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Abstract
Biomedical implants have recently shown excellent application potential in tissue 
repair and replacement. Applying three-dimensional (3D) printing to implant 
scaffold fabrication can help to address individual needs more precisely. Four-
dimensional (4D) printing emerges rapidly based on the development of shape-
responsive materials and design methods, which makes the production of dynamic 
functional implants possible. Smart implants can be pre-designed to respond to 
endogenous or exogenous stimuli and perform seamless integration with regular/
irregular tissue defects, defect-luminal organs, or curved structures via programmed 
shape morphing. At the same time, they offer great advantages in minimally invasive 
surgery due to the small-to-large volume transition. In addition, 4D-printed cellular 
scaffolds can generate extracellular matrix (ECM)-mimetic structures that interact 
with the contacting cells, expanding the possible sources of tissue/organ grafts 
and substitutes. This review summarizes the typical technologies and materials 
of 4D-printed scaffolds, and the programming designs and applications of these 
scaffolds are further highlighted. Finally, we propose the prospects and outlook of 
4D-printed shape-morphing implants.

Keywords: 4D printing; Shape-morphing scaffolds; Medical implants; Tissue 
engineering; Minimally invasive surgery

1. Introduction
Nowadays, as the gap between growing demands for personalized medical care and 
shortage of available treatments widens, biomedical implants, which are able to repair 
and replace tissues in regenerative medicine, start to show huge potential as a treatment. 
They are utilized to renovate, support, replicate, or ameliorate the functions of native 
tissues or organs[1]. With the development of biomaterial researches, a variety of implants 
with therapeutic or regenerative functions are applied in human body to enhance the 
quality of patient lives, such as bone implants[2], vascular implants[3], and so forth. Their 
future demand is also expected to increase[4].
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Three-dimensional (3D) printing, widely known as 
additive manufacturing, provides technical support for 
effectively generating medical implants with complex 
morphology or fulfilling individual requirements[1]. It has 
been widely applied in healthcare due to its advantage in 
developing manufacturing methods for many specific 
products. It simplifies production processes, saves time, 
reduces costs, and promotes the innovation of medical 
models[5]. The remarkable applications of 3D printing 
in tissue engineering with the aid of clinical imaging 
information are the generation of scaffolds for the repair 
and replacement of body defects or diseasedparts[6,7].

Most biological tissues present more complicated 
forms and possess unique functions through dynamic 
changes[8], posing a new challenge to medical implants. 
Meanwhile, the widespread use of minimally invasive 
surgery also has placed demands on implants. The static 
structures produced by 3D printing may not satisfy the 
growing expectation of implants. Under this request, 
four-dimensional (4D) printing has emerged at the right 
moment, along with the diversity of materials and the 
development of processing methods, incorporating the 
fourth dimension, “time.” In detail, it has the capacity to 
present conformational changes under one or more specific 
stimuli such as temperature, pH, light, water, and others[9]. 
It overcomes the weaknesses of 3D printing that only 
considers the initial status of printed objects and is limited 
to creating static products[10,11]. Based on this superiority 
of bionic capacity, it has great application prospects to 
fabricate dynamic scaffolds to satisfy specific demands of 
implantation sites or approaches. Specifically, 4D-printed 
scaffolds show great advantages in adapting to the dynamic 
structure of human organs and tissues[12,13] and applying to 
minimally invasive surgery. More interestingly, they have 
ability to respond to specific external or physiological 
conditions[6] (solvent, temperature, pH, etc.) by design to 
realize time-dependent physical changes or replicate the 
dynamic biological behavior of native tissues for better 
adaptation to the body environment. Thus, they play a 
role in repairing tissue defects intelligently. Furthermore, 
4D dynamic supports are more beneficial for cell 
attachment and subsequent orientation, proliferation, and 
differentiation[14]. On this account, biomimetic cellular 
scaffolds can be made for tissue repair and functional 
tissue substitutes.

Several challenges present during the manufacturing 
process of 4D dynamic medical implants: (i) selection 
of stimuli-responsive materials that possess printability, 
biocompatibility, and biodegradability; (ii) application of 
printing technologies; (iii) design of deformation strategies; 
(iv) aimed at specific application scenarios. Therefore, this 
review systematically reports typical technologies and 

materials of 4D-printed scaffolds. Then programming 
designs and applications of these scaffolds are highlighted. 
Finally, we propose the prospects and outlook of 4D-printed 
shape-morphing scaffolds (Figure 1).

2. 4D printing technologies
Three-dimensional (3D) printing is a general technology 
that manufactures 3D objects layer by layer by steadily 
adding materials or inks in accordance with the imported 
pre-defined digital models[15]. 4D printing is based on 
its core technology, considered as an extension of 3D 
printing. The printing processes are mainly extrusion-
based printing (fused deposition modeling (FDM), direct 
ink writing (DIW)), and light-assisted printing (digital 
light processing (DLP), stereolithography (SLA), selective 
laser sintering (SLS), selective laser melting (SLM), and 
inkjet printing)[16]. An overview of various technologies is 
given in this section.

