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Abstract: Since the late 1980s, additive manufacturing (AM), commonly known as three-dimensional
(3D) printing, has been gradually popularized. However, the microstructures fabricated using
3D printing is static. To overcome this challenge, four-dimensional (4D) printing which defined as
fabricating a complex spontaneous structure that changes with time respond in an intended manner to
external stimuli. 4D printing originates in 3D printing, but beyond 3D printing. Although 4D printing
is mainly based on 3D printing and become an branch of additive manufacturing, the fabricated
objects are no longer static and can be transformed into complex structures by changing the size,
shape, property and functionality under external stimuli, which makes 3D printing alive. Herein,
recent major progresses in 4D printing are reviewed, including AM technologies for 4D printing,
stimulation method, materials and applications. In addition, the current challenges and future
prospects of 4D printing were highlighted.

Keywords: four-dimensional (4D) printing; additive manufacturing; smart materials; shape
memory polymer

1. Introduction

In 1986, Chuck Hull proposed that three-dimensional (3D) systems applied for a technology
of stereolithography (SLA), which attracted the world’s attention and to some extent represented
the origin of a 3D printing technology [1]. Since the late 1980s, additive manufacturing (AM),
often referred to as 3D printing or rapid prototyping, has been gradually popularized [2–4]. Currently,
additive manufacturing for four-dimensional (4D) printing is mainly divided into two categories:
Extrusion-based methods [5], and vat photopolymerization methods [2,6]. 3D printing has been widely
used in biomedicine, polymer science, space science, and other fields by virtue of its rapid prototyping
of 3D products with complex shapes [7–11]. However, he microstructures fabricated using 3D printing
is static. On the other hand, while 3D printing has made great breakthroughs in all aspects, its limitation
lies in the layer-by-layer printing speed. On account of some of the shortcomings mentioned above,
3D printing still cannot completely replace traditional manufacturing [12]. In the industry, 3D printing
technology is mainly used for sample manufacturing in the early stage of the development of new
products, especially those with a complex structure.
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3D microstructures made of smart materials, relying on the functions of these materials, can evolve
over time in a predetermined manner. This has given rise to a new term, i.e., “4D printing” [13]. In 2013,
professor Tibbits first proposed the concept of 4D printing [14]. In a TED talk in 2013, he defined
4D printing as a new design of a complex spontaneous structure that changes with time due to the
interaction of environment, marking the emergence of the concept of 4D printing. 4D printing was
originally defined with the formula of “4D printing = 3D printing + time”, which refers to changes in the
shape, structure, or function of 3D printing over time [15–17]. It is a purposeful evolution of 3D printing
structure in shape, structure, and function, intended to effectively realize self-assembly, deformation,
and self-repair. Zhong et al. defined 4D printing as the AM process that integrates smart materials into
the initial form of printed materials for 3D printed structures/components [18]. With the continuous
development of research and technology, the definition of 4D printing will be more comprehensive.
3D printing is “pre-modeling + printing of the finished product”, while the idea of 4D printing is
to embed the design of the product into a flexible smart material based on 3D printing. Therefore,
microstructures can be deformed according to the pre-designed track under specific time and activation
conditions. Currently, 4D printing can create many objects that 3D printing cannot, and the color [19,20],
volume [21], and shape [22] of these objects can change with environmental conditions and stimuli,
such as water and temperature [14]. Compared to traditional manufacturing methods, 4D printing is
advantageous in terms of material adaptability, which facilitates the precise configuration of material
responsiveness. 4D printing has been applied to some fileds successfully. For instance, bioprinting is
an emerging technology, whose greatest advantage lies in its ability to create 3D structures of living
things, such as tissues, organs, nutrients, and cells [23–25]. 4D bioprinting technology, which can be
widely used in regenerative medicine, materials science, chemistry, and computer science, is emerging
as the next-generation bioprinting technology [26–29]. The main advantages of 4D bioprinting are that
fabricated bio-structures can alter their functionalities [30].

In this review, we first introduce additive manufacturing techniques for 4D printing, describe the
advantages and disadvantages of the objects printed using additive manufacturing, and put forward
the concept of 4D printing. Then some methods of implementing 4D printing are presented. The next
part classifies and summarizes some stimuli that 4D printing can respond to. Next, the smart materials
used in 4D printing, including shape memory polymers (SMPs) and hydrogels, are introduced. Finally,
some applications of 4D printing and the trend of 4D printing and the perspectives for this exciting
new field are highlighted.

2. Additive Manufacturing (AM) Technologies for Four-Dimensional (4D) Printing

Additive manufacturing technologies used for 4D printing can be classified into several categories
based on the mode of materials or ink deposition: Extrusion-based methods including fusion deposition
modeling (FDM), direct ink writing (DIW) and inkjet, as well as vat photopolymerization methods
including stereolithography (SLA) and digital light processing (DLP).

2.1. Extrusion-Based Methods

2.1.1. Fusion Deposition Modeling (FDM)

FDM, also called fused filament fabrication (FFF), is based on the working principle of extrusion [31,32].
FDM is an easy-to-use, low-cost and fast-printing technique due to the non-requirement of chemical
reaction and low price of equipment and materials. Under FDM, solid filaments are melted in a heated
nozzle, forming a 3D object on the base of the printer in a line-by-line and layer-by-layer manner
(Figure 1A). The printing materials should meet the requirements that can flow after being melted
and solidify. Various polymers including polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
polycarbonate (PC), polycaprolactone (PCL), polyethylene terephthalate (PET), and polyphenylsulfone
(PPSF), are the ideal materials for this application. The mechanical properties are an important
parameter of FDM printed general polymer parts and depend on filament bonding influenced by
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slicing parameters, building orientation and temperature conditions [33]. Wach et al. demonstrated
that the mechanical properties of FDM-PLA parts can be enhanced by thermal annealing [34].
Furthermore, the mechanical properties of polymers could be reinforced with discontinuous fibers.
Lee et al. fabricated long and discontinuous natural fiber to enhance the mechanical properties of
polypropylene [35]. The nozzle is driven by the motor, and moves on the two horizontal printing
axes of x axis and y axis. Due to the different diameters of nozzles, the resolution of FDM is limited,
generally within the range of 100–200 µm [36,37]. When using the FDM method, the most rational
polymer is thermoplastics which can be melted quickly after heating and can solidify these excellent
properties after cooling. In recent years, FDM has aroused the interest of many researchers. Zhang et al.
printed PLA strips which can achieve pattern transformation during thermal stimuli (Figure 1B) [38].
PLA-based circular rings and square lattices were printed onto the platform using FDM and solidified
by cooling below its Tg. These lattices could be transformed into hexagons and quadrangles when
heated to 90 ◦C due to the internal stress accumulated in the material. In general, the interface
adhesion between two different materials is poor because of the different printing temperatures of
different thermoplastics, so it is difficult to print multiple materials using the FDM method [39].
Tian et al. proposed a continuous fiber-reinforced thermoplastic composite (CFRTC) based on PLA
and continuous carbon fiber as a new approach to 3D FDM printing manufacturing [40]. CFRTC has
attracted extensive attention from researchers, mainly owing to its excellent mechanical properties,
low weight, and recyclability. Wang et al. focused on the process of recycling and remanufacturing
printed matter, and inspected and demonstrated the research method they proposed. The main factor
affecting the performance of this method is the proper setting of temperature and pressure, which leads
to differences in the mechanical properties of the material. Tian et al. conducted in-depth research on
the interface, quality, and performance of printed objects [41]. In a material with a fiber concentration
of 27%, the ideal temperature of the nozzle heater is 200–230 ◦C, the maximum bending stress is
335 MPa, and the bending modulus is 30 GPa. It is difficult to assure the uniformity of fabricated
structures in the vertical direction when using FDM [38].In addition, due to the fabricating process,
the step-structure will inevitably be formed on the surface. Le Duigo et al. utilized FDM to fabricate
continuous flax fibre/PLA reinforced biocomposites for structural applications [42]. This research group
also printed wood fibre biocomposites and the porosity induced by FDM could be tuned [43]. Similarly,
Correa et al. presented new methods for designing hygroscopic wood transformations and 3D printing
custom wood grain structures to promote tunable self-transformation [44]. Pezzulla et al. fabricated
two-dimensional 2D sheets using FDM which can be transformed into 3D shapes by preparing
geometric composite structures that deform by residual swelling [45]. Goo et al. programmed FDM
printing paths intentionally to impose bidirectional anisotropy and a unique thermal deformation in
response to a thermal stimulus was generated [46].

FDM is widely employed to develop the 3D printer, however, this techniques still has various
drawbacks to overcome. As we mentioned above, a resolution of x–y and z-axis was limited by the
nozzle dimensions and fabricating geometrical complexity of the part seems difficult. Furthermore,
the accuracy of the printing process depends on a complex mix of factors including flow rate, material
properties, heat transfer dynamics and deformation after or during the process. Printer filaments were
melted above the melting temperature, which may cause invalidation of components in the filaments,
thus greatly limiting their application in requiring a long period of stability.
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Figure 1. (A) The entire process of fusion deposition modeling (FDM). (Reproduced with permission
from [47]) (B) polylactic acid (PLA)-based circular rings and square lattices printed using fusion
deposition modeling (FDM) were transformed into hexagons and quadrangles when heated to 90 ◦C.
(Reproduced with permission from [38]).

2.1.2. Direct Ink Writing (DIW)

DIW is one of the widely used AM processes based on the principle of extrusion constructing
microstructures layer-by-layer by using a computer-controlled robot to move the dispenser filled
with printed ink [48–50]. It can provide an excellent interface combination and adjustable mechanical
properties. So far, various types of materials including metal particles, polymers and ceramics
can be printed successfully using DIW. According to this process, a viscous liquid ink that can be
cured later is deposited, forming a 3D object line-by-line and layer-by-layer, as in the case of FDM.
The necessary conditions for the extrusion process include proper shear thinning [51] and other
rheological properties [52]. In the extrusion process, with the increase of shear stress, the viscosity of
the ink will decrease gradually, and the ink can even flow freely such as liquid and will not generate
excessively high pressure inside. In addition, there are several ways to keep the printed structure stable.
Wei et al. used DIW to print a 4D architecture based on UV cross-linked PLA (Figure 2) [39]. This system
can be thermally driven or remotely driven because of the addition of Fe3O4 nanoparticles in the system.
First the ink is extruded through the micro-nozzles of the syringe. After that, the solvent evaporates,
and UV light is used to irradiate the cross-linked polymer. In this way, the ink experiences a quick
transition from liquid to solid state, and the desired filament structure is obtained. Zolfagharian et al.
4D printed photoresponsive structures consisted of shape memory polystyrene, chitosan, and carbon
black [53]. Polystyrene was firstly printed above Tg and cooled into the shape below Tg (Tg ≈ 102 ◦C).
The adhesion and transparency can be regulated by addition of chitosan and carbon black. Inspired by
plant architectures, Gladman et al. designed a 4D flower-like structure prepared using this method,
which is different in that its structure is water responsive [17]. Controlled anisotropic alignment of
cellulose fibrils were printed and these fibrils in different directions endowed flower microstructures
that showed different swelling ratios in water, thus triggering biomimetic shape transformation.
Chen et al. 4D fabricated microstructures with graded multi-materials via photomask-assisted DIW
with a two-stage curing method [54]. The crosslinked networks of photocurable resin and shape
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memory epoxy interlocked physically and two graded structures consisting of three levels were formed
using this method. In recent years, it has been reported that the high resolution of DIW can be achieved
through micro-nozzles [55]. On the other hand, DIW can be used in multi-material printing, provided
that the two polymer resins are compatible. Wei et al. printed a spiral and cubic scaffold with highly
conductive multimaterial composites and connected into a circuit [56]. The light emitting diode (LED)
can work under 2.5 V due to the high electric conductivity of this scaffold.

Compared with other methods, the DIW technique shows superiority due to the multiple choice
of materials, low material consumption, open source of controlling machines and feasibility for
multi-material printing. However, the cost of fabricating system is high and the build volume is
small. The viscosity of ink needs to be carefully regulated because it is required to possess a specific
rheological performance.
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Figure 2. Schematic illustration of the direct ink writing (DIW) which can be used for four-dimensional
(4D) printing. (a) Ultraviolet (UV) crosslinked ink was extruded from a micro-nozzl; (b) the ink will be
cured under UV exposure (reproduced with permission from [39]).

2.1.3. Inkjet

Another popular printing method is inkjet printing [57–59]. Its working principle is that single
and multiple nozzles can work at the same time, and that different light-curable liquid resins can be
sprayed on the printing platform to form a layer, which is finally used for light curing (Figure 3). In this
manner, components composed of multiple materials can be manufactured under a relatively high
resolution. However, compared with single nozzles printing, the typical planar resolution of an inkjet
printer drops rapidly from 30 µm–40 µm to 200 µm–400 µm for multi-material printing. Actually,
inkjet printing is a rather fast and cheap technique and a wide range of materials type are available.
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2.2. Vat Photopolymerization Methods

2.2.1. Stereolithography (SLA)

SLA was developed by Charles Hull in the mid-1980s, and is currently one of the most widely used
rapid prototypes [6,61]. Generally, a liquid resin was polymerized and cross-linked into a solidified
polymer induced by light sources in the SLA system. SLA is characterized by high spatial resolution
and high fabrication speed [62]. The light source can bring a change in energy, which further leads to
the curing reaction of the material, thus obtaining the desired solid structure. In this regard, gamma
rays, X-rays, electron beams, ultraviolet (UV) rays, and visible light are commonly used radiation
means for curing. Commercial radiation mainly includes UV and visible light. As shown in Figure 4,
the building surface is placed upside down on a relatively shallow resin vat, and there is a transparent
window at the bottom of the resin vat. The light shines on the building surface through the transparent
window, and the thickness of each layer printed mainly depends on the distance between the building
surface and the transparent window. Once a layer is completely printed, the building surface will move
up, and then the next layer will be printed, etc., until the entire structure is completely printed. In this
type of device, since the light source is above the build surface, the precursor can be selectively cured.
Choong et al. used SLA to print buckminsterfullerene with a tert-Butyl acrylate -co-di(ethylene glycol)
diacrylate (tBA-co-DEGDA) network based on the dual-component phase switching mechanism [63].
Theses buckminsterfullerene could be unfolded after printing at the temperature of 25 ◦C and recovering
its original bucky-ball shape by soaking at 65 ◦C of water, which exhibits a shape memory behavior.
Zarek et al. used the aforementioned technology, namely, the inverted SLA technology, to manufacture
the shape memory structure of PCL [64]. The uniqueness with this technology is that the platform is
sunk into a methacrylated PCL oligomer melting vat to print out the PCL sheet. Zhao et al. synthesized
a type of UV-curing polyurethane prepolymer and this polymer was used to fabricate objects using
SLA [65]. The recovery angle of microstructures is inextricably linked to temperatures in water bath.
Lu et al. developed a magnetic-assisted stereolithography to fabricate material intelligence for various
new applications [66].

