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Abstract  

4D printing is an emerging field in additive manufacturing of time responsive 

programmable materials. The combination of 3D printing technologies with materials that can 

transform and possess shape memory and self-healing capabilities means the potential to 

manufacture dynamic structures readily for a myriad of applications. The benefits of using 

multifunctional materials in 4D printing create opportunities for solutions in demanding 

environments including outer space, and extreme weather conditions where human 

intervention is not possible. The current progress of 4D Printable smart materials and their 

stimuli-responsive capabilities are overviewed in this paper, including the discussion of shape-

memory materials, metamaterials, and self-healing materials and their responses to thermal, 

pH, moisture, light, magnetic and electrical exposures. Potential applications of such systems 

have been explored to include advancements in health monitoring, electrical devices, 

deployable structures, soft robotics and tuneable metamaterials.   
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1.0 Introduction  

Additive manufacturing (AM) or 3D printing allows one to fabricate structures with 

complex geometries that cannot be achieved through traditional methods.[1] Over recent years, 

3D printing has moved towards printing functional components that can be used in a variety of 

applications including electronics[2] [3], electrochemistry & energy storage[4] [5], 

catalysts[6], thermal management[7], aerospace[8], healthcare monitoring[9] [10] [11], food 

industry[12], sensors and robotics[13],[14], with custom parts being draw easily using 

computer-aided design (CAD). Conventional 3D printing technologies include 

stereolithography (SLA)[15], fuse deposition modelling (FDM)[16] [17] filament extrusion-

based system, selective laser sintering (SLS)[18] laser sintered powder materials, direct ink 

writing (DIW)[19] extruded colloidal suspension and ink-jet printing[20] [21] deposition of 

droplets of material. Generally, 3D printing produces parts with restricted functionalities 

limiting their final applications.[22]  [23] However, the addition of functional fillers dispersed 

within a polymer matrix can provide a solution for manufacturing multi-functional parts that 

are mechanically robust with superior chemical, electrical and thermal properties. Such fillers 

include 2D materials graphene[24], Graphene Oxide (GO)[25], Boron Nitride (BN)[26], 

Molybdenum Disulfide (MoS2)[27], Black Phosphorous (BP)[28], Mxenes[29], etc.[30] [31] 

[32] [33] 

 

The emergence of smart materials or programmable materials that can transform 

through external stimuli offers an exciting new opportunity for 3D printing technologies. This 

combination has led to the new field known as 4D printing, the fourth dimension referring to 

time. This technology was first introduced by Skylar Tibbit in collaboration with StratasysTM 

as a printed material that is programmed to change over time in response to an external 

stimulus.[34] [35] Although many reports on 4D printing are focused on the use of printing 
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with smart materials, 4D printing can also be accomplished with the use of ‘general’ materials. 

These materials can transform over time due to predefined stresses created during the printing 

process generated by the chemical reactions and resin diffusion between the printed layers.[36] 

[37] Smart materials require environmental changes such as moisture and heat for 

transformations, this environment can have a detrimental effect on some applications such as 

electronics. Therefore, controllable folding with engineered stresses at multiple positions can 

offer an alternative to achieve transformations without the use of smart materials.[36] 

 

 

Smart materials are materials that respond to changes to their environment and as a 

result, go through a material property change. Smart materials include shape-memory materials 

and self-healing materials. Metamaterials are an interesting class of materials that appear as 

smart material from their complex carefully created structural design however, the material 

properties itself are not responsive more so the structural arrangement. These self-transforming 

materials respond overtime to assemble into new compositions via twisting, bending, shrinking 

and spreading. They respond to external stimuli including temperature changes, water, pH, UV 

radiation, electrical and magnetic fields. The dynamic functions of smart materials coupled 

with the complex geometries of 3D printed parts can be used in a variety of applications 

including soft robotics, self-folding packaging, biomedical applications, smart textiles, 

deployable structures, sensors and aerospace applications. This paper overviews the stimulus 

responses and applications of functional and smart materials for 4D printing applications 

(Figure 1).  

 

The printing technologies used in 4D printing are the same as 3D printing as the fourth 

dimension refers to the nature of the materials printed rather than the technology. 4D printable 
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inks usually consist of monomers, initiators, fillers and binders. Each ink formulation is 

required to meet the physical and chemical demands of the AM technology including photo 

and thermal sensitivities, operational rheological properties, contact angles and surface tension 

restrictions.[38] To date, the majority of reports on 4D printing has focused around using SLA, 

FDM and DIW technologies.[39] [40] [41] [42] [43] [44] [45] However, there have been 

significant strides with using SLM and ink-jet printing to manufacture dynamic materials that 

respond to external stimuli.[46] [47]  

2.0 Smart & Complex Materials for 4D Printing 

For printed parts to be considered 4D printed, the component is required to adapt and 

change over time. These classes of materials are known as smart materials and can be further 

divided into the subgroups including shape-memory materials (SMM) thermodynamic 

changes, self-healing materials supramolecular changes and metamaterials engineered 

changes.   

2.1  Shape Memory Materials (SMM) 

Shape memory materials are smart materials that can morph and transform shape over time as 

a response to an external stimulus. Shape memory materials include shape memory polymers 

(SMPs), shape memory alloys (SMAs), shape memory ceramics (SMCrs), shape memory 

composites (SMCs) and shape memory hybrids (SMHs). SMPs respond through physical and 

chemical cross-links related to temperature transitions such as glass transition temperature Tg 

and melting temperature Tm. The materials are often processed and shaped at temperatures 

above their Tg creating their ‘original shape’,  the parts are then cooled down to below their Tg 

where their shape is deformed and fixed into position.[48] In the case of SMAs, the shape 

memory effect is related to the two crystal structures present in the alloys the martensite phase 

(low temperatures) and austenite phase (high temperatures). The SMA is deformed in the 
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martensite phase then as the temperature increases to the austenite phase the structure recovers 

back to its original shape. Similar to SMAs shape memory ceramics SMCrs exhibit either 

superelasticity with the ability to deform to large strains and recover, or exhibit the shape 

memory effect where they can transform between states that have been predefined with the aid 

of an external stimulus.[49] Some brittle ceramics go through martensitic transformations and 

therefore can experience shape memory effects similar to that of SMAs, however one of the 

main concerns with SMCrs in their brittle nature that can lead to large amounts of cracking.  

Beyond the commonly used SMMs, SMPs SMAs and SMCrs, are shape memory 

hybrids and composites (SMHs, SMCs). Here, shape-memory composites refer to a multiphase 

material that can include a filler and matrix phase and are combined at the macro level. Whilst 

shape memory hybrids refer to two materials combined at the molecular or nanometre level. 

The transformations exhibited by SMHs and SMCs are related to the material component that 

has the ability for shape memory, for example, an SMA wire used in a polymer matrix would 

go through martensitic changes whilst an SMH with different polymer phases would go through 

physical and chemical cross-links related to temperature transitions.  

 

SMM is constantly in a metastable state switching  

from a temporary state to a stable one.[50] This switching behaviour can also be induced by 

exposures to changes in electromagnetic radiation[51], moisture[52], pH levels[53] and 

electrical[54] and magnetic fields[55].  

