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Abstract 

In recent years, there has been rising interest in additively manufactured shape memory 

polymers (SMPs) and their multi-functional composites. Four-dimensional (4D) printing is an 

intriguing additive manufacturing field, which uses time-responsive programmable materials. 

Stimuli-responsive polymers present an ability to retain their original shapes from a 

programmed temporary shape upon exposure to different external stimuli including heat, light, 

electricity, humidity, or magnetism. In recent years, rapid technological developments have 

been made in the field of smart and multi-functional materials by integrating 4D printing (4DP) 

and shape memory polymer composites (SMPCs). 4DP of SMPCs helps in exploring the 

myriad engineering applications including automotive, soft robotics, food, smart textiles, 

biomedical devices, mechatronics, and wearable electronics. Herein, this review article 

presents important 4DP technologies in conjunction with the underlying functionalities of 

stimuli-responsive polymer composites. This review also elucidates the future opportunities of 

4D-printed SMPCs in terms of preprogramming knowledge, multi-way SMPCs, multi-material 

printing, sustainability, and potential applications. Finally, based on the characteristics of the 

SMPCs employed for each technology illustrative examples of the principal applications are 

provided. It is anticipated that the insightful exploration of this novel field could support future 

advancements as well as spur innovations in the 4DP field.  

Keywords: 3D printing, 4D printing, Shape memory polymers, Polymer composites, Stimuli-
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List of abbreviations 

2D    Two-dimensional 

3D    Three-dimensional 

4D    Four-dimensional  

3DP    3D printing 

4DP    4D printing 

4DPC    4D printing of composites 

β-CD    β-cyclodextrin 

AA    Acrylic acid  

ABS    Acrylonitrile butadiene styrene 

AM    Additive manufacturing 

AFP    Automated fiber placement 

AESO    Acrylated epoxidized soybean oil 

Ag-NWs   Silver nanowires 

mailto:yasirkhalid94@gmail.com


2 
 

BA    Butyl acrylate 

BP    Black phosphorus 

BPA    Bisphenol A ethoxylate dimethacrylate 

CAD    Computer-aided design 

CB    Carbon black 

CCF    Continuous carbon fiber 

CF    Carbon fiber 

CFF    Continuous flax fiber 

CMC    Carboxymethyl cellulose 

CNF    Carbon nanofiber 

CNT    Carbon nanotube 

COVID-19   Coronavirus Disease 2019 

EA    Ethyl acetate  

EC    Ethyl cellulose 

ECG    Electrocardiogram 

EPOX    3,4-epoxycyclohexanecarboxylate 

ESBO    Epoxidized soybean oil 

DED    Direct energy deposition 

DGEBA   Bisphenol A diglycidyl ether 

DIW    Direct ink writing  

DLP    Digital light processing 

DLW    Direct laser writing 

DMAEMA   2-(dimethylamino)ethyl Methacrylate  

DMD    Digital micromirror device 

FFF    Fused filament fabrication 

FDM    Fused deposition modeling 

GF    Glass fiber 

GnPs    Graphene nanoplatelets 

HEA    2-hydroxyethyl acrylate 

HBCs    Hygromorph biocomposites 

HUVECs    Human umbilical vein endothelial cells 

IJP    Inkjet printing 

IPA    Isopropyl alcohol 

IPN    Interpenetrated polymer network 

ITOP    Integrated tissue–organ printer 

MA    Methacrylic anhydride 

MWCNT   Multi-walled carbon nanotube 

MJ    Material jetting 

MSC    Mesenchymal stem cell 

NF    Natural fiber 

NIR    Near infrared 

NPs    Nanoparticles 

PA    Polyamide 

PBS    Polybutylene Succinate 

PC    Polycarbonate 

PE    Polyethylene 
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PEMA    Poly(ethylene-co-methacrylic acid) 

PEN    Polyethylene naphthalate  

PET    Polyethene terephthalate 

PCL    Polycaprolactone 

PCLMA   Polycaprolactone methacrylate 

PDMS    Polydimethylsiloxane 

PEG    Polyethylene glycols 

PEGDA   Poly(ethylene glycol) diacrylate  

PEGDMA   Poly (ethylene glycol) dimethacrylate 

PEDOT   Poly(3,4 ethylenedioxythiophene) 

PEEK    Polyetheretherketone 

PLA    Polylactic acid 

PLA-TMC   Poly(lactic acid-co-trimethylene carbonate) 

PLMC    Poly (D,L-lactide-co-trimethylene carbonate) 

PNIPAM    Poly(N-isopropylacrylamide) 

PNVCL   Poly(N-Vinylcaprolactam) 

PP    Polypropolene 

PPSF    Polyphenylsulfone 

PSS    Polystyrene sulfonate 

PTFE    Polytetrafluoroethylene 

PTMC    Poly (trimethylene carbonate) 

PU    Polyurethane 

PUA    Polyurethane acrylate 

PUDA    Polyurethane diels−alder bond 

PVC    Polyvinyl chloride 

PµSL    Micro-stereolithography 

SA    Sodium alginate 

SCMs    Shape-changing materials 

SCO    Spin-crossover 

SEM    Scanning electron microscope 

SLA    Stereolithography 

SLM    Selective laser melting 

SLS    Selective laser sintering 

SMA    Shape-memory alloy 

SMCr    Shape-memory ceramic 

SME    Shape-memory effect 

SMG    Shape-memory gel 

SMH    Shape-memory hybrid 

SMP    Shape-memory polymer 

SMPC    Shape-memory polymer composite 

SMM    Shape-memory materials 

SPS    Strain perception strengthening 

SRM    Stimuli-responsive material 

RGO    Reduced graphene oxide 

TCP    Tricalcium phosphate 

TEGDMA   Triethylene glycol dimethacrylate 
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Tg    Glass transition temperature 

THFM    Tetrahydrofurfuryl methacrylate 

TPE    Thermoplastic elastomer 

TPP    Two-photon polymerization 

TPO    Diphenyl (2, 4, 6-trimethyl benzoyl) phosphine oxide 

TPU    Thermoplastic polyurethane 

UV    Ultraviolet 

VP    Vat photopolymerization  

WF    Wood fiber 

1. Introduction 

Additive manufacturing (AM) technology is extensively adopted for the digital and smart 

manufacturing of different materials [1]–[3]. In this technology, materials are created by adding 

layers in three dimensions (3D) with the help of computer-aided design (CAD) [4]–[6]. AM 

also refers as 3D printing (3DP), can be employed in the manufacturing of different materials 

including metals, polymers, ceramics, composites, cermets, and metamaterials [7]–[9]. 3DP 

offers a wide range of advantages that includes low cost, wide design spectrum, compact size, 

high adaptability, and ability to form precise and complex geometries [10]–[12]. The large-

scale manufacturing of materials through 3DP is still limited in industries due to associated 

slow speed and an unbalanced trade-off between the quality and size of the printed part [13]–

[16]. In addition to this, 3DP techniques generate static structures and cannot be employed for 

the development of the structures for dynamic applications [17]–[20]. With persistent progress 

in materials science, the 3DP has also gone through significant advancement and it has been 

upgraded to 4D printing (4DP) [21]–[23]. It is a novel technology that emerged in 2013, and it 

is programmed to transform the shape of the printed parts into artifacts [24]–[26]. 4DP 

envisages the self-assembly of the structure in the absence of conventional driving equipment, 

which also helps to simplify the manufacturing process [27]–[29]. It is the next-generation 

printing process that allows the smart or programmable materials to transform their shape with 

time due to the response of the external stimuli [30]–[32]. Additionally, 4DP technology has 

excellent perspectives in controlling the various factors including failure rate, minimizing the 

assembly time, and the overall cost [33]–[35]. The shape morphing pattern in 4DP is driven by 

programmed spatially controlled anisotropies produced from 3DP techniques [36], which 

usually involve the common multilayer shapes with various materials components, cross-link 

densities, percentage of weight, and alignment of different additives and fillers [37]–[39]. 

Additionally, the idea of self-assembly is already built in 4DP techniques, for instance, both 

raw materials and different assembling, are fed directly into the 4DP machine [40]–[42]. Shape 

memory polymers (SMPs) are those materials that have the ability to deform their shape and 

then recover to their original shapes upon exposure to external stimuli [43] including heat [44], 

electricity [45], light [46], magnetic field [47], thermal [48], moisture [49], and chemicals [50]. 

Owing to the dynamic functions and stimuli-responsive behavior, these materials are 

extensively used for the printing of smart textile, flexible electronic equipment, self-folding 

packaging, automotive parts, deployable architectures, tissue constructs, drug delivery devices, 

and adaptive wind turbine blades applications [51]–[53]. Figure 1 provides a detailed overview 

of 4DP technology.   
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Figure 1. Flow diagram illustrating the evolution of 3DP technology to 4DP technology 

1.1.Review Methodology  

Since the inception of 4DP in 2013, the impact of 4DP technology has been continuously 

increasing in different engineering fields and requires up-to-date knowledge about 4DP 

techniques and novel stimuli-responsive materials (SRMs) to instigate the readers about this 

latest and futuristic rapid prototyping technology. The purpose of this review is to highlight 

and critically analyze seminal works of 4D-printed shape memory polymer composites 

(SMPCs). This review also elucidates different stimuli-responsive polymer composite 

mechanisms as well as illustrates biomedical (stents, tissue constructs, scaffolds), textile, soft 

robotics, and electronics applications. This review incorporates current findings, future 

perspective, and challenges in the designing of SMPCs through 4DP. It is envisioned that 4D-

printed intricate and dynamic structures will be translated into different engineering 

applications by managing demands of key regulators. 

2. Fundamentals of 4D printing technology 

In the contemporary era, 4DP technology has intrigued engineers, designers, and scientists, due 

to cutting-edge results, which will be helpful in solving different industrial issues. It is a 

combination of intelligent materials, 3D printing, and a well-programmed design. This 

technology generates a variety of metamaterial structures under changing environments [54]. 

This section aims to elucidate key features of 4DP technology. 

2.1.Shape transformation approaches 
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During 4DP of SRMs, the environmental stimuli enable transformation functions like twisting, 

bending, stretching, rolling, or swelling, as well as state and property changes depending upon 

the geometrical design. These transformations are mandatory for the development of smart 

devices and systems [55]. Furthermore, these changes in transformation functions with respect 

to time change the properties, states, forms, or functionalities of the SRMs to develop intricate 

mechanisms such as buckling, helixing, waving, or curling functions [56]. 

2.2. Stimuli-responsive materials in 4D printing 

4DP is not a straightforward process rather it integrates printing techniques and intelligent 

materials to print shape-changing architectures upon exposure to external stimulus [57]. 

Intelligent materials possess the ability to change their properties with respect to time. These 

materials are highly sensitive to environmental stimuli and exhibit behaviors such as self-

capability, self-healing, self-assembly, and shape-memory [58]. Some smart materials also 

exhibit shape as well as color-changing properties upon exposure to ultraviolet (UV) or visible 

light stimulus [59]. This subsection will illustrate 4DP behavior and different stimuli-

responsive mechanisms of smart materials, especially SMPCs. 

One of the distinct features of 4DP technology is the shape-changing behavior under the action 

of mechanical, chemical, or biological stimuli [60]. Smart materials can transform their 

geometry/shape, under the influence of environmental conditions [61]. Smart materials are 

classified into shape-changing materials (SCMs) and shape-memory materials (SMMs). SCMs 

are those materials in which different external stimuli including light, humidity, pH, current, 

thermal, electric, or magnetic field permits the transformation of shape in bending, folding, 

shrinkage, surface curling, twisting, or swelling form. These materials recover non-

directionally and instantaneously and are mostly appears in the form of piezoelectric and 

electroactive polymers [62].  

On the contrary, SMMs are multi-functional materials that possess the ability to remember their 

shapes and reconfigure them back to their original shapes even after temporary deformation. 

Additionally, these materials can recover directionally and consistently [63]. These materials 

are renowned due to systematic actuation, multi-stimuli sensitiveness, fixity properties, and 

shape recovery. These materials are further classified into hygroscopic, hygromorphic, non-

programmable, programmable, piezoelectric, and thermo-responsive materials [64]–[66]. 

Programmable SMMs are novel smart materials, which can morph and undergo shape and 

function change through 4DP, based on the stimuli-response [67]. These materials are known 

by their feature of shape recovery from the quasi-plastic deformation under specific stimuli 

[68]. These materials do not require to change their shape, instead, the programming step is 

enough to permit substantially more complex and adaptable shape transformation [69]. SMMs 

usually incorporates shape-memory alloys (SMAs), shape-memory polymers (SMPs), shape-

memory polymer composites (SMPCs), shape-memory gels (SMGs), shape-memory ceramics 

(SMCrs), and shape-memory hybrids (SMHs) [70]–[72], as illustrated in Figure 2. 
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Figure 2. Classification of shape-memory materials 

The most widely employed SMMs are SMAs and SMPs. Specific stimuli like heat, light, or 

humidity induce the shape-memory effect (SME) in SMMs [73]–[76]. SME occurs in SMA 

due to super-elasticity, whereas, in SMPs, it appears due to visco-elasticity [77]–[79]. SMPs 

are mostly formed by blending semicrystalline or amorphous polymers with mixtures of fibers 

and thermoplastic elastomers to develop copolymers of soft and hard segments [80]. In the 

recent past, SMPs and their composites have gained more attraction due to their high energy 

efficiency, low cost, excellent processability, and deformability [81]. 

