different stimuli, have been considered 
[26]. All these stimulus are considered in the real world and 
occur in many cases which can make various changes in 
smart materials [27]. The choice of the stimulus type should 
be appropriate to the desired usage because each stimulus 
is proper for specific application and material. Additionally, 
the smart materials are selected according to the stimuli used 
[24]. The stimulus for the start transformation is applied so 
that the starting point of shape-changing objects printed by a 
3D printer has the same stimulus [28–30]. Some of the stim-
uli that have more significant potential applications for medi-
cal and biomedical aspects are explained in the following.

4.2   Physical stimuli

These types of stimulus can be classified into light, humid-
ity, electrical current, water, temperature, and pressure forces 
[26]. They often change the shape of the object by changing 
the physical arrangement of the material. As a result, this 
kind of intelligent material that responds to physical stimuli 
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can be helpful in medical applications such as implants [26]. 
Since heat, moisture, and water stimuli have been used more 
in medical engineering so far, we will continue to give a 
brief and practical explanation of these stimuli in terms of 
biomedical engineering.

4.2.1  Temperature stimuli

The temperature stimulation, which is mainly used for smart 
materials, can be utilized in bio-4D printing applications. 
For illustration, an object can be placed at a high tempera-
ture under pressure to form a temporary position. By cooling 
the object and applying sufficient force, the object may be 
restored to the original state. This property of shape recovery 
is used for small bone defect implant replacements [26, 31, 
32]. Thermo-responsive materials have the ability to change 
their geometric arrangement and reshape under the influence 
of temperature stimuli. According to Ashammakhi et al.’s 
study, despite more research being required on the properties 
of these materials, they are still known to have the ability 
to be printed by 4D printing technology [33]. Temperature-
responsive materials are used in 4D printing technology for 
medical and engineering purposes. For instance, Senatov 
et al. used the shape recovery properties of temperature-
responsive materials for repairing and recovering bone scaf-
folds [34].

4.2.2  Humidity/Liquid stimuli

Moisture-responsive materials can swell and change shape 
and function under the influence of liquid or humidity stim-
uli [35]. Since large parts of the human body contain water, 
this stimulus may be used for biomedical applications. Some 
smart materials can respond to this stimulus [26]. The mois-
ture-responsive materials and liquid stimuli such as water are 
used in biomedical applications such as tissue engineering, 
drug and nutrition delivery, and soft actuators [36]. Besides, 
the swelling/shrinking degree of moisture-sensitive materi-
als should be accurately checked in the development pro-
cedure to maintain fabricated constructions’ integrity [33]. 
Although these materials and stimuli have suitable potential 
for future growth, further research is required.

4.3  Chemical stimuli

Variations in physiological situations such as a change in 
pH or ionic concentrations are usually crucial symptoms for 
distinguishable kinds of diseases, like cardiovascular system 
illnesses, infections and cancers, therefore, interpreting them 
as critical aims of consideration when designing and devel-
oping chemical-responsive materials [26, 37].

For instance, since the acidification of cancerous or 
inflammatory areas is often common, pH-sensitive materials 

can be used for drug delivery systems in targeted sites. Usu-
ally, natural and synthetic polymers can react under the 
influence of pH stimuli. Therefore, researchers can use the 
features of chemical-responsive materials along with 3D 
printing techniques in biomedical applications like fabri-
cated drug-loaded systems. For example, Larush et.al fab-
ricated the drug-release system by using the digital light 
processing (DLP) technique with pH-responsive materials. 
In their research, the tablets were printed using responsive 
hydrogels that had the ability to rapidly release the drug 
in relatively high pH environments [38]. In addition, pH-
responsive biopolymers can be used in tissue engineering 
applications due to their attractive properties such as excel-
lent biocompatibility, good biodegradability and, suitable 
bioactivity. Nevertheless, the use of natural pH-responsive 
polymers in pragmatic usage is confined due to low mechan-
ical properties [26, 39].

Another type of stimulus that belongs to the group of 
chemical stimuli is ionic concentration. Although there are 
comparatively few investigates as the potential use of ionic 
strength as the stimuli-responsive material in 4D printing 
in the last decade [26], recently, novel studies have been 
done on this stimulus and the responsive-materials that react 
under the influence of this stimulus. For instance, Yasin et. 
al succeeded developing shape memory hydrogel based on 
ion-responsive material with an ability to reduce  Fe3+ to 
 Fe+2 by changes in ion concentration [40].

However, more studies are required on ion-responsive 
materials to become more aware of their applications in 4D 
printing technology and the benefits of using them in the 
biomedical aspects.

4.4  Biological stimuli

In patients-body, blood factors such as glucose levels, 
enzymes, proteins, and nucleic acids play a significant role 
in controlling the normal mechanism and normal function-
ing of organs [26]. Therefore, recognizing these important 
parameters and biomaterials that respond to biological 
stimuli is essential for the better performance of 4D print-
ing technology to address the manufacture of biocompatible 
parts.

In the relevant work, researchers introduced a biological-
responsive material through this innovative approach that 
enabled them to make bioinspired 4D printed parts contain-
ing bioactive features [41]. The stimulus they used to cre-
ate bioactive properties in the fabricated parts was alkaline 
phosphatase and thrombin enzymes. They showed that the 
use of biological-responsive materials in 4D printing and 
tissue engineering is very useful and efficient.

As mentioned, one of the main differences between 3 
and 4D printing technologies is the type of material used. 
The objects printed by 3D printing are not able to change 
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shape. Structures that are printed with 4D printing are capa-
ble of reacting to a stimulus such as heat, light, pressure, 
mechanical force, electrical power, stress, acoustics, and so 
on [42]. In addition, thermo-responsive and liquid-respon-
sive materials have more applications in 4D printing, and 
as a result, temperature and liquid stimuli are usually used 
in 4D printing technology [23]. Therefore, the adoption of 
proper stimuli depends on the applications' condition. As 
a matter of fact, the intelligent materials used in 4D print-
ing have extended properties compared to the conventional 
materials used in 3D printing. Some of the characteristics 
of smart materials are:

a) They can be transformed after being printed.
b) They can change color and transparency.
c) They can produce electrical currents.
d) They have the ability to reform, repair, strengthen and 

restructure themselves and are used to make living tis-
sues and for bio-printing.

Therefore, using smart materials is much better than 
monotonous and straight forward materials, and there is 
consequently a more comprehensive range of smart materi-
als applications. The following section presents the materials 
used in 4D printing technology to explain their structure.

4.5  Stimuli‑responsive materials

Stimuli-responsive materials are a kind of smart materials 
that can react and change under the influence of a particu-
lar stimulus. Smart materials can be classified into shape-
changing materials and shape memory materials [15, 20].

4.5.1  Shape changing materials (SCMs)

These materials can be transformed after being stimulated, 
and their basic structure determines the type of change in 
shape. When the stimulation is removed, the materials revert 
to their original position, meaning they are reversible [39].

4.5.2  Shape memory materials (SMMs)

Buehler and Wang discovered SMM in 1962 [43]. Shape 
memory materials come in different types. SMMs does not 
need any predetermined transformation as prepared, but it 
should be programmed for the material that understands 
what the object changes to after stimulation. The next step 
is known as the recovery phase, where the object will return 
to the initial state by applying a specific stimulus [5]. These 
materials have the shape memory effect (SME) property, 
which means they can “memorize” permanent shapes [20, 
44, 45].

The main difference between SCMs and SMMs is that in 
shape-changing, when the stimulus is removed, the mate-
rial returns to the original position. In the shape memory 
case, transformation occurs when the material is stimulated. 
However, the material needs programming for the second 
memory feature [20, 46]. SMMs can be classified into two 
classes: one-way shape-memory materials and two-way 
shape-memory materials [15, 20].

In one-way shape-memory materials, the primary shape 
is subsequently recovered from the temporary position; a 
new programming stage is needed to remodel the temporary 
shape in every period [23]. Conversely, the two-way shape-
memory materials do not require the reprogramming stage to 
recover their temporary shape [23]. In addition, SMMs have 
different types that can be transformed under the influence 
of external actuations for specific conditions.

The use of shape memory polymers (SMPs), shape mem-
ory hydrogels (SMHs), and shape memory alloys (SMAs) is 
common for medical engineering purposes [47]. Research-
ers prefer to use shape-memory materials rather than shape-
changing materials because shape-memory materials have 
more and better capabilities [48]. Hence, in the following 
section, different shape-memory material types are reviewed.

4.6  Shape memory alloys (SMAs)

Shape memory alloys (SMAs) are a class of stimuli-respon-
sive materials that can convert thermal energy into mechani-
cal force [45]. SMAs have much variety, but SMAs based 
on nickel-titanium (Ni–Ti) have more applications in differ-
ent industries such as electrical, mechanical, and aerospace 
[49, 50]. Also, SMAs have useful properties, such as being 
biocompatible, highly corrosion-resistant, and demonstrat-
ing a super-elasticity effect (SE). For attaining and use of 
these features, Ni–Ti is prepared in several geometries for 
customized applications [45]. Since these materials can 
react under heat stimuli, they have excellent potential for 
biomedical engineering [43]. Hence, SMAs can be used for 
medical engineering purposes, such as implantable devices, 
catheters, orthodontic wires, vascular surgery, drug delivery, 
cardiology, closure devices, surgical instruments, radiology, 
and neurology [43, 51, 52].

The SMAs for manufacturing or printing are often linked 
to the selective laser melting (SLM) technique. For exam-
ple, Habijan et al. [53] investigated the potential for carry-
ing materials to human mesenchymal stem cells (hMSCs). 
According to their study, they linked SMAs to SLM tech-
niques to build implants for facial, pelvic and cranial repairs.

However, the use of these types of smart materials is 
limited due to their low degradability rate. For instance, to 
fabricated implants (like bone scaffolds) that have an impor-
tant role in tissue regeneration, it is a very crucial issue 
that the scaffold absorbed by native tissues in the suitable 
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moment atomically by the passage of time, but in the alloys, 
because they have low biodegradability rate, the implant 
may remain in the human body for years, which can cause 
stress-shielding phenomenon or additional surgery may be 
needed to remove it. So, it seems like that more investiga-
tion is required to use shape memory alloys in 4D printing 
technology to address existing limitations and concerns.