SLA can print parts with more complicated geometric shapes [67], and with a somewhat better
surface finish than that of traditional machined parts. With the continuous advancement of technology,
functional materials for SLA technology have been developed. For example, smart materials were
synthesized for SLA and the printed microstructures with high shape fixity and excellent shape memory
performance [65].
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2.2.2. Digital Light Processing (DLP)

Compared with traditional SLA technology, DLP technology can cure the entire pattern in a
layer in a single exposure, thereby improving efficiency (Figure 5) [69–71]. Zhao et al. used the DLP
method to print environment-responsive self-folding origami structures based on polyethylene glycol
diacrylate (PEGDA) [72]. By adjusting the intensity of light, thin polymers with different degrees
of crosslinking can be obtained. Ge et al. used a high-resolution DLP in manufacturing multi-layer
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shape memory objects composed of various methacrylate copolymers, which is called projection micro
stereolithography (PµSL) [73]. Invernizzi et al. printed objects using the PCL/ ureido-pyrimidinone
(UPy)-based polymer by DLP and these materials showed good shape memory and self-healing
properties which can act as soft actuators [74]. Li et al. developed a new shape memory polyimide ink
with high mechanical strength and low contraction and printed a self-folding box and stimuli-response
gripper [75]. Devillard et al. used the DLP-based 3D printing technology to generate a biomimetic
construct of vascularized alveolar bone [76].
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Figure 5. A mask-free method of multicellular heterospheroids arrays formation using digital
micromirror device (DMD)-based hydrogel fabricating system. The solution mixing part consists of
two inlet (A) and (B), and one outlet (C). (Reproduced with permission from [70]).

DLP, as an emerging rapid printing technology, has great potentials in the future of 4D printing [77–79].
It is one of the additive manufacturing technologies that is closest to the production level, and it can
achieve high resolution on both micro and nano scales through optical lens systems. Compared with
SLA, this technique possesses higher print speed. In addition, with the continuous development of
technology and the advancement of materials science, DLP has been developed to combine with a
two-stage curing method to manufacture engineering polymers.

3. Stimulation Method of four-dimensional (4D) Printing

The shape and function of fabricated structures can be changed according to one or more stimuli.
There are two categories of stimuli, i.e., external stimuli and internal stimuli. External stimuli mainly
include water/humidity, temperature, light, electric field, and magnetic field, while the main internal
stimulus is the cell traction force. The theory, advantages and disadvantages of each method were
shown in Table 1.

Table 1. Stimulation method of four-dimensional 4D printing.

Stimulation Method Theory Advantages Disadvantages

Water/humidity Swelling/Shrinkage Clean/Convenient Slow response [80,81]

Temperature Internal stress inequality Controlled adjustable Slow response,
complicated [82–84]

Light Photo-thermal effect High-resolution
control//remote control Complicated [85–88]

Electric field Electro-thermal effect Fast Operating
inconvenience [89,90]



Micromachines 2020, 11, 796 8 of 30

Table 1. Cont.

Stimulation Method Theory Advantages Disadvantages

Magnetic field Magnetic drive Remote control Operating
inconvenience [91–93]

Cell traction force (CTF) Actin binding and
interaction. Biological compatibility

Cell traction force small
and hard to control, high

design
requirement [94,95]

3.1. Water/Humidity Stimuli

Water and humidity were first used as stimuli in 4D printing [17,80,96,97]. Materials sensitive
to water or humidity are of great interest because of their ubiquitous irritation and wide application.
By using water as an external stimulus, the structure can be deformed underwater and restored to its
original shape after drying. However, the degree of expansion/contraction of the humidity-sensitive
material should be precisely controlled during the transition to maintain the integrity of the printed
structure. Zhang et al. developed a material sensitive to water by modifying cellulose with stearyl [98].
A film was made using the material and once the film was placed in an environment with a water
gradient, bend deformation would occur due to the uneven absorption of water (Figure 6A). Lewis et al.
mixed cellulosic fibrils with acrylamide as a composite ink for printing the original flat structures
and the anisotropic swelling behavior can be regulated by the alignment of cellulose fibrils along
printing pathways when immersed in water. The results indicated that the combination of materials
and geometry can be controlled in space and time [17]. Villar et al. demonstrated a two-layer osmotic
mechanism with a lipid interface combining two picoliters of water droplets at two different osmotic
pressures [99]. Droplets under a high osmotic pressure will swell, while those under a low osmotic
pressure will shrink until they reach the same osmotic pressure. As shown in Figure 6C, Mulakkal et al.
developed a stimuli responsive cellulosic pulphydrogel composite ink and the petal architecture
fabricated using this ink could deploy to a flat configuration upon hydration and recover from drying.
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Figure 6. (A) Schematic illustration for the water-responsive bending of cellulose stearoyl esters
(CSE)0.3 film and the blue layer indicates the film with absorbed water and the white layers indicate
the film without water (Reproduced with permission from [98]). (B) The fabricated structure will
be deformed and shows self-expansion/shrinkage under different environment (Reproduced with
permission from [81]). (C) A stimuli responsive cellulosic pulphydrogel composite ink was developed
and the petal architecture fabricated using this ink could deploy to flat configuration upon hydration
and recover from drying (Reproduced with permission from [100]).
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3.2. Temperature Stimuli

Temperature is one of the most commonly used shape-shifting stimuli in polymer-based
materials [101–103]. Ge et al. printed an SMP flower which could bloom when heated [73].
The technology is also used to make smart grippers that do not require assembly or electromechanical
components. The latest discovery by Bodaghi et al. shows that SMP structures can be preprogrammed
by taking full advantage of the heating process in FDM printers [104]. Hu et al. demonstrated a
graphene-based bipiezoelectric structure that expands into a plate when heated and rolls back into a
cylinder when cooled [105].

Wang et al. established a phenomenological model, and introduced the concept of phase evolution
to describe the glass transition behavior of SMP [106]. In a typical shape memory cycle, the SMP
sample first deforms from its original shape at a temperature higher than its transition temperature,
and then cools to a lower temperature under the condition of maintaining external constraints.
Fiber-based glass-polymers exhibit a shape memory effect (SME) when heated above their glass
transition temperature (Tg). Figure 7A shows the typical deformation process of SMPs under the
stimulus of temperature. The printing strip is initially flat in shape, and when heated above the
temperature Tg, the shape memory material behavesas a rubber, and an external force is applied to the
end of the band. The strip is then cooled to a lower temperature, where the shape memory material
appears as a rigid solid. Due to the uneven thermal stress inside it, the strip is bent [107]. If reheated,
the shape memory material will become elastic again, and the strip will eventually return to its original
flat state. Using a polystyrene film sensitive to thermal stimuli, Deng et al. designed a mechanism
to obtain self-folding 3D circuits based on DIW [108]. Resin was used for one side of the film as a
constraint layer, while the other side was left empty. As a result, by raising the temperature, the empty
side was folded on the hinge.
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Figure 7. (A) Schematic illustration of the chain conformations of Poly(N-isopropylacrylamide)
(PNIPAM) corresponding to the volume fraction profiles under various temperatures (Reproduced
with permission from [109]). (B) A whale like hydrogel printed by 4D ink will deform when heated
and cooled. (Reproduced with permission from [110]). (C) Theragrippers fabricated using PPF and
pNIPAM-AAc. The grippers can reversibly open and close around body temperature because of the
thermal responsiveness of the pNIPAM-AAc. (reproduced from [111]).
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3.3. Light Stimuli

Light is a common stimulus that regulates the polymer shape through remote induction.
The polymer shape can be changed using a light trigger with different wavelengths. Since it doesn’t
bring any damage to the cells such as increasing the temperature of the material, this stimulus can
be used in biomedicine and drug delivery in vivo. For example, Luo et al. confirmed that the shape
deformation of alginate/polydopamine (PDA)-based scaffold was induced by near infrared ray (NIR).
At room temperature, the alginic acid scaffold, which has been approved by FDA and has a good
photothermal effect, folds slowly when dehydrated. It can quickly convert the absorbed light into heat,
thereby accelerating the dehydration and deformation of the alginic acid scaffold. The bending process
of the alginic acid/PDA bilayer could be controlled by the power and exposure time of light. What’s
more, it can be used to fabricate stent with well controlled shape change. This method is also widely
used in the field of 4D bioprinting, especially in the manufacture of self-folding 4D cell laden structures.

Unlike temperature and moisture, light is an indirect stimulus. It has been regarded as an effective
activated 4D printing technology, thanks to its rich source of energy and wireless and controllable
properties. Kuksenok et al. used light as a trigger for deformation in a very different way [112].
Parts of polymer gel blocks permeated by a certain number of light-responsive chromophores, could
swell only when exposed to light. In addition, the versatility of light as a stimulus is reflected in the
printing patterns. Gradient cross-linking at depth can be achieved by projecting UV light on the liquid
resin, where anisotropy helps bend the 4D printed structure [81]. As an external stimulus intended
to change the color of printed objects, light is advantageous because it can perform high-resolution
control in space and time. Jeong et al. demonstrated the multicolor 4D printing of SMPs [113]. By using
color-dependent selective light absorption and heating in multicolor SMP composites, they achieved a
remote drive with light. The thermo-mechanical programming structure will bend into an n-shape
under red lighting. After bending, the structure can return to its original fat state under blue lighting
(Figure 8B).
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Figure 8. (A) The compositionally homogenous sheet of the shape memory polymer will be changed
into a hinging response triggered by an inexpensive infrared (IR) light (Reproduced with permission
from [114]). (B) The multicolor sample bends to a u-shape illuminated by blue light and bends to a
n-shape under red illumination. (Reproduced with permission from [113]).
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3.4. Electric Field Stimuli

Similar to light, the electric field can also be used as a stimulus in remote control. When used as a
stimulus, the electric field produces a resistive drive to fill an SMP with a conductive filler [115,116].
As shown in Figure 9, the photo series shows the electromagnetic induction shape memory effect
of the sample. Under the action of an electric field, a single CNT can be polarized by the electrons,
and aligned along the direction of the electric field. By applying an alternating current of 300 kHz,
it can restore its original straight shape. Miriyev et al. demonstrated a soft, printed artificial muscle
made from a mixture of silicone elastomer and ethanol [117]. When an electric field is applied, heat is
generated through resistance, causing the ethanol to evaporate. This phase shift from liquid to gas
greatly increases the volume of the ethanol, thus expanding the entire matrix [118]. Okuzaki et al.
fabricated an origami miniature robot using the PPy membrane. Additionally, this robot has a special
geometry on its feet that makes it less resistant to moving forward [119]. When placed in an electric
field, the voltage causes the head to move forward by absorbing water, and when the lack of voltage
causes desorption, the tail rises.
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3.5. Magnetic Field Stimuli

Magnetically induced shape recovery can be achieved by doping SMP with magnetic nanoparticles
(such as Fe2O3 and Fe3O4) [91]. Breger et al. combined magnetic nanoparticles into a micro-clamp
printed by hydrogel, and achieved remote control by applying a magnetic field [121]. Mohr et al.
studied magnetically induced thermoplastic SMP composites filled with Fe2O3 nanoparticles [122].
The shape recovery of SMP composites can be induced by heating in an alternating magnetic field.
The shape memory effect of magnetic induction is exemplified in Figure 10. In addition, Schmidt added
surface-modified superparamagnetic nanoparticles (Fe3O4, diameter: 11nm) to the SMP matrix [123].
Adding Fe3O4 nanoparticles to the aforementioned PLA printing process not only improves the
mechanical properties and shape recovery of the material, but also introduces a magnetic response to
the 4D printed structure. Chen et al. fabricated a magnetic hydrogel octopus using AAM-carbomer ink
mixed with ferromagnetic nanoparticles, which can be driven remotely by a magnetic field and can
move freely in a petri dish [124].
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3.6. Cell Traction Force Stimuli

Traction force is generated by the cells attached to the substrate. In biology, cell traction plays an
important role in many processes such as cell migration, proliferation, and differentiation [125–127].
As shown in Figure 11, Takeuchi et al. made a self-folding structure based on cell traction force.
The material used for cell culture here should have sufficient flexibility, and be able to maintain the
state of cell adhesion under the action of traction. Due to the traction force of the cell, the flexible joint
will be deformed, causing the flat panel to fold. When the microplate is blocked by cells, the folding
process is terminated. Therefore, the approximate folding angle can be determined by the number of
cells on the microplate. The size of the folding angle is determined by the thickness and width of the
flexible joint, and has a certain relationship with the thickness of the microplate itself. One advantage
of this method lies in that the folding behavior is induced by the cell without external force, which
features a high biological compatibility. However, cell traction is small and hard to control. In addition,
the design of structures is crucially important.
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4. Material System

Currently, materials widely used in 4D printing are shape memory polymers (SMPs) and hydrogels.
The main difference between these two types of materials is that changes in SMPs can be programmed
after printing.
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4.1. Shape Memory Polymers (SMPs)

Since the discovery of SMPs, they have attracted the attention of many researchers [129,130].
SMPs shows high stiffness and rapid response to stimulation, which can produce large recoverable
deformation after external stimuli (e.g., joule heat, light, magnetism, or water) [131]. In 1941, Vernons
first mentioned SMPs, and invented a single synthetic resin with two different flexible physical
structures [132]. An SMP must consist of two segments, one highly elastic and the other capable of
reducing its stiffness under certain stimuli. The latter can be a molecular switch or a stimulus sensitive
domain. After a particular stimulus, a switch/transform is triggered and the strain energy stored in the
temporary shape is released, resulting in shape recovery. Through a large number of literature studies,
it has been found that most materials printed in 4D have significant shape memory capabilities [133,134].
For example, polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and polyvinyl alcohol (PVA)
all have the ability to change shape when triggered by external conditions [135].