SMP materials can be preprogrammed for providing predictable deformation upon exposing 

3D-printed products to specific stimuli. Figure 3 illustrates the types of deformations that 

appeared in 4DP of SMPs. Based on the type of morphological transformations, SMPs are 

categorized into irreversible (one-way) SMPs and reversible (two-way and multiple-way) 

SMPs [82]. Irreversible SMPs are programmed into a particular shape upon a specific stimulus 

and these polymers remain in this new shape even after removing the stimulus, as illustrated in 

Figure 3(a1). One-way shape memory effect (SME) is prominently observed in traditional 

cross-linked polymers [83]. These SMPs are commercially employed to develop low-end 

products like heat-shrinkable labels, tubes, and toys. Nowadays, high-tech research products 

such as smart medical devices and self-deployable hinges are developed by using these 

polymers [84]. 
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Figure 3. Schematic diagrams illustrating the SMEs of SMPs; (a1) One-way SMPs; (a2) Two-way 

SMPs; (a3) Multi-way SMPs  

Contrarily, two-way SMPs, also refer as reversible SMPs, morph between two distinct shapes 

through a switching stimulus to develop complex bimorph mechanisms [85]. In a two-way 

SME mechanism, molecular chains are directionally rearranged upon external stimulus and are 

mostly used to fabricate semicrystalline polymers and LCEs [86]. Additionally, SMPs capable 

of maintaining two or more than two temporary shapes are called multi-way SMPs, as 

illustrated in Figure 3(a3). These polymers are co-polymer of a set of irreversible SMPs with 

diverse transition temperatures [87]. Furthermore, multiple SMEs permit the polymer to switch 

through different shapes by using appropriate programming techniques [88].  

2.3. Stimuli for SMPs 

4D-printed SMPCs require a specific stimulus for triggering the shape and morphological 

transformations. These composites use twisting, bending, and folding mechanisms in response 

to external [78]. The choice and tunning of stimulus depend upon the operating environment. 

This sub-section elucidates different types of stimuli-responses for SMP-based composites. 

During 4DP, SMPCs recover their original shape in response to specific stimuli such as 

moisture, light, pH, heat, magnetic, and electric fields [89]. The elongation of structures, 

deformation difference among materials, electric current through heating, as well as expansion 

of printed parts usually triggers SME [90]. Figure 4 summarizes all possible stimuli employed 

for 4DP of SMPCs. However, this paper discusses only prominent stimuli used in 4DP of 

SMPCs. 
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Figure 4. Types of stimuli for 4DP  

2.3.1. Thermally-activated SMPs 

Thermally-activated SMPs are most commonly observed in 4DP fields, due to the easiness and 

adaptability of a wide range of SMPs. These thermally-activated SMPs deformed by heating 

above glass transition temperature (Tg) and original shapes are restored due to the entropic 

elasticity effect [91]. Additionally, indirect thermal activation through photothermal effect, 

Joule heating effect, and hysteresis effect also enable actuation. Different researches focused 

on the exploration of temperature as a stimulant for SMPs. For instance, Wu et al. [92] studied 

the influence of thermally-activated bio-based shape memory copolymers fabricated through 

the 4DP technique. The results revealed that 3D-printed models including “Sanxingdui bronze 

mask” and protecting cover device exhibited excellent shape memory characteristics upon 

exposure to the thermal stimulus, as presented in Figure 5(a). Similarly, Jian et al. [93]  

investigated origami-based design models along with 3D support-free hollow structures in 

terms of two-dimensional (2D) printed origami precursor layouts. These origami-based models 

were capable of demonstrating the folding functions under heat stimulus and also exhibited the 

transformation of the 2D origami layout to 3D structures, as presented in Figure 5(b). The 

transition temperature of the hydrogels can be changed easily by increasing the cross-link 

density or by incorporating filler materials. Additionally, multi-material-based 4D-printed 

products possess impressive shape-shifting behavior due to multi-transition temperatures. 

However, the applications of SMPs and hydrogels are limited due to low operating 

temperatures. For instance, Solis et al. [94] explored the effect of the thermal stimulus on the 

DLP-printed poly(N-isopropylacrylamide (PNIPAM)-based hydrogels. The results indicated 

that these printed hydrogels have exhibited remarkable swelling properties at 5oC, as shown in 

Figure 5(c). 
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Bardakova et al. [95] proposed new photosensitive compositions using aromatic heterochain 

polymers and different post-curing methods were used. Furthermore, the 4D fabricated 

structures demonstrated excellent shape memory characteristics and gripping behavior, as 

presented in Figure 5(e), under temperature stimulus. 

 
Figure 5. Shape memory behavior of different printed models; (a1) CAD and actual model “Sanxingdui 

bronze mask”; (a2) CAD and actual model “protecting cover device”. Both models exhibited temporary 

shapes at room temperature and permanent shapes recovered at 90°C (adapted with permission from 

ref. [92]); (b1) Printed structure with the same hinges; (b2) First stimulation; (b2) Second stimulation 

(adapted with permission from ref. [93]); (c) Printed hydrogel samples before and thermal stimulus 

(adapted with permission from ref. [94]); (d) SMP-based 4D-printed structure in which swelling 

stimulus produced actuation (adapted with permission from ref. [96]); (e1) Shape memory behavior of 

4D-fabricated SMP; (e2) Demonstration of gripping behavior of crocodile shape gripper under 
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(a2) 
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(b1) 
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(e1) 

(e2) 
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temperature stimulus (adapted with permission from ref. [95]); (f1) Shape-morphing reversibility of 

various design models under protic and aprotic stimuli; (f2) 3D-printed fluidic chip inside the nine-

coiled EMA workspace; (f3) Microrobot grabbed the coin under protic stimuli and steered through 

magnetic fields (red arrow) and finally released the coin under aprotic stimuli (adapted with permission 

from ref. [97]). 

2.3.2. Humidity/solvent-activated SMPs 

Humidity/solvent-driven materials transform their configuration temporally and spatially 

through differential swelling, deswelling, shrinkage, and stretching mechanisms [98]. These 

materials include hygromorph biocomposites (HBCs), hydrogels, nano-cellulosic materials, 

and polyurethane (PU)-based SMPs. Nowadays, humidity-activated SMPs are gaining great 

interest in actuators, tissue engineering, and drug delivery applications [99]. Swelling 

mechanism is considered a shape change reversible approach. It can be reversed upon loss of 

solvent due to environmental conditions [100]. The incorporation of photocurable SMPs into 

swellable hydrogel materials significantly induces the ability to retain the temporary shape, 

while swelling is diminished. This help in reverting to the original configuration through the 

actuation of SMPs. For instance, Seo et al. [96] integrated swellable materials and fabricated a 

dual-crosslinkable/temperature reversible chitosan-based product. The results indicated that 

SMP-based 4D-printed structures generated actuation due to swelling and reverted to their 

initial configuration at 37oC, as shown in Figure 5(d). 

The shape morphing mechanisms of 4D-printed grippers and actuators under protic or aprotic 

stimuli s evaluated by extortionate researchers. For instance, Li et al. [97] fabricated a solvent-

responsive untethered micro-robotic gripper through a novel single-layer 4DP system. 

Different microrobots including helical-type, band-type, tube-type, and gripper-type exhibited 

responsive behavior, without any external energy source, as presented in Figure 5(f1). 

Furthermore, 3D-printed fluidic chip was placed at the center of a nine-coiled electromagnetic 

actuation system and a five-arm microgripper inside the fluidic channel successfully 

demonstrate its folding and unfolding behavior under protic or aprotic stimuli, as presented in 

Figure 5(f3).  

Some SMPs and their composites respond to the changes in pH and transform their 

configurations upon exposure. SMPs with weak alkalinity and acidity are associated with pH-

sensitivity, which encompasses the carboxyl or amino group [123]. The reversible cross-links 

appear due to electrostatic interactions. pH-responsive SMPs are vastly applied in biomedical 

fields to develop drug delivery systems [101]. 

2.3.3. Electrically-activated SMPs 

Electric current is an efficient method to induce heat into SMPs for actuation purposes, 

however, this heat produced through electric current is considered independent from heat 

stimulus. Additionally, there is a difference between the actuation through electric stimulus 

and environmental heating. Mostly, dry SMPs are poor conductors of electricity and require 

the reinforcements of electrically active carbon-based nanoparticles (NPs) including graphite, 

graphene, and carbon nanotubes (CNTs). These fillers improve the electrical conductivity of 

SMPs, thus, promoting SME with the joule heating effect. For instance, Zhang et al. [102] 

developed polyurethane acrylate (PUA)-based SMPCs by incorporating multi-walled carbon 

nanotubes (MWCNTs) and by spraying silver nanowires (Ag-NWs). These SMPC-based 

architectures were fabricated by using the UV-curing 4DP technique. The authors observed 

excellent shape memory properties and improved mechanical properties of deployable and 

extendible bat wing-like structure imitating under the current stimulus, as presented in Figure 
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6(a). Extortionate researches show that the electrically-activated SMPs developed through 4DP 

are usually applied in soft robotics and actuating applications. 

 
Figure 6. (a1) Bat wing (one-half) was designed according to the principle of bionics and current was 

employed for the heating; (a2- a3) Images of the shape recovery process of the printed whole bat wing 

under the stimulus of (a2) hot water (80 °C) (a3) current (1.2 A) (adapted with permission from ref. 

[102]); (b1-b2) Reversible actuation mechanism of SMPC actuator under the current stimulus (adapted 

with permission from ref. [103]); (c) Shape changing behavior of 4D-printed CuS/PU-based composites 

under light stimulus (adapted with permission from ref. [104]); (d1-d2) Dynamically controlled light-

responsive 4D-printed constructs including blooming flower, exerciser, hand gesture, electrical circuit, 

brain and dialted heart model (adapted with permission from ref. [105]). 

Both types of SMMs (SMPs and SMAs) exhibit SMEs and return to their original shape after 

deformation [106]. However, there is a significant difference in the returning mechanisms. The 

crystallographic transformation from the austenite phase to the martensite phase produces SME 

in SMAs, which can be triggered by temperature, stress, or their combination [107]. On the 

(a1) 

(a2) 

(a3) 

(b2) 
(b1) 

(c) 

(d1) (d2) 
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other hand, SMEs in SMPs occur by a change in proportions of soft and hard segments near 

the Tg. SMP and SMA possess non-reversible actuation and low strength, respectively. 

Recently, the researchers have fabricated high strength, lightweight, and reversibly actuated 

SMPCs by integrating SMAs and SMPs, to address these issues [108]. These types of 

composites have shown their potential in valve controller and stent applications. For instance, 

Pyo et al. [103] used FDM technique to fabricate SMPC actuator by merging SMA with a 

Nylon 12-based SMP in the ratio 1:5 and achieved the maximum flexural modulus of 1180 

MPa. Additionally, the developed actuator exhibited excellent response upon electrical 

stimulus, as illustrated in Figure 6(b). 

2.3.4. Light-activated SMPs 

SMPs can be effectively triggered through the non-contacting light stimulus of specific 

wavelengths and intensities within the electromagnetic spectrum to fabricate actuated smart 

structures. This stimulus induces folding, twisting, and bond strength as well as triggers a self-

healing mechanism [109]. Additionally, light stimulus helps to develop high precise small-

scaled components. The light stimulus enables a photothermal effect, which increases the 

temperature of SMPs above the Tg. Furthermore, the addition of filler materials also enhances 

the temperature by absorbing light energy and converting it into heat [110]. For instance, Vitola 

et al. [104] printed PU-based SMPCs and evaluated their shape memory behavior upon light 

activation. The results revealed that the 4D-printed composites maintained their original 

configuration after light stimulation, as illustrated in Figure 6(c). Likewise, Cui et al. [105] 

developed near-infrared (NIR) light-responsive SMPs and evaluated the shape transformation 

performance, as shown in Figure 6(d). These graphene-doped SMPCs exhibited excellent shape 

memory behavior and biocompatibility, as well as cell adhesion, differentiation, and growth. 

These nano-printed smart devices can be applied as bio-actuators, bio-sensors, and bio-robots 

to inspect the shape transformations of tissues and cells. 

2.3.5. Magnetically-activated SMPs 

Magnetism is another important stimulus, which can be used for the shape transformation of 

SMPs. This stimulus can trigger intricate structures which are unresponsive to direct heating 

[111]. SMPs are either triggered by aligning the materials under magnetic stimulus or through 

a magnetically-induced heating effect [112]. These magnetic-responsive polymers are 

fabricated by doping with magnetic NPs like Fe2O3 and NdFeB [113]–[115]. These 

magnetically-triggered SMPs have found their applications in the biomedical world and are 

used to develop drug-releasing devices and biorobotic architectures for minimally invasive 

procedures [116]. For instance, Lin et al. [117] 4D-printed remotely controllable and 

biodegradable PLA-based occluders by incorporating Fe3O4 magnetic particles. These 

magnetically responsive SMPCs exhibited excellent shape memory characteristics, as 

illustrated in Figure 7(a). Additionally, these biodegradable occluders exhibited excellent cell 

adhesion, growth, and proliferation, which facilitated rapid endothelialization. Similarly, 

Zhang et al. [118] printed polydimethylsiloxane (PDMS)-based magneto-responsive SMPCs 

by incorporating NdFeB-based magnetic NPs, as depicted in Figure 7(b). These origami 

structures exhibited programmable transformation, excellent shape memory characteristics, 

and controllable locomotion.  
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Figure 7. (a) 4D-printed magnetically-driven PLA/Fe3O4-based shape memory occluders (adapted with 

permission from ref. [117]); (b) PDMS/NdFeB-based 4D-printed SMPCs; (b1) Chinese dragon and 

butterfly; (b2) Porous cuboid and Shanghai Tower (adapted with permission from ref. [118]); (c) 

PTMC/PLMC/Fe3O4-based 4D-printed triple memory flower petals under magnetic field and 

temperature stimuli and later immersed in a water bath (adapted with permission from ref. [119]); (d) 

Deformation behavior of PU/PVA-based 4D-printed bilayer structure with a quadrant shape in response 

to both temperature and water stimuli (adapted with permission from ref. [120]). 