4.7  Shape memory polymers (SMPs)

SMPs, known as actively moving polymers, are the types of 
smart materials that are capable of memorizing [54]. These 
materials have different types, but the most common are 
cross-linked polycyclooctene, polynorbornene, and epoxy-
based polymers [55, 56]. SMPs can shape change with 
environmental changes or external stimuli such as moisture, 
light, pH, and temperature. [54, 57].

In comparison with SMAs, SMPs have additional prop-
erties to SMAs, such as cost-efficiency, increased flexibil-
ity, greater chemical resistance, biodegradability, response 
to light stimuli (SMAs cannot react to light stimulus), but 
SMPs have low tensile strength and stiffness in comparison 
with SMAs [58, 59]. Nevertheless, SMPs are more applica-
ble than SMAs in biomedical engineering [43, 60].

As discussed, these smart material types can respond to 
multiple physical stimuli. These materials have also shaped 
memory effect properties and can reshape at different tem-
peratures. [61]. Thus far, these material categories have 

been used in many fields, especially in medical engineering 
such as surgical sutures, splint airways, and vascular stents. 
For example, according to an investigation, 280,000 people 
suffer from heart disease every year [62]. So, there is thus 
a widespread need to develop cardiovascular stents. Since 
today’s metal stents have some disadvantages, such as lag 
growth capacity and causing hyperplasia, it is felt that there 
is a need to produce new stents with better properties [63, 
64]. Hence, for expeditious and increased construction of 
the stent, 3D printing was used. However, one of the limita-
tions of fabrication using 3D printing is that this technology 
can only create static structures, and the objects, therefore, 
cannot reshape under the required conditions. For exam-
ple, when 3D printing builds an implantable stent, these 
implants cannot grow in tandem with the implant. However, 
4D printing of smart implants can add this growth capabil-
ity. For instance, as shown in Fig. 3, Qi Ge et al. printed a 
cardiovascular stent using 3D printing and shape memory 
polymers [65]. This stent has the potential to be much better 
than metal stents because it uses shape memory polymers. 
As a result, this stent has a shape-changing ability and can 
respond to heat stimulus, and stent morphology changes 
under the required conditions.

In the same research, Bodaghi et al. used smart materials 
to make a stent whose diameter could change under certain 
conditions and stimuli. [66]. In other words, as shown in 
Fig. 4, the stent structure has a self-expanding/shrinking 
property.

4.8  Shape memory hydrogels (SMHs)

Hydrogel is another type of shape-memory material. 
Through employing the potential of 3D printing to make 
structures out of smart hydrogels, the fabricated 4D bio-
construction or living tissue hydrogel scaffolds can have the 
ability to self-fold or self-unfold in response to stimuli. It is 
a vital issue because it helps to contribute significantly to 
the field of bio-printing 3D tissues. [24]. These smart mate-
rial types can respond to water stimulus or other liquids, so 
these materials can be used when there is contact with water 
or other fluids. In 2016, Li et al. succeeded in building a 
micro-robot [67] for targeted drug delivery using a layer of 
hydrogels and a material sensitive to pH when dealing with 
a cancerous tumor that could inject a drug into the tumor 
and cause the tumor to die [68, 69]. Smart hydrogels are 
models with high water content that possess the capacity to 
react to an external stimulus such as pressure, ionic, elec-
tric, pH, temperature, magnetic field, light [24]. They have 
unique characteristics such as memory effect, self-healing, 
and controllable sol–gel transformation. By employing the 
potential of AM approaches to manufacture constructions 
created of smart hydrogels, the fabricated 4D printing con-
structions or bio-origami hydrogel scaffolds can have the 

Fig. 3  Schematic of a cardiovascular stent fabricated by 4D printing 
technology permission needed. Reproduced from ref [65]. with per-
mission from Nature
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ability to self-fold or self-unfold in response to an external 
stimulus [24]. This will help to contribute significantly to the 
area of bio-printing of functional 3D tissues [24].

5  Structure and shape‑shifting behavior

Smart materials are divided into various types of applica-
tions; each of these materials has a unique characteristic, 
such as changing their shape, known as shape-shifting [19]. 
Also, the transformation from the original states to a tempo-
rary states can be called shape switching and include fold-
ing, bending, swelling, twisting, surface curling, and the 
mixed deformation of bending and twisting [15, 23].

5.1  Self‑assembly property

This phenomenon is well known as the main property of 
smart materials, and many researchers have paid attention 
to this feature [36]. Materials that have this property can 
be combined or integrated automatically. This feature was 
not seen in the products that were printed using 3D printing 
technology [37]. Firstly, Tibbits expressed this property and 
explained how this feature of smart materials could play a 
significant role in 4D printing technology. He stated that the 
automatic incorporation of small structures under the influ-
ence of external energy could create larger structures [14, 
70]. However, using a self-assembly property may not be 
applicable in all cases, so it must use this attribute according 

to the goals set [71]. Self-assembly can be used for trans-
forming the state of objects from one-dimensional to two-
dimensional or from two-dimensional to three-dimensional 
[72]. Tibbits, using memory materials and implementing 
three methods: user input, environmental input, and material 
input, demonstrated the self-assembly property [14].

Shapeshifting happens in materials that are highly 
dependent on the type of materials and stimuli. Hence, the 
following section describes the different types of smart 
material used in 4D printing technology that can potentially 
have applications in the medical engineering field.

6  Application of intelligent materials 
in medical engineering

Another limitation of manufacturing with 3D printing tech-
nology is that the manufactured objects cannot change their 
shape to suit specific conditions. As mentioned above, when 
an implantable stent is built using 3D printing technology, 
these implants cannot grow in tandem with the implant. 
However, using 4D printing and fabrication of smart 
implants, this growth capability can be added, as their struc-
ture is dynamic, unlike the structure of 3D printing, which 
is static. Since smart materials and stimuli play an essential 
role in the objects manufactured by 4D printing technology, 
some of these applications are presented in Table 3.

Since smart materials have significant applications in 
4D printing, various 4D printing applications are restricted 

Fig. 4  Illustration of the 
4D-printed thermo-responsive 
stent; a description of the stent 
design. b its arrangement at the 
time with the most extension 
(self-expanding), c contract 
occurs at the end (self-shrink-
ing). Reproduced from ref. 
[66] with permission from IOP 
science
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because of unacceptable material characteristics, and the 
advancement of stimuli-responsive materials should be 
developed in correspondence with the progress of printer 
devices [15]. Thus far, the extension of advanced soft active 
materials with beneficial characteristics that are also agree-
able with printers is important in developing the application 
of additive manufacturing technology [15].

7  4D printing technology

As discussed, 4D printing technology has many similarities 
with 3D printing because there is no significant difference 
between 4 and 3D printing devices. Both 3D and 4D print-
ing are based on additive manufacturing technology, which 
creates objects layer by layer with a broad range of materials. 
4D printing is advancement version of 3D printing tech-
nology that used stimuli-responsive materials to fabricate 
complicated and flexible objects with high resolution. In 
comparison with 3D printing, 4D printing sets up time as a 
further dimension to the fabricated object [73]. 4D printing 
employs stimuli-responsive materials with the same printing 
methods as being used in additive manufacturing technol-
ogy. In other words, 4D printing technology uses 3D printer 
devices which are specially adjusted to use stimuli-respon-
sive materials during layer-by-layer process, to fulfill differ-
ent ongoing necessities of diverse areas [74]. However, here 
the manufactured parts with smart materials could change 
their, geometrical shape, and function. According to report 
Javaid and his colleague [75], 4D printing technology has 
critical useful advantages such:

• Ability to time and spatial control during printing pro-
cesses.

• 4D printing could manufacture flexible parts with the 
dynamic structure that these parts have interesting fea-
tures such self-fold/unfold, self-twisting, self-swelling, 
and self-assemble.

• Ability to use programmable smart materials to manu-
facture patient-specific products.

• Enhanced the performance of the manufactured products 
with 4D printing technology.

• This is the cost-effective manufacturing technology.

According to a report by Tamay et al., five essential fac-
tors can affect 4D printing technology. These are (a) AM 
or 3D printing processes, (b) type of responsive-materials, 
(c) kind of stimulus, (d) interaction mechanism linking the 
stimulus and the material, and (e) mathematical modeling 
of the material transformation. [76]. As the different AM 
methods are fundamental in 4D printing technology, a brief 
explanation of two of these processes that have more appli-
cations in medical engineering is described in the following.

7.1  Vat photo‑polymerization process

Vat photopolymerization is an AM method in which resin 
material in a vat is moved to a rigid part employing UV 
light (curing mechanism). The vat-polymerization has two 
subsets, and the difference between them is in their light 
source: SLA or DLP [77].

7.2  SLA and DLP

Stereolithography (SLA) and Digital Light Processing 
(DLP) are two 3D printing techniques. If the process cures 
liquid sensitive material into the layer, this process is known 
as photo-polymerization [78]. If a laser beam is used in the 
construction process, it is known as SLA, and if other types 

Table 3  Some applications of smart materials and stimuli in medical engineering

Stimuli Shape memory materials (SMMs) Relevant examples Refs.

Light Shape memory polymer and Black carbon Young et al. used FDM technique and black carbon to print a sam-
ple of a flower that can respond to heat absorbed by light

[131]

Liquid/Water Hydrogels Using bio-printing and hydrogels, printed capsule at swollen state 
for drug delivery

[25]

pH Synthetic and Natural Polymers
(Such as gelatin, keratin and collagen), hydrogels

(a) Targeted drug delivery purposes: for instance, researchers 
Printed pH-responsive tablets to release the appropriate dose in a 
targeted moment. (b) Tissue engineering

[132]

Temperature and
Magnetic

Poly (N isopropylacrylamide-co-
acrylic acid)

Soft robotic and surgical application [133]

Electric impulse Metal-liquid composites (gallium indium alloy-
liquid crystal elastomer)

Prepare novel composite ink for 4D Printing in soft robotics/actua-
tors

[134]

Magnetic Fe3O4-MBG-PCL composites Tissue engineering (scaffold for bone regeneration) and drug deliv-
ery (anticancer drug loaded system)

[135]

Magnetic PLA/Fe3O4 composites Bone tissue engineering [136]
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of the light ray are used, it is known as DLP. Another differ-
ence lies in completing the construction process: in DLP, the 
beam radiation makes a complete cut of the layer, whereas, 
in SLA, intermittent layers are made. The advantage of DLP 
over SLA is a reduction in materials used, and thus, lower 
costs and less waste.