To date, SMP research activities have been carried out in more than 60 research institutes or
companies worldwide. In recent years, a variety of polymers with shape memory effects have been
synthesized, and some unique properties developed. Based on the shape memory effect, some new
multifunctional SMP or nano SMP composites are also proposed [136]. The programmability of
temporary shape distinguishes them from other deformed materials. They have potential applications
in aerospace, biomedical/flexible electronics, and other fields [137]. In theory, through this procedural
design process, an original shape can be fixed into an infinite number of temporary shapes through
different deformation processes. SMPs are also stimulus-responsive materials [63,64]. At the same
time, according to different shape memory mechanisms, SMP objects also have multiple shape memory
effects and reversible shape memory effects, which can memorize multiple shapes and reversible shapes.
4D printing SMPs can not only carry out simple shape changes, but also realize self-deformation,
self-assembly, self-repair, and other functions by presetting a deformation scheme (including target
shape, attribute, function, etc.). SMPs can be divided into three categories: thermal response type,
light response type, and chemical response type.

4.1.1. Thermally Induced SMP

The shape memory function of thermally induced SMP mainly comes from the incompletely
compatible two phases in the material, that is, the stationary phase and the reversible phase [138].
The function of the stationary phase is to remember and restore the original shape, while the
reversible phase ensures that the molded product can change shape. According to the structural
characteristics of the stationary phase, the SMP can be divided into two categories: Thermosetting
and thermoplastic [139–141]. Thermosetting SMP mixes the polymer with the crosslinking agent after
heating up to the melting point (tm), and then engages in a cross-linking reaction in the mold to
determine the initial shape (Figure 12). After cooling and crystallization, the initial state is obtained.
When the temperature rises above tm, the reversible phase melts and softens, making it into any
shape under the action of external forces. The external forces are kept and the chains cooled and fixed,
so that the molecular chains tend to freeze along the direction of external forces and become morphed.
When the temperature rises above tm, the reversible phase molecular chain will naturally curl under
the action of entropy elasticity until reaching the thermodynamic equilibrium state, and then shape
recovery will occur and the shape will be remembered once.
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4.1.2. Photochromic SMP

Photochromic SMP introduced some appropriate photochromic chromophore group (PCG) and
when it is exposed to light (usually UV light), the PCG isomerization reaction is going to happen
and the molecular chain of molecules will significantly change [142,143]. Furthermore, PCG could
produce a reversible isomerization reaction and a molecular chain could form the corresponding
recovery. Therefore, the material has the ability to restore the original, but this restoration process is
slow. The recovery process can be accelerated by heating or shining light at other wavelengths (usually
visible light) after the illumination stops.

4.1.3. Chemical Induction SMP

Chemical induction SMPs are polymers that undergo deformation and recovery under the action
of chemicals [144,145]. The usual methods of chemical induction include pH change, equilibrium ion
displacement, etc. The mechanism of polymer shape memory is different depending on the stimulus.
For example, the stimulus method of pH value change is to soak the polymer in a hydrochloric acid
solution, and the mutual exclusion between hydrogen ions will expand the molecular chain segment.
When the equivalent NaOH solution is added to the system, the acid-base neutralization reaction will
occur, and the molecular chain will shrink until the original length is restored.

4.2. Hydrogels

In this section, stimulus response hydrogels, and their stimulus response mechanism, performance
and devices are introduced in detail. In many deformed materials, hydrogels not only have
good biological affinity, but also can be reversibly deformed in response to some stimuli [146,147].
The swelling degree of hydrogels depends on internal properties, including crosslinking density,
microstructural anisotropy, and hydrophilicity. In particular, an important factor affecting the choice of
manufacturing process and the final product is the printability of the hydrogel [148]. The advantage
of using hydrogels is that they are biocompatible and easy to print using direct ink. For instance,
when using the DIW or FDW method for printing, they require not only shear stress but also a certain
yield strength. Hydrogel is an easy-to-synthesize material with high biocompatibility, adjustable, high
alignment, low cost, etc. It is a promising interface material for biomedical applications, including
non-invasive diagnosis, implantation therapy, cell manipulation, and implants [149].
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4.2.1. Thermally Responsive Hydrogels

Temperature responsive hydrogels refer to gels whose volume changes significantly when the
ambient temperature changes. For temperature-sensitive hydrogels, due to the collapse or swelling
behavior of the polymer chain itself at a critical temperature, the volume changes reversibly [150].
The most studied thermally responsive hydrogel material to date is Poly(N-isopropylacrylamide)
(PNIPAm) [151–153]. This reversible temperature-related swelling of PNIPAm and its derivatives has
been used in a variety of smart sensors and actuators. When the temperature of the aqueous solution
is higher than its low critical solution temperature (LCST), the polymer network will fold, resulting
in a smaller volume. Bakarich et al. designed a new type of hydrogel consisting of PNIPAm and
alginate [154]. In this new type of composite hydrogel, combined with PNIPAm as a heat-sensitive
material, alginate is used to enhance the mechanical properties. The team conducted a further study on
the valve response speed, and showed that the microvalve could be opened and closed within 3.5 min,
where the flow rate would decrease relative to the initial speed and remain stable later. Similarly, to
produce shape deformed structures, Naficy et al. used PNIPAAm in combination with the thermally
inactive polymer pHEMA [155]. Reversible transformation of shape can be achieved through heating
and hydration. As shown in Figure 13B, there is a two-layer structure, consisting of PNIPAAm-based
hydrogel at the top and PHEMA-based hydrogel at the bottom. Since the expansion rate of PNIPAAm
is higher than that of PHEMA, when immersed in 20 ◦C water, the double-layer structure will bend to
the PHEMA side. Figure 13A shows a cubic box made of the above double-layer structure. When the
cube box is submerged in water and the temperature rises from 20 ◦C to 60 ◦C, it changes from the
original cube structure to a flat structure. Of course, this process is also reversible.
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stimulations (Reproduced with permission from [155]). (B) 10% (w/v) N-isopropylacrylamide,
an alginate/ Poly(N-isopropylacrylamide) (PNIPAAm) ionic covalent entanglement (ICE) hydrogel
tensile specimen could swollen at different temperatures: 20 ◦C and 60 ◦C (Reproduced with permission
from [154]).

4.2.2. Light Responsive Hydrogels

Light responsive hydrogels differ from other responsive hydrogels, in that the light triggered
responsive behavior can be controlled remotely without the need for the gel to be in direct contact
with the environment. The light responsive hydrogels can provide the possibility of environmental
stimulation based on the intensity of light or the directional illumination. Schiphorst et al., fabricated a
reversible light-responsive hydrogel valves for a microfluidic device using spiropyran photoswitches
and gel composition (Figure 14) [156]. These gels respond to light either through molecular exchange
or through corresponding changes in physical or chemical properties such as viscosity, elasticity,
shape, and swelling degree. Due to the high energy of short-wavelength light, many light responsive
hydrogels have UV activity [157]. The chromophores act as molecular antennas in absorbing light on a
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hydrogel chain during exposure to light, causing chemical bonds to switch, break, or recombine within
the hydrogel network [158].

Micromachines 2020, 11, x 16 of 30 

 

antennas in absorbing light on a hydrogel chain during exposure to light, causing chemical bonds to 
switch, break, or recombine within the hydrogel network [158]. 

 

Figure 14. Molecular design of light-responsive hydrogels was fabricated for fast and reversible 
valves in a microfluidic device (Reproduced with permission from [156]). 

4.2.3. pH-Responsive Hydrogels 

In this type of hydrogels, volume change mainly depends on the concentration of internal 
hydrogen ions in response to the change in pH [159–161]. Since the pH value of the human body 
varies greatly, from the strong acidity of the stomach, through the approximate neutrality of the blood 
and colon, to the weak acidity of the vagina, pH-responsive hydrogels are widely used in 
biomedicine. 

Hu et al. studied acrylic acid (AAc)-based hydrogels, placed them in alkaline and acidic 
solutions, and analyzed their swelling behavior in both states [162]. As shown in Figure 15A, when 
the pH value is greater than 9, the carboxyl group of AAc releases protons, causing its internal 
electrostatic repulsion to increase, which in turn causes the hydrogel to expand in volume. On the 
contrary, at a relatively low pH, its volume will shrink. Figure 15B shows the process of capturing 
microparticles through a series of pictures. When the structure is immersed in an alkaline solution 
(pH > 9), the cage-like hydrogel structure swells. At this time, the particles enter the cage with the 
flow of the liquid. In contrast, when it is placed in an acidic solution by changing the pH value of the 
solution (pH < 9), the cage-like hydrogel structure will shrink, trapping the particles in the cage 
successfully. Through continuous adjustment of the polymer system, it can finally adapt to the 
physiological pH of the human body, offering the possibility of subsequent potential applications in 
the field of medical engineering. 

Figure 14. Molecular design of light-responsive hydrogels was fabricated for fast and reversible valves
in a microfluidic device (Reproduced with permission from [156]).

4.2.3. pH-Responsive Hydrogels

In this type of hydrogels, volume change mainly depends on the concentration of internal
hydrogen ions in response to the change in pH [159–161]. Since the pH value of the human body varies
greatly, from the strong acidity of the stomach, through the approximate neutrality of the blood and
colon, to the weak acidity of the vagina, pH-responsive hydrogels are widely used in biomedicine.

Hu et al. studied acrylic acid (AAc)-based hydrogels, placed them in alkaline and acidic solutions,
and analyzed their swelling behavior in both states [162]. As shown in Figure 15A, when the pH value
is greater than 9, the carboxyl group of AAc releases protons, causing its internal electrostatic repulsion
to increase, which in turn causes the hydrogel to expand in volume. On the contrary, at a relatively low
pH, its volume will shrink. Figure 15B shows the process of capturing microparticles through a series
of pictures. When the structure is immersed in an alkaline solution (pH > 9), the cage-like hydrogel
structure swells. At this time, the particles enter the cage with the flow of the liquid. In contrast,
when it is placed in an acidic solution by changing the pH value of the solution (pH < 9), the cage-like
hydrogel structure will shrink, trapping the particles in the cage successfully. Through continuous
adjustment of the polymer system, it can finally adapt to the physiological pH of the human body,
offering the possibility of subsequent potential applications in the field of medical engineering.
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Figure 15. (A) Counterclockwise and clockwise twist of biomimetic micro-structures after contraction
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by controlling the pore size (Reproduced with permission from [162]).

5. Applications of 4D Printing

5.1. Drug Delivery

In biomedical applications, hydrogels are widely used because they have good biocompatibility
and flexibility [163]. However, how to precisely release the drug to the lesion site still remains a huge
challenge. The so-called ideal drug delivery system refers to the system used to release drugs at
the location of the disease through the changes of the environment and under controlled conditions.
This is the ultimate goal that researchers need to achieve at present. Dai et al. proposed a new method,
using a thermally responsive hydrogel (pluronic F127 diacrylic macromolecule) based shape memory
hydrogel under the irradiation of near infrared light [164]. By adding graphene oxide, the composite
material becomes photoresponsive. To fully restore the folded hydrogel to its original shape, it is only
necessary to irradiate it for 240 s under near infrared light. The surface area caused by the shape change
of the structure is different, which is the main factor affecting the drug release rate. Therefore, when
the temporary shape is distorted, the surface area becomes smaller, and the drug release rate slower.
Larush et al. used the DLP technology to create a drug release system in which the drug was released
under the effect of pH and shape-dependent swelling [165]. In this study, they controlled the release of
drugs by controlling the pH and surface area, demonstrating the ability of 3D printing technology to
improve the performance of classic solid dosage forms. The ability of the oral drug delivery system to
tailor the release of the drug depends mainly on the responsiveness of the printed object, and can use
the change in the pH of the system to enable drug release at a specific location in the gastrointestinal
tract. Taken together, these studies indicate that 4D printing provides the ability to manufacture
structures that can control the localization and release rate of drugs [166]. As shown in Figure 16,
Akbari et al. developed a directly activated drug delivery system based on 4D bioprinting [167]. First,
they printed a set of porous sensors, mainly composed of alginate fibers and pH-responsive materials.
At the same time, the drug-eluting stent was printed using alginate fibers loaded with gentamicin.
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The working process is as follows: The change of pH value can be captured by the sensor, and then the
drug eluting stent can release the drug at the site where the pH value changes, so as to kill the bacteria.
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With the development of smart materials that can respond to biological signals and pathological
abnormalities in the body, the use of 4D bioprinting for drug delivery has become a reality. In order to
manufacture a suitable drug delivery system, researchers must have a certain knowledge reserve in
bioengineering technology, medicinal chemistry and pathophysiology. To promote wide applications
in the clinic, researches must also be extensively conducted on safety and effectiveness.

5.2. Stents

The most basic function of a stent is to support the hollow structure. For instance, stents open
arteries that have become narrowed or blocked because of coronary artery disease. In the past,
after manufacturing, the stent needs to be transplanted into the patient’s body by surgery, which
greatly increases the safety risk of the human body. Nowadays, with the advent of 4D bioprinting,
stimuli-responsive materials smaller in size are being used to prepare scaffolds. After transplantation,
with appropriate stimulation, the stent will automatically deform to a suitable size and shape,
thus greatly lowering the risk of surgery.

So far, a large number of materials and 4D bioprinting methods available for manufacturing
stents have been developed. Lonov et al. used 4D printing and hydrogel to make a self-folding stent
with a hollow structure, with a minimum diameter of 20 µm [168]. When Ca2+ ion concentration
changes, the polymer can undergo a reversible shape change. For stents made from such biocompatible
hydrogels, The cell survival rate is relatively high. Ge et al. printed out a shape memory stents with
high resolution for use in minimally invasive surgeries [73]. There are many technical requirements
for the stent: First, the temporary shape of the stent can be maintained at a small diameter. Then,
when the stent is transplanted into the blood vessel, the diameter of the blood vessel can be increased,
and, when heated, the stent can return to its original shape. An adaptive structure was prepared by
Liao et al. using 4D bioprinting. The structure is capable of self-expansion and self-shrinking under
temperature changes.

Most stents are used to treat vascular stenosis. However, with the development of technology,
some new stents are being used in other intraluminal structures. Among them, the trachea is a more
typical intraluminal structure. Due to the occurrence of disease, the trachea is narrowed or collapsed.
As shown in Figure 17, the heat-driven lumen device, made by Cohn et al., uses shape-memory
thermosetting materials [169]. As the temperature increases, the device can become a tracheal stent.
Through custom design, the outline of the SMP structure can be reduced, thereby reducing the damage
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to the human body. 4D bioprinting has opened up a new path for manufacturing smart stents. In the
future, the demand for 4D bioprinted stents in the medical field will increase. Better biocompatibility
and better adaptation to human biological characteristics are still challenges in this regard.