2.3.6. Multi stimuli-activated SMPs 

SMPC-based shape morphing architectures can be precisely controlled by using multiple 

stimuli. Multi-stimuli responsive SMPs undergo multiple shape configurations and are 

extensively applied in recent days to promote practical applications [121]. Multi-responsive 

SMPs are commonly developed by incorporating functional additives into SMPs, which makes 

them more sensitive compared to the original SMPs [122]. Furthermore, the addition of 

different NPs like Fe3O4 and CNTs also allows SMPCs to convert magnetism to heat, electricity 

to heat, or light to heat, thereby realizing multi-stimuli responsive 4DP. For instance, Wan et 

al. [119] printed poly (trimethylene carbonate) (PTMC)/poly (D,L-lactide-co-trimethylene 

carbonate) (PLMC)/Fe3O4-based triple memory SMPC structure, as shown in Figure 7(c). The 

results indicated that these printed structures exhibited excellent SME and biocompatibility, 

and transformed into complicated configurations. These triple memory SMPC demonstrate 

excellent potential in tissue engineering and drug delivery applications. 
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Multi-responsive SMPs can be developed by constructing a bilayer architecture incorporating 

two materials with different and versatile response properties. This approach is more suitable 

for producing more configurations upon deformation, which also enrich deformation modes of 

single architecture [123]. For instance, Ren et al. [120] developed a temperature-responsive 

and water-responsive SMP-based bilayer structure, as illustrated in Figure 7(d). The results 

revealed that the diversified PU/polyvinyl chloride (PVC)-based printing structure exhibited 

excellent structural changes under both stimuli. 

2.4.Stimuli-responsive SMPCs 

Stimuli-responsive features make SMP-based composites highly suitable for 4DP. SMPCs 

produced through 4DP are one of the emerging research areas and have drawn great interest. 

These materials can overcome the different issues generated in other types of SMMs [124]. For 

instance, these materials can easily maintain their shape even under the low effect stimuli, and 

secondly, their shape-changing modes are set with no or limited shape re-programmability 

[125]. SMP-based 4D-printed models can be reprogrammed to generate new SMP shapes 

[126]. However, the biggest hurdle in 4DP of SMPs is to attain the complex 3D model 

transformations, spatially fixed with mechanical loading conditions through the 

preprogramming of the models. The multi-layer composites help to manufacture reversibly 

deformable structures through 4DP by incorporating different fillers as well as fiber layers. 

Furthermore, these composites can be tailored to any available shape and properties through 

the wide range of available fillers/fibers [127]. Figure 8 depicts the 4D-printed SMPCs 

developed for versatile engineering applications. For instance, thermoplastic polyurethane 

(TPU)/PLA-based SMPCs are effectively produced through reversible bending architectures 

by Wang et al. [128]. The proposed design confirmed that the composite laminate structures 

deformed repeatably and had a fast response. Furthermore, different complex reversibly 

deformable structures can be flexibly printed with pre-programmed through simulation. 
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Figure 8. Expanded and original shapes of TPU/PLA-based reversible bending structures; (a1) Butterfly 

model; (a2) S-shaped ring model obtained during experiment (adapted with permission from ref. [128]); 

(b) 4D-printed SCO-polymer composite in which a reversible color change occurs between the low 

spin (violet) and high spin (light-yellow) conditions when heated above 80oC (adapted with permission 

from ref. [129]); (c) Different prototypes developed through the 4DP of SMPCs; (c1, c2) Bird's Nest 

stadium original (on the left side) and prototype (on the right side) developed via 4DP (adapted with 

permission from ref. [130]); (d) PLA/PCL-based 4D-printed chrysanthemum under open state and 

closed temporary states (adapted with permission from ref. [131]); (e) Self-folded structure 

manufactured through 4DP (adapted with permission from ref. [29]); (f) Eiffel tower prototype printed 

on Singapore dollar by using SMPs which bent upon heating at 60oC, subsequent cooling at 25oC and 

return to its original shape by reheating at 60oC (adapted with permission from ref. [76]). 

The mechanical characteristics of the polymer composites can be improved through the 

incorporation of biopolymers [132]. Therefore, there is a developing interest in less dense bio-

sourced reinforcing fillers [133]. For instance, Zhang et al. [134] developed NF-reinforced 

polymer composite through the pollen-based reinforcing fillers manufactured through 

photopolymerization. The results revealed that the addition of softer pine-pollen fibers into the 

poly(ethylene glycol) diacrylate (PEGDA) matrix provided better fracture resistance and 

swelling behavior.  

Recently, a novel 4DP approach is developed by using the spin-crossover (SCO) phenomenon. 

It appears in some transition metal complexes and external stimulus reversibly changes the spin 

state from low-spin to high-spin. This SCO is associated with considerable changes in 

electrical, optical, magnetic, and mechanical properties. For instance, Piedrahita-Bello et al. 
[129] propose a  novel approach to develop SCO/polymer-based nanocomposites. The results 

revealed that the printed model possessed good thermal and mechanical properties. This model 

can also offer reversible mechanical actuation generated by the volume change accompanying 

(a1) 

(a2) 

(c1) (c2) 

(e) 

(f) 

(d) 

(b1) 
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the SCO, as illustrated in Figure 8(b). The novel fabrication process proposed in this research 

is simple, versatile, and allows the creation of microfluidics parts, adaptive optics, drug 

delivery, and grippers. 

3. 4D Printing technologies 

The novel and the state of art different 3D printers are mainly employed in cutting-edge AM 

technologies [135]. The dynamic and multi-functional products in 4DP are developed through 

technical approaches. The integration of time-dependent components to 3DP yields 4D-printed 

products. To date, there are various AM technologies have been employed and these AM 

technologies have layup the foundation of advanced 4DP techniques [136]–[138]. 4DP is 

usually achieved through 3DP techniques and commonly employed 3DP techniques are 

extrusion-based processes (fused deposition modeling (FDM) direct ink writing (DIW)), light-

based vat photopolymerization (VP) processes, selective laser sintering (SLS), material jetting 

(MJ)/inkjet printing (IJP), and selective laser melting (SLM) [139]–[141]. However, it is 

impossible to generate irreversible deformation in the 4D-printed structures using these 3DP 

technologies [142]–[144]. Additionally, manual pre-programming is applied prior to the model 

deforming, which makes this technology imprecise, cumbersome, and difficult to control [145]. 

To overcome this issue, 4D-printed reversible structures can be produced, due to the impulsive 

transformation of material features and shaped upon external stimuli [146]. Light-based and 

extrusion-based processes are most commonly applied for 4DP [147]. Table 1 presents the 

consolidated data including the printing mechanisms, important features, disadvantages, and 

functional materials for all 4DP techniques. 
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Table 1. Comparison of different key features of printing processes and their adaptive materials  

4DP 

technology 
Resolution Feed state Illustration 

Curing 

mechanis

m 

Prominent 

stimuli 

resources 

Features Disadvantages Applications Materials Ref. 

FDM 100-700 µm Solid 

Layer-by-layer 

deposition of 

melted solid 

materials. 

Unaided-

cooling, 

extrusion 

Humidity, 

temperature 

Less investment 

cost, multi-material 

printing, highly 

available materials, 

and clean and fast 

printing environment 

due to the filament 

Blockage of 

filament, low 

surface quality, 

and warpage 

Stents, 

scaffolds, 

aerospace, 

and 

automotive 

SMPCs, 

elastomers, 

thermoplastics 

including 

ABS, PA, 

PLA, and PE 

[148]–

[150] 
 

DIW 100-600 µm Liquid 

Liquid polymer-

based 

viscoelastic inks 

are solidified in a 

layer-by-layer 

manner. 

Temperatu

re-assisted, 

gel 

formation, 

and 

evaporatio

n 

Mechanical, 

temperature 

High resolution, 

strong multi-material 

printing, thixotropic 

ink, and no 

supporting 

requirement for 

filaments 

Material 

limitation, poor 

curing, high 

maintenance cost, 

low printing 

speed, and gel 

formation 

Soft robotics 

and actuators 

Ceramics, 

waxes, nano-

composites, 

ferromagnetic 

SMPs, and 

viscoelastic 

inks 

[151]–

[153] 

SLA 5-100 µm Liquid 

Layer-by-layer 

curing and 

hardening of 

liquid resin 

Photopoly

merization 

and 

crosslinkin

g 

Electric field 

Excellent surface 

finish, high 

resolution, UV 

curing, and precise 

outline 

High maintenance 

cost, low printing 

speed, expensive 

printing materials, 

and limited liquid 

resins 

 

Aerospace, 

automotive, 

soft robotics, 

and 

microfluidics 

Thermo-set 

polymers, 

SMPs, 

SMPCs, 

ceramics, and 

liquid 

photopolymers 

[154]–

[156] 

DLP (SLA 

variant) 
15-100 µm Liquid 

Liquid is 

solidified and 

deposited in a 

layered manner 

Photopoly

merization 

and 

crosslinkin

g 

Light, humidity, 

or temperature 

No supporting 

requirement, 

projector light 

curing, and high 

printing speed 

Materials 

limitation, high 

maintenance cost 

Aerospace, 

automotive, 

microfluidics

, and soft 

robotics 

Metamaterials 

and elastomers 

[157]–

[159]  
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TPP 80-160 nm Liquid 

 

The femtosecond 

laser beam is 

focused on the 

photocurable 

resins to print 

structures with 

sub-micrometer 

resolution 

Photopoly

merization 

and 

crosslinkin

g 

Light, solvent, 

light, pH, or ions 

No supporting 

requirement, fast 

printing speed, high 

resolution, and 

smooth finishing 

Print only micro-

scaled products 

Micro-

robotics, 

micro-

grippers and 

micro-

fluidics 

devices 

Hydrogels, 

elastomers, 

and 

photocuring 

resins  

[160]–

[162] 

SLM 30-150 µm Powder 

Previously 

melted metallic 

powder is 

sintered 

Laser-

assisted 
Magnetic field 

Complete melting, 

leftover powder can 

be reused, thermal 

stresses are relieved, 

anisotropic 

properties 

Additional 

supporting 

requirement, large 

columnar grain 

structure, average 

surface quality, 

and second phase 

formation 

Tissue 

engineering 

Ceramics, 

composites, 

metals, and 

alloys 

including 

aluminum, Cr-

Co alloys, and 

TiNi alloys 

[163]–

[165] 

SLS 10-120 µm Powder 

Powder material 

is sintered upon 

heating 

Laser-

assisted 
Magnetic field  

Leftover powder can 

be reused, High 

printing speed, No 

additional 

supporting 

requirement, design 

freedom 

High maintenance 

cost, poor surface 

quality, small 

build size, poor 

multi-material 

printing, 

expensive, and 

second phase 

formation 

 

 

Scaffolds, 

bone, and 

cartilage 

tissue 

engineering 

Metals, 

powdered 

polymers 

including 

nylon, and 

TPEs 

[166]–

[168] 

IJP 20-200 µm Powder 

Material in 

powder form is 

sintered upon 

heating and 

solidified in 

layer-by-layer 

manner 

UV-

assisted 
Ionic  

No additional 

supporting 

requirement, multi-

color printing, 

isotropic properties, 

equiaxed grain 

structure, high 

machine speed 

Long printing 

time, high thermal 

stresses, poor 

surface quality, 

expensive, weak 

prototypes, less 

economic 

Full-color 

products, 

prototypes, 

and medical 

models 

Ceramics, 

SMPs, 

polymeric 

powders 

including 

starch and 

cellulose 

[169]–

[171] 
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3.1. Fused deposition modeling 

FDM also known as fused filament fabrication (FFF) is commonly applied to fabricate 

polymeric composites-based smart materials through 4DP [172]–[174]. This programmable 

extrusion-based approach deposits layers of thermoplastic polymers via a nozzle on the 

platform or over the formerly printed layers [175]–[177]. Additionally, the printing head of the 

FDM moves in the x- and y-direction to deposit the layer while the built platform moves in the 

Z-direction [178]. This technique has several advantages over the other printing techniques that 

include lowering the production cost, minimizing the waste of the production, and shrinking 

the design-manufacturing circle [179]. Additionally, this technique has the ability to tune the 

mechanical properties as well as develop complex products for high-end engineering 

applications [180]–[182].  

From the 4DP perspective, FDM technology is usually employed to print stimuli-responsive 

thermoplastics polymers including polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), 

PU, polycarbonate (PC), polycaprolactone (PCL), polyethylene (PE), polyphenylsulfone 

(PPSF), polyetheretherketone (PEEK), nylon, and polypropolene (PP) [183]–[187]. Whereas, 

thermosets are usually printed via other 4DP techniques including SLA and DIW techniques. 

This technology has limitation to 4D-print only thermoplastic SMPs. However, continuous 

developments in 4DP technology have helped the scientific community to develop printing 

products of shape memory polymer composites (SMPCs) [188]. These composites integrate 

SMPs with fillers including glass fibers (GFs), nanohydroxyapatite, carbon fibers (CFs), 

carbon black (CB), natural fibers (NFs), wood fibers (WFs), CNTs, ceramics, copper particles, 

and iron particles [189]–[192]. These fillers not only result in the reinforcement and 

strengthening of the SMPs but also behaves as an active medium for stimulating shape 

morphing ability [193]. Additionally, this processing of materials can further be reduced by 

using FDM technology to print SMP-based composites and laminated-object composites [194]. 