Since the SLA technique fabricated the rigid parts, the 
materials used for this method should have low viscosity 
[79]. In general, the SLA material is divided into three main 
categories: several resins (such as clear resin, dental resin, 
castable resin), polymers, and ceramic and metal composites 
[2]. Polymers have good employment potential in tissue and 
biomedical engineering because of their useful properties 
such as biodegradability and biocompatibility. For instance, 
Choi et al. were able to construct micro-scaffolds by combin-
ing a polymer material and the SLA technique [80]. Another 
case of the application of the SLA technique is related to 
bio-printing/bio-fabrication. Soham et al., by applying the 
SLA technique, succeeded in developing a tube with the 
contents of living cells encapsulated [81].

7.2.1  Advantages and Weaknesses of SLA

• There are several materials accessible for the SLA 
method, such as polymers and ceramics.

• Great quality and high-resolution printing.
• Fast printing speed.
• Requires support structure.
• Post-processing is required to remove support.

7.3  Material extrusion processes 

In this method, materials are pushed through the nozzle, then 
poured on to the printer bed to build objects by means of a 
layer-by-layer process. The FDM is one of the 3D printing 
techniques that works according to the material extrusion 
[82].

7.3.1  FDM

The general steps of printing using the FDM technique are 
very similar to the printing stages in SLA. The difference 
in this technique is that the material is deposited from the 
nozzle to print the object. When each layer is placed in con-
tact with the bottom layer, it cools and hardens. Generally, 
polymers and composite materials are usable in the FDM 
technique.

Thermoplastic polymers, which are used for FDM, should 
become a filament series, and then, they are prepared for 3D 
printing. Different types of material based on the polymers 
can be used in FDM, such as polystyrenes (PS), polyamide 
(PA), polycaprolactone (PCL), polyvinyl butyral (PVB) and 
polycarbonate (PC), but the use of polylactic acid (PLA) and 

acrylonitrile butadiene styrene (ABS) is more common [2, 
83]. Recently, Bakarich et al. succeeded in introducing a new 
approach to bio-fabrication in the field of tissue engineer-
ing by using an FDM extrusion process and multi-materials. 
They were able to make a sample of an artificial tendon 
using hydrogel composites and the FDM technique that was 
very similar to the real human tendon [84]. Another example 
of the utilization of this technique is related to the innovation 
demonstrated by Jingchun Wang [85]. They succeeded in 
building a flower with multi-smart materials (a combination 
of PLA and T-PIGs) and the FDM technique, which has the 
ability to change shape and color simultaneously.

7.3.2  Advantages and Weaknesses of FDM

• An extended domain of polymeric materials is accessible.
• FDM is a cost-efficient approach.
• The support is not necessary in all cases (sometimes sup-

port is required only for unusual objects).
• The printing of structures with this method exhibits a low 

resolution.
• Fabrication using this technique exhibits low resolutions.
• The 3D printing speed is relatively lower than with other 

techniques.

8  Medical engineering applications

Although 3D printing technology has many applications 
in various fields, such as medical engineering, a desire to 
overcome its limitations has motivated researchers to use 
4D printing technology. In addition, numerous novel and 
interesting ideas have been employed in 4D printing technol-
ogy. Several unique approaches are appearing to increase its 
medical engineering applications or improve the administra-
tion of printing precision. In fact, the current 4D printing 
has worked out certain limitations and difficulties in recent 
trials, such as vascular stents, gastric drug delivery system, 
and muscle actuators [86].

In this section, firstly, the latest applications and innova-
tions of 4D printing and bio-printing in the medical engi-
neering field are presented. At the end of the section, Table 4 
shows some recent applications and innovations of this tech-
nology that have been used so far in biomedical engineering.

8.1  Smart implants

Today, implants have excellent applications and are used 
in various fields, such as dentistry and certain types of sur-
gery. Nevertheless, production of implantable devices by 3D 
printing technology or other traditional methods has certain 
limitations. One of the most important problems in making 
implants with traditional methods is that these implants are 
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not capable of growth or reshape under required conditions. 
By introducing smart materials and mixing these materi-
als with techniques that were available in AM technology, 
researchers succeeded in making intelligent implants. These 
devices can change shape and morphology under the nec-
essary conditions. One of the most recent work using 4D 

printing technology was carried out by Morrison et al. [87]. 
They used the PCL/ Hydroxyapatite composite and selective 
laser-sintering (SLS) technique to create an implant for a 
child with severe tracheobronchomalacia disease. Via using 
imaging methods and a CT scan, they modelled the CAD 
and then printed the splint by means of the SLS technique. 

Fig. 5  Illustration of splint 
Construction and function: a 
Schematic of Stereo-lithography 
(STL) representation (top) and 
virtual rendering (bottom) of 
the tracheobronchial splint. b 
Function of work the tra-
cheobronchial splint in treating 
tracheobronchial collapse in 
TBM. c Digital model by using 
CT scan. d Design parameters 
were input into MATLAB to 
generate an output as a series of 
2D. e Virtual modeling of splint 
for three Childs. (f) Ultimate 
3D-printed PCL tracheobron-
chial splint used to treat the 
left bronchus of a patient. 
Reproduced from ref. [87] with 
permission from Science
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The splint made using this technology had the ability to 
grow and transform, as shown in Fig. 5.

Zarek et  al. [88] carried out another work using 4D 
printing technology in the medical engineering field. They 
were able to build a tracheal stent that had the ability to 
recover the permanent shape from a temporary shape under 
the required conditions. As shown in Fig. 6, by using the 
MRI imaging method and SMPs, Zarek et al. fabricated the 

tracheal stent using the SLA 3D printing approach. It was 
more flexible than the previous stent. The use of shape-mem-
ory materials in making these stents gives the ability to have 
a primary and temporary form. The steps of transformation 
in the stent are shown in Fig. 7.

Another application of 4D printing in medical engineer-
ing is related to piezoelectric composite materials. The 
piezoelectric effect is defined as a linear electromechanical 

Fig. 6  Illustration of the process 
of producing a stent. a Imaging 
stage by MRI. b Prepare digital 
model (CAD). c Final stent 
structure in the original state. 
Reproduced from ref [88]. with 
permission from John Wiley 
and Sons

Fig. 7  Illustration the shape-
changing behavior by thought 
time in airway stent. a The 
dorsal look of the stent shift. b 
At end view of the stent shape 
shifting. Reproduced from ref 
[88]. with permission from John 
Wiley and Sons
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reaction between two electrical and mechanical modes in 
insulating materials that do not have central symmetry. Pie-
zoelectric materials are those that possess certain levels of 
charge if pressure or stress is applied to them. Materials with 
piezoelectric properties are advantageous for 4D printing 
and medical applications, particularly in medical domains 
such as implant technology [89]. This smart implant can pro-
vide information at any moment such as the force entering 
itself, the temperature at that moment, and also the residual 
life [89]. Barium titanate (BTO) piezoelectric materials were 
4D printed due to biocompatibility and safety for the implant 
processes [89]. Figure 8 shows fabrication process of 4D 
printed ferroelectric composite sensor [89].

As mentioned, the main limitation of 3D printing technol-
ogy in the field of orthopedics is the inability to grow and 
shape-changing the implants in accordance with appropri-
ate conditions and age of people. Therefore, to address this 
major limitation, researchers focused on the development 
and advancement of smart materials to overcome this prob-
lem. Investigators and scientists are constantly concentrating 
on the potential applications of 4D printing technology. 4D 
printed orthopedics implants can grow as in human bod-
ies are exposed. The shape-changing is the crucial issue 
to present this technology in the orthopedic areas. These 
orthopedic implants rapidly react to physical stimulus and 
also can change their shape and morphological position in 
accordance with required conditions [75]. These features 
of 4D printing allow a new perspective of the applications 
of implants in orthopedics fields. Additionally, researchers 
hope that with the advancement of imaging methods such 

as 4D CT scan and 4D MRI, they will be able to manufac-
ture intelligent orthopedic implants in the future that have a 
similar function to natural tissues [22].

8.2  Bio‑printing

Bio-printing means constructing living structures, such as 
tissues, organs or cells by means of 3D/4D printing [90]. In 
other words, according to the definition provided by Chua 
et al., bio-printing means “the use of material transfer pro-
cesses for patterning and assembling biologically relevant 
materials–molecules, cells, tissues, and biodegradable bio-
materials–with a prescribed organization to accomplish one 
or more biological functions” [91]. This technology has been 
used for tissue engineering [92, 93], tissue regeneration 
[94], neural engineering [95], cell production [33, 96], bio-
fabrication [96], and pharmacy [5]. Nowadays, through the 
use of bio-printing technology, researchers have been able 
to construct and commercialize unaffected tissues, such as 
skin, but in terms of printing complex tissues, more research 
is needed [97].

Bio-printing technology has three necessary steps. Firstly, 
choosing materials, analysis, and data collection from the 
tissues and organs. In the next step, the data collected will 
be converted into an understandable electrical signal for the 
device, and in the last step, the tissue or organ is printed by 
the machine [98, 99]. A bio-ink is necessary for bio-printing 
purposes. These bio-inks determine the structural features 
of printed tissues or organs. Bio-inks have been made from 
biomaterials such as fibrin, collagen, gelatin, silk, alginate, 

Fig. 8  Fabrication process of 
4D printing ferroelectric com-
posite sensor. Reproduced from 
ref [89]. with permission from 
John Wiley and Sons
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cellulose, chitin, matrigel, and hyaluronic acid [100, 101]. It 
can also be used as a single, multiple, or a mixture with dif-
ferent materials [42]. The printer’s bio-ink must have phys-
icochemical characteristics such as chemical, mechanical, 
biological, and rheological [97]. Moreover, stem cells like 
human bone marrow stem cells, and embryonic stem cells 
(ESCs) can be used as bio-ink [102, 103]. Stem cells can be 
used to print vital organs as well as to regenerate damaged 
tissue such as skin wounds, as these cells have self-repair 
properties [104, 105]. Also, to fabricate electro-active tis-
sues or organs, such as skeletal muscles, cardiac and neural 
tissues, biomaterials and nanomaterials are combined [106]. 
Zhu et al. combined G-GNR/GelMA pre-polymer and algi-
nate pre-polymer to print a living construct [107].