 

2.1.1 Shape Memory Polymers (SMPs) 

Shape memory polymers are ideal for 4D printing applications, as they possess versatile 

processing abilities required for a range of AM technologies. Polymers that display elastic 

behaviours are particularly suited to the manipulations of geometries involved in 4D printing. 
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They can withstand large amounts of deformation strain over a range of temperatures, for 

radical and impressive transformations. [56] Polymeric materials are often used in AM due to 

their excellent processing capabilities, providing a smooth transition into 4D printing 

applications. SMPs can be easily tuned to their environments/applications by controlling the 

crystalline content of the polymer, which can be used to programme transition temperatures 

such as the Tg and Tm.[57] [58] 

 

Ge et al. developed a multi-material system to print shape-memory polymers using 

micro-stereolithography. The inks were made up of methacrylate-based monomers, 

photoinitiator Phenylbis(2,4,6-trimethyl benzoyl)phosphine oxide (BAPO), Sudan I (0.05 wt. %) 

and Rhodamine B (1 wt. %).[59] The percentage of PEGDMA, BPA, DEGMA and BMA were 

refined to tailor the Tg’s to control fixity at 43 °C and 56 °C. This allowed the bloom motion 

of the printed flower to occur by heating above the Tg’s in two phases (  
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Figure 2 (i)). However, SLA resins and photopolymers tend to have high cross-link 

density, which means that they are more brittle. [60] This can be a challenge when designing 

4D printable inks for SLA. One method to maximise the degree of shape change is by 3D 

printing shape-changing materials in strips or fibres that run through the polymer.[46] This 

enables control of the morphing properties and reduces the amount of SMM used. Wu et al. 

demonstrated this by using fibre-like regions made up alternating sheets of PNIPAm/PAMPS 

(Figure 2 (ii)).[61] PAMPS being the responsive material with shape-changing capabilities and 

PNIPAm the unresponsive material, both of which were manufactured using photopatterning. 

Another technique to improve the degree of transformation is by 4D printing meshes to allow 

large degrees of freedom to morph and close without putting large amounts of strain on the 

printed component. Gladman et al. demonstrated this using an SMP poly (N-isopropyl 

acrylamide).[43] In this work, the printed flower closes due to swelling from water exposure. 

The flowers were printed in a mesh formation based on a simple curved surface angled at 0° 

and 90° fabricated using DIW (  
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Figure 2 (iii)). Sun et al. developed a shape memory hybrid filament for FDM printing, 

the filament consisted of PLA and PEG acting as a plasticiser.[62] The shape memory effect 

was achieved through thermal transitions (Tg), the temperature of which could be altered by 

varying the plasticiser content. The group printed functionally graded layers with localised 

recovery by varying the percentage of plasticiser in each layer producing multi-shape actuators. 

 

Recent reports of cross-linked liquid crystalline polymers (LCPs) and liquid crystal 

elastomers (LCE) describe the 4D printing of actuators and soft-robotics using DIW.[63] [64] 

LCE’s are anisotropic and are controlled by their molecular orientation that is tuned upon 

different temperatures.[65] They have remarkable shape orientations and can be programmed 

to form cones, paraboloids and even origami folds.[66] The mechanical responses of LCE’s 

are triggered by heat, light and electrical fields. The motion of LCE’s is controlled by the 

orientation and organisation of the rigid molecules called mesogens and can be tuned upon 

different temperatures. The LCE transforms from an ordered state (anisotropic properties) to a 

disordered one (isotropic properties) at a transition temperature known as the isotropic 

transition temperature (Ti or Tm).[67] Lopez-Valdeolivas et al. printed thermo-actuators using 

LCE’s and extrusion-based printer. In this case, the extrusion process aligned the polymer 

chains building up orientational order of the mesogens in the direction of the printers moving 

needle. Replacing the traditional methods of using heat to orientate the mesogens in LCE’s 

through the Ti. They reported a 50 % contraction of their printed parts when heated to 90 °C 

and a rapid recovery back to their original length on cooling.[68] A key advantage of using 

LCE’s is their rapid recovery rates that are not seen in the swelling of hydrogels. Yang et al. 

used IR light (808 nm) in the fabrication, repair and assembling of CNT and xLCEs for soft 

robotic actuators in low-temperature environments.[69] The xLCE can be used to self-heal 

micro-cracks through photo healing and is recyclable for long and efficient life cycle of the 
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material. The CNT-xLCE’s were manufactured through transesterification at temperatures 

above 180 °C.  

 

So far, many of the SMPs mentioned have been thermoplastic as they can recover their 

shape through temperature transition involving the glass transition temperature (Tg) and 

melting temperature (Tm) that creates the transformations observed in 4D printing. 

Thermoplastics have good recyclability whilst maintaining their network integrity, however, 

are not as robust as thermoset plastics. The strong chemical covalent cross-links of thermosets 

permit their applications in demanding environments because of their excellent chemical and 

thermal stabilities. Where human interactions are required but not possible due to extreme and 

harsh environments, it would be advantageous for the production of self-actuating robotic 

systems that are chemically and thermally stable. Typically, this would mean thermosets are 

chosen for the desired application, however, a class of polymers known as Vitrimers have been 

developed which behave like thermosets at ambient temperatures however at raised 

temperatures the polymer goes through dynamic exchanges of its cross-links. [70] Vitrimer 

polymers come under the umbrella term of LCEs and are used to create shape memory 

polymers with morphing structures. [65] Vitrimers are recyclable and can transform and morph 

similar to thermoplastics, however, maintain the robustness of a thermoset for engineering 

applications in aerospace, automotive industry and electronics.[71] [72] Jin et al. designed a 

soft robotic made from a programmable crystalline shape memory polymer Vitrimer (Figure 3 

(i)).[73] The SMP displayed both thermal and photo-reversible bonds for actuation and 

morphing applications. The designs were fabricated using a photo-masked pattern producing 

regions with morphing abilities. Shi et al. reported on a Vitrimer epoxy that could be recycled 

and printed using DIW up to four cycles which is a promising outlook for the development of 

sustainable and reusable materials in 4D printing.[74] 
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There have been reports of the use of SMPs in the form of hydrogels for 4D printing 

applications, here a hydrogel classified as a network of polymer chains that are hydrophilic 

which allow them to hold large amounts of water in their 3D network.[75] Hydrogels have 

been widely used in 4D printing applications due to their excellent processing abilities and their 

capacity to change volume as a response to their environment. Many reports have described 

their applications in DIW and SLA technologies for a whole host of applications from 

biomedical applications through to electronic devices. They are particularly good for 4D 

printing applications as they can respond to changes in temperature, moisture and pH to 

accommodate large amounts of swelling for hinged mechanisms and switches.  

 

However, the main drawback of using hydrogels in 4D printing applications is the slow 

processing times for reversing back into the original shape usually via drying and heating and 

cooling approaches.  Bakarich et al. demonstrated the use of alginate and poly (N-isopropyl 

acrylamide) IPN for thermally responsive actuators to control water flow. The extrusion printed 

actuators displayed a reversible length change of 41 % - 49 %.[76]  Another approach of using 

hydrogels in 4D printing is through multi-material printing. Here, one polymer is printed for 

structural purposes while a second polymer is printed for responsive purposes i.e. swelling 

hinges. The two inks can be printed simultaneously to manufacture foldable structures.  This 

has been demonstrated by Naficy et al. where poly (N‐isopropyl acrylamide) (poly (NIPAM)) 

was used as the thermo-sensitive components and poly (2‐hydroxyethyl methacrylate) (poly 

(HEMA)) was used as a structural component. Poly(NIPAM) was used to print hinges that 

would swell above 32 °C causing the part to contract and close (Figure 3 (ii)).[77] Hu et al. 

developed a 4D printable hydrogel that responded to changes in pH and was used to print 
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structures that could morph to encapsulate a secondary component for drug delivery 

applications (Figure 4 (i)). [78] 

 

Table 1 provides an overview of responsive 4D printed smart materials and their 

associated technologies and applications. Although these materials are commonly referred to 

as 4D printing, metamaterials and self-healing materials also can adapt and change over time 

using different techniques which will now be discussed.  

 

2.1.2 Shape Memory Alloys (SMAs)  

Shape memory alloys have been around for many years, a Swedish metallurgist first 

reported SMAs back in 1932, where they found their gold-cadmium alloy displayed a rubber-

like behaviour now known as pseudo-elasticity. [79]  SMAs are metallic alloys that go through 

solid-to-solid phase transformation.[80] The key mechanisms of shape memory alloys are 

associated with phase changes from the austenite or high-temperature phase to the martensite 

or low-temperature phase, resulting in macro-scale effect due to changes in the crystallographic 

structure of the alloy.[81]  Many of the reports on shape memory alloys discuss the additive 

manufacture of Ni-Ti, Ti-Ni-Cu, Cu-Al-Ni, Fe-Mn-Al-Ni alloys using SLS and SLM. [82] [83] 

[84][85] SMAs are usually associated with SLS and SLM techniques as traditionally these 

methods of 3D printing are particularly good and printing metallic structures at high loadings 

with good strength properties. Akbari et al. used ink-jet printing to fabricate an SMA gripper 

that responded through joule heating via an electric current (Figure 4 (ii)). [86] The group 

printed and embedded a nickel-titanium alloy wire (diameter 0.25 mm) in a ‘soft’ matrix that 

contained hard phases for the dynamic movement of the griper without causing breakage. 