Laminated-object composites are manufactured through the subsequent stacking of preform 

and functional materials layers [195]. 

Cheng et al. [130] developed an elbow protector model based on PCL/PLA copolymer by 

utilizing the FDM process, as illustrated in Figure 9(a) and achieved maximum tensile stress 

and young’s modulus of 28.02 ± 2.21 MPa and 318.89 ± 17.04 MPa, respectively. Similarly, 

Chen et al. [196] employed the FDM technique to print the shape memory thermosets by 

incorporating the CNTs, as elaborated in Figure 9(b). The authors achieved the flexural 

modulus, flexural strength, tensile modulus, and tensile strength of 6 GPa, 135 MPa, 2 GPa, 

and 60 MPa, respectively.  
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Figure 9. (a) Development of U-PLA/PCL-based copolymer through the synthetic route and 4DP 

through UV-assisted FDM technology (adapted with permission from ref. [130]) (b) Schmatic diagram 

depicting the development of high-performance thermoset by using FDM method (adapted with 

permission from ref. [196]); (c) 4D-printed deployable strucutures in hot water; (c1) PLA; (c2) 

Fe3O4/PLA; (c3) Shape recovery behavior of Fe3O4/PLA-based FDM-fabricated composites under 

magnetism; (c4) Simulation depicting 4D intricate acrhitectures as bone repairing medium (adapted with 

permission from ref. [197]); (d1-d2) PLA-based blooming and color shifting flower fabricated through 

FDM. Orange and green flowers transform from bud shape to yellow shape after blooming (adapted 

with permission from ref. [198]). 

Liu et al. [199] analyzed the influence of carbon graphite (C) and silicon carbide (SiC) 

reinforcements on the recovery rate, training, and recovery force of the PLA-based composites. 

The results indicated that the incorporation of fillers decreased the training and recovery rate, 

and increased the recovery force. These results showed that the actuation ability of the SMP 

can be tailored through filler reinforcement. This actuating mechanism can be potentially 

employed for signaling or aesthetic functions. Likewise, Zhang et al. [197] developed the 

(d1) 

(d2) 

(a) 

(b) 

 

(c1) 

(c3) 

(c2) 

(c4) 
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magnetoactive behavior of PLA-based composites through the reinforcement of iron oxide 

(Fe3O4), as illustrated in Figure 9(c3). The results revealed that the presence of ferromagnetic 

media inside the polymer produced an induction heating effect. This effect generated shape 

recovery inside the PLA polymer. 

FDM fabricated 4D-printed products usually undergo shape-changing behavior. However, this 

technique also possesses the potential to develop color-shape changing products. For instance, 

Wang et al. [198] introduced thermochromic pigments as filler material into the PLA 

composites manufactured via FDM technology, as demonstrated in Figure 9(d). The pigment 

has the ability to change its color upon thermal stimulus. The results revealed that 

thermochromic reinforced PLA-based 4D-printed products not only transformed their shape 

but also changed their color. This feature can be applied for aesthetic purposes or temperature 

signaling. 

Thermoplastic polymers can be blended with the NFs through FDM technique to improve the 

shape morphing ability [200]. For instance, Le Duigou et al. [201] developed 4D-printed HBCs 

by introducing WFs in a PLA-based biopolymer matrix through the FDM technique. The 

presence of water inside the polymer matrix resulted in the swelling of WFs which transformed 

the shape. PU is another SMP that can be utilized to develop 4D-printed architectures. The 

chemical structure of PUs can be controlled by blending the semi-crystalline PU and glassy 

TPU for developing PU-based SMPCs [202]. Monzón et al. [203] examined the shape 

morphing ability of the TPU polymer manufactured through FFF technology. The results 

indicated that the recovery rate was better at a lower feed rate, which resulted in an excellent 

shape recovery ratio.  

Some polymer composites exhibit excellent triple shape memory [204]. For instance, Ly et al. 

[205] investigated the MWCNTs reinforced TPU-based polymer composite prepared through 

the FDM technique. The authors used dimethylformamide to disperse MWCNTs along TPU-

pellets and pellets were de-humidified upon combining solution. Additionally, the authors 

noted observed excellent shape recovery of SMPCs. Likewise, Wang et al. [128] developed the 

SMPC-based reversible deformable 4D-printed structure by using PLA and TPU-based 

elastomer material prepared through FDM technology. The preprogrammed simulation results 

revealed that structural and printing parameters considerably affected the deformation of the 

polymer composites. These reversible shape-change structures could be useful for different 

engineering applications including actuators, soft robots, and intelligent mechanisms.  

3.2. Direct ink writing 

DIW technology is an extrusion-based 3DP process where an under pressure nozzle is utilized 

to dispense the liquid ink or filament layer-by-layer, according to the instructions provided by 

CAD software until the final part is constructed [206]. High printing resolution can be achieved 

in the DIW process through the use of micro-nozzles. The thixotropic behavior of the extruded 

filament in DIW is helpful in printing bone scaffolds. Other materials including UV-cured 

polymers, polymer solutions, ceramic inks, and colloid suspensions can also be employed as 

feedstock for this approach. This process exhibits superiority over the other 4DP processes due 

to the minuscule number of raw materials, free options of materials, and viability for the 

printing of multi-materials [207]. This process is primarily applied in laboratories for the 

printing of nano-composites under varying content of nanoparticles (NPs) and nanofillers 

[208]–[210]. Contrary to SLA, SLS, and IJP techniques, DIW is extensively applied to print 

thermoplastic SMPs and ferromagnetic materials. However, this process exhibits low printing 

speed, high structural deformation, and low dimensions of the built part. Additionally, this 
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technology has the ability to print metals, multi-materials, and ceramics. Furthermore, it is 

essential to carefully regulate the viscosity of ink to improve its rheological performance. The 

important rheological factors including compressive yield stress, shear stress, apparent 

viscosity, and viscoelastic properties are needed to be tuned [211]. Additionally, some additives 

are also applied to control the printing temperature and rheological performance. Owing to the 

advantages of the DIW process, it is extensively applied in 4DP of smart materials which have 

their potential in electronics, biomedical fields, smart actuators, and soft robotics [212]–[216].  

This technique is frequently applied for the 4DP of SCMs and SMPCs [217]. Weng et al. [218] 

fabricated self-morphing structures that can be deformed under external stimuli using a multi-

material DIW process. The mechanical testing was performed on the printed objects and the 

results revealed the maximum elastic modulus of ~4.8 GPa. Another study was performed by 

Mohan et. al. [219] who developed complex shape 3D structures using DIW that have the 

ability to change shape under external stimuli. The authors used cellulose as the main matrix 

and added graphene nanoplatelets (GnPs) to enhance their mechanical strength. The printed 

objects resulted in 20 % increase in tensile strength and 37 % increase in elastic modulus. In 

another study, Rodriguez et al. [220] 4D-printed structure of thermoset SMPCs with multi-

material and complex architectures by using environmentally benign epoxidized soybean oil 

(ESBO) as a matrix. To improve the mass ratio and mechanical strength, bisphenol-F-

diglycidyl ether (BFDGE) was incorporated into the polymer matrix. The results revealed that 

the incorporation of carbon nanofibers (CNFs) tuned the rheological characteristics and the 

4D-printed origami structures were triggered through electrical stimulus, as illustrated in 

Figure 10(a). Thus, the ability of SMPCs to return their folded form upon external stimulus 

makes them suitable candidates for aerospace, robotics, and medical applications. 

Chen et al. [221] developed the 4D-printed structure of SMPs through the UV-assisted DIW 

technique. The resin contained thermally curable epoxy and photocurable acrylates of 

weightage ratio 6:4. Furthermore, nano-particulates [SiO2] were incorporated to regulate the 

viscosity. The results revealed excellent isotropic mechanical characteristics of the SMPs 

fabricated through UV-assisted mechanism and post-heating. This is due to the formation of 

cross-linked networks in acrylates upon UV-assisted approach, followed by polymerization of 

polymer matrix upon post-heated curing. The development of interpenetrated polymer network 

(IPN) due to the perfect locking of the cross-linked structures helped to successfully print 

lattice, swirl bow, gear wheel, and locked structures, as depicted in Figure 10(b). 
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Figure 10. (a1) EBSO/ BFDGE/CNF-based 4D-printed products developed through DIW; (a2) 

Programmed stent which is transformed into dumbbell shape; (a3) Recovered stent upon thermal 

stimulus [85oC] (adapted with permission from ref. [220]); Photographs of 4D-printed structures with 

photocurable resins manufactured through DIW process; (b1) Lattice architectures; (b2) Spiral gear; (b3) 

Spiral swirl bowl; (b4) Three-link product; (b5) SEM micrographs depicting single-layered lattice 

structure which contains filament without any noticeable sagging. These structures transformed their 

shape at 104oC within 10 s. (adapted with permission from ref. [221]); (c1) 3D-printed Octet micro-

lattice structure; (c2) 3D-printed Kelvin micro-lattice structure; (c3) 3D-printed cubic micro-lattice 

structure; (c4) 3D-printed 1st order octet-truss structure and Shape recovery mechanisms of SMP-based 

printed product; (c5) Figure depicting shape recovery of hot compression programmed 4D-printed 

product; (c6) Figure depicting shape recovery of hot tension programmed 4D-printed product upon 

heating (adapted with permission from ref. [222]). 
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3.3.Vat photopolymerization 

VP is a well-known AM technology in which photo-sensitive material is polymerized through 

the UV light or laser beam which cures the materials in a controlled manner [223]–[225]. The 

layer thickness is controlled by the movement of the platform in the z-axis direction. This 

process is only applicable to those smart materials which are photo-sensitive to light [226]. 

These materials can be cured through different curing sources and this technique is extensively 

applied to print variety of metamaterials [227]. This technology is further categorized into 

different sub-processes including volumetric 3DP, stereolithography (SLA), digital light 

processing (DLP), two-photon polymerization (TPP), and micro-SLA (PµSL). These 

techniques are not only employed in 3DP but also used for the 4DP of polymers and composites 

[228]. Out of these techniques, SLA and DLP techniques have played a significant role in 4DP. 

VP approaches are differentiated on the basis of the arrangement of their elements including 

build platform, light source, resin tank, and curing direction [229].  

3.3.1 Stereolithography 

SLA employs a beam of visible or UV light emitted from the laser which is deflected to produce 

a highly intense single-spot laser beam. This light is concentrated on the photosensitive resin 

surface [230]. The highly intense UV beam selectively cured the photosensitive resin by 

initiating the photo-crosslinking reaction in ink materials [231]. The platform gets lower after 

the curing of one layer [232]. The repetition of this technique for the subsequent layer generates 

the printed product. This technique permits high-resolution printing and precise control and is 

extensively applied for the 4DP of SMPs [233]. Extortionate researchers have investigated the 

mechanical properties of the 4D-printed smart materials using the SLA technique. For instance, 

Li et al. [222] developed SMP-based 4D-printed structure using the SLA process, as illustrated 

in Figure 10(c) and examined its mechanical strength. The results noted maximum tensile 

strength and elastic modulus of 62 ± 2.8 MPa and 1.46 ± 0.07 GPa, respectively. Additionally, 

the compressive test was also performed to observe their strength under compression. The 

results depicted that the specimen showed the maximum compressive strength of 190.0 ± 7.7 

MPa. These lightweight architectures can be potentially applied for load-carrying applications 

due to the mechanical properties comparable with metallic lattice structures. A similar study 

was performed by Zhao et al. [234] to observe the mechanical strength of SMPs. Specimens 

were 3D-printed using prepolymer PUA via the SLA process and mechanical testing was 

performed. The results showed the maximum tensile strength, flexible strength, flexible 

modulus, glass modulus, and rubbery modulus were 37.3 ± 3.0 MPa, 49.5 ± 1.1 MPa, 1267.1 

± 61.6 MPa, 1820.2 MPa, 7.2 MPa, respectively. Additionally, nozzle-free printing also helps 

in minimizing the clogging issues, which is extremely beneficial in the bioprinting approach. 

However, non-uniform mechanical characteristics, inability to use bioplastics, and high cost 

have limited the use of SLA technique in the biomedical field. 

3.3.2 Micro-stereolithography 

SLA and PµSL look similar from their names, however, these approaches are fundamentally 

different from each other. SLA uses a laser beam that follows the CAD pathway [235]. 

Whereas, PµSL, a high-resolution technique is derived from DLP and cross-links an entire 

layer of the product [236]. Ge et al. [76] employed the PµSL approach to develop SMP-based 

4D-printed structures, which were thermally stimulated. This high-resolution technology 

provided energy for photo-curing a variety of bioinks and developed 4D products including 

springs and grippers. In another study, Chen et al. [237] fabricated thermochromic SMP-based 

4D-printed intricate architectures through the high-resolution PµSL technique, as illustrated in 
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Figure 11(a). The study indicated that these polymers possessed excellent shape-color recovery 

behavior, thermochromic ability, and repeated response performance. These 4D-printed 

thermochromic SMPs can be potentially applied to develop bionic devices, soft robots, high-

precision devices, safe data recording, and intelligent anti-counterfeiting. 