Various methods can be used in bioprinting, such as 
extrusion printing, stereo-lithography, inkjet printing, laser-
assisted, and DLP-based printing dynamic optical projec-
tion stereolithography (DOPsL), but use of the extrusion 
technique is more common [97, 108–110]. DLP and injec-
tion techniques are usually used to reconstruct complex and 
multicellular tissues [111, 112]. Among these methods, 
extrusion printing is mostly used because of its features 
such as being compatible with ink, high-throughput and 
cost efficiency [113]. Despite the advantages of extrusion 
printing, it has disadvantages as follows: the nozzle must 

always be adjusted carefully and it may also be flawed due 
to the interruption of the ink in the printing process [114]. 
The differences in the methods are shown in Fig. 9 [49]. In 
the relevant work, Koch et al. fabricated 3D complex skin 
tissues using 3D bio-printing technology. They used 20 lay-
ers of fibroblasts (murine NIH-3 T3) and 20 layers of keratin 
(human HaCaT) that were set in collagen to build a sample 
of the skin by using the laser-assisted technique [108]. Skins 
made with 3D printer technologies have some drawbacks:

1) They cannot repair vessel networks.
2) They cannot transport nutrients and oxygen well.
3) They cannot dispose of waste [98].

It is expected that in the future development of 4D print-
ing technology and smart materials, these limitations will 
be eliminated.

8.3  4D bio‑printing

Although 3D bio-printing has advantages and applications, 
one significant limitation of this approach is that it considers 
only the original state of the printed structure and assumes it 
to be lifeless [96]. For example, living tissues have dynamic 
structures, so they can repair or regenerate themselves when 

Fig. 9  Summary of differences 
between bio-printing methods 
presented in this review
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they are damaged, but 3D bio-printing is not able to fabricate 
dynamic structures. According to Fig. 10, 4D bio-printing 
has been developed as a great approach where the fourth 
dimension, “time”, is combined with the 3D bio-printing 
techniques. The printed bio-architects have the ability to 
reshape or change their functionalities when affected by 
stimuli [86].

Based on Fig. 11, in comparison with 3D bio-printing, 
4D bio-printing uses smart biomaterials and cell traction 
forces that allow this approach to create lively and dynamic 
structures [33]. In addition, comparing 4D bio-printing with 
other cell deposition approaches, the structures made with 
this technology have a higher resolution. Using the potential 

and techniques of 3D printers with smart materials allows us 
to create organs similar to the native tissues [96]. Although 
4D bio-printing is similar to 3D bio-printing, the main 
difference is that when undergoing a unique stimulus, the 
structures printed by 4D bio-printing can exhibit physical/
chemical changes in their morphology. Therefore, the use 
of this feature gives 4D printing good potential for use in 
tissue engineering, organ transplantation, bio-robotics, and 
biosensors [33]. The principal benefits of 4D bio-printing 
are the capability to mass-produce tissue-engineering out-
puts, high-resolution printing such as different types of cell 
and the capacity to make excellent cell density tissues [91].

8.3.1  Drug delivery and bio‑adhesion

Another application of 4D bio-printing is related to phar-
maceutical, bio-adhesion, and drug delivery systems where 
drugs or cells are encapsulated and then released under the 
influence of a particular stimulus.

To produce a proper drug delivery device with 4D print-
ing technology features, researchers must consider a number 
of factors and areas such as materials, chemical engineering, 
biomedical engineering, pharmacy, and pathophysiology. 
According to a report by Lu et al. [86], three main models 
can be used in bio-printing for drug delivery purposes: pro-
gressive, self-regulated and directly activated.

Mirani et al. [115] presented an example of innovation 
in the bio-adhesion field. They introduced a multifunctional 
hydrogel-based smart dressing for diagnostics and treat-
ment of the wound. It consists of two fundamental parts: 
pH-responsive sensors and drug-releasing scaffolds [115]. 
The general mechanism of this system is that the amount 
of infection is measured by sensors, and then, the drug is 
passed through the scaffolding and injected into the wound. 
As displayed in Fig. 12(a), the sensors of the intelligent 

Fig. 10  Illustration of 4D bio-printing technology. Reproduced from ref. [86] with permission from John Wiley and Sons

Fig. 11  Schematic of differences between 3 and 4D bio-printing tech-
nology, A 3D bio- architect, and B 4D smart bio-architect. Repro-
duced from ref [33]. with permission from John Wiley and Sons
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bandage system are fabricated by 3D bio-printing techniques 
and smart materials. Figure 12(b) shows the overall function 
of this drug delivery system. The advantage of this smart 
system over traditional dressings is the ability to diagnose 
and treat simultaneously [115].

Thermal and liquid responsive polymers have excel-
lent potential for encapsulation purposes because of their 

self-folding and self-swelling features; for instance, Azam 
et al. [116] were able to build a polymeric capsule that 
contained cells, and as the temperature of the capsule rose 
inside the body, the capsule was able to release the cells 
inside the body due to the self-folding feature of SMPs. A 
novel approach for bio-printing was introduced by Stoychev 
et al. [117]. They used multiple stimuli-responsive materials 

Fig. 12  Schematic of advanced Multifunctional Hydrogel-Based 
Dressing; A-(i) Bio-printing system to fabrications smart sensors, A-
(ii) type of biomaterials which been used to sensors printing, A-(iii) 
Illustration the final sensors. B Description of GelDerm diagnostics 

and treatment system, with pH-sensitive sensors and drug-releasing 
scaffolds ingredients. Reproduced from ref [115]. with permission 
from John Wiley and Sons

Fig. 13  Display 4D bio-fabrica-
tion cell-laden tube in different 
liquids phases, i Tube response 
to water, ii tube response to 
 CaCl2, iii Tube responds to 
the acid. Reproduced from ref 
[118]. with permission from 
John Wiley and Sons
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(PNIPAAm and PCL) to create an intelligent bio-scaffold 
that could release drugs or cells with changes in temperature.

As mentioned above, liquid responsive materials offer 
various benefits for cell encapsulation and drug delivery 
systems. For instance, Kirilova et al. [118] they have devel-
oped 4D bio-fabrication cell-laden based shape morphing 
hydrogels capable of self-folding and responding to several 
liquids (Fig. 13). Nevertheless, they are subject to concerns 
about delayed response time, weaker mechanical properties 
after expansion, and possible degradation/hydrolysis after 
numerous swelling circles. These concerns need to be con-
sidered, principally, when assessing the material’s intended 
life span [26, 119].

8.3.2  4D bio‑printing for tissue engineering purposes

Accidents are typical during human life and may be due to 
the fracture and damage of soft or hard tissues such as liga-
ment rupture or bone defects. On the other hand, diseases 
such as cancer and diabetes can lead to dysfunction of other 
organs in the body or even lead to amputation. With the 
advancement of 4D bioprinting technology, many interesting 
novelties bring us the possibility of resolving the problems 
that exist with 3D bio-printing. In other words, this innova-
tive technology enables researchers to build dynamic tissues 
with the ability to self-repair or self-regenerate. In relevant 
example, as shown in Fig. 14, Bakarich et al. [28] developed 
a 4D bio-printing smart valve that can control the flow rate 
of water under the influence of a temperature stimulus.

In relevant work to neural tissue engineering, Miao and 
colleagues are introduced a 4D programmable culture sub-
strate self-morphing with capability to address improving 
dynamic cell growth and induce differentiation of stem cells 
[120]. They are printed 4D Self-Morphing Culture Substrate 
for culture and differentiation of neural stem cells (NSCs) 
via three various 3D printing methods (FDM, extrusion, 
SLA). As shown in Fig. 15, at the beginning, a sacrificial 
micropatterned poly (vinyl alcohol) (PVA) cylindrical 

pattern was manufactured through an FDM 3D printer, 
which was utilized to make Polydimethylsiloxane (PDMS) 
[120]. The printer's ink, including bisphenol A diglycidyl 
ether (BDE), poly(propylene glycol) bis(2-aminopropyl 
ether) (PBE), and decyl amine (DA), was then extruded 
into the PDMS mold to obtain an aligned micro-structured 
4D substrate. In the following, microwells were printed via 
the SLA method. They reported the 4D culture substrate 
demonstrates a time-based self-morphing process that plays 
a critical role in controlling NSC behaviors in a spatiotem-
poral manner and improves neural differentiation of NSCs 
along with important axonal alignment.

The importance mismatch of mechanical properties 
between the native tissue and the implanted medical tools 
such as occluders is tending to cause wear and even perfora-
tion [121]. On the other hand, the restricted biocompatibility 
and non-degradability of Nitinol-based occlusion devices 
can readily guide to crucial complications, such as allergy 
and corrosion.

In relevant work to cardiac tissue engineering, recently 
scientists have succeeded in fabricating occluders devices 
for the left atrial appendage through 4D printing [121]. As 
shown in Fig. 16, Lin and colleagues 4D printed absorb-
able left atrial appendage occluders whose capabilities to 
activate and shape-changing under influence of heat and 
magnetic field stimulus. In this study, researchers prepared 
a multi-stimulus composite with blending PLA and  Fe3O4 
and printed single and double layer occluders devices for 
atrial left appendage via an FDM 3D printer.

These parts have the capability to remote-control 4D 
transformation due to the presence of magnetic nanoparticles 
in occluders structure. Due to its bioinspired design, suitable 
mechanical properties, good biocompatibility, and biodegra-
dability, it seems to be used as a substitute for nitinol-based 
occluders.

The 4D bio-printing dynamic tissue scaffolds would be 
one of the most attractive medical applications in this tech-
nology. Nevertheless, the influence of reshaping or changing 

Fig. 14  Description hydrogel-based Smart valve. A The processes of bio-printing valve. B The 4D printed smart valve swollen in water at 20°. C 
The 4D printing valve self-swollen in water at 60 °C. Reproduced from ref. [28] with permission from John Wiley and Sons
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cell function requires more research to obtain a controllable 
fashion for inducting bio-tissue development [42]. In another 
research that was been done in this area, Li et al. [122] built 
a scaffold that has the capability of cell growth on its sur-
face. They could fabricate scaffold using polymer/hydrogel 
composites and bioprinting, which has suitable mechanical 
properties in the tissue engineering field, such as printing 
the artificial bile duct.

In another study, Alagoz et al. conducted a study via bio-
printing in the field of the additive manufacturing process 
[123], This shows how coating a layer on tissue engineering 
can improve the bone texture's mechanical properties.