Micromachines 2020, 11, x 19 of 30 

 

Through custom design, the outline of the SMP structure can be reduced, thereby reducing the 
damage to the human body. 4D bioprinting has opened up a new path for manufacturing smart 
stents. In the future, the demand for 4D bioprinted stents in the medical field will increase. Better 
biocompatibility and better adaptation to human biological characteristics are still challenges in this 
regard. 

 

Figure 17. 4D printing of shape memory-based personalized endoluminal tracheal stent (Reproduced 
with permission from [169]). 

5.3. Soft Robotics 

The 4D printing technology not only has the flexible processing performance of complex 
structural parts, but also endows the material structure with unique intelligence and realizes the 
integration of structure and intelligence [170]. In recent years, many studies on soft robots made using 
4D printing technology have been reported (Figure 18). The development of soft programmable 
materials, engineering design, and other scientific fields has also promoted the rapid development of 
soft robots. Compared with the traditional robots composed of motors, pistons, joints, and hinges, 
soft robots are more portable and flexible. They can flexibly change in size and shape according to 
actual needs, and can be added into more complex operations, with higher safety and environmental 
compatibility. Therefore, soft robots have a great application value and prospect in the medical and 
bionic fields. Yuk et al. prepared the grippers using hydrogels. The fish swimming in the water tank 
can be caught and released instantly by the grippers [171]. Kuo et al. researched and produced an 
intravascular gripper driven by a magnetic field. Palleau et al. used a sodium polyacrylate-based gel 
to make a gripper [172]. The special feature is that the operation is relatively gentle, and it can also 
operate on objects in the air. 

 
Figure 18. (A) 3D macroscopic gripper fabricated using shape-memory hydrogels at different bending 
positions (Reproduced with permission from [173]). (B) PAAm/PAAc hydrogel actuators were 

Figure 17. 4D printing of shape memory-based personalized endoluminal tracheal stent (Reproduced
with permission from [169]).

5.3. Soft Robotics

The 4D printing technology not only has the flexible processing performance of complex structural
parts, but also endows the material structure with unique intelligence and realizes the integration of
structure and intelligence [170]. In recent years, many studies on soft robots made using 4D printing
technology have been reported (Figure 18). The development of soft programmable materials,
engineering design, and other scientific fields has also promoted the rapid development of soft robots.
Compared with the traditional robots composed of motors, pistons, joints, and hinges, soft robots
are more portable and flexible. They can flexibly change in size and shape according to actual needs,
and can be added into more complex operations, with higher safety and environmental compatibility.
Therefore, soft robots have a great application value and prospect in the medical and bionic fields.
Yuk et al. prepared the grippers using hydrogels. The fish swimming in the water tank can be caught
and released instantly by the grippers [171]. Kuo et al. researched and produced an intravascular
gripper driven by a magnetic field. Palleau et al. used a sodium polyacrylate-based gel to make a
gripper [172]. The special feature is that the operation is relatively gentle, and it can also operate on
objects in the air.
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Figure 18. (A) 3D macroscopic gripper fabricated using shape-memory hydrogels at different bending
positions (Reproduced with permission from [173]). (B) PAAm/PAAc hydrogel actuators were prepared
with patterned photo-masks and actuated to play the game of“rock-paper-scissors” (Reproduced with
permission from [174]).
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More complex designs use various materials for controlled bending and twisting. Velders et al.
demonstrated a technique that can perform controlled twisting and bending in the manner of human
muscles [175]. The technique uses beads of sodium polyacrylate for simulation. Some researchers have
developed a complex movement that can drive hydrogel software robots based on local circulation or
oscillating chemical reactions [176].

5.4. Microfluidics

Microfluidics have a wide range of applications in biomolecular and cell analysis, high-throughput
screening, diagnosis, and treatment [177,178]. The operation and control of microfluidic devices
need to be achieved with low power consumption, low cost, and unconstrained miniaturization.
These requirements can be satisfied by some micro and smart components. Therefore, the integration
of soft and stimulus-responsive hydrogels in microfluidic devices is a trend of future development.
When there are external stimuli, it can accurately control the fluid through shape change. For example,
D’eramo et al. designed microfluidic actuators using PNIPAm hydrogel columns at a horizontal
resolution of 2 µm [179]. Up to 7800 microcages can be formed within 0.6 s by raising the system
temperature of the hydrogel above LCST. Beebe et al. developed a smart hydrogel actuator by changing
the pH to control microfluidics [180]. They utilized photolithography to fabricate different shapes
of pH-responsive hydrogels, and the response time required was less than 10 s. Each hydrogel gate
will respond to a specific pH value according to its chemical composition, and then automatically
classify the fluid. As shown in Figure 19, Zhu et al. fabricated a liquid microvalve using this
poly(N-isopropylacrylamide) (PNIPAM)/ graphene oxide (GO) nanocomposite hydrogel under control
of an NIR laser [181].
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5.5. Tissue Engineering

With the rapid growth of the world’s population and the prominence of aging problems, higher
demands are placed on medicine and on organs [182]. In order to create complex and dynamic
tissues in vitro, 4D bioprinting needs to realize dynamic operations during the printing process.
In recent research, the shape memory scaffolds have been proven to possess application potentials
in minimally invasive delivery of functional tissues. The shape memory scaffolds can be integrated
with bioelectronics and biodegradation equipment, and control the transmission process in a wireless
and precise manner [183]. In addition, a major advance in the field of organ transplantation and tissue
regeneration is the use of 4D bioprinting technology to implant stem cells directly into biological
scaffolds. Miao et al. used the above method to cure a new type of renewable soybean oil epoxy
acrylate on a biological scaffold to support the growth of bone marrow mesenchymal stem cells [184].
Experiments show that the bioscaffold has a higher ability of cell adhesion and proliferation, and can
be completely restored to its original state at human body temperature. As shown in Figure 20B,
Miao et al. demonstrated that a reprogrammable nerve guidance conduit was designed and fabricated
by stereolithographic 4D bioprinting for potentially repairing peripheral nerve injuries. For tissue
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engineering in which living cells are involved, some stimulus (e.g., extreme pH value and high
temperature) should be avoided. The application of 4D printing for tissue engineering is still in the
stage of proof-of-concept study and this technique still has a long way for routine clinical application.
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6. Conclusions and Prospective

4D printing (time as the fourth dimension) has been paid more attention to and spurred enormous
interest since its emergence. Although this technique is mainly based on 3D printing and become an
branch of additive manufacturing, the fabricated objects are no longer static and can be transformed into
complex structures by changing the size, shape, property and functionality under external stimulation,
which makes 3D printing alive. Due to the dynamic characteristic overcoming the limitations of
traditional fabrication techniques, it has been widely applied to the field of soft robots, grippers,
drug delivery, stent and tissue engineering. In this review, the AM technologies for 4D printing,
implementation method of 4D printing, materials and application for 4D printing were presented.

AM technologies should be continuously improved to meet the requirement with high-resolution,
high-speed and multi-materials fabrication. The resolution range of DIW and FFF is 100–200 µm
which is limited by the diameter of the nozzle. Compared with vat photopolymerization methods,
low printing speed is another limitation of extrusion-based methods due to the line-by-line printing
mode. DLP as the most popular printing methods with high speed, can fabricate a layer at one time
using the digital micromirror device to generate dynamic pattern. Furthermore, with design optical
lens systems, DLP is able to fabricate structure at high resolution. On the other hand, the ability
to print multiple materials simultaneously is future developing requirements of AM technologies.
However, in general, FFF appears powerless and necessary prerequisites for DIW are using two
compatible polymer resins. Inkjet printing seems easy to achieve multiple materials printing with
multiple nozzles, but it will sacrifice the resolution. By designing switchable vats or modulating
grayscale light, DLP techniques would produce structures with multiple materials. A combination of
different AM technologies is another trend of 4D printing. It was noticed that these technologies and
equipment have their own special features and we should combine different techniques with absorbing
the advantage of different technologies.

As one of the most critical challenges facing 4D printing, novel smart materials should be
developed for further expansion of 4D printing. Although various type of materials including shape
memory polymers and stimulus response hydrogels has been successfully investigated for 4D printing,
slow response rate and low efficiency hamper further development. For instance, Song et al. deposited
the graded water-responsive elastomer materials onto a heat-shrinkable shape memory polymer to
form dual-stimuli self-morphing structures. However, the whole time of completely deformation under
the stimulus is nearly 20 min. Chen et al. designed a high-performance integrated sensor–actuator
with strain-sensing and temperature self-sensing and the average materials response time is about
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20 s [185]. On the other hand, most existing materials make the response to only one stimulus and it
will not work in the case of stimulus producing equipment failure. Therefore, materials which are
responsive to multi- stimulus are needed to be developed. We believe that future combinations of
various types of responsive materials will bring outstanding breakthroughs to 4D printing. In addition,
for 4D bioprinting, the good biocompatibility and proper mechanical properties are the essential
requirements for ideal materials. So far most bio-materials currently used feature good biological
compatibility, but the mechanical property has not yet been tested.

Although a variety of stimuli-responsive microstructures have been reported, the embryonic
4D printing needs a significant amount of efforts including the development and improvement of new
materials and printing methods. Despite the outlined challenges similar to other emerging technologies,
4D will certainly to have a big impact and good prospects for practical applications in the near future.

Author Contributions: W.Y., L.L. and S.C. proposed the original idea, and planned the configuration. H.C. wrote
the manuscript. L.S., W.Y., S.C., R.Y., W.L., and H.Y. revised the paper for language and quality. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (project no. 61803323),
Shandong Province Higher Educational Science and Technology Program (project no.J18KA380) and theNatural
Science Foundation of Shandong Province (project No. ZR2019BF049).

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Guzmangonzalez, J.V.; Saldanamartinez, M.I.; Barajasgonzalez, O.G.; Guzmanramos, V.; Garciagarza, A.K.;
Francoherrada, M.G.; Aguilar, R.J.S.; Garciaramirez, M.A. Multifunctional cube-like system for biomedical
applications featuring 3D printing by dual deposition, scanner, and UV engraving. Proc. SPIE 2017,
10095, 1009511.

2. Wong, K.; Hernandez, A. A Review of Additive Manufacturing. Int. Sch. Res. Not. 2012, 2012, 1–10.
[CrossRef]

3. Loterie, D.; Delrot, P.; Moser, C. High-resolution tomographic volumetric additive manufacturing.
Nat. Commun. 2020, 11, 1–6. [CrossRef] [PubMed]

4. Ragelle, H.; Tibbitt, M.W.; Wu, S.; Castillo, M.A.; Cheng, G.; Gangadharan, S.P.; Anderson, D.; Cima, M.J.;
Langer, R. Surface tension-assisted additive manufacturing. Nat. Commun. 2018, 9, 1184. [CrossRef]

5. Zein, I.; Hutmacher, D.W.; Tan, K.C.; Teoh, S.H. Fused deposition modeling of novel scaffold architectures
for tissue engineering applications. Biomaterials 2002, 23, 1169–1185. [CrossRef]

6. Melchels, F.P.W.; Feijen, J.; Grijpma, D.W. A review on stereolithography and its applications in biomedical
engineering. Biomaterials 2010, 31, 6121–6130. [CrossRef]

7. Gao, W.; Zhang, Y.; Ramanujan, D.; Ramani, K.; Chen, Y.; Williams, C.B.; Wang, C.C.L.; Shin, Y.C.; Zhang, S.;
Zavattieri, P.D. The status, challenges, and future of additive manufacturing in engineering. Comput.-Aided Des.
2015, 69, 65–89. [CrossRef]

8. Chia, H.N.; Wu, B.M. Recent advances in 3D printing of biomaterials. J. Biol. Eng. 2015, 9, 4. [CrossRef]
9. Wallin, T.J.; Pikul, J.H.; Shepherd, R.F. 3D printing of soft robotic systems. Nat. Rev. Mater. 2018, 3, 84–100.

[CrossRef]
10. Jia, Y.; He, H.; Geng, Y.; Huang, B.; Peng, X. High through-plane thermal conductivity of polymer based

product with vertical alignment of graphite flakes achieved via 3D printing. Compos. Sci. Technol. 2017, 145,
55–61. [CrossRef]

11. Dimitrov, D.; Schreve, K.; De Beer, N. Advances in three dimensional printing—State of the art and future
perspectives. Rapid Prototyp. J. 2006, 12, 136–147. [CrossRef]

12. Tofail, S.A.M.; Koumoulos, E.P.; Bandyopadhyay, A.; Bose, S.; Odonoghue, L.; Charitidis, C.A. Additive
manufacturing: Scientific and technological challenges, market uptake and opportunities. Mater. Today 2017,
21, 22–37. [CrossRef]

13. Raviv, D.; Zhao, W.; McKnelly, C.; Papadopoulou, A.; Kadambi, A.; Shi, B.; Hirsch, S.; Dikovsky, D.;
Zyracki, M.; Olguin, C.; et al. Active Printed Materials for Complex Self-Evolving Deformations. Sci. Rep.
2014, 4, 7422. [CrossRef] [PubMed]

http://dx.doi.org/10.5402/2012/208760
http://dx.doi.org/10.1038/s41467-020-14630-4
http://www.ncbi.nlm.nih.gov/pubmed/32051409
http://dx.doi.org/10.1038/s41467-018-03391-w
http://dx.doi.org/10.1016/S0142-9612(01)00232-0
http://dx.doi.org/10.1016/j.biomaterials.2010.04.050
http://dx.doi.org/10.1016/j.cad.2015.04.001
http://dx.doi.org/10.1186/s13036-015-0001-4
http://dx.doi.org/10.1038/s41578-018-0002-2
http://dx.doi.org/10.1016/j.compscitech.2017.03.035
http://dx.doi.org/10.1108/13552540610670717
http://dx.doi.org/10.1016/j.mattod.2017.07.001
http://dx.doi.org/10.1038/srep07422
http://www.ncbi.nlm.nih.gov/pubmed/25522053


Micromachines 2020, 11, 796 23 of 30

14. Tibbits, S. 4D Printing: Multi-Material Shape Change. Archit. Des. 2014, 84, 116–121. [CrossRef]
15. Momeni, F.; Liu, X.; Ni, J. A review of 4D printing. Mater. Des. 2017, 122, 42–79. [CrossRef]
16. Leist, S.K.; Zhou, J. Current status of 4D printing technology and the potential of light-reactive smart

materials as 4D printable materials. Virtual Phys. Prototyp. 2016, 11, 249–262. [CrossRef]
17. Gladman, A.S.; Matsumoto, E.A.; Nuzzo, R.G.; Mahadevan, L.; Lewis, J.A. Biomimetic 4D printing. Nat. Mater.