 
Figure 11. Thermochromic SMP-based products; (a1) 4D-printed “HNU” letters; (a2) 4D-printed 

hollow architecture with excellent recovery behavior (adapted with permission from ref. [237]); (b1) A 

schematic representation of SiO2-based NPs providing nucleation sites for polymerization process; (b2-

b3) Nanosilica-reinforced SMPCs manufactured through DLP process; (b4- b5) Development of 

intricate architectures (adapted with permission from ref. [238]); (c) 4D-printed SMP-based dog-shaped 

tubular strucutre developed through thermo-pneumatic stimulus (adapted with permission from ref. 

[239]). 

3.3.3 Digital Light Processing 

DLP technology is extensively applied for the printing of photocurable polymers. This 

technique employs a dynamic mask known as a digital micromirror device (DMD), to obtain a 

2D image [240]–[243]. In this process, the whole layer is cured simultaneously through DMD. 

DMD contains micrometer-sized mirrors that help in reflecting the light away or onto the 

polymer surface [244]–[246]. This generates the 2D pattern on the surface of the liquid resin 

followed by the subsequent layer deposition [247]–[249]. Additionally, this technique can be 

applied to tune the mechanical characteristics of the printed part by controlling the 

photocurable polymer formulations [250]. Different functional smart materials developed 

through the DLP process can be photopolymerized by using external stimuli. For instance, 

Choong et al. [238] employed the DLP process for developing nanosilica-reinforced SMPCs, 
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as illustrated in Figure 11(b), which depicted excellent mechanical properties. Additionally, 

mechanical tests showed that tensile strength and Young’s modulus of SiO2-SMPs  increased 

to 2.4–3.6 times and 8 times, respectively. These particulate-reinforced 4D-printed products 

possessed extraodinary shape recovery performance due to the cross-linking behavior of SiO2. 

Another experimental study was performed by Zhang et al. [239] developed a pneumatic multi-

material 4D printing approach to study the behavior of shape memory structures developed via 

the DLP technique. The results of mechanical strength of 4D-printed specimens showed the 

maximum weight reduction of 40 % along with young’s modulus of value 708.6 MPa at 100% 

brightness level and room temperature. Thus, this approach can be applied to manufacture 

reconfigurable structures (as shown in Figure 11(c)), biomedical devices, and metamaterials, 

due to the lightweight features, complex structure programmability, and robust mechanical 

stiffness. 

3.3.4 Two-photon polymerization 

TPP also known as direct laser writing, offers spatial resolution and is generally used to 

produce intricate 3D nanostructures. It is a highly suitable technique for inducing selective 

polymerization in a variety of SRMs [251]. The non-linear excitation nature permits the 

photopolymerization process to occur in the focal point near-infrared laser beam without 

influencing other regions [252]. This process exhibits ultra-high resolution and freedom in 

structural designs [253]. In comparison to the DLP technique, this process offers high surface 

tension, and low surface roughness, as well as eliminates the need for supporting materials 

[254]. Therefore, this process fabricates micro-actuators for grasping, swimming, walking, and 

drug delivery devices [255]. For instance, Liu et al. [256] developed reversible and 

bidirectional self-assembly of ethyl acetate (EA)-, isopropyl alcohol (IPA)- and n-pentane-

based liquid-responsive microstructures through the TPP technique, as shown in Figure 12(a). 

The results indicated that the 4D-printed micro-structures reversibly switched to a curved state 

with controlled curvature, thickness, and smooth morphology. These 4D-printed micro-

structures can be potentially applied in biology and mechanics for micro-encapsulation, 

switchable wetting, reversible micro-patterns, and dynamic actuation of origami and micro-

robots. 
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Figure 12. (a1) A schematic illustration of 4D-printed self-assembly developed through a TPP technique 

triggered by liquid-responsive; (a2- a4) SEM and optical micrographs of the self-folded 4D-printed 

models, (a2) Half open model, (a3) Wide-open model, (a4) Micro-butterfly model (adapted with 

permission from ref. [256]); 4D-printed microstructures depicting CAD on the left side and optical 

micrographs towards right side with (P) and without (A) cross polarizers; (b1) An interwoven fabric 

architecture; (b2) A woodpile; (b3) A spiral disk (Scale bars: 20 μm) (adapted with permission from ref. 

[257]); (c1) SEM images SMP-based 3D nano-structure manufactured through TPP depicting the 

behavior of SMP before and after programming and after recovery process; (c2) 4D-printed strucutre 

exhibiting octopus-like shape, which can be programmed to featureless transparent image and is 

recovered to original state. (adapted with permission from ref. [258]). 

In another study, del Pozo et al. [257] fabricated thermo-responsive LCE-based micro-actuators 

through the TPP technique. The developed microstructures displayed excellent fidelity to the 

CAD design, as illustrated in Figure 12(b). Additionally, these structures exhibited reversible 
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anisotropic shape changes induced through thermal stimulus, which at a temperature of 200oC, 

expanded from 10 % to 26 %. The controllable deformation and distinct polarization color can 

be potentially applied for real-time reporting, thus, enabling their integration in anti-

counterfeiting and sensing micro-devices. Similarly, Zhang et al. [258] developed the high-

resolution pattern of SMP photoresist through the TPP technique, as shown in Figure 12(c). 

The reported results indicated that 3D nanostructures were flattened and enabled invisibility of 

the printed shape and color. Furthermore, the SME recovered the original surface morphology 

of the structure along with its color upon temperature stimulus. Thus, the excellent reversible 

optical properties and microtopography can be helpful in developing 4D-printed anti-

counterfeiting and tunable photonic devices. 

3.4. Inkjet printing 

In this liquid-based and non-contactable technique, tiny droplets of the photocurable resins are 

sprayed onto a printing plate through a polyjet ink head and are solidified through UV light to 

fabricate 3D products [259]. This technique is mainly used to print SMPC- and hydrogel-based 

multi-material heterogeneous structures of tunable properties [260]. The flow of ink materials 

during the process relies on their rheological characteristics. It is difficult to fabricate functional 

material-based components with embedded NPs due to stingent requirment on ink properties 

like low viscosity. Biocompatibility, cross-contamination prevention, and cost efficiency make 

this process highly appropriate for biological applications such as DNA microarray and 

targeted drug delivery systems [261]. Polyethylene naphthalate (PEN)- and polyethene 

terephthalate (PET)-based polymeric materials are mostly printed via the IJP technique to 

develop wearable electronic components and devices [262]. The bioprinting approach also uses 

IJP technology to fabricate cell-laden dynamic scaffolds by depositing smart polymers and 

cells through a nozzle [263]. In a review article, Wei et al. [264] reported that biomedical 

scaffolds developed through the IJP technique possess low residual stresses and transection 

efficiency of >30 %. In an experimental study, Cui et al. [265] fabricated SMP-based self-

folding scaffolds/microtubes by embedding human umbilical vein endothelial cells (HUVECs), 

as illustrated in Figure 13(a). The results revealed that 4D-printed micro-tubes showed 

mimicked micro-vessels. Thus, 4DP produces cell-encapsulating 3D scaffolds with a variety 

of intricate shapes, through the printing of material inks into 2D-micropattern. 

 
Figure 13. (a1) Micro-patterns printed on a glass slide which exhibited self-folding behavior in PBS; 

(a2) Self-folded micro-tubes of different diameters; (a3) Micro-tubes placed in petri-dish for 

visualization (adapted with permission from ref. [265]); (b1) Image of magneto-driven gripper; (b2) 

(b1) (b2) 

(b3) 

(a1) (a2) (a3) 
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Micro-computed tomography image; (b3) Deformation behavior of TPU/Nd2Fe14B-based gripper 

developed through SLS technique (adapted with permission from ref. [112]). 

3.5.Selective laser melting/Selective laser sintering 

4D printing of powder bed fusion is mainly applied for powder-based techniques such as SLM 

and SLS. These powder-based techniques use a laser beam to melt or sinter powder particles 

on a predefined path to develop the product through layer-by-layer deposition [266]. These 

techniques are extensively applied to process composites due to the ease of blending different 

powdered materials, which integrates a wide range of properties. Binder (polymer) undergoes 

melting and structural materials (metals) remain in the solid phase during partial melting or 

liquid phase sintering [267]. Unlike FDM technology, SLS permits the printing of hollow 

architectures without any support requirement. It also helps in reducing time and the recycling 

of the powdered material after each layer reduces cost [268]. SLS approach is vastly adopted 

for ceramics, metals, and polymeric powders such as PU, PCL, PEEK, and PA [236].  

It is a propitious technique for 4DP of electrically conductive and magnetic materials. Most 

4D-printed products are manufactured through SLS technology by integrating conductive 

additives into polymer matrices. However, it is essential to control the percentage of 

nanomaterials for achieving excellent surface quality. Magneto-responsive polymeric 

composites undergo deformation upon the magnetic field and magnetic force controls the shape 

change of the printed product. For instance, Wu et al. [112] fabricated a magnetic-driven 

TPU/Nd2Fe14B-based 4D-printed gripper, as shown in Figure 13(b). The results revealed that 

polymer composite-based gripper exhibited controllable deformation upon magnetic field 

stimulus. 

SLM also known as the laser powder bed fusion is a highly flexible and robust non-contact 

process [269]. In this technique, metallic powder placed on the building platform is fused 

through a high-intensity laser beam that is melted by absorbing the thermal energy of the laser 

beam [270]. Once the layer is solidified, the platform moves downward and a new metallic 

powder layer is deposited and leveled by re-coater [271]. This process is continued until the 

object is completely printed. Post-processing treatments are not required for products 

developed via SLM technique. The technology was mainly applied by researchers to fabricate 

metals, alloys and ceramics-based printed parts [272]. For instance, Lu et al. [273] developed 

an SMA using high-performance material Ti50.6Ni49.4 using the SLM process by varying the 

energy input of the laser beam. Mechanical testing was done on the 4D-printed specimens and 

results showed the maximum tensile strength of 776 MPa was obtained at 222 J/mm3.  

Laser cladding is also known as direct energy deposition (DED) is another AM approach, in 

which one material is deposited over the surface of another material [274]. In this process, 

powdered metal or wire is deposited through feedstock over a molten pool on the surface of 

other material which is then hardened by a laser beam [275]. This technology is mainly applied 

to print metal-based products [276]–[278]. For example, Xin et al. [279] applied the LCD 

technique for the 4DP of auxetic metamaterials and studied the mechanical strength of the 

printed specimen. It was observed that the specimen displayed the maximum elastic modulus 

of ~1.4 GPa, tensile strength of 48 MPa, and 90 % elongation upon mechanical testing. 

Ceramics and polymers can also be printed using this technique. 

4. SMP-based novel composite materials 
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SMP-based composites are extensively applied to develop novel materials including multi-

materials, metamaterials as well as moldless manufacturing of composites. This section further 

delves into the 4DP of these materials. 

4.1.Multi-material 4D printing 

4DP is considered a systematic tool to develop programmed multi-material design. Multi-

material 4DP alleviates the mechanical characteristics and can be done through jetting 

materials simultaneously or one by one [280]. Recently, multi-material 4DP has been gaining 

a lot of attention due to the incorporation of multiple materials into 3D products by using a 

single 3DP technique. Multi-material printing uses 3DP technologies to develop components 

by using a vareity of SRMs that can alter their characteristics upon exposure to a specific 

stimulus [281]. The primary feature of multi-material 4DP is the geometrical transformation 

after 3DP. Additionally, multi-material printing possesses excellent strength and malleability 

over the action of specific stimuli such as humidity, temperature, pH, solvent, or light [282]. 

Polyjet printing is commonly applied for successful multi-material printing in which different 

liquid resins are deposited onto the printing platform by using multiple inkjet printheads, 

followed by subsequent photo-polymerization of jetted polymers [283]. DIW and FDM are 

other extrusion-based printing techniques, which are suitable for multi-material 4DP via 

multiple nozzles [284]. The distinct features of multi-material printing have paved the way for 

developing micro-fluidic tubes for drug delivery as well as other biomedical applications 

[285]–[287]. For instance, Ge et al. [288] fabricated a multi-material SMP/hydrogel-based 

cardiovascular stent for drug release applications, as illustrated in Figure 14(a). The results 

indicated that the stent exhibited excellent SME and 4D-printed stent was squeezed into a 

compact shape at a programming temperature and regained its original shape after heating. 
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Figure 14. (a) SMPC-based multi-material 4D-printed cardiovascular stent demonstrating shape 

memory as well as drug releasing functions (adapted with permission from ref. [288]); (b) Multi-

material 4DP of magnetic-driven hydrogel-based actuators; (b1) 3D nanocomposite-based structures 

manufactured through direct printing by using varying magnetic NPs; (b2) Different multi-material 

architectures; (PG: Hydrogel assembled from three type of inks; PW: Hydrogel containig two type of 

inks after 10 deposted layer; PL: Hydrogel containig two type of inks, which were altered after two 

deposited layers) (adapted with permission from ref. [156]); (c1) HEA-based sea star showing swelling 

results after placing in water; (c2) BA-based sea star showing swelling results after placing in spearmint 

oil (adapted with permission from ref. [289]); (d1) TPE/PLA and PLA multi-layered sample with PLA 

to TPE exhibiting 5:1, 4:2, and 3:3 of volumetric ratios; (d2) PLA/TPE-based multi-material specimen 

with PLA to TPE exhibiting 4:2 and 3:3 of volumetric ratios (adapted with permission from ref. [290]); 

(e) Multi-material 4DP of mashed potatoes with different pH/purple sweet potato puree (adapted with 

permission from ref. [291]). 
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In another study, Siminska-Stanny et al. [156] fabricated functionally graded multi-material 

4D-printed architectures by using the DIW technology, as illustrated in Figure 14(b). The 

results revealed that hydrogel-based actuators exhibited distinct magnetic responsiveness, 

excellent mechanical stability, non-cytotoxicity, and tunable distribution of magnetic NPs. 