Umedachi et al. designed and printed a bioinspired soft robotic structure they named Softworm 

(Figure 5 (i-ii))[87] The movement of the Softworm was created via resistive heating to the 
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SMA when a current was applied; the temperature-induced changes in linear wire stain are 

transformed to large displacements, mimicking muscle tetanus of worms.[88] The body of the 

worm-like design was printed using a polyjet printer (Objet, Connex 500), an SMA coil (BMX-

100, Toki Corp. Tokyo, Japan) was then threaded through the design to act like tendons that 

actuated. Caputo et al.  4D printed Ni-Mn-Ga magnetic shape memory alloys using powder 

bed binder jetting.[89] In general, binder jetting manufactures parts with high porosities that 

can be controlled through particle size distribution and packing densities, here Caputo et al. 

reported porosities as high as 70.43 % for the SMA. Thermo-magneto mechanically 

programmed materials that displayed reversible martensitic phase changes during heating and 

cooling processes controlled the shape memory effect reported.  

Dadbakhsh et al. 4D printed NiTi shape memory alloys using the 4D printing technique 

SLM. The group investigated the effects of changing the laser's power and speed during 

printing on the properties of the alloys. It was concluded that when printing at high power and 

speed the alloy had improved overall strength and an increased pseudoelastic behaviour due to 

austenite present at room temperatures. Whereas the SMA printed at low, power and speeds 

displayed martensitic phases.[90] 4D printing of Ni50.1Ti49.9 SMAs using SLM was also 

reported by Andani et al. In their work they studied the mechanical and shape memory effects 

when the porosity and density of the alloys were adjusted. Andani et al. found that the more 

dense alloys had a higher elastic modulus and higher transformation temperatures (an increase 

of 10-14 °C) than the porous alloys. The SMA went through cyclic compression tests and 

showed a 5 % recoverable strain and partial recovery of the superelastic response. The porous 

alloys displayed a decrease in the elastic modulus by 86 % whilst retaining shape memory 

effects, showing that these lightweight 4D printed structures could be used as biomedical 

implants such as bone constructs.[91]   
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Applications of SMAs include temperature-controlled systems (opening valves), 

actuators, biomedicine (active implants), soft actuators and aerospace.[92,93] A key advantage 

in SMAs over the use of many SMPs is their enhanced thermal and mechanical properties 

allowing them to be utilised in demanding environments. 

2.1.3 Shape Memory Ceramics (SMCrs) 

Although mainly SMPs and SMAs are used for morphing properties and self-healing 

polymers are used for healing mechanisms in 4D printing applications. There have been some 

reports in the literature on more uncommon material selections including shape memory 

ceramics (SMCrs). Typically, ceramics are thought to be brittle and unable to bend, stretch, 

and deform without causing catastrophic damage. However, Lai et al. achieved this by 

modifying the ceramic polycrystalline zirconia with ceria or yttria the results of which could 

withstand strains over 7 % and cycled up to 50 times.[49] Zhang et al. developed a self-healing 

shape memory ceramic using yttria-stabilised tetragonal zirconia (YSTZ) nanopillars.[94] Liu 

et al. used a combination of 40 wt. % ZrO2 nano-platelets dispersed within a PDMS resin to 

create an elastomeric derived ceramic EDC (Figure 5 (iii-vi)). They then threaded either an 

iron or copper wire through the DIW printed lattice to assist in the folding of their origami 

structures for 4D printing effect. The printed EDC structures then went through heat processes 

and chemical etching to remove the wires and leave a ceramic component.[95]  The 

applications of SMCrs has the potential to become a desirable field for high-temperature 

actuators and robotics for space exploration and high temperature micro-electrical mechanical 

systems.  

2.2 Metamaterials  

Metamaterials were first introduced by Victor Veselago in 1968, they are engineered 

materials that can attain properties that are not usually found in natural materials, appearing as 
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smart materials.[96] 3D printing can be used to manufacture metamaterials with curved 

structures and patterns that can display unique electromagnetic properties and 

functionalities.[97] [98] Metamaterials are based on arrays of specially designed individual unit 

cells to perform a function that is not intrinsic to the material. Because of this, these unit cells 

tend to be complex and intricate meaning high resolutions are needed to achieve such fine 

details.[99] [100] This can be a challenge for many AM technologies especially as most operate 

between 200-50 µm, and some metamaterial features may only function in the nm range. 

However, recently there have been advancements in micro-stereolithography with resolutions 

as high as 40 nm.[101] The main applications of metamaterials include sensors, absorbers, 

acoustic cloaks and antennas.  AM can fabricate complex designs that cannot be achieved 

through traditional manufacturing methods this coupled with advancements in AM 

technologies improving resolutions means the realisation of complex metamaterials is a very 

realistic goal in near the future.[99] 

Qiao et al. demonstrated the 3D printing of a nylon-based metamaterial using SLS, to 

produce lenses with meta-surface reflectors.[102]Wagner et al. reported on their auxetic 

metamaterial design to 4D print thermo-responsive materials using ink-jet printing (Figure 6 

(i)).[103] The combination of metamaterial design with responsive smart materials means that 

the structures have a large range of movement and transformation whilst maintaining structural 

integrity. Most reports on the additive manufacture of metamaterials have been applied to 

dynamic mechanical systems.[104] [105] Providing the example of the door handle designed 

by Ion et al. the polymers intrinsic properties would fracture when torque is applied, however, 

careful placement of the individual unit cells means that the door handle can function without 

the use of hinges (Figure 6 (ii)).[106] 

Rafsanjani et al. used SLS to design a snapping metamaterial with controllable tensile 

behaviours by tuning the snapping segments mimicking that of a soft spring system. The 
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tuneable snapping metamaterial has applications for morphing, adaptable and deployable 

structures due to its sequential snaps from the initial wavy pattern until full extension has been 

reached when pulled along they-axis.[107] 4D printed metamaterials have also been used to 

develop magnetic field responsive mechanical metamaterials. Work by Jackson et al. used 

large area projection micro stereolithography (µSLA) to manufacture controllable architectures 

that have reversible responses when a magnetic field is applied. The responsive metamaterials 

could have applications in rapidly adaptive helmets, soft robotics and smart wearables with 

vibration-cancelling behaviours.[108]  

2.2.1 Tuneable Metamaterials 

Printable metamaterials coupled with shape memory polymers can be used to manufacture 

multi-functional lightweight designs with tunable mechanical, acoustic and thermal properties 

(Figure 6 (iii)).[104] Yang et al. reported on printing robust metamaterials for mechanical 

applications using acrylic acid AA and bisphenol A ethoxylate dimethacrylate. Boley et al. 

designed a frequency-shifting antenna using complex geometries and metamaterial designs. 