2016, 15, 413–418. [CrossRef]
18. Khoo, Z.X.; Teoh, J.E.M.; Liu, Y.; Chua, C.K.; Yang, S.; An, J.; Leong, K.F.; Yeong, W.Y. 3D printing of smart

materials: A review on recent progresses in 4D printing. Virtual Phys. Prototyp. 2015, 10, 103–122. [CrossRef]
19. Wang, J.; Wang, Z.; Song, Z.; Ren, L.; Liu, Q.; Ren, L. Biomimetic Shape–Color Double-Responsive 4D

Printing. Adv. Mater. Technol. 2019, 4, 1900293. [CrossRef]
20. He, C.; Zhang, M.; Guo, C. 4D printing of mashed potato/purple sweet potato puree with spontaneous color

change. Innov. Food Sci. Emerg. Technol. 2020, 59, 102250. [CrossRef]
21. Kang, M.K.; Pyo, Y.; Jang, J.Y.; Park, Y.; Son, Y.; Choi, M.; Ha, J.W.; Chang, Y.; Lee, C.S. Design of a shape

memory composite (SMC) using 4D printing technology. Sens. Actuators A-Phys. 2018, 283, 187–195.
[CrossRef]

22. Bodaghi, M.; Noroozi, R.; Zolfagharian, A.; Fotouhi, M.; Norouzi, S. 4D Printing Self-Morphing Structures.
Materials 2019, 12, 1353. [CrossRef] [PubMed]

23. Jessop, Z.M.; Alsabah, A.; Gardiner, M.D.; Combellack, E.J.; Hawkins, K.; Whitaker, I.S. 3D bioprinting for
reconstructive surgery: Principles, applications and challenges. J. Plast. Reconstr. Aesthet. Surg. 2017, 70,
1155–1170. [CrossRef] [PubMed]

24. Seliktar, D.; Dikovsky, D.; Napadensky, E. Bioprinting and Tissue Engineering: Recent Advances and Future
Perspectives. Isr. J. Chem. 2013, 53, 795–804. [CrossRef]

25. Murphy, S.V.; Atala, A. 3D bioprinting of tissues and organs. Nat. Biotechnol. 2014, 32, 773–785. [CrossRef]
[PubMed]

26. Li, Y.; Zhang, Y.S.; Akpek, A.; Shin, S.R.; Khademhosseini, A. 4D bioprinting: The next-generation technology
for biofabrication enabled by stimuli-responsive materials. Biofabrication 2016, 9, 012001. [CrossRef]

27. Yang, G.H.; Yeo, M.; Koo, Y.W.; Kim, G. 4D Bioprinting: Technological Advances in Biofabrication.
Macromol. Biosci. 2019, 19, 1800441. [CrossRef]

28. Yang, Q.; Gao, B.; Xu, F. Recent Advances in 4D Bioprinting. Biotechnol. J. 2020, 15, 1900086. [CrossRef]
29. Ozbolat, I.T.; Yu, Y. Bioprinting Toward Organ Fabrication: Challenges and Future Trends. IEEE Trans.

Biomed. Eng. 2013, 60, 691–699. [CrossRef]
30. An, J.; Chua, C.K.; Mironov, V. A Perspective on 4D Bioprinting. Int. J. Bioprint. 2016, 2, 3. [CrossRef]
31. Kumar, P.; Ahuja, I.S.; Singh, R. Application of fusion deposition modelling for rapid investment casting—A

review. Int. J. Mater. Eng. Innov. 2012, 3, 204. [CrossRef]
32. Shofner, M.L.; Lozano, K.; Rodriguezmacias, F.J.; Barrera, E.V. Nanofiber-reinforced polymers prepared by

fused deposition modeling. J. Appl. Polym. Sci. 2003, 89, 3081–3090. [CrossRef]
33. Popescu, D.; Zapciu, A.; Amza, C.G.; Baciu, F.; Marinescu, R. FDM process parameters influence over the

mechanical properties of polymer specimens: A review. Polym. Test. 2018, 69, 157–166. [CrossRef]
34. Wach, R.A.; Wolszczak, P.; Adamuswlodarczyk, A. Enhancement of Mechanical Properties of FDM-PLA

Parts via Thermal Annealing. Macromol. Mater. Eng. 2018, 303, 1800169. [CrossRef]
35. Lee, B.; Kim, H.; Yu, W. Fabrication of long and discontinuous natural fiber reinforced polypropylene

biocomposites and their mechanical properties. Fibers Polym. 2009, 10, 83–90. [CrossRef]
36. Deng, X.; Zeng, Z.; Peng, B.; Yan, S.; Ke, W. Mechanical Properties Optimization of Poly-Ether-Ether-Ketone

via Fused Deposition Modeling. Materials 2018, 11, 216. [CrossRef]
37. Ning, F.; Cong, W.; Qiu, J.; Wei, J.; Wang, S. Additive manufacturing of carbon fiber reinforced thermoplastic

composites using fused deposition modeling. Compos. Part B Eng. 2015, 80, 369–378. [CrossRef]
38. Zhang, Q.; Yan, D.; Zhang, K.; Hu, G. Pattern Transformation of Heat-Shrinkable Polymer by

Three-Dimensional (3D) Printing Technique. Sci. Rep. 2015, 5, 8936. [CrossRef]
39. Wei, H.; Zhang, Q.; Yao, Y.; Liu, L.; Liu, Y.; Leng, J. Direct-Write Fabrication of 4D Active Shape-Changing

Structures Based on a Shape Memory Polymer and Its Nanocomposite. ACS Appl. Mater. Interfaces 2017, 9,
876–883. [CrossRef]

40. Tian, X.; Liu, T.; Yang, C.; Wang, Q.; Li, D. Interface and performance of 3D printed continuous carbon fiber
reinforced PLA composites. Compos. Part A Appl. Sci. Manuf. 2016, 88, 198–205. [CrossRef]

http://dx.doi.org/10.1002/ad.1710
http://dx.doi.org/10.1016/j.matdes.2017.02.068
http://dx.doi.org/10.1080/17452759.2016.1198630
http://dx.doi.org/10.1038/nmat4544
http://dx.doi.org/10.1080/17452759.2015.1097054
http://dx.doi.org/10.1002/admt.201900293
http://dx.doi.org/10.1016/j.ifset.2019.102250
http://dx.doi.org/10.1016/j.sna.2018.08.049
http://dx.doi.org/10.3390/ma12081353
http://www.ncbi.nlm.nih.gov/pubmed/31027212
http://dx.doi.org/10.1016/j.bjps.2017.06.001
http://www.ncbi.nlm.nih.gov/pubmed/28734756
http://dx.doi.org/10.1002/ijch.201300084
http://dx.doi.org/10.1038/nbt.2958
http://www.ncbi.nlm.nih.gov/pubmed/25093879
http://dx.doi.org/10.1088/1758-5090/9/1/012001
http://dx.doi.org/10.1002/mabi.201800441
http://dx.doi.org/10.1002/biot.201900086
http://dx.doi.org/10.1109/TBME.2013.2243912
http://dx.doi.org/10.18063/IJB.2016.01.003
http://dx.doi.org/10.1504/IJMATEI.2012.049254
http://dx.doi.org/10.1002/app.12496
http://dx.doi.org/10.1016/j.polymertesting.2018.05.020
http://dx.doi.org/10.1002/mame.201800169
http://dx.doi.org/10.1007/s12221-009-0083-z
http://dx.doi.org/10.3390/ma11020216
http://dx.doi.org/10.1016/j.compositesb.2015.06.013
http://dx.doi.org/10.1038/srep08936
http://dx.doi.org/10.1021/acsami.6b12824
http://dx.doi.org/10.1016/j.compositesa.2016.05.032


Micromachines 2020, 11, 796 24 of 30

41. Tian, X.; Liu, T.; Wang, Q.; Dilmurat, A.; Li, D.; Ziegmann, G. Recycling and remanufacturing of 3D printed
continuous carbon fiber reinforced PLA composites. J. Clean. Prod. 2017, 142, 1609–1618. [CrossRef]

42. Duigou, A.L.; Barbe, A.; Guillou, E.; Castro, M. 3D printing of continuous flax fibre reinforced biocomposites
for structural applications. Mater. Des. 2019, 180, 107884. [CrossRef]

43. Duigou, A.L.; Castro, M.; Bevan, R.; Martin, N. 3D printing of wood fibre biocomposites From mechanical to
actuation functionality. Mater. Des. 2016, 96, 106–114. [CrossRef]

44. Correa, D.; Papadopoulou, A.; Guberan, C.; Jhaveri, N.; Reichert, S.; Menges, A.; Tibbits, S. 3D-Printed Wood:
Programming Hygroscopic Material Transformations. 3D Print. Addit. Manuf. 2015, 2, 106–116. [CrossRef]

45. Pezzulla, M.; Shillig, S.; Nardinocchi, P.; Holmes, D.P. Morphing of geometric composites via residual
swelling. Soft Matter 2015, 11, 5812–5820. [CrossRef]

46. Goo, B.; Hong, C.; Park, K. 4D printing using anisotropic thermal deformation of 3D-printed thermoplastic
parts. Mater. Des. 2020, 188, 108485. [CrossRef]

47. Melocchi, A.; Parietti, F.; Loreti, G.; Maroni, A.; Gazzaniga, A.; Zema, L. 3D printing by fused deposition
modeling (FDM) of a swellable/erodible capsular device for oral pulsatile release of drugs. J. Drug Deliv.
Sci. Technol. 2015, 30, 360–367. [CrossRef]

48. Lewis, J.A. Direct Ink Writing of 3D Functional Materials. Adv. Funct. Mater. 2006, 16, 2193–2204. [CrossRef]
49. Skylarscott, M.A.; Gunasekaran, S.; Lewis, J.A. Laser-assisted direct ink writing of planar and 3D metal

architectures. Proc. Natl. Acad. Sci. USA 2016, 113, 6137–6142. [CrossRef]
50. Fu, Q.; Saiz, E.; Tomsia, A.P. Direct Ink Writing of Highly Porous and Strong Glass Scaffolds for Load-bearing

Bone Defects Repair and Regeneration. Acta Biomater. 2011, 7, 3547–3554. [CrossRef]
51. Liu, W.; Heinrich, M.A.; Zhou, Y.; Akpek, A.; Hu, N.; Liu, X.; Guan, X.; Zhong, Z.; Jin, X.; Khademhosseini, A.

Extrusion Bioprinting of Shear-Thinning Gelatin Methacryloyl Bioinks. Adv. Healthc. Mater. 2017, 6, 1601451.
[CrossRef] [PubMed]

52. Liu, Z.; Zhang, M.; Bhandari, B.; Yang, C. Impact of rheological properties of mashed potatoes on 3D printing.
J. Food Eng. 2018, 220, 76–82. [CrossRef]

53. Wan, X.; Luo, L.; Liu, Y.; Leng, J. Direct Ink Writing Based 4D Printing of Materials and Their Applications.
Adv. Sci. 2020, 2001000. [CrossRef]

54. Chen, K.; Zhang, L.; Kuang, X.; Li, V.C.; Lei, M.; Kang, G.; Wang, Z.L.; Qi, H.J. Dynamic Photomask-Assisted
Direct Ink Writing Multimaterial for Multilevel Triboelectric Nanogenerator. Adv. Funct. Mater. 2019, 29,
1903568. [CrossRef]

55. Mueller, J.; Raney, J.R.; Shea, K.; Lewis, J.A. Architected Lattices with High Stiffness and Toughness via
Multicore–Shell 3D Printing. Adv. Mater. 2018, 30, 1705001. [CrossRef]

56. Wei, H.; Cauchy, X.; Navas, I.O.; Abderrafai, Y.; Chizari, K.; Sundararaj, U.; Liu, Y.; Leng, J.; Therriault, D.
Direct 3D Printing of Hybrid Nanofiber-Based Nanocomposites for Highly Conductive and Shape Memory
Applications. ACS Appl. Mater. Interfaces 2019, 11, 24523–24532. [CrossRef]

57. Shirazi, S.F.S.; Gharehkhani, S.; Mehrali, M.; Yarmand, H.; Metselaar, H.S.C.; Kadri, N.A.; Osman, N.A.A. A
review on powder-based additive manufacturing for tissue engineering: Selective laser sintering and inkjet
3D printing. Sci. Technol. Adv. Mater. 2015, 16, 033502. [CrossRef]

58. Chou, D.; Wells, D.; Hong, D.; Lee, B.; Kuhn, H.A.; Kumta, P.N. Novel processing of iron–manganese
alloy-based biomaterials by inkjet 3-D printing. Acta Biomater. 2013, 9, 8593–8603. [CrossRef]

59. Clark, E.A.; Alexander, M.R.; Irvine, D.J.; Roberts, C.J.; Wallace, M.J.; Sharpe, S.; Yoo, J.; Hague, R.J.M.;
Tuck, C.; Wildman, R.D. 3D printing of tablets using inkjet with UV photoinitiation. Int. J. Pharm. 2017, 529,
523–530. [CrossRef]

60. Xu, C.; Chai, W.; Huang, Y.; Markwald, R.R. Scaffold-free inkjet printing of three-dimensional zigzag cellular
tubes. Biotechnol. Bioeng. 2012, 109, 3152–3160. [CrossRef]

61. Skoog, S.A.; Goering, P.L.; Narayan, R.J. Stereolithography in tissue engineering. J. Mater. Sci. Mater. Med.
2014, 25, 845–856. [CrossRef] [PubMed]

62. Manapat, J.Z.; Chen, Q.; Ye, P.; Advincula, R.C. 3D Printing of Polymer Nanocomposites via Stereolithography.
Macromol. Mater. Eng. 2017, 302, 1600553. [CrossRef]

63. Choong, Y.Y.C.; Maleksaeedi, S.; Eng, H.; Wei, J.; Su, P. 4D printing of high performance shape memory
polymer using stereolithography. Mater. Des. 2017, 126, 219–225. [CrossRef]