Thus, 4DP of magneto-responsive hydrogels and programmable patterning make these soft 

robots highly suitable for biomedical applications. 

Schwartz et al. [289] developed 2-hydroxyethyl acrylate (HEA)/butyl acrylate (BA)-based 

multi-material sea water structures through the DLP technique, as shown in Figure 14(c). The 

results indicated that the variation in multi-material actinic spatial control formulation changed 

the mechanical characteristics of 4D-printed specimens. Additionally, these multi-material 

structures exhibited mechanical anisotropy, heterogeneous imagery, and 4DP through 

spatially-controlled swelling, each from resin vats simply by inputting-controlled light 

combination. 

Shape changing characteristics can also be achieved by using a multi-material 4DP approach 

and through the distribution of different SMPs in the polymer matrix [292]. Recently, multi-

layered active and programmable architectures have also been reported in the literature. For 

instance, Roudbarian et al. [290] fabricated PLA/thermoplastic elastomer (TPE)-based multi-

material and multi-layered structures through the 4DP technique, as illustrated in Figure 14(d). 

The results indicated that SMPC-based multi-material specimens exhibited better shape 

recovery behavior compared to PLA specimens, due to oriented crystalline polymer structure. 

Multi-material 4DP can also be applied in the food sector, which alters the shape, color, flavor, 

and nutrition properties of the printed product depending upon internal structural design, the 

difference in material properties, and spatial arrangement of food products [293], [294]. For 

instance, He et al. [291] fabricated multi-material 4DP of mashed potatoes/citric acid/sodium 

alginate (SA)/sodium bicarbonate through extrusion technique, as illustrated in Figure 14(e) 

and reported that the potato flake content and pH value changed the color of mashed potatoes. 

This multi-material printing has the potential to be applied in the food industry for producing 

colorful food products. 

4.2.Metamaterials 

Metamaterials are novel and engineered smart materials, which can attain mechanical 

properties not commonly observed in natural materials [295]. A variety of absorbers, sensors, 

antennas, and acoustic cloaks can be fabricated by using these materials [296]. Recently, 4DP 

is also employed to develop metamaterials-based active architectures and their mechanical 

properties can be regulated on the basis of changing environmental conditions [297]. The 

physical properties of these novel materials including mechanical, thermal, electromagnetic, 

and acoustic properties are tailored through the proper arrangement of microstructural elements 

and appropriate design [298]–[300]. Mechanical metamaterials are cellular materials that 

exhibit excellent mechanical characteristics due to repetitive unit cells [279]. Active 

mechanical metamaterials are highly sensitive to a variety of stimuli like electric current, 

magnetic field, temperature, pH, and light [301]. These metamaterials have shown the 

unbounded potential to create smarter, stronger, and more versatile materials for next-

generation engineering applications [302].  
Recently, SMP-based metamaterials with tunability, reconfigurability, energy absorption, 

mode conversion, and programmability features have been fabricated based on SME and 

variable stiffness [303]. For instance, Yang et al. [304] fabricated functionally deployable, 

geometrically reconfigurable, and mechanically tailorable lightweight bisphenol A ethoxylate 
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dimethacrylate (BPA)/acrylic acid (AA)-based metamaterials through the PµSL technique, as 

illustrated in Figure 15(a). These 4D-printed metamaterials possessed extraordinary 

mechanical adaptation to geometrically complex environments and varying external loading. 

These metamaterials can be potentially applied in morphing aerospace architectures, tunable 

shock-absorbing interfaces, and minimally invasive medical instruments. Similarly, Li et al. 

[305] fabricated poly(ethylene-co-methacrylic acid) (PEMA)-based elastic/ acoustic tunable 

metamaterials through the FDM technique, as shown in Figure 15(b). Thermally-driven 

metamaterials exhibited excellent shape-memory behavior to permit rearrangement into new 

patterns. This behavior can be applied to manufacture intelligent devices for high-resolution 

medical imaging, vibration isolation, elastic-wave control, and energy harvesting. 

 
Figure 15 4D-printed AA/BPA-based metamaterial (adapted with permission from ref. [304]); (b) 

Shape-memory cycle of 4D-printed snowflake like unit cell from original shape to a temporary shape 

and back to original shape (adapted with permission from ref. [305]); (c) PLA-based pixel mechanical 

metamaterials with original and programmable configurations; (c1) CAD model and deformation 

mechanism of metamaterials; (c2) CAD model in (I), Egg fall freely onto unprogrammed configuration 

in (II); Egg fall freely onto programmed configuration in (III) (adapted with permission from ref. [306]). 

Mechanical metamaterials usually suffer from a narrow deformation domain, weak tension-

torsion coupling effect, and lack of adaptability. To solve these issues, Xin et al. [306] 

fabricated PLA-based pixel mechanical metamaterials through 4DP, which exhibited excellent 

programmability, reconfigurability, and tunability. The results revealed that mechanical 

metamaterials provided excellent protection to an egg falling from the height of 1000 mm, as 

shown in Figure 15(c). Additionally, these 4D-printed architectures can be potentially applied 

in soft robots, kinematics controllers, and buffer devices. The recent advancements in 

simulaltion- and machine learning-based design tools help to develop more intricate 

metamaterial structures. 
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4.3.Moldless manufacturing of composites 

Conventional fabrication techniques including resin transfer molding, hand layup, vacuum 

bagging, filament winding, prepreg, and pultrusion are usually employed to manufacture 

polymer composite materials [307]–[309]. These manufacturing techniques have several 

limitations including the requirement of molds for the fabrication of composite products. 

Furthermore, it is a challenging task to regulate the processing parameters of these techniques. 

On the other hand, moldless composite manufacturing can be fabricated by using the concept 

of 4DP which was first proposed by Hoa et al. [310].  

4D printing of composites (4DPCs) uses continuous fibers for developing different engineering 

architectures including wind turbine blades, automobiles, and aircrafts [311]. 4DPC helps in 

fabricating intricate geometries without the assistance of complex molds and provides design 

flexibility and better mechanical characteristics [312]–[314]. For instance, Hoa et al. [315] 

successfully developed omega (Ω)-shaped aircraft wing stiffeners by using continuous fiber-

reinforced composites through the 4DP technique, as illustrated in Figure 16(a). The results 

indicated that printed stiffeners exhibited excellent flexural stiffness. 

 
Figure 16. Ω-shape composite for aircraft wing stiffeners developed through moldless manufacturing 

(adapted with permission from ref. [315]); (b1) 4D-printed continuous fiber structures at 25°C and 80°C; 

(b2) Final shape and trajectory of fiber-reinforced composites (adapted with permission from ref. [316]); 

(c) Curved and twisted composite laminates at two layup sequences [0/30] and [0/45] developed through 

4DP (adapted with permission from ref. [317]); 4DP of SMPCs to develop English alphabets showing 

that this technique is suitable for developing complex deformed structures (adapted with permission 

from ref. [318]). 

Likewise, Yong et al. [316] designed a complete fiber trajectory by embedding continuous 

fibers into the polymer matrix, as shown in Figure 16(b2). The results revealed that the 

deformation control in bilayer composite structure was achieved due to coefficients of thermal 

expansion between the resin substrate and embedded fibers. The adopted design model and 

4DP technique can precisely control the deforming process, thus contributing further towards 
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promoting applications of 4DP technology. In another study, Hoa et al. [317] used [0/45] and 

[0/30] layup sequences of carbon/epoxy-based laminates to develop 4D-printed composite 

architectures, as shown in Figure 16(c). The results indicated excellent twisting and curving 

mechanisms which are useful for the manufacturing of solar energy concentrators, hockey stick 

blades, actuators, and blades for vertical windmills. 

Different NPs/additives/fillers such as inorganic ceramics, zeolites, and microparticles can be 

incorporated in the composites easily during the 4DP of fibers [319]. The incorporation of 

reinforcing mediums in polymers improves their thermal, mechanical, and other functional 

characteristics [320], [321]. However, the addition of fillers enhances the weight of 

manufactured parts. Additionally, inorganic fillers are not environmentally sustainable. 

4.4. 4D printing of biocomposites 

Hygromorphic (moisture-sensitive) materials are novel sustainable and lightweight materials 

for developing complex structures through 4DP [322], as illustrated in Figure 17(a), which can 

be potentially utilized in sensing, actuating and construction applications and do not require 

any additional energy for electronic or mechanical control [323], [324]. For instance, Le 

Duigou et al. [325] developed the HBC-based shape-changing metamaterials through the 

reinforcement of continuous flax fibers (CFFs) into a polybutylene succinate (PBS) and PLA 

matrices. The results indicated that HBC-based composites exhibited increased reactivity by 

500 % and responsiveness was enhanced by 92 %. Additionally, HBC-based SMPs with 

controlled stiffness ratio and thickness have the potential to be employed for autonomous 

actuation applications, as illustrated in Figure 17(b). However, HBCs exhibited stiffness 

reduction in the presence of moisture contents which limits their utilization in soft actuating 

applications. In another study, Le Duigou et al. [326] developed multi-SRMs by introducing 

continuous carbon fibers (CCFs) into the polyamide (PA) matrix through 4DP, as shown in 

Figure 17(c). The printed specimen exhibited the microstructure same as HBCs. This actuation 

behavior can be utilized where actuation is triggered due to varying moisture content. 

Additionally, the developed HBCs upon electrical heating stimulation possessed an actuation 

speed ten times higher than other existing HBCs, as illustrated in Figure 17(c2). Similarly, 

Correa et al. [327] combined different wood/polymer composite active layers and passive 

plastic layers for developing moisture-stimulated intricate reversible architectures.  
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Figure 17. Different prototypes developed through the 4DP of HBCs; (a1, a2) Construction prototype 

present at the institute of computational design, University of Stuttgart showing the hygromorphic skin 

opened (left) and closed (right) upon external stimulus (adapted with permission from ref.  [328]); (b) 

PLA/CFF and PBS/CFF-based 4D-printed HBCs before (b1) and after (b2) immersion in water; (b3) 

Photograph of PBS/CFF-based HBC showing actuating behavior (adapted with permission from ref. 

[325]); (c1) Photographs depicting the actuating mechanism of 4D-printed CCF/PA-based HBCs upon 

moisture stimulus; (c2- c5) CCF/PA-based HBCs showing the influence of electric stimulus on actuating 

behavior (adapted with permission from ref. [196]); (d1) HBC-based 4D-printed aperture prototype with 

programmed motion; (d2) HBC-based 4D-printed cantilever prototype (adapted with permission from 

ref. [329]). 
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Table 2 presents the summary of the latest research results on 4DP of SMPCs along with their 

specifications. 

Table 2. Summary of latest research results on 4DP along with descriptions about 4DP processes   

Printing Process 

Description about 3DP Processes 

Dynamic materials 
Stimulation 

method 
Ref. Build volume 

(mm3) 

Nozzle details + layer 

resolution 

Photopolymerization  80× 5 × 0.6  0.3 mm layer thickness Glassy SMP composite  Temperature  [100] 

FDM 80× 20 × 1 

Nozzle diameter 0.4 mm, 

feed rate 20 mm/s, layer 

thickness 0.1-0.2 mm 

PU/CNTs Temperature [330] 

Extrusion-based 65× 65 × 0.6 
0.8 mm tapered nozzle along 

with 0.6 mm layer  

CMC/montmorillonite 

clay  
Water [331] 

FDM - - CMC composite Water [332] 

IJP - 
A circular wide nozzle of 1.5 

mm diameter 

RGO-CNT-PEDOT:PSS 

composite films 
Voltage [333] 

-  60 × 8 × 0.4 - PLA/Ag-NWs composite Voltage  [41] 

Extrusion-based  - - CuS/PU composite Light [104] 

SLA 
150 × 150 × 

100 
10 µm 

SCO polymer 

nanocomposites 
Temperature [129] 

FDM 9× 9 ×13 

The nozzle diameter 0.4 mm 

along with layer height 0.1 

mm 

PBS/PLA composite NIR light [158] 

 DIW 0.8× 4 ×40 

Dual nozzle with S0 ink 

(white), and the S6 ink 

(green) with inner diameter 

of 610 μm. 0.5 mm  

GF reinforced 

composites 
Heat [218] 

Extrusion-based - Two-nozzle were employed 

Silicone/wax 

microparticles 

composites 

Heat  [216] 

SLS 

35× 100 with 

2,4,6 and 8 

mm diameters  

0.4 mm layer thickness 
Nd2Fe14B/TPU magnet 

composite 
Magnetic field  

 

[112] 

FFF 80×20 ×40  
Nozzle diameter (4 mm), 0.2 

mm layer thickness 

PLA wood/nanosilica 

composites 
Temperature [334] 

FDM - 
Brass nozzles with 0.3 mm 

diameter 
CB/PLA composite Temperature [335] 

PolyJet 40 ×5.5 × 2 50 𝜇m SMPC Temperature [336] 

FDM 90× 20 × 2 0.1 mm 
Nylon and CF laminated 

composite 
Temperature [337] 

FDM 20× 5 × 0.1 
Dual-nozzle with 0.4 mm 

dia.  
PLA/TPU composite Temperature [128] 

FDM 10× 1 × 1 
Single nozzle, layer 

thickness 0.05–0.3mm 
Nylon 12/PLA Current/heat [103] 

FFF  

20 mm 

diameter and 2 

mm thickness 

5 mm diameter of extrusion 

die 
Thermoplastic composite Electric field [338] 
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5. Applications of 4D-printed polymer composites  

4DP is a futuristic and rapid prototyping technology, which has unbounded potential to be 

implemented in different engineering sectors including biomedicine, electronics, robotics, 

food, automotive, construction, and aerospace. However, its technological advancements in 

various engineering sectors require interdisciplinary research [339]. SMPCs possess the ability 

to substitute traditional polymers in different engineering sectors and Figure 18 summarizes 

the important practical and potential applications of 4D-printed SMPCs. The limited literature 

is available on the practical applications of this technology. This section incorporates the 

practical applications of 4D-printed products envisioned by researchers. 