8.4  Major contributions of the study

With the advancement of 4D printing technology, new 
opportunities have been emerging to produce biocompatible 
parts that perform a better function in patients' bodies. This 
interesting technology allows researchers to manufacture 

smart and patient-specific products through stimuli-respon-
sive materials. The significant point in this regard is to have 
sufficient knowledge about intelligent biomaterials and their 
stimulus because the most important and effective parameter 
for desirable application in the medical field is the identifica-
tion of smart materials. In addition to this important factor, 
other influential aspects such as fabrication techniques and 
design methods are of great importance in 4D printing. Drug 
delivery systems, smart orthopedic implants, and wound 
healing sensors produced by this technology have attracted a 
lot of attention because these smart products are able to pro-
vide purposeful and appropriate performance in requirement 
conditions. The main contributions of this paper are to dis-
cuss the latest advances in 4D printing in the medical engi-
neering field, along with the limitations and future outlook 
of this technology, in order to provide a deeper perspective 
for researchers to better understand current achievements 
and find solutions to facilitate existing challenges. Briefly 
the main contributions of this paper are below:

Fig. 15  Illustration of manufacturing process and characterization of 
4D printed substrates for neural tissue engineering with shape mem-
ory polymer (SMP). a Illustration manufacture processes of micro-
well arrays to create 4D printed cell culture substrate. b Schematic 
illustration of the time-dependent 4D transformation of substrate 
within 7 days cell culture. c Optical images and 3D surface plots of 

the 4D substrates, displaying their shape-changing from microwell 
arrays to grid pattern during 7 days (scale bar: 800 μm). d Schematic 
illustration of microscopic images shows time-dependent differentials 
behavior of NSCs after 14 days from cell culture (scale bar: 200 μm). 
Reproduced from ref. [120] with permission from John Wiley and 
Sons
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• 4D printing technology manufacture smart parts with 
stimuli-responsive materials.

• 4D printed products can be a respond to a variety of 
stimuli and can exhibit shape-changing behavior.

• 4D printing is able to fabricate bio-architectures with 
dynamic structure, while this was not possible in 3D 
printing.

• This technology has been promising applications in 
various fields of biomedical such as tissue engineering, 
orthopedic implants, and drug delivery systems.

• Despite all the benefits of 4D printing, there are some 
drawbacks and limitations; however, if these challenges 
are addressed in the future, it is expected that this tech-

Fig. 16  Schematic of 4D 
printed bioinspired absorbable 
left atrial appendage occlud-
ers. a Shape-changing behavior 
under the influence of heat 
stimuli in single and double 
layer of occluders. b Shape-
changing behavior under the 
influence of magnetic stimuli. 
c Schematic of feasibility and 
4D transformation of implanted 
transcatheter in to swine heart 
tissue over time. Reproduced 
from ref. [121] with permission 
from ACS Applied Materials & 
Interfaces
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nology will have a promising prospect in the medical 
engineering field.

9  Limitations and future outlook

As explained in this paper, there has been a fast and promis-
ing growth in the 4D printing concept, particularly for medi-
cal engineering applications, that has tempted considerable 
interests in the last decade. However, this quick development 
can only be regarded as the early start of what 4D printing 
technologies are expected to present. Investigators in the 
biomedical area are facing certain challenges toward the 
presumption of 4D printing in the fabrication of dynamic 
engineered structures such as soft actuators, targeted drug-
loaded systems, and customized-smart implants. Currently, 
three major challenges zones can be categorized as techno-
logical-based challenges, materials-based challenges, and 
design-based challenges.

The major limitation regarding technological challenges 
is related to printing methods. Currently, 3D printing tech-
niques that are also used in 4D printing are limited. For 
example, although extrusion-based 4D printing is cost-effec-
tive and allows researchers to use multiple-materials, but on 
other hand, it offers a lower printing resolution compared to 
the laser-assisted printing technique, However, it is worth 
noting that the use of the laser-assisted method is expensive 
and only allows researchers to use single-material as printer 
ink [124]. Therefore, it seems that in order to achieve the 
aims of 4D printing and the manufacturing of smart prod-
ucts, 3D printing techniques must be optimized based on the 
use in 4D printing technology.

Regarding design-based challenges, one of the significant 
restrictions is the lack of special software for 4D printing. 
Up to date, most of the available software such as design and 
slicing software have been prepared for use in previous fabri-
cations methods like 3D printing and so far, and no powerful 
software has been introduced to meet the requirements of 4D 
printing technology. For example, most existing slicing soft-
ware, such as Cura and Simplify3D, are developed to work 
with FDM 3D printers along with filament-based materials 
that do not meet the essential requirements of 4D bioprint-
ing. Therefore, it is recommended to introduce and develop 
powerful software for future works with the aim of more sig-
nificant efficiency in 4D printing technology. In addition, the 
inability to control the timing and rate of response to stimuli 
in the biological parts that are implanted in the human body 
is among the design-based limitations. To this end, internet 
of things (IoT) and artificial intelligence (AI) systems can be 
used to solve these issues in future research [125].

The third issue of concern in this emerging technology 
that researchers are facing is material-based challenges. 
Most of the materials used in 3D printing technology cannot 

be used in 4D printing due to non-response to stimuli. In 
other words, conventional materials cannot change shape 
and form under the influence of external stimuli. There-
fore, we face limitations in selecting materials for use in 
the biological field, especially tissue engineering and tis-
sue regeneration. In other words, the number of intelligent 
materials that can be used in 4D printing is limited and they 
usually react only to a specific stimulus. The complicated 
physiological conditions of the human body are stabilized by 
various regulatory procedures [126]. Thus, stimuli-respon-
sive materials triggered by several physiological signals are 
desirable in the medical area. To this end, it is suggested 
that new smart materials be introduced in the future that has 
the ability to respond to multiple stimuli. In addition, the 
discovery or introduce of smart materials that are capable 
of dual responses such as reshaping and color change, or 
resizing and changing functions simultaneously could give 
researchers more opportunities and capabilities to produce 
biological constructions and drug delivery systems.

Notwithstanding, the emergence of 4D printing technol-
ogy, the progress in this technology has already demon-
strated its effectiveness in medical engineering. Regarding 
the rapid and continued development, 4D printing is pre-
dicted to gain its top prospect soon, with the development 
of inexpensive, high-accuracy printer devices, and most 
significantly, with the finding of novel smart bio-materials.

10  Conclusions

4D printing technology has grown extensively in the last 
decade. Since its beginning and has extended its impact in 
various industrialized areas. 4D printing commonly utilizes 
additive manufacturing techniques with stimuli-responsive 
materials to induce a shape-changing mechanism with the 
passage of time. It supplies more excellent flexibility and 
adaption as one printed object can potentially serve con-
siderable operations. In other words, 4D printing is the new 
generation of 3D printing. Stimuli-responsive materials used 
in this technology are of great importance as smart materi-
als, and 3D printing technology allows printed structures to 
be dynamic. This characteristic shows that 4D printing has 
excellent potential in the future. To date, it has been used 
successfully in fields such as tissue engineering and organ 
transplants, which require dynamic constructions. Also, 4D 
printing can be developed using imaging methods such as 
CT scans and MRI to fabricate customized implants, spe-
cific prosthetics, and anatomic models. Even though many 
advancements have been made, 4D printing is nevertheless 
at an initial stage. Therefore, more research is required on 
4D printing technology parameters, including stimulus-
responsive materials, imaging methods, additive manufac-
turing approaches, and stimulus. Also, the material restricts 
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the advancement of 4D printing. The materials used for 4D 
printing should be sensitive; however, not all materials are 
stimulus-responsive materials, and not all stimulus-respon-
sive materials can be used for printing devices. Further-
more, most of the materials are only responsive to a unique 
stimulus. Therefore, exploring new responsive materials and 
making the current responsive materials printable is a fur-
ther path of advancement for this technology. Notwithstand-
ing the challenges, the prospect of 4D printing technology 
remains promising. The ensuing spotlight could observe 
the advancement of larger-scale printers connecting AM 
methods and robotics to print the multi-stimuli-responsive-
materials and further progress on the nanoscale in targeting 
medical drug delivery deployment within the body.

Declarations 

Conflict of interest The authors declare that they no conflict of inter-
est.

Ethical approval The authors alone are responsible for the content and 
writing of the paper.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visithttp:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Nagarajan N, Dupret-Bories A, Karabulut E, Zorlutuna P, Vrana 
NE (2018) Enabling personalized implant and controllable 
biosystem development through 3D printing. Biotechnol Adv 
36(2):521–533

 2. González-Henríquez CM, Sarabia-Vallejos MA, Rodriguez-
Hernandez J (2019) Polymers for additive manufacturing and 
4D-printing: Materials, methodologies, and biomedical applica-
tions. Prog Polym Sci 94:57–116

 3. Gibson I, Rosen D, Stucker B (2015) Development of additive 
manufacturing technology. In: Additive manufacturing technolo-
gies. pp. 19–42. Springer, Berlin

 4. Hull CW (2000) Apparatus for production of three dimensional 
objects by stereolithography. In. Google Patents

 5. Jamróz W, Szafraniec J, Kurek M, Jachowicz R (2018) 3D print-
ing in pharmaceutical and medical applications–recent achieve-
ments and challenges. Pharm Res 35(9):176

 6. Ngo TD, Kashani A, Imbalzano G, Nguyen KT, Hui D (2018) 
Additive manufacturing (3D printing): a review of materi-
als, methods, applications and challenges. Compos B Eng 
143:172–196

 7. Wang X, Jiang M, Zhou Z, Gou J, Hui D (2017) 3D printing of 
polymer matrix composites: a review and prospective. Compos 
B Eng 110:442–458

 8. Dodziuk H (2016) Applications of 3D printing in healthcare. 
Kardiochirurgia i torakochirurgia polska= Polish J Cardio-Thor 
Surg 13(3):283

 9. Raina A, Haq MIU, Javaid M, Rab S, Haleem A (2021) 4D print-
ing for automotive industry applications. J Institut Eng India: 
Series D. 102(2):521–529

 10. Ventola CL (2014) Medical applications for 3D printing: current 
and projected uses. Pharm Therapeut 39(10):704

 11. Haleem A, Javaid M (2019) Polyether ether ketone (PEEK) 
and its manufacturing of customised 3D printed dentistry parts 
using additive manufacturing. Clin Epidemiol Global Health 
7(4):654–660