The metamaterial designs can be applied to control largely in plane-growth gradients by 

controlling Gaussian curvatures (Figure 6 (iv)).[109] The carefully constructed lattice arrays 

in metamaterials combined with shape memory properties mean that structures can be 

deformed without the need of an elastic phase in the matrix of the material. Lei et al. 

demonstrated this by printing mesh curvatures which were then programmed to achieve shape 

memory effects to tune rotation of mesh joints and the mechanical properties of the 

metamaterial.[110] This pairing can be applied to advanced applications that could not be 

achieved via many SMMs due to inherently poor mechanical and chemical properties.  
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2.3 Self-healing Polymeric Materials 

Self-healing materials offer unique functionality to 4D printing; these materials can 

adapt and change over time to increase the longevity of printed components, in a variety of 

applications including electronics, and health care monitoring. Self-healing materials can 

reform and restore there chemical and physical functionalities. These are an attractive group of 

materials to increase longevity for safer and more reliable materials. To classify a material as 

self-healing the material must spontaneously begin repair once a defect occurs. Through the 

filling of a void caused by the defect such as a crack or scratch etc. with new matter. An ideal 

self-healing material will fully restore the original mechanical and chemical properties of the 

virgin material. [111]  

Self-healing materials usually fall into two main categories based on their healing 

mechanisms, autonomous and non-autonomous. Non-autonomous materials require external 

stimuli to trigger the healing process such as UV light, heat or mechanical stimulus.[112] 

Autonomous materials, however, will begin to heal immediately upon damage through the 

presence of reversible hydrogen bonds and non-covalent bonds, or via a self-healing material 

embedded in the host material, which is released upon damage. 

2.3.1 Microvascular Self-healing Mechanism 

Vascular-based healing mechanisms consist of a network of channels filled with a repairing 

agent running throughout the matrix of the material. Once the network ruptures, capillary action 

causes the healing agent to be released into the site of the damage, which is then polymerised 

to fill the crack. Arteries found in a natural system have inspired vascular-based healing 

mechanism.[113] [114]  

Li et al. developed a novel method biomimetic 3D vascular design inspired by nature fo 

self-healing cementitious systems (Figure 7 (i-ii)).[115] The 3D printed design consisted of 
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polylactic acid (PLA) vascular network printed on an Ultimaker® 3D-printer (FDM),  this 

structure housed the healing agent sodium silicate. Upon crack formation, in the cement matrix, 

the vascular design followed Murray's law for circulatory blood volume transfer as the healing 

system. Wu. et al. created a microvascular network using a fugitive ink and hydrogel reservoir 

to create a self-healing printed material for uses in health care microvascular devices.[116]  

2.3.2 Encapsulation Self-healing Mechanisms  

Capsule based self-repairing mechanism utilise micro or nano-sized particles filled usually 

with a healing agent such as a polymer or catalyst. Each capsule is protected by a case or 

coating made from an inert material so it does not interfere with the bulk material. This ensures 

the healing mechanism will only begin once damage occurs and not before. The ‘shell’ of the 

capsule should be weak to allow for easy rupture once damaged. These capsules are embedded 

throughout the matrix of the material, to ensure a rapid release of the healing agent upon 

rupture. The healing agent inside the capsules must have a low viscosity to allow for capillary 

action into the damage site. For an efficient healing process, the healing agent should be able 

to polymerise quickly at room temperature with no shrinkage.[117] Davami et al. used SLA 

3D printing to fabricate structures entrapping the photocurable resin inside unit cells to act as 

a self-healing agent. Upon damage, the self-healing ‘agent’ flows out of the cell using capillary 

action to the site of damage where it is then cured using UV light. Here Davami et al. reported 

a healing efficiency of 52 % based on fracture toughness.[118] 

2.3.3 Autonomous Self-healing Polymers: Supramolecular Polymers  

Most polymers cannot self-repair autonomously without the addition of a host network 

containing a self-healing agent described by capsule and vascular-based mechanisms. 

However, supramolecular polymers are a class of material that consists of reversible non-

covalent bonds which allow the bonds to reform and repair after cleavage.[119]  The self-
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healing properties are therefore intrinsic to the polymer and are fully repeatable without the 

concern of depleting a host-healing agent. Supramolecular polymers are often described as 

‘solid-liquids,’ they are made up of associated groups which are typically covalently bonded 

to chain ends or side chains of a polymer.[119] These chains join liquid-like polymers into a 

network of non-covalently cross-linked polymers displaying plastic behaviours.[119] Non-

covalent crosslinks which are used in the reversible reforming process of supramolecular 

polymers include - staking, hydrogen bonds, host-guest interactions, ionic interactions and 

metal coordinations. To test the effectiveness of the restoration of the self-healing material 

several properties can be examined before and after healing including mechanical, electrical 

and thermal properties. This is known as the healing efficiency and is calculated using a ratio 

of the properties (p) before and after healing[120]: 

 

 
𝜂 =

𝑃ℎ𝑒𝑎𝑙𝑒𝑑 − 𝑃𝑑𝑎𝑚𝑎𝑔𝑒𝑑 

𝑃𝑝𝑟𝑖𝑠𝑡𝑖𝑛𝑒−𝑃𝑑𝑎𝑚𝑎𝑔𝑒𝑑

 
(1) 

 

Supramolecular polymers unlike SMM and hydrogels previously mentioned can reform 

without the need of an external stimulus. Wu et al. synthesised polyborosiloxane (PBS) a 

supramolecular polymer that can reform at room temperature due to hydrogen bonding. They 

further incorporated 5 vol. % graphene within the PBS matrix for printed gas sensors.[121] Shi 

et al. developed a self-healing hybrid gel made from a supramolecular polymer gel and 

electrically conductive polypyrrole. The hybrid gel was formed using freeze casting to produce 

a self-healing material with conductivity as high as 12 Sm-1 and 10 Sm-1 after healing.[122] 

Other examples of electrically conductive self-healing materials have been reported by Han et 

al. who developed a PDA-pGO-Pam hydrogel that is electrically conductive with a healing 

efficiency of 95 %. The hydrogel required no external stimulus to begin the healing process as 

the self-healing capabilities are provided through hydrogen bonding and cation-π interactions 
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from the PDA. The applications of the self-healing conductive hydrogel include bioelectronics, 

implantable electrodes and electrical stimulators.[123] 

 

Reports of self-healing elastomeric materials have been used in applications including 

fashion, wearable technology and sensing. Yu et al. developed a photo elastomer ink for SLA 

applications. The printed elastomer is simultaneously photocurable and fully self-healing 

through carefully tuned disulfide and thiol groups. The self-healing component is provided by 

the reversible cross-links of the disulphide bond. The self-healing efficiency of the printed 

composites showed that 90-100 % of the tensile strength remained after 10 cycles of cutting 

and healing.[124] When developing printable inks with multi-functionalities there is always a 

fine ratio between the printability properties and the functional properties. In this case, thiol 

groups would interact with the photocuring process and the disulphide groups would interact 

with the self-healing properties. Yu et al. found that tuning the P.I: IBDA (Iodobenzene 

diacetate) to 2.6 wt. % the healing strength plateaued at 100 %; however, the increase in IDBA 

caused a decrease in the curing coefficient 𝑘. Li et al. also reported on printing a photocurable 

elastomeric material via DLP (Figure 7 (iii)).[125] The polyurethane acrylate contained 

disulphide bonds that enabled the intrinsic self-healing of the material comparable to Yu et 

al.[124] They reported a tensile healing efficiency of up to 95 % (original 3.39 ± 0.09 MPa, 

after healing 3.22 ± 0.40 MPa) when heated to 80°C for 13 hours.  

 

Zhang et al. developed a shape memory hydrogel with self-healing capabilities for the 

use in anti-counterfeiting and multi-stage data encryptions. The self-healing abilities of the 

hydrogel were due to covalent borate ester bonds between PVA and borax. The shape memory 

polymer was fixed in a 3D origami construction and transformed due to pH changes, Zhang et 
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al. also included a secret message on the hydrogel that could only be seen when illuminated by 

365 and 254 nm UV light.[126] 

Table 1 summarises some of the current literature reports of self-healing 4D printed 

materials and their applications. The reports show that DIW technology is dominant in the 

manufacture of 4D printed self-healing materials.  

 

3.0 Stimuli for Responsive Smart Materials   

Many 4D printed materials require an external stimulus to trigger the transformative 

properties of the material. Smart materials can transform through twisting and folding 

mechanisms when exposed to changes in pH, moisture, temperature, light, electric and 

magnetic fields. The stimulus can be carefully selected and tuned dependant on the application 

of the operating environment. Stimuli-responsive materials have been extensively reported on 

over the past decade; however, their applications in 4D printing are still in their infancy. The 

main stimuli responses will now be discussed in more detail.   