 
Figure 18. Potential and demonstrated applications of 4D-printed polymer composites in various high-

end applications 

To date, 4DP of polymer composites manufactures different materials for innovative and 

fascinating applications which were unachievable through conventional manufacturing 

processes, as illustrated in Figure 19. For instance, the selective electrical stimulation of 

piezoelectric active implants helps to increase the rate of bone growth and reduce the bone 

resorption rate. Consequently, the osseointegration of the implant can be greatly improved by 

using piezoelectric materials [340]–[343]. 
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Figure 19. Applications of different 4D-printed SMP-based composites; (a) 4D-printed different pipes 

(adapted with permission from ref. [344]);  (b) 4D-printed shoe (adapted with permission from ref. 

[345]); (c) 4D-printed multi-colored heart model (adapted with permission from ref. [346]); (d) 4D-

printed hyphae lamp (adapted with permission from ref. [347]); (e1) 4D-printed human skull; (e2) 

Artificial heart printed through 4DP technology (adapted with permission from ref. [345]); (f) 

Kinematics 4DP to fabricate clothes of different designs (adapted with permission from ref. [347]); (g) 

4D-printed origami structures developed by using the mixture of ceramics and SMPs (adapted with 

permission from ref. [348]).  

5.1. Tissue engineering applications 

4DP technology has the unbounded potential to be applied for organ repairing, tissue 

regeneration, and drug delivery applications [349]. It is due to its ability to construct complex 

structures and possesses high resolution [350]. Kang et al. [351] used an integrated tissue–

organ printer (ITOP) to regenerate tissue for cartilage, skeletal muscle, and calvarial bone. 

Similarly, Miao et al. [352] 4D-printed acrylated epoxidized soybean oil (AESO)-based 

biocompatible porous scaffolds, which exhibited the capability to hold mesenchymal stem cells 

(MSCs) of bone marrow. Additionally, the scaffolds retained their original shape after reaching 

the body temperature. In another study, Constante et al. [353] reported the construction of 
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tubular scroll-like scaffolds with anisotropic inner topography for the development of oriented 

muscle microtissues, through  4DP.  A combination of methacrylic anhydride (MA), SA, and 

melt-electro writing of PCL fibers were employed to develop 4D-printed scaffolds. The results 

showed that printed photo-crosslinked SA sheet gel rolls upon swelling and produces scroll-

like tubes, as presented in Figure 20(a). The proposed technique is highly adaptable in the 

engineering of tissues with the uniaxial orientation of cells such as cardiac, neural tissues, and 

skeletal muscle.  

 
Figure 20.  Various direction of folding; (a1) Parallel-wise; (a2) Perpendicular-wise; (a3) Diagonal-wise 

of the SA-MA/PCL bilayers; (a4, a5) Folding of rectangular and circular-shaped scaffolds (adapted with 

permission from ref. [353]); (b1-b2) Osteogenic peptide and BP-loaded β-TCP/PLA-TMC-based 

nanocomposites scaffolds for bone tissue engineering applications (adapted with permission from ref. 

[354]); (c) Aneurysm 4D-printed PBS/PLA-based composite vascular model (adapted with permission 

from ref. [158]); (d) Cardiac construction through 4DP (adapted with permission from ref. [355]); (e) 

4D-printed scaffold manufactured by using SMPs (adapted with permission from ref. [352]); (f1-f2) 

Illustration of 4D-fabricated stent model; (f3) Blocked porcine blood vessel cross-section view dilatation 

(a1) (a3) (a2) 

(a5) (a4) (c) 

(b1) (b2) 

(d) 

(d) 
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was due to 4D-printed stent (adapted with permission from ref. [356]); (g) 4D-printed protective visor 

for COVID-19 pandemic (adapted with permission from ref. [357]) (h) Stent developed through 4DP 

(adapted with permission from ref. [76]); (i) Surgical implantation of 4D-printed air-way splints 

(adapted with permission from ref. [358]); (j) 4D-printed intravascular stent (adapted with permission 

from ref. [359]). 

In another study, Wang et al. [355] fabricated 4D-printed cardiac tissues with aligned fibers 

and adaptable curvature. Figure 20(d) is exhibiting the schematic representation of the aligned 

cells. These 4D-printed products can be potentially employed for organ and tissue regeneration 

applications.  

4DP technology can also be employed for treating abnormalities in the orthopedics field. For 

instance, Wang et al. [354] developed black phosphorus nanosheets and osteogenic peptide 

reinforced β-tricalcium phosphate (TCP)/PLA-TMC-based bone scaffolds through the 4DP 

technique, as illustrated in Figure 20(b). The results indicated that the NIR stimulus helped in 

reconfiguring the scaffolds for implantation. The part models generated through 4DP can 

transform their shape upon external stimuli. Additionally, these developed replica parts can 

help to perform complex surgeries [360]. Similarly, 4DP can be potentially applied for the 

printing of kidneys, livers, and hearts using biocompatible and flexible materials like SMPs 

[361]. Skin grafting can be done using 4D-printed SMPs, which have the ability to generate 

skin of original skin color [362]. It will help to treat skin burn patients in the future.  

5.2. Biomedical devices 

SMP-based composites have also drawn great interest in the development of dynamic and smart 

biomedical devices, and electronic skins [363]. For instance, Morrison et al. [358] fabricated a 

PCL-based personalized medical device to treat tracheobronchomalacia, which possessed the 

ability to transform its form under tissue growth and resorption conditions. The results revealed 

that the SMP-based printed parts decomposed when airways started functioning properly. 

Thus, the 4D effect of degradability over time further justifies the possible use of the 4DP 

technology for developing biomedical devices. 

Interventional embolization has huge potential in the treatment of aneurysms due to its safety 

and less trauma. The objective of the embolization coil is to separate the aneurysm sac from 

the blood circulation by providing the embolic agent to the target sac, thus, reducing the risk 

of rupture [364]. Lin et al. [158] developed the PBS/PLA-based aneurysm 4D models, as shown 

in Figure 20(c), which have found their exceptional usage in biomedicine. 

4DP technology permits the fabrication of customizable products including stents [365]–[367]. 

SMP-based printed stents also help to minimize the surgical incision during implantation by 

temporarily reducing its diameter through programming. The body temperature allows the 

printed stent to recover its original diameter after implantation. For instance, Ge et al. [76] 

introduced PµSL technology to develop a 4D-printed cardiovascular stent, as shown in Figure 

20(h) and the 4D-printed stent exhibited excellent shape memory behavior. In another study, 

Wet et al. [359] introduced viable fabrication technology to manufacture magnetically 

responsive PLA-based printed stents, as shown in Figure 20(j). Similarly, Wang et al. [356] 

evaluated the mechanical performance of PLA-based 4D-printed shape-memory stents, as 

depicted in Figure 20(f). These stents possessed excellent mechanical properties and a high 

recovery ratio. Furthermore, these 4D manufactured stents exhibited minimal medical risk and 

act as mild intervention devices for vascular diseases.  

4DP technology also plays its part in fabricating the protective equipment during the pandemic 

situations and unprecedented circumstances like Coronavirus Disease 2019 (COVID-19) [368]. 
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Various researchers also tried to fabricate high-demand products using this technology. For 

instance, Ji et al. [357] developed an adjustable protective visor of thermo-responsive SMP, 

which can help people to protect against the pandemic, as shown in Figure 20(g). Similarly, 

Cheng et al. [130] employed UV-assisted FDM technology to develop elbow protectors. 

SMP-based composites are vastly applied to store and subsequent sustained release of drugs in 

the biomedical field [369]. Biorobots are proves useful in performing surgeries as well as for 

drug delivery systems [370]. These carry and take the drugs at the required location [371]. For 

instance, Azam et al. [372] developed the drug delivery polyhedral device by using SU-8 faces 

and thermo-responsive PCLs. Similarly, Malachowski et al. [373] developed a device for the 

targeted drug release in the digestive tract. In another study, Zu et al. [374] developed plant 

stomata-inspired, UV cross-linked PNIPAM-based hydrogel as a capsule shell through an 

extrusion-based technique. Due to lower critical solution temperature-induced 

swelling/shrinking properties, the developed PNIPAM hydrogel capsules showed 

microstructure changes and temperature-responsive drug release, as presented in Figure 21(a). 

During in vitro drug release testing, the PNIPAM-based hydrogel capsules autonomously 

controlled drug release behaviors due to the difference in ambient temperature. Furthermore, 

enhancement in the drug release rate of the hydrogel capsules was observed due to the increased 

molecular weights of polyethylene glycols (PEG) in the macro-porous PNIPAM hydrogel 

capsules. Thus, the bioinspired hydrogel capsules through 4DP have the potential to use in the 

smart controlled release of drugs [375]. 
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Figure 21. Sample images of hydrogel capsules; (a) Before UV curing; (b) After UV curing; (c) Sample 

images of hydrogel capsules after soaking in water for 96 h. Sample images of hydrogel capsules 

including (d) Single drugs and, (e) Multiple drugs (adapted with permission from ref. [374]); (b) 

Complete and active transportation of cargo in stomach model through lepta Steria-shape gripper 

(adapted with permission from ref. [113]); (c) PCL-based 4D-printed electrical device (adapted with 

permission from ref. [376]); (d1) Real hand skin image cable of feeling pain when stretched; (d2) 

Schematic depiction of skin structure demonstrating the mechanism behind tactile and pain feeling; (d3) 

Human hand model with artificial skin placed on it with remarkable skin-like wrinkles; (d4) Images of 

pinched and stretched behavior of artificial skin (adapted with permission from ref. [377]). 

5.3. Soft robotics 

In the contemporary world, soft robots and actuators have also become the major focusing area 

for 4DP applications [378]–[381]. The emergence of SMPC-based smart materials has also 

helped to attain large structural deformation compared to the robots manufactured through the 

traditional routes [382]. Additionally, SMPC-based 4D-printed programmable materials 

exhibit excellent actuating characteristics and can be applied in myriad applications ranging 

from drug delivery devices to programmable robots in outer space, high altitudes, and extreme 

weather conditions [383]. These 4D-printed robots not only help to reduce the size but also 

provides more functionality [384]. Additionally, SMPC-based soft robots can be applied for 

underwater robotic applications [385]. Likewise, many research enthusiasts developed 

biomimetic actuators through SMP- and hydrogel-based smart materials [386]. For instance, 
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(d3) 
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Hu et al. [113] developed PNIPAM-based smart hydrogel, laponite nano clay, and NdFeB-

based magnetic particles for the 4DP of robots. The authors printed different soft millirobots 

including the lepta Steria-shape robot and shellfish-shape robot, which were capable to respond 

to both thermal and magnetism stimuli. The locomotion of the lepta Steria-shape robot in the 

human stomach model was successfully performed through completing active transportation 

of cargo in the form of drugs, despite many physical obstacles such as the wrinkled surface 

human stomach model, as depicted in Figure 21(b). Thus, these printed soft millirobots have 

huge prospects in the fields of medical treatment, drug delivery, and bioengineering. 

5.4. Electrical devices  

In the contemporary world, the rapid innovations in the electronics industry enable high output 

rates of electronic systems with powerful miniaturized processors [387]. However, these 

components need to consider the demands of particular applications while designing electrical 

circuits [388]. 4DP technology can also offer a lot of opportunities for the manufacturing of 

electric circuits and flexible devices due to its self-repairing nature, which permits devices to 

reconnect broken circuits [389]–[391]. For instance, Zarek et al. [376] printed a PLA-based 

electronic switch through the SLA technique, as shown in Figure 21(c). Furthermore, silver 

NPs were incorporated on the surface of the developed switch through IJP. The printed device 

reconfigured its shape upon heating above melting temperature and closed the electric circuit. 

These SMP-based electrical switches can also be applied to open electric circuits with 

temperature stimulus, which help in preventing the short-circuiting damage. 

In another study, Xiao et al. [377] proposed the strain perception strengthening (SPS) effect for 

sensing the pain of soft biological skin tissues, as presented in Figure 21(d). Dynamic 

transformations including 2D and 3D deformation trigger warnings for overstretched strain 

from tactile to pain-sensing. The prosed synthetic skin derived from elastomeric thin-film and 

assembled graphene nanosheets having an interlocked structural interface and showed good 

elastic, conductive, and adaptive properties. The integrated elastic and conductive film and soft 

sensory systems with the SPS skin-like system effectively replicated the normal tactile and pain 

feeling of soft tissues. 

5.5. Self-folding/origami structures  
4D-printed self-folding origami structures have shown huge potential to be utilized in diverse 

research fields like electronics, bifurcated stents, solar panels, and self-deploying structures 

[392]. In response to external stimuli, these bilayer and multilayer architectures mimic the 

hinge-like effect required for the self-folding function [393]. 4DP integrates 3DP technology 

and SMPs, which endows static structures with self-adaptive, self-foldability, self-assembly, 

reconfiguration, and multi-functional features. Furthermore, it also helps in more freedom in 

designing origami structures [394]. 