64. Zarek, M.; Layani, M.; Cooperstein, I.; Sachyani, E.; Cohn, D.; Magdassi, S. 3D Printing of Shape Memory
Polymers for Flexible Electronic Devices. Adv. Mater. 2016, 28, 4449–4454. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jclepro.2016.11.139
http://dx.doi.org/10.1016/j.matdes.2019.107884
http://dx.doi.org/10.1016/j.matdes.2016.02.018
http://dx.doi.org/10.1089/3dp.2015.0022
http://dx.doi.org/10.1039/C5SM00863H
http://dx.doi.org/10.1016/j.matdes.2020.108485
http://dx.doi.org/10.1016/j.jddst.2015.07.016
http://dx.doi.org/10.1002/adfm.200600434
http://dx.doi.org/10.1073/pnas.1525131113
http://dx.doi.org/10.1016/j.actbio.2011.06.030
http://dx.doi.org/10.1002/adhm.201601451
http://www.ncbi.nlm.nih.gov/pubmed/28464555
http://dx.doi.org/10.1016/j.jfoodeng.2017.04.017
http://dx.doi.org/10.1002/advs.202001000
http://dx.doi.org/10.1002/adfm.201903568
http://dx.doi.org/10.1002/adma.201705001
http://dx.doi.org/10.1021/acsami.9b04245
http://dx.doi.org/10.1088/1468-6996/16/3/033502
http://dx.doi.org/10.1016/j.actbio.2013.04.016
http://dx.doi.org/10.1016/j.ijpharm.2017.06.085
http://dx.doi.org/10.1002/bit.24591
http://dx.doi.org/10.1007/s10856-013-5107-y
http://www.ncbi.nlm.nih.gov/pubmed/24306145
http://dx.doi.org/10.1002/mame.201600553
http://dx.doi.org/10.1016/j.matdes.2017.04.049
http://dx.doi.org/10.1002/adma.201503132
http://www.ncbi.nlm.nih.gov/pubmed/26402320


Micromachines 2020, 11, 796 25 of 30

65. Zhao, T.; Yu, R.; Li, X.; Cheng, B.; Zhang, Y.; Yang, X.; Zhao, X.; Zhao, Y.; Huang, W. 4D printing of shape
memory polyurethane via stereolithography. Eur. Polym. J. 2018, 101, 120–126. [CrossRef]

66. Lu, L.; Guo, P.; Pan, Y. Magnetic-Field-Assisted Projection Stereolithography for Three-Dimensional Printing
of Smart Structures. J. Manuf. Sci. Eng. Trans. ASME 2017, 139, 071008. [CrossRef]

67. Wang, J.; Goyanes, A.; Gaisford, S.; Basit, A.W. Stereolithographic (SLA) 3D printing of oral modified-release
dosage forms. Int. J. Pharm. 2016, 503, 207–212. [CrossRef]

68. Miao, S.; Cui, H.; Nowicki, M.; Xia, L.; Zhou, X.; Lee, S.-J.; Zhu, W.; Sarkar, K.; Zhang, Z.; Zhang, L.G.
Stereolithographic 4D Bioprinting of Multiresponsive Architectures for Neural Engineering. Adv. Biosyst.
2018, 2, 1800101. [CrossRef]

69. Linaresalvelais, J.A.R.; Figueroacavazos, J.O.; Chuckhernandez, C.; Siller, H.R.; Rodriguez, C.A.;
Martinezlopez, J.I. Hydrostatic High-Pressure Post-Processing of Specimens Fabricated by DLP, SLA,
and FDM: An Alternative for the Sterilization of Polymer-Based Biomedical Devices. Materials 2018, 11, 2540.
[CrossRef]

70. Yang, W.; Cai, S.; Yuan, Z.; Lai, Y.; Yu, H.; Wang, Y.; Liu, L. Mask-free generation of multicellular 3D
heterospheroids array for high-throughput combinatorial anti-cancer drug screening. Mater. Des. 2019, 183,
108182. [CrossRef]

71. Yang, W.; Cai, S.; Chen, Y.; Liang, W.; Lai, Y.; Yu, H.; Wang, Y.; Liu, L. Modular and Customized Fabrication
of 3D Functional Microgels for Bottom-Up Tissue Engineering and Drug Screening. Adv. Mater. Technol.
2020, 1900847. [CrossRef]

72. Zhao, Z.; Wu, J.; Mu, X.; Chen, H.; Qi, H.J.; Fang, D. Desolvation Induced Origami of Photocurable Polymers
by Digit Light Processing. Macromol. Rapid Commun. 2017, 38, 1600625. [CrossRef] [PubMed]

73. Ge, Q.; Sakhaei, A.H.; Lee, H.; Dunn, C.K.; Fang, N.X.; Dunn, M.L. Multimaterial 4D Printing with Tailorable
Shape Memory Polymers. Sci. Rep. 2016, 6, 31110. [CrossRef] [PubMed]

74. Invernizzi, M.; Turri, S.; Levi, M.; Suriano, R. 4D printed thermally activated self-healing and shape memory
polycaprolactone-based polymers. Eur. Polym. J. 2018, 101, 169–176. [CrossRef]

75. Li, X.; Yang, Y.; Zhang, Y.; Wang, T.; Yang, Z.; Wang, Q.; Zhang, X. Dual-method molding of 4D shape
memory polyimide ink. Mater. Des. 2020, 191, 108606. [CrossRef]

76. Devillard, C.D.; Mandon, C.A.; Lambert, S.A.; Blum, L.J.; Marquette, C.A. Bioinspired Multi-Activities 4D
Printing Objects: A New Approach Toward Complex Tissue Engineering. Biotechnol. J. 2018, 13, 1800098.
[CrossRef]

77. Janusziewicz, R.; Tumbleston, J.R.; Quintanilla, A.L.; Mecham, S.J.; Desimone, J.M. Layerless fabrication with
continuous liquid interface production. Proc. Natl. Acad. Sci. USA 2016, 113, 11703–11708. [CrossRef]

78. Tumbleston, J.R.; Shirvanyants, D.; Ermoshkin, N.; Janusziewicz, R.; Johnson, A.R.; Kelly, D.L.; Chen, K.;
Pinschmidt, R.K.; Rolland, J.P.; Ermoshkin, A. Continuous liquid interface production of 3D objects. Science
2015, 347, 1349–1352. [CrossRef]

79. Choi, J.; Macdonald, E.; Wicker, R.B. Multi-Material Microstereolithography. Int. J. Adv. Manuf. Technol.
2010, 49, 543–551. [CrossRef]

80. De Haan, L.T.; Verjans, J.M.N.; Broer, D.J.; Bastiaansen, C.W.M.; Schenning, A.P.H.J. Humidity-responsive
liquid crystalline polymer actuators with an asymmetry in the molecular trigger that bend, fold, and curl.
J. Am. Chem. Soc. 2014, 136, 10585–10588. [CrossRef]

81. Dai, M.M.; Picot, O.T.; Verjans, J.J.; Haan, D.L.L.; Schenning, A.A.; Peijs, T.; Bastiaansen, C.C.
Humidity-Responsive Bilayer Actuators Based on a Liquid-Crystalline Polymer Network. ACS Appl.
Mater. Interfaces 2013, 5, 4945–4950. [CrossRef] [PubMed]

82. Dutta, S.; Cohn, D. Temperature and pH responsive 3D printed scaffolds. J. Mater. Chem. B 2017, 5, 9514–9521.
[CrossRef] [PubMed]

83. Stoychev, G.; Puretskiy, N.; Ionov, L. Self-folding all-polymer thermoresponsive microcapsules. Soft Matter
2011, 7, 3277–3279. [CrossRef]

84. Klouda, L.; Mikos, A.G. Thermoresponsive hydrogels in biomedical applications. Eur. J. Pharm. Biopharm.
2008, 68, 34–45. [CrossRef] [PubMed]

85. Jochum, F.D.; Theato, P. Temperature- and light-responsive smart polymer materials. Chem. Soc. Rev. 2013,
42, 7468–7483. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.eurpolymj.2018.02.021
http://dx.doi.org/10.1115/1.4035964
http://dx.doi.org/10.1016/j.ijpharm.2016.03.016
http://dx.doi.org/10.1002/adbi.201800101
http://dx.doi.org/10.3390/ma11122540
http://dx.doi.org/10.1016/j.matdes.2019.108182
http://dx.doi.org/10.1002/admt.201900847
http://dx.doi.org/10.1002/marc.201600625
http://www.ncbi.nlm.nih.gov/pubmed/28004437
http://dx.doi.org/10.1038/srep31110
http://www.ncbi.nlm.nih.gov/pubmed/27499417
http://dx.doi.org/10.1016/j.eurpolymj.2018.02.023
http://dx.doi.org/10.1016/j.matdes.2020.108606
http://dx.doi.org/10.1002/biot.201800098
http://dx.doi.org/10.1073/pnas.1605271113
http://dx.doi.org/10.1126/science.aaa2397
http://dx.doi.org/10.1007/s00170-009-2434-8
http://dx.doi.org/10.1021/ja505475x
http://dx.doi.org/10.1021/am400681z
http://www.ncbi.nlm.nih.gov/pubmed/23639415
http://dx.doi.org/10.1039/C7TB02368E
http://www.ncbi.nlm.nih.gov/pubmed/32264566
http://dx.doi.org/10.1039/c1sm05109a
http://dx.doi.org/10.1016/j.ejpb.2007.02.025
http://www.ncbi.nlm.nih.gov/pubmed/17881200
http://dx.doi.org/10.1039/C2CS35191A
http://www.ncbi.nlm.nih.gov/pubmed/22868906


Micromachines 2020, 11, 796 26 of 30

86. Jiang, X.; Lavender, C.A.; Woodcock, J.W.; Zhao, B. Multiple Micellization and Dissociation Transitions of
Thermo- and Light-Sensitive Poly(ethylene oxide)-b-poly(ethoxytri(ethylene glycol) acrylate-co-o-nitrobenzyl
acrylate) in Water. Macromolecules 2008, 41, 2632–2643. [CrossRef]

87. Roppolo, I.; Chiappone, A.; Angelini, A.; Stassi, S.; Frascella, F.; Pirri, C.; Ricciardi, C.; Descrovi, E. 3D
printable light-responsive polymers. Mater. Horiz. 2017, 4, 396–401. [CrossRef]

88. Yang, H.; Leow, W.R.; Wang, T.; Wang, J.; Yu, J.; He, K.; Qi, D.; Wan, C.; Chen, X. 3D Printed Photoresponsive
Devices Based on Shape Memory Composites. Adv. Mater. 2017, 29, 1701627. [CrossRef]

89. Guo, B.; Sun, Y.; Finnewistrand, A.; Mustafa, K.; Albertsson, A. Electroactive porous tubular scaffolds with
degradability and non-cytotoxicity for neural tissue regeneration. Acta Biomater. 2012, 8, 144–153. [CrossRef]

90. Sayyar, S.; Bjorninen, M.; Haimi, S.; Miettinen, S.; Gilmore, K.J.; Grijpma, D.W.; Wallace, G.G. UV
Cross-Linkable Graphene/Poly(trimethylene Carbonate) Composites for 3D Printing of Electrically
Conductive Scaffolds. ACS Appl. Mater. Interfaces 2016, 8, 31916–31925. [CrossRef]

91. Zhu, P.; Yang, W.; Wang, R.; Gao, S.; Li, B.; Li, Q. 4D Printing of Complex Structures with a Fast Response
Time to Magnetic Stimulus. ACS Appl. Mater. Interfaces 2018, 10, 36435–36442. [CrossRef] [PubMed]

92. Boncheva, M.; Andreev, S.A.; Mahadevan, L.; Winkleman, A.; Reichman, D.R.; Prentiss, M.G.; Whitesides, S.;
Whitesides, G.M. Magnetic self-assembly of three-dimensional surfaces from planar sheets. Proc. Natl. Acad.
Sci. USA 2005, 102, 3924. [CrossRef]

93. Zrinyi, M.; Barsi, L.; Buki, A. Deformation of ferrogels induced by nonuniform magnetic fields. J. Chem. Phys. 1996,
104, 8750–8756. [CrossRef]

94. Wang, J.H.; Lin, J. Cell traction force and measurement methods. Biomech. Model. Mechanobiol. 2007, 6,
361–371. [CrossRef]

95. Kuribayashishigetomi, K.; Onoe, H.; Takeuchi, S. Self-folding cell origami: Batch process of self-folding 3D
cell-laden microstructures actuated by cell traction force. In Proceedings of the International Conference on
Micro Electro Mechanical Systems, Paris, France, 29 January–2 February 2012; pp. 72–75.

96. Lui, Y.S.; Sow, W.T.; Tan, L.P.; Wu, Y.; Lai, Y.; Li, H. 4D printing and stimuli-responsive materials in biomedical
aspects. Acta Biomater. 2019, 92, 19–36. [CrossRef] [PubMed]

97. Zhang, Y.; Liu, Q.; Xu, B. Self-Folding Mechanics of Surface Wettability Patterned Graphene Nanoribbons by
Liquid Evaporation. J. Appl. Mech. 2018, 85, 021006. [CrossRef]

98. Zhang, K.; Geissler, A.; Standhardt, M.; Mehlhase, S.; Gallei, M.; Chen, L.; Thiele, C.M. Erratum:
Moisture-responsive films of cellulose stearoyl esters showing reversible shape transitions. Sci. Rep.
2015, 5, 12390. [CrossRef]

99. Villar, G.; Graham, A.D.; Bayley, H. A tissue-like printed material. Science 2013, 340, 48–52. [CrossRef]
100. Mulakkal, M.C.; Trask, R.S.; Ting, V.; Seddon, A.M. Responsive Cellulose-Hydrogel Composite Ink for 4D

Printing. Mater. Des. 2018, 160, 108–118. [CrossRef]
101. Janbaz, S.; Hedayati, R.; Zadpoor, A.A. Programming the shape-shifting of flat soft matter: From

self-rolling/self-twisting materials to self-folding origami. Mater. Horiz. 2016, 3, 536–547. [CrossRef]
102. Van Manen, T.; Janbaz, S.; Zadpoor, A.A. Programming the shape-shifting of flat soft matter. Mater. Today

2017, 21, 144–163. [CrossRef]
103. Li, W.; Liu, Y.; Leng, J. Shape memory polymer nanocomposite with multi-stimuli response and two-way

reversible shape memory behavior. RSC Adv. 2014, 4, 61847–61854. [CrossRef]
104. Bodaghi, M.; Damanpack, A.R.; Liao, W. Triple shape memory polymers by 4D printing. Smart Mater. Struct.

2018, 27, 065010. [CrossRef]
105. Hu, Y.; Wu, G.; Lan, T.; Zhao, J.; Liu, Y.; Chen, W. A Graphene-Based Bimorph Structure for Design of High

Performance Photoactuators. Adv. Mater. 2015, 27, 7867–7873. [CrossRef]
106. Halperin, A.; Kroger, M.; Winnik, F.M. Poly (N-isopropylacrylamide) phase diagrams: Fifty years of research.