One of the most often used techniques is extrusion-
based printing, which prints objects along pre-determined 
horizontal and vertical pathways as materials flow through 
print nozzles. FDM melts solid filaments by heating 
the nozzle to the melting temperature of materials and 
then squeezes the materials out on the platform along 
the planned path. Thermoplastic materials, including 
polyurethane (PU), polylactic acid (PLA), polyamide (PA), 
and acrylonitrile butadiene styrene (ABS), are generally 
used in FDM to fabricate thermo-responsive biological 
implants with good mechanical properties[1]. Running 
FDM is cheap and easy to operate; however, the printing 
resolution is relatively low. On the other hand, DIW 
extrudes ink through its nozzle to build complex geometric 
objects layer by layer. It works mainly for liquid inks with 
shear-thinning behavior, thermosetting, or light-curing 
property, which is also friendly to cell-laden bioinks. It can 
print one or more materials simultaneously and has been 
in extensive use to build bionic heterogeneous and gradient 
structures, such as human skin[17] and musculoskeletal 
scaffolds[18].

The light-assisted printing is another widely used 
printing process, where a laser beam or a UV light 
performs as a light source to initiate photocuring to 
solidify photocrosslinkable liquid polymer or resin layer by 
layer to form a structure (the former is called SLA, and the 
latter is called DLP)[19]. It is also popular in the fabrication 
of bioscaffolds for tissue engineering, and its improved 
resolution makes the formation of subtle and complex 
structures possible[20]. SLS/SLM sinters powdered materials 
under laser, and a new layer is laid after one layer is cured, 
so the process is repeated to obtain specific structures. 
Common materials used in SLS/SLM include polymers 
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such as PU and PA, metals, and ceramic powders. Shape 
memory ceramics and alloy materials commonly reported 
in 4D printing can be processed with this technology[21]. 
Inkjet printing is a non-contact printing technique that 
generates droplet inkjets onto the substrate under pressure 
and solidifies layer by layer through UV light[15,19,22]. It is 
capable of printing objects with high fidelity due to its high 
resolution of 50–500 mm[1,20], and printing bioink with cell 
clusters is made possible with this special printing method.

3. Materials
The success of the fabrication of 4D-printed implants 
mainly depends on the utilization of shape-responsive 
materials (SRMs). The common SRMs often contain shape 
memory polymers (SMPs), stimuli-responsive hydrogels, 

shape memory alloys (SMAs), liquid crystal elastomers 
(LCEs), and their composites[22,23].

3.1. Shape memory polymers (SMPs)
Shape memory polymers (SMPs) provide a great 
shape memory effect (SME). They can be activated by 
external stimuli and restored to their original shape 
subsequently[24,25]. Their shape change includes two 
states: temporary programmed shape and permanent 
recovery shape. For example, thermo-responsive SMPs 
contain two keypoints at the molecular level; one is 
a “switch” that has a thermal transition at transition 
temperature values (Tg) and forms physical crosslinks 
to fix at the temporary shape; the other is a “net-point” 
that determines the permanent shape. Macroscopically, 
the shape of SMPs can be programmed under external 

Figure 1. Challenges in the manufacturing process of 4D-printed medical implants and the main contents of this review.
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stress when the ambient temperature is above Tg 
and keeps stable at a cooled temperature. Once the 
temperature increases above Tg, the shape recovers. 
Correspondingly, shape transformation is the result of 
molecular chain conformation changing at the molecular 
level[26]. This process is reversible and can be easily 
predicted and repeated by accurate measurement of the 
pre-programming scheme[27]. Direct thermal activation 
of SMPs to initiate macroscopic deformation is the most 
common method in 4D programming. Due to their 
flexible shape memory effects, good biodegradability, and 
good biocompatibility, SMPs have been widely applied 
in the fabrication of bioscaffolds[28-31]. SMPs commonly 
used in the fabrication of smart implants include PU, 
polycaprolactone (PCL), PLA, and recently discovered 
soybean oil epoxidized acrylate (SOEA)[32-34]. Medical 
implants prepared from SMPs can be temporarily fixed in 
a contracted or folded state to facilitate passage through 
minimally invasive surgical wounds. Its shape restores 
to its initial shape after being placed in the specific site. 
During this process, the mechanical damage to the 
wound is greatly reduced. By identifying the shape of 
defects in specific sites in advance, setting as the initial 
shape of printed SMPs, then pre-programming so as to 
implant, the shape can be restored after implantation to 
repair defects seamlessly, which is more conducive to the 
subsequent renovation of tissues[35]. Furthermore, many 
kinds of fillers can be incorporated into the SMP matrix 
to form shape memory polymer composites (SMPCs)
[26,36,37] to optimize responsive temperature, responsive 

deformation modes, and mechanical behavior of SMP-
based scaffolds in order to better cater to body desire. 
For example, some structures introduce active substances 
into SMPs polymer networks (such as carbon nanotubes 
(CNTs)[38], magnetic nanoparticles (MNPs)[39], etc.) to 
realize 4D dynamic functionalities under various non-
contact stimuli, and this will be described at length in the 
later section.