For instance, Zou et al. [395] encoded a direct 4DP of a single-material system, which can be 

deployed with mixed multimodal and doubly curved structures, as illustrated in Figure 22(a). 

Furthermore, the inverse-design algorithm in-plane and out-of-plane deployments produced 

double-curved shapes such as complex 3D shapes from 2D bilayer plates. Additionally, the 

different abilities including stress-free and shape-locking after morphing made them highly 

suited for developing pop-up kirigami and origami structures. In another study, Xin et al. [396] 

developed PLA-based different active origami sandwich structures through the FDM 

technique, as illustrated in Figure 22(b). The results indicated that these thermally-activated 
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origami structures exhibited excellent shape memory performance, large area change ratio, and 

good self-deployment capabilities. 

 
Figure 22. Various 4DP-based single and multi-modal deployments through bending, twisting and 

shearing; (a1) Chiral; (a2) Achiral square lattices; (a3) Sphere lattice; (a4) Flower petals; (a5) Snake; (a6) 

Scorpion; (a7) plesiosaur (adapted with permission from ref. [395]); (b) Shape memory behavior of 

PLA-based active origami architectures; where ST-Re: sandwich structure with re-entrant, ST-6c: 
sandwich structure with hexa-chiral, ST-4c: sandwich structure with tetra-chiral, ST-St: sandwich 

structure with star-shaped, and ST-Do: sandwich structure with double arrowhead (adapted with 

permission from ref. [396]); (c) Different shape configuration of EC composite films under water 

stimulus (adapted with permission from ref. [397]); (d) Impact performance of 4D-printed PU (d1) Glass 

ball; (d2) Tennis ball on the bio-inspired spider silk web (adapted with permission from ref. [398]). 

5.6.Food sector 

4DP technology has also found its application in food sectors and permits the flexibility of food 

customization by integrating desired features. To date, this sector uses only a limited number 
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of SMP-based materials, with external stimulation of water absorption, pH, temperature, and 

microwave [399]. 4DP of food items transform their shape, color, flavor, and nutrition, which 

depend upon the material properties and spatial arrangement of food items [400]. 4DP also 

enables the development of self-folded edible composite films. For instance, Pulatsu et al. [397] 

developed ethyl cellulose (EC)/gelatin-based edible composite films through the 4DP 

technique. Excellent shape morphing and color-transforming abilities were observed under the 

water-based stimulus, as presented in Figure 22(c), which also demonstrated their osmotically-

driven structural changes. Furthermore, curing time affected the color of EC strips from 

transparent to white.  

5.7. Miscellaneous applications 

4DP technology also exhibits unleash its potential in space-related programs. This approach 

can be applied to fabricate instrument booms antennas, radar surveillance antennas, radio 

communication antennas, solar cells, and space vehicles [401]. It further reduces the labor cost 

owing to the self-assembly nature and is adaptable to different space conditions [402]. 

Similarly, the development of energy absorption and retention architectures through 4DP 

technology is another emerging application. These architectures consist of patterned shapes 

with a negative Poisson’s ratio and absorb shock loads with negligible deformation and retain 

their original configuration due to actuating capability [403]. SMPCs can also help to develop 

micro-/nano-scaled printed devices.  

4DP technology can also be employed for the efficient manufacturing of automotive 

components including body parts, automotive interiors, window planes, and safety systems 

[404]. Similarly, 4D-printed leaf springs have exhibited excellent performance comparable 

with the springs manufactured through traditional routes [405]. The utilization of the 4DP 

technology can be expanded for developing the rapid prototypes of the automobile’s allied 

sectors including maritime and aerospace sectors [406]–[408]. 4D-printed wings of the airplane 

should be adaptable to the working environments that include humidity, stress, and 

temperature. 

4D-printed shape-changing polymers can be applied in smart textile and wearable industries 

for transforming polymer surface texture and color design, according to environmental 

conditions, thus, ensuring improved insulation and ventilation [409]–[412]. The new 4D-

printed smart textiles containing stimuli-responsive texture/color exhibit functionalities, 

control moisture, and undergo self-shape adaptation. Similarly, fashion outfits have also 

provoked significant attraction in recent years [413]. 

4D-printed SMPs have found their application in piping systems owing to their inherent self-

repairing nature [414]. SMPs exhibit the ability to change their diameter upon external stimuli 

that include water demand and flow rate [415]. Thus, pipe leakage can be repaired instinctively. 

SMPC-based 4D-printed products can be employed for the construction of building materials, 

due to their inherent self-healing and self-organizing nature [416]. Additionally, the cleaning 

of tall buildings is easier through the application of 4D-printed SMPC-based products owing 

to the self-cleaning nature of these printed products [417].  

4D-printed SMPCs have growing potential in the sports industry. HBCs possess the ability to 

produce curved and twisted structures. The reinforcement through the continuous fibers 

resulted in excellent mechanical properties of the 4D-printed parts [418]. For instance, Hoa et 

al. [317] found that the 4D-printed curved and twisted structures of flat sack composites can 

be applied for making blades for hockey sticks, solar energy concentrators, actuators, and 

blades for vertical windmills. Similarly, the accessories of athletes can be 4D-printed by 
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considering the different weather conditions and types of sport [419]. These ideas can be further 

broadened to enhance applications, in the near future. Table 3 summarizes the different 

applications of 4D-printed SMPCs and smart composite materials in various fields.  

Table 3. Summary of recent applications of 4D-printed SMPCs in biomedical and engineering fields  

Field Printing Actuation Smart SMPs Applications Ref. 

Biomedical 

- Voltage  PLA/Ag-NWs composite Biomedicine [41] 

FDM NIR light PBS/PLA composite Treatment of aneurysm  [158] 

DLW  Water PEGDA/EPOX/Ag-NPs 

The printed materials have strong 

antibacterial activity for 

Staphylococcus aureus and 

Pseudomonas aeruginosa 

bacteria.  

[420] 

FFF Electric field 
Thermoplastic PA-based 

composite 

4DP piezoelectric composite use 

in a knee prosthesis  

[338] 

FDM pH ABS pH measurement device [421] 

FDM Temperature  PLA Protective visors frame  [422] 

FDM - PEEK-rGO 

Bone scaffold design for bone 

implants or bone repair 

applications. 

[423] 

FFF Temperature PLA 
Auxetic metamaterials for 

biomedical applications. 

[424] 

FDM Electrical PLA/TPU/CNT Human-scale orthopedic devices [425] 

DLP Heat/Light PCLMA/NVCL Medical devices  [426] 

FDM Heat 
Silicone/wax micro-particles 

composites 
Recording of ECG signal 

[216] 

Engineering 

- pH/Temperature  Citrus pectin/β-CD/curcumin. 
Application in designing of novel 

food formats  

[427] 

FDM Heat - 
Smart electromagnetic wave 

control systems 

[428] 

DLW pH DMAEMA/PEGDA 

Design of micro actuators for 

micro electro-mechanical 

systems. 

[429] 

SLA Temperature  PEGDMA 
Monitoring the air emission 

quality  

[430] 

FDM Heat  Ferromagnetic PLA Deployable structures  [431] 

- 
Voltage/ 

magnetic field  
NdFeB/MPDMS/Mxene/PTFE  Intelligent crawling robots  

[432] 

- Heat PLA Smart textiles  [409] 

FFF Heat PLA Origami structures  [93] 

FDM Temperature  
Nylon/CF laminated 

composite 

4D-printed bowtie antenna can 

be employed in 5G 

communications.  

[337] 

Extrusion-

based  
Temperature  CF/PLA Metamaterials  

[188] 

IJP Heat 

Mushroom scraps/ purple 

potato puree/ glycerol/choline 

chloride 

Food processing application.  

[433] 

SLA/DLP 
Current/ 

temperature  
- 

Development of device for 

temperature monitoring and 

electrical safety. 

[434] 

FDM UV light Shape memory copolyesters  Temperature protection devices [92] 
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- Temperature  
PNIPAM-co-DMAPMA/clay 

composite 
Development of bionic simulator  

[435] 

Extrusion-

based 
pH Turmeric powder/sago flour 

4D-printed foods with color 

transformation abilities. 

[436] 

FDM Temperature PLA/TPU/CNT Soft robots [437] 

DLP Temperature Methacrylate and TPO 

Active and passive optical 

sensing applications such as 

Fresnel lenses. 

[438] 

FDM Heat PLA 

Cellular structures for two-ways 

energy absorption and 

dissipation engineering 

applications. 

[439] 

SLS NIR-light PUDA/CNT Miura origami structures [440] 

6. Market trends of 4D-printed SMPCs  

The future of 4D-printed SMPCs looks promising and quite optimistic. In near future, the 4DP 

materials will replace the different traditional mechanical components like gears, springs, and 

motors with the newly developed smart materials along with the precise control on optimization 

for producing efficient structures [441]. This will help in designing modern engineering 

systems, which allow the movement of mechanical parts, and these parts will also change their 

shape according to the requirement. Thus, exploring the new wide range of applications in wear 

electronics and actuators [442]. Furthermore, in biomedical engineering, the 4D-printed 

SMPCs will allow the researchers to produce the exact shape of human parts along with the 

same role of part movements/deformations, which will further boost our healing system.  

More insightful exploration is required for investigating the behavior of HBCs which are 

expected to be applied in future applications. The global market share of 4DP will be ~162 

million USD by the year 2022 and ~537.8 million USD by 2025, as per the estimation of 

reliable authority. Furthermore, the compound annual growth rate will be ~42.5 % from 2019 

to 2025 in the defence, aerospace, healthcare, construction, automotive, packaging, and textile 

industries [443]–[445]. 4DP of biocomposites is a novel technology that employs naturally 

available sources to develop tuned shape morphing structures for shading systems, underwater 

equipment for the maritime, solar tracking systems, architectural skin systems, wireless sensing 

systems, and numerous other extreme applications [428], [446]–[448]. The focused exploration 

of these areas in 4DP of SMPCs and more collaborations among different engineering fields 

will bring outstanding breakthroughs within the next few years.   

7. Conclusions and future perspectives  

4DP is a novel rapid prototyping technology that incorporates 3DP technology and active 

materials for enabling printed structures to change their shapes, properties, and functions over 

time. This section incorporates several challenges and future perspectives related to 4DP of 

SMPCs.  

Although, the 4DP of SMPCs has shown immense interest in a variety of engineering sectors, 

there are still some obstacles to effectively utilize the 4DP in these areas. For instance, shape 

preprogramming in SMPs is quite challenging. Moreover, complex simulation and topology 

transformation further add difficulty to the designing of the 4D-printed parts. Therefore, 

significant knowledge is required about preprogramming for the better utilization of 4DP. 

Furthermore, the other main challenges such as limitations in the printing processes and narrow 

spectrum of smart polymer composites, are demanding more researches. Figure 23 depicts 

some of the current challenges and these hotspots require research in the future. 
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Figure 23. Current challenges and future areas of 4DP of SMPC. 

Most 4D-printed SMPCs exhibit greater strain and shape-changing capability, thus 

compromising their different mechanical properties like low strength and stiffness, which 

impedes their utilization in many structural engineering applications where high strength is 

desired. Thus, there is a need to develop high-strength SMPCs by incorporating different 

fillers/additives/NFs. Furthermore, one-way SMPs have shown excellent shape memory 

behavior. However, focused research is required on the development of multi-way SMPs due 

to their increasing demand in flexible electronics and soft robotics.  

The ability of 4D-printed material to retain its original shape and structure after the removal of 

external stimuli is still a hurdle for many researchers. The accurate multi-material 4DP and a 

wide range of shape functions particularly bending, folding, curling, swelling, twisting, and 

linear expansion require an insightful knowledge of SMPCs mechanism and their deformation 

behavior. There is still a need to focus on the development of multi-stimuli polymers because 

sometimes different stimuli on single material leads to material failure. The other significant 

drawback is that 4D-printed SMPCs are anisotropic, which also requires insightful exploration. 

Potential breakthroughs and further developments in novel programmable SMPCs will permit 

precise actuation, which will help to expand their applications.  

The challenges in HBCs involve the actuation performance, material availability, and 

robustness of 4D-printed architects. Therefore, there is a need to develop high-quality filaments 

with a diverse range of fibers and polymer matrices. The controlled microstructure and quality 
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are important to regulate actuation. For better comprehension of the shape-transforming ability, 

the future directions for HBCs are bifurcated into the geometric level and material level. By 

considering the geometric perspective, there is a need for the structural amplification of the 

actuating unit cells by developing metamaterials. In terms of material level, there is an urgent 

need to develop HBCs for improved hygroexpansion. Moreover, the synergetic combination 

of the passive stimuli responses and active electro-mechanical responses will be helpful to 

enhance diversity and its applications. Hence, HBCs can be employed as a building media to 

develop intricate architectures by carefully considering geometric and material perspectives, 

which will also promote environmental sustainability. 

Further advancements in SMPC-based multi-material printing and the alignment of additives 

through magnetic and electric fields will help to realize the true potential of this novel 

technology. There is a need to develop 4D-printed SMP-based sustainable composites for 

biomedical applications. In recent years, the 4DP field is moving toward the practical 

applications of SMPCs. The endless potential applications of 4D-printed SMPC-based 

products include the development of grippers, actuators, energy absorbers, wearable 

electronics, aircraft wing stiffeners, solar panels, tissue constructs, medical stents, and drug 

delivery devices will completely revolutionize the world, in the near future. Lastly, the 

continuous burgeoning of this futuristic technology will help to address its current challenges 

and will provide astonishing results to the manufacturing world. 
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