Many 4D printed materials require an external stimulus to trigger the transformative 

properties of the material. Smart materials can transform through twisting and folding 

mechanisms when exposed to changes in pH, moisture, temperature, light, electric and 

magnetic fields. The stimulus can be carefully selected and tuned dependant on the application 

of the operating environment. Stimuli-responsive materials have been extensively reported on 

over the past decade; however, their applications in 4D printing are still in their infancy. The 

main stimuli responses will now be discussed in more detail.   

3.1 Mechanisms of Responsive Materials   

Materials respond to external stimuli through different mechanisms. These mechanisms are 

either constrained or unconstrained. Constrained mechanisms are those where the materials 
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cannot return to their original structures after deformation, whereas unconstrained mechanisms 

can recover back to their original state.[127] These mechanisms can further be defined to the 

triggers that implement shape memory, shape-changing or self-healing effects, which are 

discussed in more detail in the subsequent sections.  

3.2 Thermo-Responsive  

Temperature is arguably the most widely used stimulant in 4D printing applications. 

This is because smart materials such as shape memory polymers, alloys and composites have 

a transitional temperature, Ttransition which is usually the Tg or Tm of the material, it is this 

transitional property that enables the morphing of a part when exposed to different temperature 

gradients. In 4D printing, the materials are printed above their Ttransition then deformed below 

the Ttransition into their second phase geometry. When the printed part is exposed to heating or 

cooling through the Ttransition the fabricated part will morph from one state to the next due to 

shape memory effects. Hydrogels are often used as 4D printed SMM as their transition 

temperature can be altered easily through increased cross-link density or through the addition 

of filler materials. 4D printing of multi-materials means that a printed part can have multiple 

transitions for impressive shape-shifting over varying operating temperatures.[60] However, 

one of the main drawbacks of printing hydrogels and SMPs is their inherently low operating 

temperatures limiting their applications.[128] Poly (N-isopropyl acrylamide) (PNIPAAm) a 

thermally responsive polymer has been printed using micro-stereolithography for applications 

in soft robotics and microfluidic devices.[129] Song et al. reported their thermo-responsive 

polymer consisting of a double layer actuator with switchable active and passive layers (Figure 

8 (i)).[130]  
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3.3 Electro-Responsive 

Electric fields can be used as indirect stimulants to trigger shape memory 

transformations of materials. Electric fields are often used to induce heating effects to increase 

the operating temperature past a material Ttransition to mimic shape memory effects as previously 

discussed in thermo-responsive materials. Xu et al. recently demonstrated this effect with their 

POE/CNT polymer composite, the group used an induced current to heat their sample above 

Ttransition (~80°C) which controlled actuation of their robotic structure. Similar to thermo-

responsive materials the actuating structure was set above the Ttransition and then cooled down 

to room temperature where it was deformed to its second geometric phase.[131] Work by Han 

et al. developed an electrically responsive hydrogel printed using micro-stereolithography (µ-

SLA). The hydrogel consisted of PPA cross-linked with PEGDA, which induced swelling that 

resulted in bending towards the cathode once an electric field was applied (Figure 8 (ii)). [132]  

Most reports of electrically assisted actuating materials have been developed for applications 

in soft robotics and artificial muscles.[132] [133] [134]  

3.4 Magneto-Responsive  

Other ways in which researchers have used stimulants to trigger the transformation of shape 

memory and smart materials is with the use of magnetic fields. In this case, the materials must 

be magnetic to be effective. This is usually achieved by doping the material with magnetic 

particles such as iron oxide.[135] [136] There are two main methods in which materials respond 

in the presence of magnetic fields. Firstly through the alignment of material under a magnetic 

field[137] and the other is through magnetically-induced heating effects.[138] An example of 

materials that respond to magnetic fields includes the work published by Huang et al. on a 

supercapacitor made from a self-healing yarn consisting of PPy, Fe3O4, stainless steel yarns 

coated in carboxylated Polyurethane with PVA-H3PO4 gel used as a solid electrolyte. The strong 
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magnetic forces from the electrodes resulted in beneficial reconnections of fibres to restore 

electrical conductivity.[139] The self-healing capabilities, in this case, were possible through 

the abundance of hydrogen bond acceptors and donors in the supramolecular polymer. 

Although only the supramolecular polymer is self-healing, the magnetically assisted forces 

help to reconnect the yarns. [139] Magnetically-induced heating was reported by Wei et al. 

they demonstrated a magnetically responsive ink for DIW made from iron oxide nanoparticles 

embedded within Polylactic Acid (PLA) polymer matrix.[140] The magnetically responsive 

material began to uncoil when a 30 kHz magnetic field was induced the shape-changing 

properties can be seen in Figure 8 (iii).  

 

3.5 Light-Responsive 

Light or photo-responsive materials transform when exposed to specific wavelengths 

within the electromagnetic spectrum. Like other stimuli, light can induce changes to bond 

strength, twisting and folding and trigger healing mechanisms.[141] Similarly, to magnetically 

responsive materials, light-responsive materials respond via two methodologies. Firstly 

through sensitivities of the material to light, a photochemical effect from the presence of light-

sensitive moieties.[142] [143] The second is through a photothermal effect [144] [145] that can 

increase the temperature of the material above its transition temperatures such as Tg, this can 

be achieved through the use of filler materials that can absorb light and convert this energy into 

heat.[146]  Photo-responsive materials transform in the presence of light due to the existence 

of chromophores e.g. azobenzenes and cinnamic acid on the polymer chain. Dependant on the 

type of chromophores present, the reaction can be reversible or irreversible. Barrett et al. 

reported their photo-responsive LCE containing azobenzenes that could morph in the presence 

of visible and UV light (Figure 8 (iii)).[147] Poly (N-isopropyl acrylamide) (PNIPAM) 

functionalized with spirobenzopyran was developed by Sumaru et al.  to morph under blue 
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light irradiation for applications in microfluidic devices.[148] Light irradiance can also be 

applied to materials with self-healing capabilities to trigger the healing process. Amamoto et 

al. demonstrated this with trithiocarbonate (TTC) where self-healing through radical 

reorganisation was triggered when exposed to a lamp with a wavelength of 330 nm.[149] 

Researchers Moniruzzaman and Kister reported on the self-healing capabilities of epoxy 

thermosets when exposed to UV light through cis and trans isomerisation of azobenzene 

chromophores.[150] Zolfagharian et al. reported a 4D printed (DIW) polymer actuator that 

transformed due to photothermal effects.[151] The group printed a self-bending actuator made 

from polystyrene as the panels with chitosan hydrogel hinges. The chitosan hinges (black) 

absorbed light in the infrared region and converted the light energy to heat, this caused 

temperature gradients across the hinges and PS panels above the polymers Tg resulting in 

actuation.   

3.6 Chemo-Responsive 

Chemo-responsive materials are a prominent field in shape-changing materials 

especially SMPs. They work similarly to that of thermos-responsive materials; however, 

instead of using heat to go through transitional temperatures, they lower the Tg.[152] This is 

achieved through three main mechanisms including swelling, softening and dissolving.[153] 

An example of how chemo-responsive materials shape-change is through the absorption of 

solvent molecules within the polymer network leading to swelling.[154] This causes a 

plasticizing effect between the polymer and solvent that reduces the Tg of the material therefore 

external heat is not needed for transitions to occur.[152] Chemo-responsive materials can 

further be characterised to include moisture-responsive and pH-responsive materials that have 

been discussed in more detail in the following sub-sections.   
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3.6.1 Moisture-Responsive  

There are three main mechanisms associated with moisture-responsive materials. These 

include the plastic effect whereby the absorption of water can reduce the Tg of the material 

resulting in shape change.[155] Another methodology is the breaking and re-forming of 

hydrogen bonds.[156] In this mechanism, the hydrogen bonds between the polymer and water 

molecules cause a reduction in interactions between the polymers macromolecules. This not 

only leads to a reduction in the Tg but stored mechanical energy is released triggering shape 

change. The last mechanisms are associated with the swelling effect of hydrogels, in this case, 

the hydrogel can absorb a large amount of water molecules into the polymer network resulting 

in drastic volume changes that can be either anisotropic or isotropic leading to shape changing 

effects.[157]  