3.2. Stimuli-responsive hydrogels
Hydrogels, defined as hydrophilic polymeric materials, 
are attractive for biomedical implants for their similarity 
to biological tissues in structures and characteristics[23,40]. 
In general, they form insoluble networks by inner covalent 
or physical crosslinking of hydrophilic polymers[41]. 
The stimuli-responsive ability of hydrogels depends 
on their volume changes caused by water absorption 
or desorption that are influenced by pH, temperature, 
ion concentration, and some biomedical signals[23,42,43]. 
Combined with 4D printing, they are endowed with 
more application potential in tissue reconstruction, drug 
delivery, etc. Among them, poly (N-isopropylacrylamide) 
(PNIPAM) is a typical thermo-sensitive hydrogel for its 
lower critical solution temperature (LCST) at ~32°C, 
which is close to human body temperature[44]. It is 
hydrophobic when placed in an environment with a 
temperature above its LCST; on the contrary, it becomes 
hydrophilic[45]. This phenomenon appears as its volume 
variation with temperature. However, weak mechanical 
strength limits the use of hydrogels. Secondary polymeric 

Figure 2. Design of printing ink in 4D structures. (A) 4D scaffolds made by single-component ink printing, a) self-deploying process of the peripheral 
vascular stent based on PLA[60]. Copyright 2022, Royal Society of Chemistry. b) Deforming process by simple pattern design via a mask film in a single layer 
of PNIPAM hydrogel[61]. Copyright 2022, MDPI. (B) Adding different materials into a poly network to realize multiple and complex responsive behaviors. 
CNTs: carbon nanotubes; metal-NPs: metal-nanoparticles; MNPs: magnetic nanoparticles; PDA: polydopamine; PLA: polylactic acid; PNIPAM: poly 
(N-isopropylacrylamide).
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networks are introduced to combat this limitation 
in the fabrication of smart scaffolds[22]. For instance, 
interpenetrating network hydrogels consisting of ionic 
and covalently bonded crosslinked polymer networks 
are designed to increase application potential[46]. Besides, 
many strategies have been proposed to design hydrogel-
based deforming scaffolds on the basis of their natural 
properties, and we will make a detailed elaboration in the 
following section.

3.3. Shape memory alloys (SMAs)
Shape memory alloys (SMAs) are materials with the 
shape memory effect that transforms thermal energy into 
mechanical energy[47]. They can return to their original 
shapes even after strong deformation, which attributes 
to their phase change under the external stimulus. 
This superelastic behavior as well as their satisfactory 
biocompatibility and corrosion resistance make SMAs an 
ideal choice for biomedical uses[48,49]. Particularly, nickel-
titanium (NiTi) alloy performs best in shape recovery and 
superelastic strain, resulting in extensive application in 
clinic orthopedics[47,50]. However, the restricted flexibility 
of alloy materials, which leads to compliance mismatch, 
limits their application in implantation for soft tissue 
engineering.

3.4. Liquid crystal elastomers (LCEs)
Liquid crystal elastomers (LCEs) are polymer networks 
with anisotropic liquid crystalline properties while 
maintaining the properties of elastomers[51]. They are 
another representative intelligent material that shows 
large and reversible shape changes under external stimuli 
(heat, light, electricity, magnetism, pH, solvent, etc.)[23]. 
They shift phase state or molecular structure that causes a 
change in the arrangement order of liquid crystal elements 
when heated above their nematic-to-isotropic transition 
temperature (TNI). The removal of external stimuli causes 
LCEs to return to their original shape reversibly. This process 
reflects the deformation of materials macroscopically. 
Huge advances have been achieved in LCEs for medical 
application recently[52-54]. They have shown a great 
promising application in artificial muscles[55], actuators, 
and sensors due to their excellent driving performance, 
mechanical properties, and biocompatibility[56].

3.5. Other materials
Apart from the above materials that react to external 
stimuli directly, a variety of other active, inactive, or 
multi-component materials have also displayed their 
dynamic deformability that conduces to the generation 
of 4D constructs. For example, certain ceramics possess 
high energy output and high-temperature usage, and can 
serve as a possible class of smart materials[57-59]. More 
relevant materials contributing to the generation of 4D 

implants through particular programming designs will be 
elaborated on in the next section.

4. Deformation design
The 4D deformation of biomedical implants presents as 
self-rolling, self-bending, self-expanding, and self-folding. 
Designs of printed ink composition and structures allow the 
implementation of various complex deformations under 
different physical, chemical, or physiological stimulation. 
These, in turn, facilitate a wide range of applications of 
4D-printed implants for different organizational structures 
under different physiological conditions. In this section, 
we will expound on mechanisms of dynamic deformations 
from the aspects of ink composition design and structural 
design. These design methods can unite with each other to 
create complex multi-responsive structures.

4.1. Design of ink composition
The ink components play an important role in the design of 
4D structures. Constructs composed of single or multiple 
materials can both demonstrate shape transformation due 
to different mechanisms, and we will detail the two aspects.

4.1.1. Single-component ink
Single-component ink printing (SMPs, hydrogels, SMAs, 
LCEs, etc.) can achieve the expected 4D deformation 
effect through a simple program. The shape change mainly 
depends on the temperature-response property of the 
materials applied. For example, 4D-printed peripheral 
vascular stents based on PLA via an FDM printer were 
proposed in Wang’s study, and its shape memory effect 
was based on the transition between the glassy state and 
rubbery state of SMPs (Figure 2Aa)[60]. The findings show 
that 4D implants can be prepared as required using single-
shape memory material.

Apart from the simple single-material printing, 
some ingenious pattern designs have been introduced 
into single-component printing based on the former. 
For example, a single-layer 4D-printed object based on 
individual PNIPAM hydrogel was obtained by different 
UV-focusing times of static and shape-morphing parts with 
the help of a mask film. This led to different coefficients 
of thermal expansion in different parts and subsequent 
thermal-induced deformation (Figure 2Ab)[61]. Through 
the printing of single-component ink and surface pattern 
design, 4D scaffolds can be generated quite simply, and 
the subsequent shape-morphing process can be actuated 
immediately.