Angew. Chem. 2015, 54, 15342–15367. [CrossRef]
107. Guo, J.; Zhang, R.; Zhang, L.; Cao, X. 4D Printing of Robust Hydrogels Consisted of Agarose Nanofibers and

Polyacrylamide. ACS Macro Lett. 2018, 7, 442–446. [CrossRef]
108. Malachowski, K.; Breger, J.C.; Kwag, H.R.; Wang, M.O.; Fisher, J.; Selaru, F.M.; Gracias, D.H.

Stimuli-Responsive Theragrippers for Chemomechanical Controlled Release. Angew. Chem. 2014, 53,
8045–8049. [CrossRef]

109. Wang, F.; Yuan, C.; Wang, D.; Rosen, D.W.; Ge, Q. A phase evolution based constitutive model for shape
memory polymer and its application in 4D printing. Smart Mater. Struct. 2020, 29, 055016. [CrossRef]

http://dx.doi.org/10.1021/ma7028105
http://dx.doi.org/10.1039/C7MH00072C
http://dx.doi.org/10.1002/adma.201701627
http://dx.doi.org/10.1016/j.actbio.2011.09.027
http://dx.doi.org/10.1021/acsami.6b09962
http://dx.doi.org/10.1021/acsami.8b12853
http://www.ncbi.nlm.nih.gov/pubmed/30270611
http://dx.doi.org/10.1073/pnas.0500807102
http://dx.doi.org/10.1063/1.471564
http://dx.doi.org/10.1007/s10237-006-0068-4
http://dx.doi.org/10.1016/j.actbio.2019.05.005
http://www.ncbi.nlm.nih.gov/pubmed/31071476
http://dx.doi.org/10.1115/1.4038683
http://dx.doi.org/10.1038/srep12390
http://dx.doi.org/10.1126/science.1229495
http://dx.doi.org/10.1016/j.matdes.2018.09.009
http://dx.doi.org/10.1039/C6MH00195E
http://dx.doi.org/10.1016/j.mattod.2017.08.026
http://dx.doi.org/10.1039/C4RA10716K
http://dx.doi.org/10.1088/1361-665X/aabc2a
http://dx.doi.org/10.1002/adma.201502777
http://dx.doi.org/10.1002/anie.201506663
http://dx.doi.org/10.1021/acsmacrolett.7b00957
http://dx.doi.org/10.1002/anie.201311047
http://dx.doi.org/10.1088/1361-665X/ab7ab0


Micromachines 2020, 11, 796 27 of 30

110. Ge, Q.; Dunn, C.K.; Qi, H.J.; Dunn, M.L. Active origami by 4D printing. Smart Mater. Struct. 2014, 23, 094007.
[CrossRef]

111. Li, Y.; Zhang, F.; Liu, Y.; Leng, J. 4D printed shape memory polymers and their structures for biomedical
applications. Sci. China-Technol. Sci. 2020, 63, 545–560. [CrossRef]

112. Liu, Y.; Boyles, J.K.; Genzer, J.; Dickey, M.D. Self-folding of polymer sheets using local light absorption.
Soft Matter 2012, 8, 1764–1769. [CrossRef]

113. Jeong, H.Y.; Woo, B.H.; Kim, N.; Jun, Y.C. Multicolor 4D printing of shape-memory polymers for light-induced
selective heating and remote actuation. Sci. Rep. 2020, 10, 6258. [CrossRef] [PubMed]

114. Kuksenok, O.; Balazs, A.C. Stimuli-responsive behavior of composites integrating thermo-responsive gels
with photo-responsive fibers. Mater. Horiz. 2016, 3, 53–62. [CrossRef]

115. Li, H.; Yuan, Z.; Lam, K.Y.; Lee, H.P.; Chen, J.; Hanes, J.; Fu, J. Model development and numerical simulation
of electric-stimulus-responsive hydrogels subject to an externally applied electric field. Biosens. Bioelectron.
2004, 19, 1097–1107. [CrossRef] [PubMed]

116. Bekin, S.; Sarmad, S.; Gurkan, K.; Keceli, G.; Gurdag, G. Synthesis, characterization and bending behavior of
electroresponsive sodium alginate/poly(acrylic acid) interpenetrating network films under an electric field
stimulus. Sens. Actuators B Chem. 2014, 202, 878–892. [CrossRef]

117. Martin, C.A.; Sandler, J.K.W.; Windle, A.H.; Schwarz, M.; Bauhofer, W.; Schulte, K.; Shaffer, M.S.P. Electric
field-induced aligned multi-wall carbon nanotube networks in epoxy composites. Polymer 2005, 46, 877–886.
[CrossRef]

118. Miriyev, A.; Stack, K.W.; Lipson, H. Soft material for soft actuators. Nat. Commun. 2017, 8, 596. [CrossRef]
119. Okuzaki, H.; Kuwabara, T.; Funasaka, K.; Saido, T. Humidity-Sensitive Polypyrrole Films for Electro-Active

Polymer Actuators. Adv. Funct. Mater. 2013, 23, 4400–4407. [CrossRef]
120. Cho, J.W.; Kim, J.W.; Jung, Y.C.; Goo, N.S. Electroactive Shape-Memory Polyurethane Composites

Incorporating Carbon Nanotubes. Macromol. Rapid Commun. 2005, 26, 412–416. [CrossRef]
121. Breger, J.C.; Yoon, C.; Xiao, R.; Kwag, H.R.; Wang, M.O.; Fisher, J.; Nguyen, T.D.; Gracias, D.H. Self-folding

thermo-magnetically responsive soft microgrippers. ACS Appl. Mater. Interfaces 2015, 7, 3398–3405.
[CrossRef]

122. Mohr, R.; Kratz, K.; Weigel, T.; Luckagabor, M.; Moneke, M.; Lendlein, A. Initiation of shape-memory effect
by inductive heating of magnetic nanoparticles in thermoplastic polymers. Proc. Natl. Acad. Sci. USA 2006,
103, 3540–3545. [CrossRef] [PubMed]

123. Schmidt, A.M. Electromagnetic Activation of Shape Memory Polymer Networks Containing Magnetic
Nanoparticles. Macromol. Rapid Commun. 2006, 27, 1168–1172. [CrossRef]

124. Li, T.; Li, G.; Liang, Y.; Cheng, T.; Dai, J.; Yang, X.; Liu, B.; Zeng, Z.; Huang, Z.; Luo, Y. Fast-moving soft
electronic fish. Sci. Adv. 2017, 3, e1602045. [CrossRef] [PubMed]

125. Tan, J.L.; Tien, J.; Pirone, D.M.; Gray, D.S.; Bhadriraju, K.; Chen, C.S. Cells lying on a bed of microneedles: An
approach to isolate mechanical force. Proc. Natl. Acad. Sci. USA 2003, 100, 1484–1489. [CrossRef]

126. Lemmon, C.A.; Chen, C.S.; Romer, L.H. Cell Traction Forces Direct Fibronectin Matrix Assembly. Biophys. J.
2009, 96, 729–738. [CrossRef]

127. Reinhartking, C.A.; Dembo, M.; Hammer, D.A. Endothelial Cell Traction Forces on RGD-Derivatized
Polyacrylamide Substrata. Langmuir 2003, 19, 1573–1579. [CrossRef]

128. Kuribayashi-Shigetomi, K.; Onoe, H.; Takeuchi, S. Cell origami: Self-folding of three-dimensional cell-laden
microstructures driven by cell traction force. PLoS ONE 2012, 7, e51085. [CrossRef]

129. Lendlein, A.; Kelch, S. Shape-Memory Polymers. Angew. Chem. 2002, 41, 2034–2057. [CrossRef]
130. Behl, M.; Lendlein, A. Shape-memory polymers. Mater. Today 2007, 10, 20–28. [CrossRef]
131. Nelson, A. Stimuli-responsive polymers: Engineering interactions. Nat. Mater. 2008, 7, 523. [CrossRef]
132. Zhao, Q.; Qi, H.J.; Xie, T. Recent progress in shape memory polymer: New behavior, enabling materials,

and mechanistic understanding. Prog. Polym. Sci. 2015, 49, 79–120. [CrossRef]
133. Yakacki, C.M.; Shandas, R.; Safranski, D.L.; Ortega, A.M.; Sassaman, K.; Gall, K. Strong, Tailored,

Biocompatible Shape-Memory Polymer Networks. Adv. Funct. Mater. 2008, 18, 2428–2435. [CrossRef]
[PubMed]

134. Xie, T. Tunable polymer multi-shape memory effect. Nature 2010, 464, 267–270. [CrossRef]
135. Yu, Z.; Zhang, Q.; Li, L.; Chen, Q.; Niu, X.; Liu, J.; Pei, Q. Highly Flexible Silver Nanowire Electrodes for

Shape-Memory Polymer Light-Emitting Diodes. Adv. Mater. 2011, 23, 664–668. [CrossRef] [PubMed]

http://dx.doi.org/10.1088/0964-1726/23/9/094007
http://dx.doi.org/10.1007/s11431-019-1494-0
http://dx.doi.org/10.1039/C1SM06564E
http://dx.doi.org/10.1038/s41598-020-63020-9
http://www.ncbi.nlm.nih.gov/pubmed/32277119
http://dx.doi.org/10.1039/C5MH00212E
http://dx.doi.org/10.1016/j.bios.2003.10.004
http://www.ncbi.nlm.nih.gov/pubmed/15018965
http://dx.doi.org/10.1016/j.snb.2014.06.051
http://dx.doi.org/10.1016/j.polymer.2004.11.081
http://dx.doi.org/10.1038/s41467-017-00685-3
http://dx.doi.org/10.1002/adfm.201203883
http://dx.doi.org/10.1002/marc.200400492
http://dx.doi.org/10.1021/am508621s
http://dx.doi.org/10.1073/pnas.0600079103
http://www.ncbi.nlm.nih.gov/pubmed/16537442
http://dx.doi.org/10.1002/marc.200600225
http://dx.doi.org/10.1126/sciadv.1602045
http://www.ncbi.nlm.nih.gov/pubmed/28435879
http://dx.doi.org/10.1073/pnas.0235407100
http://dx.doi.org/10.1016/j.bpj.2008.10.009
http://dx.doi.org/10.1021/la026142j
http://dx.doi.org/10.1371/journal.pone.0051085
http://dx.doi.org/10.1002/1521-3773(20020617)41:12&lt;2034::AID-ANIE2034&gt;3.0.CO;2-M
http://dx.doi.org/10.1016/S1369-7021(07)70047-0
http://dx.doi.org/10.1038/nmat2214
http://dx.doi.org/10.1016/j.progpolymsci.2015.04.001
http://dx.doi.org/10.1002/adfm.200701049
http://www.ncbi.nlm.nih.gov/pubmed/19633727
http://dx.doi.org/10.1038/nature08863
http://dx.doi.org/10.1002/adma.201003398
http://www.ncbi.nlm.nih.gov/pubmed/21274917


Micromachines 2020, 11, 796 28 of 30

136. Lendlein, A.; Langer, R. Biodegradable, Elastic Shape-Memory Polymers for Potential Biomedical
Applications. Science 2002, 296, 1673–1676. [CrossRef] [PubMed]

137. Yu, K.; Liu, Y.; Leng, J. Conductive Shape Memory Polymer Composite Incorporated with Hybrid Fillers:
Electrical, Mechanical, and Shape Memory Properties. J. Intell. Mater. Syst. Struct. 2011, 22, 369–379.

138. Qi, H.J.; Nguyen, T.D.; Castro, F.; Yakacki, C.M.; Shandas, R. Finite deformation thermo-mechanical behavior
of thermally induced shape memory polymers. J. Mech. Phys. Solids 2008, 56, 1730–1751. [CrossRef]

139. Du, H.; Liu, L.; Zhang, F.; Zhao, W.; Leng, J.; Liu, Y. Thermal-mechanical behavior of styrene-based shape
memory polymer tubes. Polym. Test. 2017, 57, 119–125. [CrossRef]

140. Zare, M.; Prabhakaran, M.P.; Parvin, N.; Ramakrishna, S. Thermally-induced two-way shape memory
polymers: Mechanisms, structures, and applications. Chem. Eng. J. 2019, 374, 706–720. [CrossRef]

141. Kolesov, I.; Kratz, K.; Lendlein, A.; Radusch, H. Kinetics and dynamics of thermally-induced shape-memory
behavior of crosslinked short-chain branched polyethylenes. Polymer 2009, 50, 5490–5498. [CrossRef]

142. Obryan, G.; Wong, B.M.; Mcelhanon, J.R. Stress Sensing in Polycaprolactone Films via an Embedded
Photochromic Compound. ACS Appl. Mater. Interfaces 2010, 2, 1594–1600. [CrossRef] [PubMed]

143. Yoon, J.; Bae, S. Performance Evaluation and Design of Thermo-Responsive SMP Shading Prototypes.
Sustainability 2020, 12, 4391. [CrossRef]

144. Han, X.; Dong, Z.; Fan, M.; Liu, Y.; Li, J.; Wang, Y.; Yuan, Q.; Li, B.; Zhang, S. pH-Induced Shape-Memory
Polymers. Macromol. Rapid Commun. 2012, 33, 1055–1060. [CrossRef] [PubMed]

145. Zhang, Z.; Dalgleish, D.G.; Goff, H.D. Effect of pH and ionic strength on competitive protein adsorption to
air/water interfaces in aqueous foams made with mixed milk proteins. Colloids Surf. B Biointerfaces 2004, 34,
113–121. [CrossRef]

146. Qiu, Y.; Park, K. Environment-sensitive hydrogels for drug delivery. Adv. Drug Deliv. Rev. 2001, 53, 321–339.
[CrossRef]

147. Ahn, S.; Kasi, R.M.; Kim, S.; Sharma, N.; Zhou, Y. Stimuli-responsive polymer gels. Soft Matter 2008, 4,
1151–1157. [CrossRef]

148. Zhang, Y.S.; Yue, K.; Aleman, J.; Mollazadehmoghaddam, K.; Bakht, S.M.; Yang, J.; Jia, W.; Dellerba, V.;
Assawes, P.; Shin, S.R. 3D Bioprinting for Tissue and Organ Fabrication. Ann. Biomed. Eng. 2017, 45, 148–163.
[CrossRef]

149. Peppas, N.A.; Hilt, J.Z.; Khademhosseini, A.; Langer, R. Hydrogels in Biology and Medicine: From Molecular
Principles to Bionanotechnology. Adv. Mater. 2006, 18, 1345–1360. [CrossRef]