 

Undoubtedly, hydrogels are the most effective class of materials to respond to changes 

in moisture. Their ability to swell rapidly in the presence of water can be carefully tuned to 

form structures that fold and open mimicking hinge-like systems in the presence of a second 

unresponsive material. A key characteristic of using moisture responsive materials is the degree 

of swelling that can be obtained for radical transformations. Researchers Mulakkal et al. used 

water actuation for their hydrogel composed of carboxymethyl cellulose (CMC) hydrocolloid 

for advanced applications of complex architectures and actuating mechanisms (Figure 9 

(i)).[158] In this work, the introduction of water leads to plasticisation of the amorphous 

regions of the CMC. Zheng et al. reported on their moisture activated stress-driven compressive 

bilayer films made up of PVA and PDMS. The films had wrinkling mechanisms to mimic the 

wrinkling that occurs in the skin when immersed in water for a set period. One of the potential 

applications for this type of morphing mechanism can be applied to tuneable optical properties 

such as smart windows.[159] Polypyrrole (PPy) is an electroactive polymer that can change 
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shape through the absorption of water, creating a dynamic actuator for applications as artificial 

muscles. The shape-shifting changes of the polymer are rapid and recoverable mimicking ‘fast-

twitch’ muscle activity. Ma et al. synthesised their PPy-PEE (pentaerythritol ethoxylate) 

composite using electro-polymerisation. The hybrid composite consisted of an IPN with a hard 

phase polymer and a soft phase moisture responsive polymer. The hybrid converted chemical 

potential energy into mechanical work through varied water gradients for applications in 

sensors and switches.[160] Han et al. developed a moisture responsive graphene oxide and 

reduced graphene oxide (rGO) bilayer paper that could be applied for graphene-based 

actuators.[161] PEG-DA and rhodamine B have been used together to form a photocurable 

humidity responsive polymer that can transform and change colour for applications in humidity 

indicators and walking actuators. [162] 

3.6.2 pH-Responsive 

Some SMPs and hydrogels respond to changes in pH or ion concentration causing their 

geometries to alter after exposure.[163] The reversible cross-links that are present, occur due 

to electrostatic interactions. Hydrogels have been extensively used to respond to changes in pH 

for applications in biomedicine with drug-releasing properties and catalysts. Dutta et al. 

reported on a thermal and pH-responsive hydrogel made from methacrylate poly (ethylene 

oxide)-poly (propylene oxide)-poly (ethylene oxide) (PEO-PPO-PEO) (pluronic) printed using 

SLA. The responsive polymer displayed reversible cross-links with fluctuations in pH between 

pH 2.0 and 7.4.[164] The hydrogel absorbed large amounts of water at a pH of 7.4 and then 

contracted back into its original shape when the pH was reduced to 2.0. The suggested 

application of the responsive-hydrogel was in microfluidic devices. Poly(2-vinylpyridine) 

(P2VP) is another pH-responsive polymer that swells when exposed to an acidic solution then 

contracts back under alkaline solutions.[165]  
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4.0 Applications of 4D Printed Materials  

4D printing is an advanced manufacturing process offering unique solutions to complex 

and everyday problems. However, the research of 4D printing is still in its infancy, with current 

literature describing the initial works of an idea rather than a final working application. 

Therefore, the applications described in this following section discusses the potential 

applications envisioned by researchers with this new emerging technology.   

4.1 Health Monitoring Devices  

There has been significant interest in the development of dynamic biomedical devices 

to deliver applications in drug delivery, electronic-skins, self-tightening staples, and 

biomimetic robots to mimic biological systems such as complex artificial 

muscles.[141][166][167][168] Researchers have used 4D printing for drug delivery systems 

that are programmed and controlled by encapsulating drugs or cells, which are released through 

thermal, or moisture stimulus to open up and release the content inside as functioning 

bioreactors.[167] Bio-printing heavily relies on the use of hydrogels and their associated good 

biocompatibilities and excellent processing properties for AM technologies. Jamal et al. 

demonstrated the application of responsive hydrogels in bio-origami structures for tissue 

engineering. The group used a photo-cross linkable PEG hydrogel to create bilayers that 

resulted in curvatures or hinge-like systems that expanded when exposed to moisture releasing 

the encapsulated insulin-secreting β-TC-6 cells.[166] One fascinating outlook of 4D 

bioprinting is the idea of printing bones to scale then deforming structures down into injectable 

sizes for implantation (Figure 9 (ii)). This advanced surgical procedure was reported by  Zhang 

et al. where they developed a shape recovery using PLA/Fe3O4 composites for bone repair 

applications.[169] The printed parts recover to their original shape by applying a magnetic 

field, which raises the temperature of the composite to above the Ttransition. 
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Senatov et al. reported an SMC PLA/15 wt. % hydroxyapatite (HA) porous scaffold 

printed via FFF. The ceramic-based material exhibited shape recovery and self-healing effects 

for advanced applications as self-fitting bone implants.[170] 4D printing of SMAs has gained 

much interest in biomedical device applications.[171] [172] [173] Gul et al. used FDM to print 

a composite consisting of an SMA, SMP and graphene filament, the shape memory effect of 

the composite were receptive to electrically induced heating. Gul et al. printed an 

Omnidirectional actuator that could be used for biomedical applications such as steerable 

catheters.[174] 

4.2 Electrical Devices  

 Advancements in electrical devices have led to high output rates of systems with 

powerful processors on a miniature scale. The ability for these components to meet the 

demands of their applications can cause major challenges in electrical device designs. One way 

of combating this is an issue through spontaneous self-repairing systems to allow a device to 

heal reconnecting a broken circuit. A printed electronic switch using an SMP and SLA can be 

seen in Figure 9 (iii). Ink-jet printed silver nanoparticles electrical contacts were deposited onto 

the surface of the SMP switch. The device is in a temporary state until heated to above the Tm 

where the circuit closes.[60] Shape memory switches can be used to break circuits when a 

critical temperature has been reached to avoid short-circuiting and permanent damage to the 

device.  

The application of SMAs has been  

 

Another field that has been heavily investigated is the use of smart electronic devices 

for health monitoring applications such as wearable sensors.[175] Wearable technology also 

offers an exciting opportunity for customisable clothing. Self-healing tracks are printed onto 

textiles to create circuits for illuminations, sounds and sensing purposes. The rapid response to 
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damage significantly increases the life span of the wearable devices that are subjected to rigours 

activities including large changes in strain.[176] Research has also focused on the manufacture 

of sustainable electrical power through, self-healing grids and solar cells, supercapacitor and 

lithium-ion batteries.[120][177][178] 

4.3 Soft Robotics  

Soft robotics has become one of the focus areas for 4D printing applications. The 

programmable properties of transformative shape-memory materials mean that materials can 

be printed with actuating capabilities. These materials can be applied to a myriad of 

applications from biomedical devices for drug release, to programmable robotics in extreme 

environments. Including in high altitudes, outer space and extreme weather conditions such as 

flooding, snow and inhabitable environments.  Soft robotics draws on how living organisms 

adapt to their environment. The materials are highly compliant allowing them to mimic living 

organisms. Soft robotics can be categorised as soft actuators, sensors and soft controllers.[179] 

An example of 4D printed soft robotics has been reported by Breger et al. where photo 

patterning was employed to fabricate micro grippers made from thermo-magnetically 

responsive polymer. To attain the gripping motion of the micro grippers the grippers were 

closed or deformed at 4 °C they then opened up when submerged in a phosphate-buffered saline 

solution at 37 °C (Figure 10 (i)).[180]  Yang et al. used IR light (808 nm) in the fabrication, 

repair and assembling of CNT and xLCEs, for soft robotic actuators in low-temperature 

environments.[69] The composite material can self-heal micro-cracks through photo healing 

and is recyclable for long and efficient life spans. Gul et al.  created a soft robotic system that 

mimicked the locomotion of a spider fabricated from an SMA wire and urethane, epoxy 

body.[181] Their design was printed using a customized multi-head, multilateral UV-3D 

printing system and the shape memory effect was activated via external electrical signalling. 
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An exciting new field for 4D printing also has seen the manufacture of field-assisted 

metamaterials that can adapt a change form when exposed to a field such as a magnetic field. 