4.1.2. Multiple components ink
The responsive modes of single-material-based 4D printing 
are usually simplistic. Some other substances are added 
into polymer networks to realize multiple and complex 
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responsive behaviors. Adding MNPs into the printing 
ink is one of the methods to fabricate 4D constructs that 
can be actuated by external magnetic fields. Magnetite 
ferroferric oxide (Fe3O4) microparticles are the most 
commonly used[39,62-64]. In this way, contactless control 
of product deformation under a magnetic field can be 
realized. By combining SMPs with MNPs, the composite 
simultaneously presents thermo- and magnetic-responsive 
shape-morphing behavior[39]. Printed implants possess 
electroactive shape memory performance by adding CNTs 
into printing ink[65,66], and implants that incorporate SMPs 
with CNTs have dual stimulus responsiveness similarly.

Some studies embedded particular substances in the 
printed SMP/SMA-based shape memory composites to 
convert other forms of energy into thermal energy and thus 
deform the structure. Materials like the CNTs mentioned 
earlier, polydopamine (PDA), and some metal nanoparticles 
are provided with photothermal conversion properties. 
Some studies reported shape memory frameworks with 
near-infrared light (NIR) or other light responsiveness by 
the addition of CNTs[67], PDA[68,69], gold nanoparticles[70], or 
copper sulfide nanoparticles (CuSNPs)[71] in the precursor 
ink. In addition, Koh et al. presented ferromagnetic 
PLA actuated by microwave radiation. The iron powder 
functioned as heater elements and triggered non-contact 
and localized deformation by placing strategically[72].

We discovered that multiple materials printing 
could potentially acquire leapfrogging from contact 
to contactless deformation controlling, from single to 
multiple stimulus response, that extends their application 
prospects (Figure  2B). Non-contact stimulus response is 
also necessary for the design of smart implants. In vivo 
deformation can be realized under in vitro stimulation 
by remote contactless control to trigger the subsequent 
deformation process, which broadens application scenarios 
of 4D implants. At the same time, the biocompatibility of 
composite structures should also be taken into account.

4.2. Design of printed structures
Various smart designs in structures represent significant 
breakthroughs for 4D printing methods. Numerous 
design schemes have sprung up recently. Proceeding from 
the basic properties of materials, these designs recreate 
dynamic biomimetic processes and functions. We will 
make an integrated discussion from three aspects: (i) bi-/
multi-layer structure design; (ii) gradient structure design; 
(iii) origami structure design.

4.2.1. Bi-/multi-layer structure design
The manufacture of bi-/multi-layer structures is a popular 
design in 4D printing, which has been demonstrated 
effective in dynamic structure building. These constructs 

have two basic components: a driving layer and a passive 
layer. The anisotropy of swelling or shrinkage behaviors 
between these layers is a basic driving mechanism.

As hydrophilic polymer networks, the crosslinking 
density and solvent type can affect the swelling property 
of hydrogels. The swelling difference between hydrogel 
layers in a solvent can lead the entirety of construction 
to self-bend[73-75]. For instance, bilayer hydrogels based 
on different concentrations of silk fibroin bioink were 
prepared, and shape bending was obtained due to 
anisotropic volume change of different layers in an aqueous 
solution. Moreover, a reversible de-bending process was 
discovered in saltwater because of the trigger of osmotic 
action by salt. This reversible deformation process is 
precisely dependent on the volume change induced by 
water absorption and dehydration behavior of the driving 
layer in different osmotic pressure solutions (Figure 3Aa)
[76]. Beyond this, some materials show pH-dependent 
swelling behavior as a result of the electrostatic repulsion of 
the charged unit at the molecular level. On this basis, pH-
sensitive bilayer structures whose geometric changes were 
actuated by imbalanced swelling behavior under different 
pH conditions can be fabricated (Figure 3Ab)[77]. Some 
hydrogels, such as sodium alginate, show ion responsiveness 
and exhibit 4D deformation in ionic solution by design[78]. 
More impressively, stimuli-responsive material in a recent 
study was generated and actuated by volume change in 
the driving layer, which integrated genetically engineered 
yeast that only proliferated with the presence of particular 
biomolecules. This method provided for the production 
of bioactive scaffolds and devices responsive to biological 
stimulation[79].

The volume change differences under particular 
conditions also exist in elastomers and other materials. The 
high swellable driving layer can be designed by embedding 
low boiling point microliquid chambers[80,81] or thermally 
expanding microspheres (TEM)[82] in elastomers. In 
the former, liquid–vapor-phase change of microliquid 
chambers such as ethanol when heated or cooled causes 
volume change of the driving layer and thus actuates bilayer 
structures to curve reversibly (Figure 3Ac). The process is 
reversible. Moreover, extra filling of thermally conductive 
material particles such as liquid metal fillers provides faster 
thermal response speed[80,81]. In contrast, the deformation 
caused by the thermal expansion coefficient with a large 
difference in two layers due to the existence of TEMs in the 
latter is irreversible[82]. Another study innovatively presented 
a bilayer structure (one layer of elastomer and another layer 
of transition material) actuated by combined stimuli of heat 
and ethanol. The structure was programmed to curve in 60°C 
ethanol because the elastomer swelled via ethanol diffusion, 
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and the transition material reduced its stiffness to reshape 
easily. Dry heating at 70°C boosted ethanol evaporation, 
and the shape recovered[83]. In these conditions, various 
4D design schemes based on elastomers can be chosen as 
required. The application of elastomers also expands the 
range of printing material options for 4D implants.