 12. Haleem A, Javaid M (2019) 4D printing applications in dentistry. 
Curr Med Res Pract 9:41–42

 13. Campbell TA, Tibbits S, Garrett B (2014) The next wave: 4D 
printing. Atlantic

 14. Tibbits S (2012) Design to self-assembly. Archit Des 82(2):68–73
 15. Momeni F, Liu X, Ni J (2017) A review of 4D printing. Mater 

Des 122:42–79
 16. Alenghat FJ, Ingber DE (2002) Mechanotransduction: all signals 

point to cytoskeleton, matrix, and integrins. Sci Signal. https:// 
doi. org/ 10. 1126/ stke. 2002. 119. pe6

 17. Burger EH, Klein-Nulend J, Van Der Plas A, Nijweide PJ (1995) 
Function of osteocytes in bone their role in mechanotransduction. 
J Nutrit. https:// doi. org/ 10. 1093/ jn/ 125. suppl_7. 2020S

 18. Choi J, Kwon O-C, Jo W, Lee HJ, Moon M-W (2015) 4D printing 
technology: a review. 3D Print Addit Manufact 2(4):159–167

 19. Wang N, Butler JP, Ingber DE (1993) Mechanotransduction 
across the cell surface and through the cytoskeleton. Science 
260(5111):1124–1127

 20. Zhou J, Sheiko SS (2016) Reversible shape-shifting in polymeric 
materials. J Polym Sci, Part B: Polym Phys 54(14):1365–1380

 21. Pei E (2014) 4D printing–revolution or fad? Assem Automat. 
https:// doi. org/ 10. 1108/ AA- 02- 2014- 014

 22. Haleem A, Javaid M (2019) Expected role of four-dimensional 
(4D) CT and four-dimensional (4D) MRI for the manufacturing 
of smart orthopaedics implants using 4D printing. J Clin Ortho-
paed Trauma 10:S234–S235

 23. Ding H, Zhang X, Liu Y, Ramakrishna S (2019) Review of 
mechanisms and deformation behaviors in 4D printing. Int J Adv 
Manuf Tech 105(11):4633–4649

 24. Khoo ZX, Teoh JEM, Liu Y, Chua CK, Yang S, An J, Leong 
KF, Yeong WY (2015) 3D printing of smart materials: a 
review on recent progresses in 4D printing. Virt Phys Prototyp 
10(3):103–122

 25. Wang G, Yao L, Wang W, Ou J, Cheng CY, Ishii H (2016) xprint: 
A modularized liquid printer for smart materials deposition. In: 
Proceedings of the 2016 CHI conference on human factors in 
computing systems, pp. 5743–5752

 26. Lui YS, Sow WT, Tan LP, Wu Y, Lai Y, Li H (2019) 4D print-
ing and stimuli-responsive materials in biomedical aspects. Acta 
Biomaterial. https:// doi. org/ 10. 1016/j. actbio. 2019. 05. 005

 27. Esther L, Piselli A, Faucheu J, Delafosse D, Del Curto B (2014) 
Smart materials: development of new sensory experiences 
through stimuli responsive materials. In: 5th STS Italia confer-
ence a matter of design: making society through science and 
technology, pp. 367–382. STS Italia

 28. Bakarich SE, Gorkin R III, Panhuis MIH, Spinks GM (2015) 4D 
printing with mechanically robust, thermally actuating hydrogels. 
Macromol Rapid Commun 36(12):1211–1217

 29. Ge Q, Dunn CK, Qi HJ, Dunn ML (2014) Active origami by 4D 
printing. Smart Mater Struct 23(9):094007

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1126/stke.2002.119.pe6
https://doi.org/10.1126/stke.2002.119.pe6
https://doi.org/10.1093/jn/125.suppl_7.2020S
https://doi.org/10.1108/AA-02-2014-014
https://doi.org/10.1016/j.actbio.2019.05.005


 Journal of the Brazilian Society of Mechanical Sciences and Engineering          (2022) 44:233 

1 3

  233  Page 24 of 26

 30. Oxman N (2011) Variable property rapid prototyping: inspired 
by nature, where form is characterized by heterogeneous com-
positions, the paper presents a novel approach to layered manu-
facturing entitled variable property rapid prototyping. Virt Phys 
Prototyp 6(1):3–31

 31. Otsuka K, Wayman C (1998) Mechanism of shape memory effect 
and superelasticity. Shape memory materials, 27–48

 32. Otsuka K, Wayman CM (1999) Shape memory materials. Cam-
bridge University Press, Cambridge

 33. Ashammakhi N, Ahadian S, Zengjie F, Suthiwanich K, 
Lorestani F, Orive G, Ostrovidov S, Khademhosseini A (2018) 
Advances and future perspectives in 4D bioprinting. Biotechnol 
J 13(12):1800148

 34. Senatov FS, Niaza KV, Zadorozhnyy MY, Maksimkin A, 
Kaloshkin S, Estrin Y (2016) Mechanical properties and shape 
memory effect of 3D-printed PLA-based porous scaffolds. J 
Mech Behav Biomed Mater 57:139–148

 35. de Haan LT, Verjans JM, Broer DJ, Bastiaansen CW, Schenning 
AP (2014) Humidity-responsive liquid crystalline polymer actua-
tors with an asymmetry in the molecular trigger that bend, fold, 
and curl. J Am Chem Soc 136(30):10585–10588

 36. Lei D, Yang Y, Liu Z, Chen S, Song B, Shen A, Yang B, Li S, 
Yuan Z, Qi Q (2019) A general strategy of 3D printing thermo-
sets for diverse applications. Mater Horiz 6(2):394–404

 37. Senapati S, Mahanta AK, Kumar S, Maiti P (2018) Controlled 
drug delivery vehicles for cancer treatment and their perfor-
mance. Signal Transduct Target Ther 3(1):1–19

 38. Larush L, Kaner I, Fluksman A, Tamsut A, Pawar AA, Lesnovski 
P, Benny O, Magdassi S (2017) 3D printing of responsive hydro-
gels for drug-delivery systems. J 3D Print Med 1(4):219–229

 39. Chai Q, Jiao Y, Yu X (2017) Hydrogels for biomedical applica-
tions: their characteristics and the mechanisms behind them. Gels 
3(1):6

 40. Yasin A, Li H, Lu Z, Ur Rehman S, Siddiq M, Yang H (2014) 
A shape memory hydrogel induced by the interactions between 
metal ions and phosphate. Soft Matter 10(7):972–977

 41. Devillard CD, Mandon CA, Lambert SA, Blum LJ, Marquette 
CA (2018) Bioinspired multi-activities 4D printing objects: a 
new approach toward complex tissue engineering. Biotechnol J 
13(12):1800098

 42. Zhu W, Webster TJ, Zhang LG (2019) 4D printing smart bio-
systems for nanomedicine. Future Med. https:// doi. org/ 10. 2217/ 
nnm- 2019- 0134

 43. Bogue R (2009) Shape-memory materials: a review of technol-
ogy and applications. Assemb Automat. https:// doi. org/ 10. 1108/ 
01445 15091 09728 95

 44. Hager MD, Bode S, Weber C, Schubert US (2015) Shape mem-
ory polymers: past, present and future developments. Prog Polym 
Sci 49:3–33

 45. Khoo ZX, Liu Y, An J, Chua CK, Shen YF, Kuo CN (2018) 
A review of selective laser melted NiTi shape memory alloy. 
Materials 11(4):519

 46. Sun L, Huang WM, Ding Z, Zhao Y, Wang CC, Purnawali H, 
Tang C (2012) Stimulus-responsive shape memory materials: a 
review. Mater Des 33:577–640

 47. Hornbogen E (2006) Comparison of shape memory metals and 
polymers. Adv Eng Mater 8(1–2):101–106

 48. Huang WM, Song C, Fu YQ, Wang CC, Zhao Y, Purnawali H, 
Lu H, Tang C, Ding Z, Zhang J (2013) Shaping tissue with shape 
memory materials. Adv Drug Deliv Rev 65(4):515–535

 49. Bhagyaraj J, Ramaiah K, Saikrishna C, Bhaumik S (2013) Behav-
ior and effect of Ti2Ni phase during processing of NiTi shape 
memory alloy wire from cast ingot. J Alloy Compd 581:344–351

 50. Sharma N, Raj T, Jangra K (2015) Applications of nickel-tita-
nium alloy. J Eng Tech 5(1):1

 51. Thompson S (2000) An overview of nickel–titanium alloys used 
in dentistry. Int Endod J 33(4):297–310

 52. Kumar P, Lagoudas D (2008) Introduction to shape memory 
alloys. Shape memory alloys. Springer, Berlin, pp 1–51

 53. Habijan T, Haberland C, Meier H, Frenzel J, Wittsiepe J, Wuwer 
C, Greulich C, Schildhauer T, Köller M (2013) The biocompat-
ibility of dense and porous nickel–titanium produced by selective 
laser melting. Mater Sci Eng, C 33(1):419–426

 54. Bruni A, Serra FG, Deregibus A, Castroflorio T (2019) Shape-
memory polymers in dentistry: systematic review and patent 
landscape report. Materials 12(14):2216

 55. Liu C, Chun SB, Mather PT, Zheng L, Haley EH, Coughlin EB 
(2002) Chemically cross-linked polycyclooctene: synthesis, 
characterization, and shape memory behavior. Macromolecules 
35(27):9868–9874

 56. Zhu Y, Hu J, Yeung KW, Choi KF, Liu Y, Liem H (2007) Effect 
of cationic group content on shape memory effect in segmented 
polyurethane cationomer. J Appl Polym Sci 103(1):545–556

 57. Lendlein A (2010) Shape-memory polymers, vol 226. Springer, 
Berlin

 58. Pilate F, Toncheva A, Dubois P, Raquez J-M (2016) Shape-mem-
ory polymers for multiple applications in the materials world. 
Eur Polymer J 80:268–294

 59. Mitchell A, Lafont U, Hołyńska M, Semprimoschnig C (2018) 
Additive manufacturing—A review of 4D printing and future 
applications. Addit Manuf 24:606–626

 60. Huang WM, Yang B, Fu YQ (2011) Polyurethane shape memory 
polymers. CRC Press, Florida

 61. Bodaghi M, Damanpack A, Liao W (2018) Triple shape memory 
polymers by 4D printing. Smart Mater Struct 27(6):065010

 62. Sun JC, Davidson MJ, Lamy A, Eikelboom JW (2009) 
Antithrombotic management of patients with prosthetic 
heart valves: current evidence and future trends. The Lancet 
374(9689):565–576