Jackson et al. demonstrated this with their 4D printed reversible metamaterial that they 

envisaged could be applied to soft robotics.[108] 

4.4 Self-folding Packaging and Origami Structures 

Printable origami structures for self-folding packaging has created a very diverse field 

of research as applications can be found in the biomedical field, electronics and self-deploying 

structures.[92] Shape memory materials often use bilayers or multilayer structures to mimic 

the hinge-like effect needed for self-folding packaging. This is particularly useful to apply to 

non-elastic materials as the shape memory ‘hinges’ can react to strain whilst the main structural 

material is left unaffected. Zhang et al. used ink-jet printing to design self-folding packaging 

using black ink on shrink paper. Once the paper was exposed to infrared light the hinge-like 

structures deformed to obtain the folding motion.[182] Ge et al. reported on their 4D printed 

self-folding packaging shown in Figure 10 (ii). They demonstrate the opening and closing of a 

box and pyramid upon heating through their transitional temperatures to mimic the opening 

and closing motion of self-folding packaging.[183] The researchers used the commercial resins 

Tango black and Verowhite for the hinges and panels respectively. There have also been 

suggestions of using SMAs in self-folding packaging systems and deployable structures.[184] 

[185][186][187] Although, some of these have been manufacture via other methods the 

combination of 3D printing technologies and SMAs opens up future potential in 4D printing 

applications for complex actuating structures.  

Su et al. demonstrated printable origami structures for foldable antennas using SLA 

technology. In this work, a  commercial flexible resin was used to create compliant structures 

that used mechanical folding to tune the antenna (Figure 10 (iii)).[188] The researchers 

reported potential applications of their antenna for collapsible and portable radars. Whilst Liu 
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et al. reported that their morphing elastomer-derived ceramic that was printed (DIW) with 

origami structures could have potential structural applications in aerospace propulsion 

components, space exploration and electronic devices.[95] 

4.5 Other Applications  

One of the key advantages of SMM and self-actuating soft robotics is their ability to 

operate without the need for human intervention. This means they can be used for applications 

in demanding environments such as space and aircraft.[95][87] Another field that has been 

explored for shape memory and superelastic ceramic-based materials has been actuation, 

energy-damping, and energy-harvesting applications, suggested by Lai et al.[189] 

There have also been reports of 4D printing applications in the food industry. 

Describing food that can change colour when exposed to changes in pH.[190] [191]  He et al. 

demonstrated the colour changing effects of 4D printed (DIW) mashed potato with a change in 

pH.[191] The appearance of the printed mash potato was pink for acidic (pH ≈2.5), purple for 

neutral (pH ≈6.5) and green for the alkaline (pH ≈7.8) mixture, all three compositions 

intensified in colour over time (3 hours). He et al. added 1 % citric acid and 1 % sodium alginate 

to a mixture of gelatinized potato flakes and water to achieve the desired pH. The change in 

colour was due to the presence of anthocyanins (small molecules) a water-soluble pigment that 

changes structure with pH. Furthermore, He et al. was able to use multi-material printing to 

fabricate structures showing a gradient of colour with changes to the pH.  

5.0 Conclusions  

4D printing combines advanced materials and additive manufacturing for the fabrication of 

programmable structures that can offer unique solutions in the fields of health care monitoring, 

electrical devices, soft robotics and deployable structures, to name a few. Materials that can 

adapt and respond to demanding environments results in improved functionalities, increased 
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life spans and efficient working conditions. Where self-healing materials are used, the 

longevity of the 4D printed parts is increased, reducing the need for costly repairs or 

replacements. The additive manufacture of metamaterials can be used to fabricate fully 

functional mechanical components without the need for hinge mechanisms. These 

advancements in AM materials can offer an exciting solution to problems that would usually 

require human interventions, however, due to the use in extreme environments would not be 

possible, for example, components used in outer space.  

The key factors to consider for 4D printing applications include the availability of external 

stimuli, number of cycles of healing and/or morphing required and general property 

requirements (mechanical, electrical, optical and thermal). Therefore, this can create a trade-

off between properties and the printability of the materials due to limitations of the AM 

technology.  

Recent developments of AM technologies has seen the implementation of multi-material 

printing, embedded printing and alignment of filler materials using magnetic fields and 

particles. This combined with adaptive materials means that 4D printing could be realised as a 

feasible solution for next-generation manufacturing methods. Many of the reports discussed 

throughout this review focus on proof of concepts and potential applications however, with 

continued advancements in both AM technologies and materials these concepts could soon be 

realised in the near future. 
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Abbreviations  

µSLA Micro stereolithography 

AM Additive manufacturing 

CAD Computer aided design 

CLIP Continuous liquid interface production  

CMC Carboxymethyl cellulose 

CNT Carbon nanotubes 

DIW Direct Ink write 

DLP Digital light processing  

EBAM Electron beam additive manufacturing  

EBM Electron beam melting  

EMI Electrical magnetic interference 

FDM Fuse deposition modelling 

IPN Interpenetrating network 

LCEs Liquid crystalline elastomers 

LENS Laser engineering net shape  

LOM Laminated object manufacturing  

PBS Poly borosiloxane 

PDMS Polydimethylsiloxane 

PEGDA Poly(ethylene gylcol) diacrylate 

PNIPAM Poly(N-isopropyl acrylamide) 

POE Polyolefin elastomer 

PPy Polypyrrole 

SLA Stereolithography 

SLM Selective laser melting  

SLS Selective laser sintering 
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SMAs Shape memory alloys 

SMCs Shape memory composite 

SMCrs Shape memory ceramics 

SMHs Shape memory hybrids 

SMMs Shape memory materials 

SMPs Shape memory polymers 
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Figure 1 Schematic overview of 4D printing, including 4D printing technologies, materials and stimuli. 
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Figure 2 (i) µSLA printed SMM flower programmed to bloom over different temperature ranges. [59]  (ii) Composite hydrogel 

patterned stripes. Scale bar = 1 cm.[61] (iii) Shape morphing flower constructed from a simple mesh grid at 0° and 90° printed 

using a composite ink made up of cellulose fibrils, N, N-dimethyl acrylamide, photoinitiator using DIW.[43]  
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Figure 3 (i) Reversible shape morphing Vitrimer-based materials via exposure to UV and thermal changes.[73] (ii) 4D 

printed multi-material hydrogels for foldable structures. [77] 

 

 

  

(ii) 

(i) 
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Figure 4 (i) Schematic diagram of the shape morphing particle capture process (top image). Experimental diagram showing 

the capture process including SEM images of the micro cage (left inset image (a) and right inset image (d)), scale bar 10 

µm.[78] (ii) (ii) Ink-jet printed multi-material gripper using SMA. The photographs show the gripper picking up a 15 g 

cylindrical component over a 15 s period, the gripper is initiated via Joule heating.[86] 
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(v) 

(ii) 

(iv) 

(iii) 

(vi) 

(i) 

Figure 5 (i) Design of a SMA actuated soft worm robot, the body and feet have been printed using TangoPlus elastomer, whilst the surface and face 

are made from VeroClear. The yellow channels represent the SMA coils. (ii) Photographs showing a SMA activated worm structure crawling from left 

to right at 1 s intervals. [87] (iii-v) 4D printing (DIW) of elastomeric derived ceramics (EDC) ZrO2 nanoplatelets and PDMS. The bending configuration 

is a result of printing programmed patterns on pre-streched precursor. (iii) helical ribbon (iv) saddle surface (v) important geometric parameters. (vi) 

Images representing 4D printed EDCs fully ceramics structures were obtain following a heat treatment of 1300°C in argon. [95]  
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Figure 6 (i) 4D Printed auxetic metamaterials from left to right: programmed state, active state and permanent state. [103] 

Scale bar is 10 mm. (ii) Photograph of a mechanical metamaterial door handle in action. [106] (iii) (A) schematic of the AM 

process. (B) Photocurable reaction of SMP (C) DMA data showing the storage modulus, loss modulus and tan δ of SMP. (D) 

Photographs showing the deformation process of micro lattice.[104] (iv) PDMS shape-morphing structures using complex 

geometries and multi-material printings. [109] 
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[125]  

(i) (iii) 

(ii) 

Figure 7(i) Photograph of vascular beam crack pattern and microscope images of the healing process after 4-point bend. [115] 

(ii) CT grey level image showing the concreate matrix, cracks, PLA vascular tubes and the sodium silicate self-healing agent. 