The 4D deforming procedures can also be powered by 
a pre-stored stress field in the driving layer. By distributing 
phase-changing wax microparticles (MPs) in one elastomer 
layer (none in the other layer), the heating-pre-stretching-
cooling process endowed it with a pre-strained shape 
(Figure 3Ad). Once heated again, the liquid–solid-phase 
change of wax MPs released the pre-stored stress, and the 
shape returned[84]. This study tactfully utilized the phase 

transition of wax MPs to store and release pre-strain. Our 
previous study proposed a UV-sensitive hydrogel-based 
self-bending structure by pre-storing strain in the driving 
layer based on a reversible ionic bond between carboxyl 
groups and exogenous ferric ions[85]. The result shows that 
reversible ionic crosslinking in hydrogels can also realize 
pre-stress storage. Hagaman et al. designed a double-layer 
actuator driven by light. The driving layer was photoactive, 
and once irradiated by appropriate wavelength light (such 
as UV light and blue light), a trans-cis isomerization of the 
AB molecules occurred inside, thus generating stress and 
actuating curving deformation[86]. The study presents an 
easy method that generates inner stress by transforming 
internal conformation under the stimulus. Differences 
in internal stresses in bilayer constructs drive them to 

Figure 3. Bi-/multi-layer structure design in 4D printing. (A) Bilayer structural design, a) Reversible transformation of bilayer hydrogel induced by water 
absorption and dehydration behavior of driving layer in different osmotic pressure solutions[76]. Copyright 2020, Elsevier. b) A pH-sensitive claw deforming 
caused by anisotropic volume change in an aqueous solution under different pH conditions[77]. Copyright 2022, Elsevier. c) Volume change of the driving 
layer caused by liquid–vapor-phase change of ethanol micro chambers when heated or cooled[81]. Copyright 2020, American Chemical Society. d) 4D 
deforming procedures powered by a pre-stored stress field in the driving layer consisting of wax microparticles[84]. Copyright 2021, American Chemical 
Society. (B) Multi-layer structural design, a trilayer structure consisting of two outer oxidized methacrylated alginate (OMA) layers with different swelling 
and degradation capacities and a GelMA layer underwent five phases of deformation due to anisotropic swelling of the three layers and the degradation of 
the fast-degradation layer[89]. Copyright 2021, Wiley-VCH. LM: Liquid metal; MP: Microparticle; OMA: Oxidized and methacrylate alginate.
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bend, curve[86], and then form a helix[87]. Though these 
deformations are internally driven by internal stress, we 
attribute them to these categories because their external 
actuation is light, heat, and some other stimulus.

Based on these design principles, shape-morphing 
behaviors are initiated in multi-layer structures. As shown 
in Figure 3B, Ding et al. designed a trilayer structure 
consisting of two outer oxidized methacrylated alginate 
layers with different swelling and degradation capacities 
and a GelMA layer. Due to the anisotropic swelling of 
the three layers and degradation of the fast-degradation 
layer, the structure underwent five phases of deformation. 
More interestingly, due to reversible ionic crosslinking, the 
remaining double-layer structure can deform reversibly in 
calcium ions (Ca2+) and tetraacetic acid, respectively[88,89].

More complex programmed deformation (such as 
local buckling, curling, etc.) can be achieved through 
partial pattern design in the printing of bi-/multi-layer 
strips[81,84,85]. In these driving designs mentioned above, 
finite element analysis (FEA) simulations are conducted 
to predict shape transformations which can effectively 
calculate the effect of each parameter on shape morphing 
according to mathematical models based on deformation 
mechanisms[76,84].

Through bi-/multi-layer design, self-bending, self-
rolling, and self-buckling structures activated by moisture, 
light, pH, and so forth can be easily prepared. This 
establishes a foundation to utilize 4D-printed implants to 
repair lumen organs such as vessels, trachea, intestines, 
and organs with a curved surface topology such as the 
heart and others. The range of materials available for the 
preparation of 4D printing implants has also been widened 
to the elastomer, which supports the generation of implants 
with higher toughness and strength when necessary. 
Meanwhile, the fabrication of multi-layer structures 
permits the reconstruction of complex biological tissues.

4.2.2. Gradient structure design
The formation of gradient structures has great prospects 
in the production of 4D programmed scaffolds. It facilitates 
the 4D deformation of single-layer structures. For 
photocuring bioinks, crosslinking density attenuates with 
the increase of distance along the light irradiation path in the 
presence of a photoinitiator and ultraviolet absorber. Thus, 
the gradient in crosslinking density can be created. The 
upper portion of hydrogel closest to a light source presents 
higher crosslinking density, while the lower part presents 
a lower crosslinking degree. Under this circumstance, the 
resultant anisotropic swelling induces inner strain that 
prompts deformation[12,90,91] (Figure 4Aa). For SMPs and 

Figure 4. Gradient and origami structure design in 4D printing. (A) Gradient structural design, a) Crosslinking gradient in a photocuring hydrogel formed 
under UV light due to the different distance to light source[91]. Copyright 2022, Elsevier. b) Graded structures based on LCEs by means of regulating 
printing parameters (such as printing speed, and printing direction)[92]. Copyright 2020, American Chemical Society. (B) Origami structural design, 
origami structures for minimally invasive surgeries with high recovery[103]. Copyright 2021, MDPI. PI: Photoinitiator.
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LCEs, the 4D transformation of gradient structures can be 
programmed by regulating printing parameters. Adjusting 
printing speed, printing path, and part geometry drives 
their deformation patterns by graded thermal distribution 
in a specific direction[92,93] (Figure  4Ab). The generation 
of gradient structures broadens the design space of 4D 
deformation constructs and has wide application prospects 
in the field of tissue engineering.