150. Boydston, A.J.; Cao, B.; Nelson, A.; Ono, R.J.; Saha, A.; Schwartz, J.J.; Thrasher, C. Additive manufacturing
with stimuli-responsive materials. J. Mater. Chem. 2018, 6, 20621–20645. [CrossRef]

151. Pelton, R. Poly(N-isopropylacrylamide) (PNIPAM) is never hydrophobic. J. Colloid Interface Sci. 2010, 348,
673–674. [CrossRef]

152. Guan, Y.; Zhang, Y. PNIPAM microgels for biomedical applications: From dispersed particles to 3D assemblies.
Soft Matter 2011, 7, 6375–6384. [CrossRef]

153. You, Y.; Kalebaila, K.K.; Brock, S.L.; Oupický, D. Temperature-Controlled Uptake and Release in
PNIPAM-Modified Porous Silica Nanoparticles. Chem. Mater. 2008, 20, 3354–3359. [CrossRef]

154. Bakarich, S.E.; Gorkin, R.; Panhuis, M.I.H.; Spinks, G.M. 4D Printing with Mechanically Robust, Thermally
Actuating Hydrogels. Macromol. Rapid Commun. 2015, 36, 1211–1217. [CrossRef] [PubMed]

155. Naficy, S.; Gately, R.D.; Gorkin, R.; Xin, H.; Spinks, G.M. 4D Printing of Reversible Shape Morphing Hydrogel
Structures. Macromol. Mater. Eng. 2017, 302, 1600212. [CrossRef]

156. Schiphorst, T.J.J.; Coleman, S.; Stumpel, J.E.; Azouz, A.B.; Diamond, D.; Schenning, A.A. Molecular Design
of Light-Responsive Hydrogels, For in Situ Generation of Fast and Reversible Valves for Microfluidic
Applications. Chem. Mater. 2015, 27, 5925–5931. [CrossRef]

157. Deforest, C.A.; Anseth, K.S. Cytocompatible click-based hydrogels with dynamically tunable properties
through orthogonal photoconjugation and photocleavage reactions. Nat. Chem. 2011, 3, 925–931. [CrossRef]

158. Mccoy, C.P.; Stomeo, F.; Plush, S.E.; Gunnlaugsson, T. Soft Matter pH Sensing: From Luminescent Lanthanide
pH Switches in Solution to Sensing in Hydrogels. Chem. Mater. 2006, 18, 4336–4343. [CrossRef]

159. Grabe, M.; Oster, G. Regulation of Organelle Acidity. J. Gen. Physiol. 2001, 117, 329–344. [CrossRef]
160. Krogsgaard, M.; Behrens, M.A.; Pedersen, J.S.; Birkedal, H. Self-healing mussel-inspired multi-pH-responsive

hydrogels. Biomacromolecules 2013, 14, 297–301. [CrossRef]

http://dx.doi.org/10.1126/science.1066102
http://www.ncbi.nlm.nih.gov/pubmed/11976407
http://dx.doi.org/10.1016/j.jmps.2007.12.002
http://dx.doi.org/10.1016/j.polymertesting.2016.11.011
http://dx.doi.org/10.1016/j.cej.2019.05.167
http://dx.doi.org/10.1016/j.polymer.2009.09.062
http://dx.doi.org/10.1021/am100050v
http://www.ncbi.nlm.nih.gov/pubmed/20568704
http://dx.doi.org/10.3390/su12114391
http://dx.doi.org/10.1002/marc.201200153
http://www.ncbi.nlm.nih.gov/pubmed/22517685
http://dx.doi.org/10.1016/j.colsurfb.2003.11.009
http://dx.doi.org/10.1016/S0169-409X(01)00203-4
http://dx.doi.org/10.1039/b714376a
http://dx.doi.org/10.1007/s10439-016-1612-8
http://dx.doi.org/10.1002/adma.200501612
http://dx.doi.org/10.1039/C8TA07716A
http://dx.doi.org/10.1016/j.jcis.2010.05.034
http://dx.doi.org/10.1039/c0sm01541e
http://dx.doi.org/10.1021/cm703363w
http://dx.doi.org/10.1002/marc.201500079
http://www.ncbi.nlm.nih.gov/pubmed/25864515
http://dx.doi.org/10.1002/mame.201600212
http://dx.doi.org/10.1021/acs.chemmater.5b01860
http://dx.doi.org/10.1038/nchem.1174
http://dx.doi.org/10.1021/cm060603v
http://dx.doi.org/10.1085/jgp.117.4.329
http://dx.doi.org/10.1021/bm301844u


Micromachines 2020, 11, 796 29 of 30

161. Reis, A.V.; Guilherme, M.R.; Cavalcanti, O.A.; Rubira, A.F.; Muniz, E.C. Synthesis and characterization
of pH-responsive hydrogels based on chemically modified Arabic gum polysaccharide. Polymer 2006, 47,
2023–2029. [CrossRef]

162. Hu, Y.; Wang, Z.; Jin, D.; Zhang, C.; Sun, R.; Li, Z.; Hu, K.; Ni, J.; Cai, Z.; Pan, D. Botanical-Inspired 4D
Printing of Hydrogel at the Microscale. Adv. Funct. Mater. 2020, 30, 1907377. [CrossRef]

163. Edri, R.; Gal, I.; Noor, N.; Harel, T.; Fleischer, S.; Adadi, N.; Green, O.; Shabat, D.; Heller, L.; Shapira, A.
Personalized Hydrogels for Engineering Diverse Fully Autologous Tissue Implants. Adv. Mater. 2019,
31, 1803895. [CrossRef] [PubMed]

164. Dai, W.; Guo, H.; Gao, B.; Ruan, M.; Xu, L.; Wu, J.; Kirk, T.B.; Xu, J.; Ma, D.; Xue, W. Double network
shape memory hydrogels activated by near-infrared with high mechanical toughness, nontoxicity, and 3D
printability. Chem. Eng. J. 2019, 356, 934–949. [CrossRef]

165. Vijayavenkataraman, S.; Yan, W.C.; Lu, W.F.; Wang, C.H.; Fuh, J.Y.H. 3D bioprinting of tissues and organs for
regenerative medicine. Adv. Drug Deliv. Rev. 2018, 132, 296–332. [CrossRef]

166. Wang, Y.; Kohane, D.S. External triggering and triggered targeting strategies for drug delivery. Nat. Rev. Mater.
2017, 2, 17020. [CrossRef]

167. Mirani, B.; Pagan, E.; Currie, B.; Siddiqui, M.A.; Hosseinzadeh, R.; Mostafalu, P.; Zhang, Y.S.; Ghahary, A.;
Akbari, M. An Advanced Multifunctional Hydrogel-Based Dressing for Wound Monitoring and Drug
Delivery. Adv. Healthc. Mater. 2017, 6, 1700718. [CrossRef]

168. Kirillova, A.; Maxson, R.; Stoychev, G.; Gomillion, C.T.; Ionov, L. 4D Biofabrication Using Shape-Morphing
Hydrogels. Adv. Mater. 2017, 29, 1703443. [CrossRef]

169. Zarek, M.; Mansour, N.; Shapira, S.; Cohn, D. 4D Printing of Shape Memory-Based Personalized Endoluminal
Medical Devices. Macromol. Rapid Commun. 2017, 38, 1600628. [CrossRef]

170. Zolfagharian, A.; Denk, M.; Bodaghi, M.; Kouzani, A.Z.; Kaynak, A. Topology-optimized 4D printing of a
soft actuator. Acta Mech. Solida Sin. 2019, 1–13. [CrossRef]

171. Yuk, H.; Lin, S.; Ma, C.; Takaffoli, M.; Fang, N.X.; Zhao, X. Hydraulic hydrogel actuators and robots optically
and sonically camouflaged in water. Nat. Commun. 2017, 8, 14230. [CrossRef]

172. Palleau, E.; Morales, D.; Dickey, M.D.; Velev, O.D. Reversible patterning and actuation of hydrogels by
electrically assisted ionoprinting. Nat. Commun. 2013, 4, 2257. [CrossRef] [PubMed]

173. Shiblee, N.I.; Ahmed, K.; Kawakami, M.; Furukawa, H. 4D Printing of Shape-Memory Hydrogels for
Soft-Robotic Functions. Adv. Mater. Technol. 2019, 4, 1900071. [CrossRef]

174. Hua, L.; Xie, M.; Jian, Y.; Wu, B.; Chen, C.; Zhao, C. Multiple-Responsive and Amphibious Hydrogel
Actuator Based on Asymmetric UCST-Type Volume Phase Transition. ACS Appl. Mater. Interfaces 2019, 11,
43641–43648. [CrossRef] [PubMed]

175. Velders, A.H.; Dijksman, J.A.; Saggiomo, V. Hydrogel Actuators as Responsive Instruments for Cheap Open
Technology (HARICOT). Appl. Mater. Today 2017, 9, 271–275. [CrossRef]

176. Maeda, S.; Hara, Y.; Yoshida, R.; Hashimoto, S. Peristaltic Motion of Polymer Gels. Angew. Chem. 2008, 47,
6690–6693. [CrossRef] [PubMed]

177. Whitesides, G.M. The origins and the future of microfluidics. Nature 2006, 442, 368–373. [CrossRef]
178. Sontheimerphelps, A.; Hassell, B.; Ingber, D.E. Modelling cancer in microfluidic human organs-on-chips.

Nat. Rev. Cancer 2019, 19, 65–81. [CrossRef]
179. Deramo, L.; Chollet, B.; Leman, M.; Martwong, E.; Li, M.; Geisler, H.; Dupire, J.; Kerdraon, M.; Vergne, C.;

Monti, F. Microfluidic actuators based on temperature-responsive hydrogels. Microsyst. Nanoeng. 2018, 4,
1–7. [CrossRef]

180. Beebe, D.J.; Moore, J.S.; Bauer, J.M.; Yu, Q.; Liu, R.H.; Devadoss, C.; Jo, B.H. Functional hydrogel structures
for autonomous flow control inside microfluidic channels. Nature 2000, 404, 588–590. [CrossRef]

181. Zhu, C.; Lu, Y.; Peng, J.; Chen, J.; Yu, S. Photothermally Sensitive Poly(N-isopropylacrylamide)/Graphene
Oxide Nanocomposite Hydrogels as Remote Light-Controlled Liquid Microvalves. Adv. Funct. Mater. 2012,
22, 4017–4022. [CrossRef]

182. Drury, J.L.; Mooney, D.J. Hydrogels for tissue engineering: Scaffold design variables and applications.
Biomaterials 2003, 24, 4337–4351. [CrossRef]

183. Bolaños Quiñones, V.A.; Zhu, H.; Solovev, A.A.; Mei, Y.; Gracias, D.H. Origami Biosystems: 3D Assembly
Methods for Biomedical Applications. Adv. Biosyst. 2018, 2, 1800230. [CrossRef]

http://dx.doi.org/10.1016/j.polymer.2006.01.058
http://dx.doi.org/10.1002/adfm.201907377
http://dx.doi.org/10.1002/adma.201803895
http://www.ncbi.nlm.nih.gov/pubmed/30406960
http://dx.doi.org/10.1016/j.cej.2018.09.078
http://dx.doi.org/10.1016/j.addr.2018.07.004
http://dx.doi.org/10.1038/natrevmats.2017.20
http://dx.doi.org/10.1002/adhm.201700718
http://dx.doi.org/10.1002/adma.201703443
http://dx.doi.org/10.1002/marc.201600628
http://dx.doi.org/10.1007/s10338-019-00137-z
http://dx.doi.org/10.1038/ncomms14230
http://dx.doi.org/10.1038/ncomms3257
http://www.ncbi.nlm.nih.gov/pubmed/23907294
http://dx.doi.org/10.1002/admt.201900071
http://dx.doi.org/10.1021/acsami.9b17159
http://www.ncbi.nlm.nih.gov/pubmed/31663325
http://dx.doi.org/10.1016/j.apmt.2017.08.001
http://dx.doi.org/10.1002/anie.200801347
http://www.ncbi.nlm.nih.gov/pubmed/18651679
http://dx.doi.org/10.1038/nature05058
http://dx.doi.org/10.1038/s41568-018-0104-6
http://dx.doi.org/10.1038/micronano.2017.69
http://dx.doi.org/10.1038/35007047
http://dx.doi.org/10.1002/adfm.201201020
http://dx.doi.org/10.1016/S0142-9612(03)00340-5
http://dx.doi.org/10.1002/adbi.201800230


Micromachines 2020, 11, 796 30 of 30

184. Miao, S.; Zhu, W.; Castro, N.J.; Nowicki, M.; Zhou, X.; Cui, H.; Fisher, J.P.; Zhang, L.G. 4D printing smart
biomedical scaffolds with novel soybean oil epoxidized acrylate. Sci. Rep. 2016, 6, 27226. [CrossRef]
[PubMed]

185. Chen, D.; Liu, Q.; Han, Z.; Zhang, J.; Song, H.; Wang, K.; Song, Z.; Wen, S.; Zhou, Y.; Yan, C.; et al. 4D Printing
Strain Self-Sensing and Temperature Self-Sensing Integrated Sensor–Actuator with Bioinspired Gradient
Gaps. Adv. Sci. 2020, 7, 2000584. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/srep27226
http://www.ncbi.nlm.nih.gov/pubmed/27251982
http://dx.doi.org/10.1002/advs.202000584
http://www.ncbi.nlm.nih.gov/pubmed/32670768
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Additive Manufacturing (AM) Technologies for Four-Dimensional (4D) Printing 
	Extrusion-Based Methods 
	Fusion Deposition Modeling (FDM) 
	Direct Ink Writing (DIW) 
	Inkjet 

	Vat Photopolymerization Methods 
	Stereolithography (SLA) 
	Digital Light Processing (DLP) 


	Stimulation Method of four-dimensional (4D) Printing 
	Water/Humidity Stimuli 
	Temperature Stimuli 
	Light Stimuli 
	Electric Field Stimuli 
	Magnetic Field Stimuli 
	Cell Traction Force Stimuli 

	Material System 
	Shape Memory Polymers (SMPs) 
	Thermally Induced SMP 
	Photochromic SMP 
	Chemical Induction SMP 

	Hydrogels 
	Thermally Responsive Hydrogels 
	Light Responsive Hydrogels 
	pH-Responsive Hydrogels 


	Applications of 4D Printing 
	Drug Delivery 
	Stents 
	Soft Robotics 
	Microfluidics 
	Tissue Engineering 

	Conclusions and Prospective 
	References