The 3D system has been reconstructed to show the vascular mechanisms, the yellow area represents the cement, violet sections 

represent the PLA vascular structure, blue section represents sodium silicate gel and the green area is the gel filled in cracks. 

[115]  (iii) Images of coloured self-healing polyurethane samples that have been cut then connected and healed at 80 °C for 12 

hours. The healed sample is shown being stretched and supporting a 5 kg weight. [125]  
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(iv) 

(iii) 

(i) (ii) 

Figure 8 (i) Images of silicon actuators transforming from 2D to 3D at 120 and 170 °C. [130] (ii) 4D printed grippers using 

electrically responsive hydrogels. (a) Schematic of the action of the grippers with different beam widths. (b) Grippers 

gripping an object with assistance from an applied electric field. [132] (iii) Schematic of the shape recovery process (above), 

deformation of c-PLA/Fe3O triggered by 30 kHz magnetic field (below).[140] (iv) Bending and folding of a liquid crystal 

in toluene under UV and visible light. [147] 
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Figure 9 (i) 4D printed moisture responsive CMC. [158] (ii) (a) Photographs of the shape recovery process of bone repair 

structures deploying over time (b) Process of 4D printed injectable bone repair for tissue engineering applications. [169] (iii) 

Printed shape memory electronic device using SLA and ink-jet printing. [60]  
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Figure 10 (i) Diagram of shape memory folding of thermally responsive materials. [180] (ii) Process of self-folding packaging, 

(a) opened box printed via SLA (b) closed box upon cooling below the transition temperature. (c) Open pyramid shape above 

the transition temperature. (d) closed pyramid structure upon cooling below the transition temperature. [183]  (iii) SLA printed 

origami antenna. .[188] 
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Table 1  4D printed smart materials and their associated stimulus for transformative properties and applications. 

Material Printing Technology Stimulus Applications Ref. 

PNIPAAm hydrogel µSLA Thermal Soft robotics, microfluidic devices, 

drug delivery devices. 

[129] 

Poly(2-vinylpyridine) FDM pH Membranes and photonic gels [165] 

Carboxymethyl cellulose (CMC) hydrocolloid DIW Moisture Complex architectures and actuators [158] 

Poly(lactic acid) and iron oxide nanoparticles DIW 

(UV cross-linked) 

Magnetic field Scaffold for an intravascular stent [140] 

PEO/CNT µSLA Electric field (induced heating) Artificial muscles, soft robotics [131] 

Acrylic and modified thermochromic pigment SLA Thermal Smart temperatures sensors, food and 

medicine packaging 

[192] 

Commercial resins VeroWhite and TangoPlus Ink-jet Thermal Aerospace, coating protections, 

micro-robotics 

[193] 

CNTs layer deposited on top of  PCL 

macromethacrylate 

Ink-jet Electric field (induced heating) Shape-memory electrical devices [60] 

PDMS and ZrO2 nano-particles DIW Thermal Aerospace propulsion, space 

exploration, electrical devices 

[95] 

Hydrogel, with large amounts of carboxyl groups in 

the side chain 

Direct writing using 

femtosecond laser 

Changes in pH Single-cell analysis and drug 

delivery 

[78] 

Commercial resin Ink-jet Rearrangement of voxels due to 

kinetic energy 

Replacement for mechanical hinges, 

pliers 

[106] 
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Commercial flexible resin (Form-2) SLA Rearrangement of voxels due to 

kinetic energy 

Self-locking mechanical 

metamaterials 

[194] 

Commercial resin (TangoPlus) Ink-jet Electronics Smart Bandages (oxygen sensor) [195] 

Commercial multi-material 

(VeroWhite and Tangoblack) 

Ink-jet Thermal Self-locking mechanisms [196] 

Wood veneer composite FDM Humidity Weather responsive aperture 

mechanisms 

[197] 

hexamethylenediacrylate and 1,6-Hexanedithiol SLA Thermal  Ink for 4D printing applications [198]   

Nickel-Titanium alloy  Multimaterial inkjet 3D 

printing 

Thermal Soft robotic grippers [86] 

BMF-100 SMA, Urethane and Epoxy Customized UV-3D 

printing 

Electric field (induced heating) Soft robotic devices, sensing, drug 

delivery, energy production, artificial 

synthetics. 

[181] 

SMA coils (BMX-100, Toki Corp., Tokyo, Japan), 

TangoPlus, VeroClear™ 

Polyjet (Objet, Connex 500) Electric field (induced heating) versatile deformable robots [199] 

Ti-50.5at%Ni pre-alloyed powder and a 

thermoplastic binder 

InkJ-jet Thermal NiTi alloys –based 4D printing 

applications 

[200] 

Ni-Mn-Ga magnetic SMA Binder jet 3D Thermal Energy applications, lightweight 

structures, magnets, and sensors 

[201] 

Cu-Al-Ni SMA SLM Thermal SMA 4D printing applications, 

medical devices 

[202] 

Ni-Ti SMA SLM Thermal Medicine and aerospace applications [203] 

(PLA)/15 wt% hydroxyapatite (HA) FFF Thermal Self-fitting bone implants [170] 
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Polycrystalline zirconia doped with ceria and yttria Focused ion-beam milling Thermal Mechanical design, actuation, 

energy-damping, and energy-

harvesting applications 

[49] 

ZrO2 NPs and PDMS DIW Thermal Aerospace propulsion, and bio-

inspired tough ceramic/organic 

hybrid materials 

[95] 
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Table 1 4D printable self-healing materials, properties and applications. 

Material Printing 

Technology 

Stimulus Healing efficiency (%) Healing 

mechanism  

Applications Ref. 

Photo elastomer  SLA  Thermal(60 °C) 90-100 (mechanical/tensile) Reversible thiol 

groups 

Self-healing shoe soles [124] 

DMSO‐mixed PEDOT: 

PSS and Triton X‐100 

(healing agent) 

DIW Autonomous >85 % of initial power output hydrogen bonding  Wearable 

thermoelectric 

generators 

[204] 

Wax coated polyurethane 

foams 

Ink-jet Thermal (71 °C) N/A Melting and 

reforming of wax 

upon heating and 

cooling 

Soft robotics  [205] 

PPy and chitosan 

hydrogel 

DIW Autonomous Complete mechanical recovery 

and 90 % electrical 

conductivity restored 

Dynamic ionic 

interactions of 

carboxylic groups of 

PAA and ferric ions 

Mimic human skin for 

sensing applications 

and wearable devices 

[206] 

Κ Carrageenan/ PAAm 

DN Hydrogel 

DIW Thermal (90 °C for 

20 mins) 

99.2 % (electrical 

conductivity)  

Gel-sol-gel transition 

due to heating  

Strain sensors for 

monitoring human body 

motions. 

[207] 
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Epoxy  DIW 30 °C for 48h 86 % (mechanical, first cycle) Vascular network of 

healing agent 

(capillary action) 

Self-healing material to 

mimic natural 

mechanisms 

[208] 

Polyurethane  DLP Thermal (80 °C 12 

h) 

95 % (mechanical/tensile 

strength) 

Disulfide bonds  Flexible electronics, 

soft robotics and 

sensors. 

[125] 

 

 

 