4.2.3. Origami structure design
Origami structures have extended their application in 
the biomedical field owing to their self-deployment 
ability, which can expand from a small-sized volume 
to a larger functional device. Despite the difficulties in 
fabricating their complex configurations, the emergence 
of 4D printing technology reduces manual pressure and 
facilitates the process. The folding modes are of great 
importance in origami-derived objects so they can be 
designed to fold and unfold transversely or longitudinally. 
The collapsible objects can be divided into a serious of 
repeated foldable elements. Different flexible folding 
processes can be achieved by designing these sub-units 
and nearby creases. The choice of materials for these 
constructs mostly relies on SMPs that enable them to 
respond to thermal stimulation. The PLA stents formed by 
square elements and helical angles were built to self-deploy 
in large shrinkage ratios[94]. Triangular-[95], hexagon-[96], 
honeycomb-[97], and hinge[98]-shaped sub-units were also 
adopted in the deployable and reconfigurable structures. It 
is noteworthy that Manen et al. designed different types of 
unit cells by regulating the printing path to form various 
origami-like deformed supports[99]. Different folding 
structures are produced through the design of creases, 
such as connecting SMP to an elastomeric matrix at the 
crease[100] or programming precisely the local gradients 
in hydrogels by modifying irradiation direction and time 
of ultraviolet light[101]. Furthermore, by printing designed 
patterns on pre-stretched substrates, complex origami 
structures mimicking a butterfly, the Sydney Opera House, 
a rose, and a dress with poly (dimethylsiloxane)-based 
elastomer as materials were made[102]. It can thus be seen 
that various complex deformation processes can be realized 
through origami design. On this basis, origami structures 
for minimally invasive surgeries with high recovery have 
been created (Figure 4B)[103]. The generation of origami 
structures enriches the deformation effect in 4D printing. 
The programmability, agile deformability, and self-assembly 
property position the origami structures as promising 
devices in a medical application[99,103,104]. It is of great 
application significance for minimally invasive surgery 
to design origami structural implants that match targeted 
organs or tissues as required. They can be implanted in the 
folded state and deploy automatically after being implanted.

5. Application
From first proposed in a TED talk[105] to subsequent 
development, 4D printing brings great possibilities for tissue 
replacement, restoration, and medically implanted devices 
in biomedical fields. It is a huge step forward following 3D 
printing, and it offers special advantages including but not 
limited to (i) convenience in the implantation of minimally 
invasive surgery due to flexible shape transformation; 
(ii) seamless fit with defected tissues owing to programmed 
shape-morphing process after implanted; (iii) formation 
of bionic structures, and dynamic deformation conducive 
to cell adhesion, proliferation, and differentiation; 
(iv)  realization of biomimetic behaviors in body tissues 
such as joint activity, muscle contraction, and relaxation; 
and (v) responsiveness to a physiological condition 
such as pH, body fluid, temperature, biochemicals, etc. 
This section summarizes the application procedure of 
4D-printed implants in vivo (Figure 5). Then, we focus on 
the interaction of 4D printing scaffolds with cells (Table 1) 
and the application of 4D-printed representative implants 
(Table 2).

5.1. Application procedure
To apply 4D-printed implants in vivo on tailor-made 
conditions, pre-modeling steps that detect anatomical 
structures of diseased sites with the assistance of clinical 
imaging information are needed first[106]. On this basis, 
implants are designed, and operational procedures are 
planned[107] to allow the selection of optimized implantation 
approaches and subsequent deformation programming 
before surgical intervention.

The deformation programs can be divided into two 
types: (i) performing stimulus-responsive deformation in 
advance and then implanting in vivo[76]; (ii) initiating in  situ 
deformation after implantation[108]. The former applies 
to the fabrication of some tubular and curved implants, 
including tracheal[76], vascular[109], intestinal implants[85], 
cardiac patches[110], and more. Biomedical implants 
conforming to specific physiological bending degrees 
can be obtained as required through pre-programming 
and following stimulus-responsive deformation. 4D 
printing technology provides faster, more intelligent, and 
more accurate preparation during this process. Potential 
stimulus needed in the procedure can be easily acquired 
in vitro. The latter has huge application value for minimally 
invasive surgery and all regular or irregular tissue defects 
repair. Since it deforms after being implanted in vivo, 
the stimulation conditions are limited to physiological 
stimulus in vivo[111] and remote stimulus in vitro[112]. The 
body possesses a diverse physiological environment, and 
there are a variety of stimulation conditions that can drive 
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structural 4D changes, including body fluid, temperature, 
pH, biochemicals, and more[23]. Specifically, the design of 
smart implants responsive to humoral stimulation mainly 
depends on anisotropic swelling characteristics within the 
entire structure, as mentioned. Body temperature is around 
37°C. Materials that respond to body temperature include 
SMPs, PNIPAM hydrogel, and others. Some studies have 
explored SMPs with shape transition temperatures close 
to body temperature, such as poly (glycerol dodecanoate) 
acrylate (PGDA)[111] and polyurethane using a specific 
synthesis method[113]. Intravascular implants thus 
obtained show satisfactory deformation effects in vitro 
devices or in vivo environments. Gastric and intestinal 
juice present different pH values, and the pH-induced 
deformation depends on different swelling behaviors 
of hydrogels under acidic or alkaline conditions[23]. For 
example, researchers used a type of hydrogel containing 
a large number of carboxyl groups on the side chain, 
and high and low swelling properties under alkaline 
and acidic conditions are caused due to ionization and 
deionization effects under different pH conditions. Thus, 
pH-driven expansion, contraction, and torsion can be 
achieved[114]. Biochemical signals are an important part 
of dynamic environments in vivo. The exploration of 
biochemical-sensitive implants is thus a research focus. 
Concerning this, researchers have prepared a glucose-
responsive hydrogel network. High glucose concentration 
can affect the crosslinking density of the micronetwork, 

thus promoting the release of encapsulated insulin, 
further promoting the healing of diabetes wounds[115]. 
In addition, extracorporeal remote stimulus (including 
magnetism[112,116], light, local temperature[108], etc.) can 
also induce 4D deformation after implants are implanted 
into the body.