 63. Mayoral W, Fleischer D, Salcedo J, Roy P, Al-Kawas F, Benjamin 
S (2000) Nonmalignant obstruction is a common problem with 
metal stents in the treatment of esophageal cancer. Gastrointest 
Endosc 51(5):556–559

 64. Zhu W, Ma X, Gou M, Mei D, Zhang K, Chen S (2016) 3D print-
ing of functional biomaterials for tissue engineering. Curr Opin 
Biotechnol 40:103–112

 65. Ge Q, Sakhaei AH, Lee H, Dunn CK, Fang NX, Dunn ML (2016) 
Multimaterial 4D printing with tailorable shape memory poly-
mers. Sci Rep 6:31110

 66. Bodaghi M, Damanpack A, Liao W (2016) Self-expanding/
shrinking structures by 4D printing. Smart Mater Struct 
25(10):105034

 67. Li H, Go G, Ko SY, Park J-O, Park S (2016) Magnetic actuated 
pH-responsive hydrogel-based soft micro-robot for targeted drug 
delivery. Smart Mater Struct 25(2):027001

 68. Manchun S, Dass CR, Sriamornsak P (2012) Targeted therapy 
for cancer using pH-responsive nanocarrier systems. Life Sci 
90(11–12):381–387

 69. Tong Z, Luo W, Wang Y, Yang F, Han Y, Li H, Luo H, Duan B, 
Xu T, Maoying Q (2010) Tumor tissue-derived formaldehyde 
and acidic microenvironment synergistically induce bone cancer 
pain. PLoS ONE. https:// doi. org/ 10. 1371/ journ al. pone. 00102 34

 70. Tibbits S, Cheung K (2012) Programmable materials for archi-
tectural assembly and automation. Assem Automat. https:// doi. 
org/ 10. 1108/ 01445 15121 12443 48

 71. Tibbits S (2011) A Model for Intelligence of Large-scale 
Self-assembly

 72. Leist SK, Zhou J (2016) Current status of 4D printing technology 
and the potential of light-reactive smart materials as 4D printable 
materials. Virt Phys Prototyp 11(4):249–262

https://doi.org/10.2217/nnm-2019-0134
https://doi.org/10.2217/nnm-2019-0134
https://doi.org/10.1108/01445150910972895
https://doi.org/10.1108/01445150910972895
https://doi.org/10.1371/journal.pone.0010234
https://doi.org/10.1108/01445151211244348
https://doi.org/10.1108/01445151211244348


Journal of the Brazilian Society of Mechanical Sciences and Engineering          (2022) 44:233  

1 3

Page 25 of 26   233 

 73. Javaid M, Haleem A (2020) Exploring smart material applica-
tions for COVID-19 pandemic using 4D printing technology. J 
Ind Integrat Manage 5(04):481–494

 74. Haleem A, Javaid M, Singh RP, Suman R (2021) Significant roles 
of 4D printing using smart materials in the field of manufactur-
ing. Adv Ind Eng Poly Res 4(4):301–311

 75. Javaid M, Haleem A (2020) Significant advancements of 4D 
printing in the field of orthopaedics. J Clin Orthopaed Trauma 
11:S485–S490

 76. Tamay DG, Usal TD, Alagoz AS, Yucel D, Hasirci N, Hasirci 
V (2019) 3D and 4D printing of polymers for tissue engineering 
applications. Front Bioengineer Biotech. https:// doi. org/ 10. 3389/ 
fbioe. 2019. 00164

 77. Wu X, Wang S (2012) Regulating MC3T3-E1 cells on deform-
able poly (ε-caprolactone) honeycomb films prepared using a 
surfactant-free breath figure method in a water-miscible solvent. 
ACS Appl Mater Interf 4(9):4966–4975

 78. Yu C, Schimelman J, Wang P, Miller K, Ma X, You S, Guan 
J, Sun B, Chen S (2020) Photopolymerizable biomaterials and 
light-based 3D printing strategies for biomedical applications. 
Chem Rev 120(19):10695–10743. https:// doi. org/ 10. 1021/ acs. 
chemr ev. 9b008 10

 79. Wang F, Wang F (2017) Liquid resins-based additive manufactur-
ing. J Molecul Eng Mater 5(02):1740004

 80. Choi J-W, Wicker R, Lee S-H, Choi K-H, Ha C-S, Chung I (2009) 
Fabrication of 3D biocompatible/biodegradable micro-scaffolds 
using dynamic mask projection microstereolithography. J Mater 
Process Technol 209(15–16):5494–5503

 81. Wadnap S, Krishnamoorthy S, Zhang Z, Xu C (2019) Biofabrica-
tion of 3D cell-encapsulated tubular constructs using dynamic 
optical projection stereolithography. J Mater Sci - Mater Med 
30(3):36

 82. Lee J-Y, An J, Chua CK (2017) Fundamentals and applications 
of 3D printing for novel materials. Appl Mater Today 7:120–133

 83. Hunt EJ, Zhang C, Anzalone N, Pearce JM (2015) Polymer 
recycling codes for distributed manufacturing with 3-D print-
ers. Resour Conserv Recycl 97:24–30

 84. Bakarich SE, Gorkin R III, Gately R, Naficy S, In het Panhuis 
M, Spinks GM (2017) 3D printing of tough hydrogel compos-
ites with spatially varying materials properties. Addit Manuf 
14:24–30

 85. Wang J, Wang Z, Song Z, Ren L, Liu Q, Ren L (2019) Biomi-
metic shape-color double-responsive 4D printing. Adv Mater 
Tech 4(9):1900293

 86. Yang Q, Gao B, Xu F (2020) Recent advances in 4D bioprinting. 
Biotechnol J 15(1):1900086

 87. Morrison RJ, Hollister SJ, Niedner MF, Mahani MG, Park AH, 
Mehta DK, Ohye RG, Green GE (2015) Mitigation of tracheo-
bronchomalacia with 3D-printed personalized medical devices 
in pediatric patients. Sci Translat Med. https:// doi. org/ 10. 1126/ 
scitr anslm ed. 30108 25

 88. Zarek M, Mansour N, Shapira S, Cohn D (2017) 4D printing of 
shape memory-based personalized endoluminal medical devices. 
Macromol Rapid Commun 38(2):1600628

 89. Grinberg D, Siddique S, Le MQ, Liang R, Capsal JF, Cottinet PJ 
(2019) 4D Printing based piezoelectric composite for medical 
applications. J Polym Sci, Part B: Polym Phys 57(2):109–115

 90. Murphy SV, Atala A (2014) 3D bioprinting of tissues and organs. 
Nat Biotechnol 32(8):773

 91. Chua CK, Yeong WY (2014) Bioprinting: principles and applica-
tions, vol. 1. World Scientific Publishing Co Inc

 92. Loozen LD, Wegman F, Öner FC, Dhert WJ, Alblas J (2013) 
Porous bioprinted constructs in BMP-2 non-viral gene therapy 
for bone tissue engineering. J Mater Chem B 1(48):6619–6626

 93. Pourchet LJ, Thepot A, Albouy M, Courtial EJ, Boher A, Blum 
LJ, Marquette CA (2017) Human skin 3D bioprinting using 
scaffold-free approach. Adv Healthcare Mater 6(4):1601101

 94. Bahcecioglu G, Hasirci N, Bilgen B, Hasirci V (2019) Hydrogels 
of agarose, and methacrylated gelatin and hyaluronic acid are 
more supportive for in vitro meniscus regeneration than three 
dimensional printed polycaprolactone scaffolds. Int J Biol Mac-
romol 122:1152–1162

 95. Hsieh F-Y, Lin H-H, Hsu S-H (2015) 3D bioprinting of neural 
stem cell-laden thermoresponsive biodegradable polyurethane 
hydrogel and potential in central nervous system repair. Bioma-
terials 71:48–57

 96. Gao B, Yang Q, Zhao X, Jin G, Ma Y, Xu F (2016) 4D bioprinting 
for biomedical applications. Trends Biotechnol 34(9):746–756

 97. Ahadian S, Khademhosseini A (2018) A perspective on 
3D bioprinting in tissue regeneration. Bio-design Manufact 
1(3):157–160

 98. He P, Zhao J, Zhang J, Li B, Gou Z, Gou M, Li X (2018) Bio-
printing of skin constructs for wound healing. Burns Trauma. 
https:// doi. org/ 10. 1186/ s41038- 017- 0104-x

 99. Ozbolat IT (2015) Bioprinting scale-up tissue and organ con-
structs for transplantation. Trends Biotechnol 33(7):395–400

 100. Bertassoni LE, Cardoso JC, Manoharan V, Cristino AL, Bhise 
NS, Araujo WA, Zorlutuna P, Vrana NE, Ghaemmaghami AM, 
Dokmeci MR (2014) Direct-write bioprinting of cell-laden meth-
acrylated gelatin hydrogels. Biofabrication 6(2):024105

 101. Jridi M, Bardaa S, Moalla D, Rebaii T, Souissi N, Sahnoun Z, 
Nasri M (2015) Microstructure, rheological and wound healing 
properties of collagen-based gel from cuttlefish skin. Int J Biol 
Macromol 77:369–374

 102. Gruene M, Pflaum M, Hess C, Diamantouros S, Schlie S, Dei-
wick A, Koch L, Wilhelmi M, Jockenhoevel S, Haverich A 
(2011) Laser printing of three-dimensional multicellular arrays 
for studies of cell–cell and cell–environment interactions. Tissue 
Eng Part C Meth 17(10):973–982

 103. Tricomi BJ, Dias AD, Corr DT (2016) Stem cell bioprinting 
for applications in regenerative medicine. Ann N Y Acad Sci 
1383(1):115–124

 104. Tasoglu S, Demirci U (2013) Bioprinting for stem cell research. 
Trends Biotechnol 31(1):10–19

 105. Han Y, Tao R, Sun T, Chai J, Xu G, Liu J (2012) Advances and 
opportunities for stem cell research in skin tissue engineering. 
Eur Rev Med Pharmacol Sci 16(13):1873–1877

 106. Shin SR, Farzad R, Tamayol A, Manoharan V, Mostafalu P, 
Zhang YS, Akbari M, Jung SM, Kim D, Comotto M (2016) A 
bioactive carbon nanotube-based ink for printing 2D and 3D flex-
ible electronics. Adv Mater 28(17):3280–3289