All in all, basic models of different implant sites 
can be obtained according to clinical imaging, and 
then smart implants are pre-programmed to meet the 
needs of implantation sites. Relying on external and 
internal stimulation, 4D deformation of implants can be 
realized both before and after they are implanted into the 
body, which can satisfy intelligent adaptive repair and 
replacement of different tissue defects.

5.2. 4D printing cellular scaffolds
There are two types of 4D printing scaffolds with cells: 
cell-laden scaffolds and cell-seeding scaffolds. The cell-
laden scaffolds are defined as synchronous 4D printing 
of biomaterials and cells. Commonly used biomaterials 
contain gelatin, GelMA, collagen, alginate, poly (ethylene 
glycol) (PEG), de-cellularized extracellular matrices 
(dECMs), and others. The physicochemical properties of 
these 4D dynamic materials can be modulated by external 
stimulus over time and act as guidance on the behavior 
of embedded cells[117,118] to reconstruct dynamic natural 
cellular microenvironments[119]. For example, protein-
polymer hydrogel biomaterials prepared by Liu et al. 

Figure 5. The application of 4D-printed implants in the body.
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that underwent 4D cyclic mechanical loading proved 
to have an influence on fibroblast-to-myofibroblast 
transdifferentiation[120]. Moreover, Douillet et al. presented 
a novel model via laser-assisted bioprinting (LAB) to make 
a replication of fibroblast dynamic remodeling in vitro[121]. 
This method can be utilized to understand better cellular 
behaviors and interactions with the extracellular matrix 
(ECM). Except for these studies that affect cells through 
the regulation of internal networks, some researchers use 
cell-laden 4D bioprinting to form cartilage-like tissue[90,122] 
and vascularized tissue[123], which are quite meaningful to 
tissue/organ regeneration applications.

The cell-seeding scaffolds refer to culturing cells on 
printed scaffolds directly. Dynamic platforms or scaffolds 
are prepared via 4D printing of biomaterials (Figure 6A 
and B), and it is demonstrated that their time-dependent 
deformation influences cell morphology[124] and regulates 
cell behaviors, including adhesion, proliferation[125], and 
differentiation in spatiotemporal control[126], and further 
controls cell functions[127]. Cui et al. encapsulated human 
umbilical vein endothelial cells (HUVECs) in self-folded 
microtubes that deformed by swelling difference of two 
layers to mimic microvessels, which resembled the ECM 
in body tissues and promoted cell adhesion, spreading, 
and proliferation[109]. They also predicted the application 
prospects of engineering tissues in this structure, as shown 
in Figure 6C. These values offer instructive guidance for 
creating cell culture platforms and scaffolds resembling 
native ECM functions.

5.3. Tissue engineering
5.3.1. Bone scaffolds
4D printing has been widely applied to bone defects. 
The 4D-printed bone scaffolds allow minimally invasive 
implantation and fit irregular bone defects perfectly[23]. 
Mechanical properties, porosity, degradation rate, and 
biocompatibility of bioscaffolds are of great importance to 
implantation in vivo for bone tissue engineering. Thermo-
responsive SMP composites are mostly used to fabricate 
bone scaffolds[116,128,129]. For instance, Zhang et al. presented 
bone tissue-like structures printed by PLA/Fe3O4 composite 
filaments via FDM printer with shape memory effect of 
both heat- and magnetic-induced actuation (Figure 7A)[116].  
In addition, various bioactive substances have been 
introduced to SMP scaffolds to enhance osteogenic 
activities, such as hydroxyapatite (HA)[130,131], bioactive 
glasses[132], and others. Furthermore, remote regulation of 
stem cell fate can be realized by 4D programming in bone 
repair. You et al. utilized 4D printing technique to fabricate 
a multi-responsive bilayer morphing membrane consisting 
of an SMP layer and a hydrogel layer (Figure 7B)[108]. Once 
implanted in the bone defect, the membrane can morph due Ta
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to the swelling behavior of the hydrogel layer to conform 
to the complex geometry of tissue defect. Then, external 
heating was introduced to activate responsive surface 
microstructures in the SMP layer to precisely meet the needs 
during different phases in proliferation and differentiation, 
thus promoting the bone formation. This shows that 4D 
printing dynamic bone implants can complete structural 
and even deeper functional repair of bone defects.