 107. Zhu K, Shin SR, van Kempen T, Li YC, Ponraj V, Nasajpour 
A, Mandla S, Hu N, Liu X, Leijten J (2017) Gold nanocompos-
ite bioink for printing 3D cardiac constructs. Adv Func Mater 
27(12):1605352

 108. Koch L, Deiwick A, Schlie S, Michael S, Gruene M, Coger 
V, Zychlinski D, Schambach A, Reimers K, Vogt PM (2012) 
Skin tissue generation by laser cell printing. Biotechnol Bioeng 
109(7):1855–1863

 109. Mandrycky C, Wang Z, Kim K, Kim D-H (2016) 3D bioprinting 
for engineering complex tissues. Biotechnol Adv 34(4):422–434

 110. Zhang AP, Qu X, Soman P, Hribar KC, Lee JW, Chen S, He S 
(2012) Rapid fabrication of complex 3D extracellular microenvi-
ronments by dynamic optical projection stereolithography. Adv 
Mater 24(31):4266–4270

 111. Gou M, Qu X, Zhu W, Xiang M, Yang J, Zhang K, Wei Y, Chen 
S (2014) Bio-inspired detoxification using 3D-printed hydrogel 
nanocomposites. Nat Commun 5(1):1–9

 112. Xu T, Zhao W, Zhu J-M, Albanna MZ, Yoo JJ, Atala A (2013) 
Complex heterogeneous tissue constructs containing multiple 

https://doi.org/10.3389/fbioe.2019.00164
https://doi.org/10.3389/fbioe.2019.00164
https://doi.org/10.1021/acs.chemrev.9b00810
https://doi.org/10.1021/acs.chemrev.9b00810
https://doi.org/10.1126/scitranslmed.3010825
https://doi.org/10.1126/scitranslmed.3010825
https://doi.org/10.1186/s41038-017-0104-x


 Journal of the Brazilian Society of Mechanical Sciences and Engineering          (2022) 44:233 

1 3

  233  Page 26 of 26

cell types prepared by inkjet printing technology. Biomaterials 
34(1):130–139

 113. Kaushik G, Leijten J, Khademhosseini A (2017) Concise review: 
organ engineering: design, technology, and integration. Stem 
Cells 35(1):51–60

 114. Colosi C, Shin SR, Manoharan V, Massa S, Costantini M, Bar-
betta A, Dokmeci MR, Dentini M, Khademhosseini A (2016) 
Microfluidic bioprinting of heterogeneous 3D tissue constructs 
using low-viscosity bioink. Adv Mater 28(4):677–684

 115. Mirani B, Pagan E, Currie B, Siddiqui MA, Hosseinzadeh 
R, Mostafalu P, Zhang YS, Ghahary A, Akbari M (2017) 
An advanced multifunctional hydrogel-based dressing for 
wound monitoring and drug delivery. Adv Healthcare Mater 
6(19):1700718

 116. Azam A, Laflin KE, Jamal M, Fernandes R, Gracias DH (2011) 
Self-folding micropatterned polymeric containers. Biomed 
Microdevice 13(1):51–58

 117. Stoychev G, Puretskiy N, Ionov L (2011) Self-folding all-polymer 
thermoresponsive microcapsules. Soft Matter 7(7):3277–3279

 118. Kirillova A, Maxson R, Stoychev G, Gomillion CT, Ionov L 
(2017) 4D biofabrication using shape-morphing hydrogels. Adv 
Mater 29(46):1703443

 119. Ionov L (2014) Hydrogel-based actuators: possibilities and limi-
tations. Mater Today 17(10):494–503

 120. Miao S, Cui H, Esworthy T, Mahadik B, Lee SJ, Zhou X, Hann 
SY, Fisher JP, Zhang LG (2020) 4D self-morphing culture sub-
strate for modulating cell differentiation. Adv Sci 7(6):1902403

 121. Lin C, Liu L, Liu Y, Leng J (2021) 4D printing of bioinspired 
absorbable left atrial appendage occluders: a proof-of-concept 
study. ACS Appl Mater Interf 13(11):12668–12678

 122. Li H, Yin Y, Xiang Y, Liu H, Guo R (2020) A novel 3D printing 
PCL/GelMA scaffold containing USPIO for MRI-guided bile 
duct repair. Biomed Mater 15(4):045004

 123. Alagoz AS, Rodriguez-Cabello JC, Hasirci V (2018) PHBV wet-
spun scaffold coated with ELR-REDV improves vascularization 
for bone tissue engineering. Biomed Mater 13(5):055010

 124. Agarwal T, Hann SY, Chiesa I, Cui H, Celikkin N, Micalizzi S, 
Barbetta A, Costantini M, Esworthy T, Zhang LG (2021) 4D 
printing in biomedical applications: emerging trends and tech-
nologies. Perspectives, 32:34

 125. Fatima S, Haleem A, Bahl S, Javaid M, Mahla SK, Singh S 
(2021) Exploring the significant applications of Internet of 
Things (IoT) with 3D printing using advanced materials in medi-
cal field. Mater Today: Proceed 45:4844–4851

 126. Shakibania S, Ghazanfari L, Raeeszadeh-Sarmazdeh M, Khakbiz 
M (2021) Medical application of biomimetic 4D printing. Drug 
Dev Ind Pharm 47(4):521–534

 127. Sing SL, An J, Yeong WY, Wiria FE (2016) Laser and electron-
beam powder-bed additive manufacturing of metallic implants: 
a review on processes, materials and designs. J Orthop Res 
34(3):369–385

 128. Gosnell J, Pietila T, Samuel BP, Kurup HK, Haw MP, Vettukattil 
JJ (2016) Integration of computed tomography and three-dimen-
sional echocardiography for hybrid three-dimensional printing in 
congenital heart disease. J Digit Imaging 29(6):665–669

 129. Ozbolat IT, Peng W, Ozbolat V (2016) Application areas of 3D 
bioprinting. Drug Discov Today 21(8):1257–1271

 130. Javaid M, Haleem A (2019) 4D printing applications in medical 
field: a brief review. Clin Epidemiol Global Health 7(3):317–321

 131. Yang H, Leow WR, Wang T, Wang J, Yu J, He K, Qi D, Wan 
C, Chen X (2017) 3D printed photoresponsive devices based on 
shape memory composites. Adv Mater 29(33):1701627

 132. Okwuosa TC, Pereira BC, Arafat B, Cieszynska M, Isreb A, 
Alhnan MA (2017) Fabricating a shell-core delayed release tablet 
using dual FDM 3D printing for patient-centred therapy. Pharm 
Res 34(2):427–437

 133. Breger JC, Yoon C, Xiao R, Kwag HR, Wang MO, Fisher JP, 
Nguyen TD, Gracias DH (2015) Self-folding thermo-magnet-
ically responsive soft microgrippers. ACS Appl Mater Interf 
7(5):3398–3405

 134. Ambulo CP, Ford MJ, Searles K, Majidi C, Ware TH (2020) 
4D-Printable liquid metal–liquid crystal elastomer composites. 
ACS Appl Mater Interf 13(11):12805–12813

 135. Zhang J, Zhao S, Zhu M, Zhu Y, Zhang Y, Liu Z, Zhang C (2014) 
3D-printed magnetic  Fe3O4/MBG/PCL composite scaffolds with 
multifunctionality of bone regeneration, local anticancer drug 
delivery and hyperthermia. J Mater Chem B 2(43):7583–7595

 136. Zhang F, Wang L, Zheng Z, Liu Y, Leng J (2019) Magnetic 
programming of 4D printed shape memory composite structures. 
Elsevier, Armsterdam

 137. Yang Y, Chen Y, Wei Y, Li Y (2016) Novel design and three-
dimensional printing of variable stiffness robotic grippers. J 
Mech Robot 8(6):061010

 138. Ma X, Qu X, Zhu W, Li Y-S, Yuan S, Zhang H, Liu J, Wang P, 
Lai CSE, Zanella F (2016) Deterministically patterned biomi-
metic human iPSC-derived hepatic model via rapid 3D bioprint-
ing. Proc Natl Acad Sci 113(8):2206–2211

 139. Zolfagharian A, Denk M, Bodaghi M, Kouzani AZ, Kaynak A 
(2019) Topology-optimized 4D printing of a soft actuator. Acta 
Mech Solida Sin 33(3):418–430

 140. Mao Y, Yu K, Isakov M, Wu J, Dunn M, Jerry Qi H (2015) 
Sequential self-folding structures by 3D printed digital shape 
memory polymers. Sci Rep 5:13616. https:// doi. org/ 10. 1038/ 
srep1 3616

 141. Kuksenok O, Balazs A (2016) Stimuli-responsive behavior 
of composites integrating thermo-responsive gels with photo-
responsive fibers. Mater Horiz 3:53–62. https:// doi. org/ 10. 1039/ 
C5MH0 0212E

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1038/srep13616
https://doi.org/10.1038/srep13616
https://doi.org/10.1039/C5MH00212E
https://doi.org/10.1039/C5MH00212E

	4d
	Sahafnejad-Mohammadi2022_Article_4DPrintingTechnologyInMedicalE
	4D printing technology in medical engineering: a narrative review
	Abstract
	1  Introduction
	2  Research method
	3 Research objectives
	4  Stimulus and responsive materials for 4D printing
	4.1  Stimuli
	4.2  Physical stimuli
	4.2.1 Temperature stimuli
	4.2.2 HumidityLiquid stimuli

	4.3 Chemical stimuli
	4.4 Biological stimuli
	4.5 Stimuli-responsive materials
	4.5.1 Shape changing materials (SCMs)
	4.5.2 Shape memory materials (SMMs)

	4.6 Shape memory alloys (SMAs)
	4.7 Shape memory polymers (SMPs)
	4.8 Shape memory hydrogels (SMHs)

	5 Structure and shape-shifting behavior
	5.1 Self-assembly property

	6 Application of intelligent materials in medical engineering
	7 4D printing technology
	7.1 Vat photo-polymerization process
	7.2 SLA and DLP
	7.2.1 Advantages and Weaknesses of SLA

	7.3 Material extrusion processes 
	7.3.1 FDM
	7.3.2 Advantages and Weaknesses of FDM


	8 Medical engineering applications
	8.1 Smart implants
	8.2 Bio-printing
	8.3 4D bio-printing
	8.3.1 Drug delivery and bio-adhesion
	8.3.2 4D bio-printing for tissue engineering purposes

	8.4 Major contributions of the study

	9 Limitations and future outlook
	10 Conclusions
	References