5.3.2. Cardiovascular stents
4D-printed devices have great potential for the treatment of 
various cardiovascular diseases because the cavity structures 
of vascular lumens can be easily obtained by the self-rolling 
process of 4D constructs[133]. Specifically, 4D programming 
stents produce a marked effect in thrombus, vascular 
stenosis, and others. Shape memory stents based on SMPs, 
including poly (glycerol dodecanoate) acrylate- (PGDA-)
[111], PLA-[30,60], and PCL-based[134-136] composites and 
hydrogels, including pNIPAM-based composites[137], were 
fabricated for adaptive vascular implantation. They possess 
good self-expanded behavior under thermal stimulation 
close to body temperature, in which condition shape 
programming at room temperature and subsequent shape 
deployment in vivo can be realized (Figure 8A). Besides, 
origami-inspired bifurcated stents using Polyurethane as 
material were also created for the treatment of stenosis and 
obstruction in Y-shaped branched vessels (Figure 8B)[104].  
4D-printed self-rolling structure for vascular tissue 
engineering has also been widely explored. Kirillova et al. 
utilized gradient structure design to fabricate 4D-printed 
hollow self-rolling tubes with an average inner diameter 
of 20 μm, equivalent to the minimum vessel diameter, to 
mimic microvascular tissue, which was not achieved by 
other existing biofabrication methods[12].

 Unlike tubular vascular substitutes or stents, the 
heart surface presents a curved topological structure 
with arranged myocardial cells. 4D printing can also 
be utilized to produce cardiac patches that conform to 
physiological surfaces through pre-programming and 
mechanical stimulation. Currently, researchers have 
made efforts to make smart cardiac patches for the 
treatment of myocardial infarction (MI)[110,138] and atrial 
fibrillation (AF)[139]. For example, 4D-printed NIR light-
sensitive cardiac constructs with highly aligned myofibers 
and adjustable curvature were produced to treat MI[110]. 
It can mimic and reconstruct the curved topology 
of myocardial tissue to realize seamless integration. 
Meanwhile, a uniform distribution of aligned cells and 
excellent myocardial maturation on 4D-curved cardiac 
constructs were observed (Figure 8D). Beyond these, 
4D-printed thermo-responsive SMP stents can be used 
for the repairment of cardiac defects, such as ventricular 
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septal defect (VSD)[140] and atrial septal defect (ASD) 
(Figure 8C)[112].

5.3.3. Tracheal stents
Trachea is an important air conduit connecting the larynx 
to the carina with the function of ventilation, secretion 
removal, and keeping the airway unobstructed[141]. It 
is fragile and can be damaged by many disorders[142]. 
Trachea stents are an effective treatment for maintaining 
airway patency[143]. Due to its natural tubular structure, 
4D printing can be a potential approach to make trachea-
like stents for the treatment of tracheal injury and airway 
stenosis. SMP-based custom-made endotracheal stents are 
presented in several studies[144-148]. Maity et al. described a 
personalized tracheal stent based on photopolymerizable 
inks containing polypropylene glycol/polycaprolactone 
triblocks using a DLP-based 3D printer[144]. The stent 
demonstrated great shape memory behavior for safer 
implantation. In situ welding strategy was also developed 

firstly for further reduction of the insertion profile of 
the stent. Ciprofloxacin was added into the ink, which 
was released in vitro over time and endowed the stent 
with antimicrobial activity to prevent implant-related 
infections. This shows that 4D-printed implants are 
feature-rich after design and function well for tracheal 
defects. Shape-morphing hydrogels are also utilized for 
tracheal reconstruction. Kim et al. presented a bi-layered 
Sil-MA hydrogel based on digital light processing (DLP). 
The 4D deformation depended on the anisotropic volume 
change of the bi-layered hydrogel in an aqueous solution. 
Then curved trachea mimetic tissue was made equipped 
with two types of cells, and performed well in tracheal 
injury of rabbits (Figure 9A)[76].

5.3.4. Other organs
In addition to these typical applications mentioned above, 
4D printing has also demonstrated application value in 
bionic artificial muscle[31,149], brain model[150,151], neuronal 

Figure 6. 4D printing cell-seeding scaffolds. (A) The fabrication procedure of a 4D platform with a time-dependent topographic transformation[126]. 
Copyright 2020, Wiley-VCH. (B) The preparation of 4D scaffold with tubular structure and 3D cell organization[125]. Copyright 2020, Wiley-VCH. (C) Self-
folded cell-seeding microstructures designed with different layouts and patterns have great potential for different tissue-engineering applications[109]. 
Copyright 2020, IOP Publishing.
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regeneration[33,152], intestinal defect repair[85], enophthalmic 
invagination[153], and others (Figure 9B–D). By implanting 
4D dynamic scaffolds in minimally invasive therapy, in situ 
damage to tissues can be avoided, which greatly improves 
the post-operative comfort of patients[154]. Meanwhile, 
4D implants can conform to irregular tissue defects 
perfectly. Besides, 4D printing is able to reconstruct some 
cavities or parenchyma organs dynamically. 4D-printed 
implants show great potentials in tissue restoration and 
reconstruction, and promote significant progress for tissue 
engineering.

5.4. Drug delivery
There are two methods to deliver drugs in 4D-printed 
implanted devices. One is to add targeted drugs in the 
initial bioink[144], and drugs can release after scaffold 

implantation. This method is simple, but the drug release 
rate is difficult to control, and intelligent on-demand 
release cannot be achieved. Another way is to design 
intelligent polymer networks or deformable devices 
with 4D printing. They can be actuated by physiological 
stimulation in  vivo or remote stimulation in vitro after 
being implanted to release drugs autonomously and 
controllably. For example, Zu et al. designed a bioinspired 
smart hydrogel capsule via extrusion-based 4D printing, 
consisting of UV crosslinked PNIPAM hydrogel as the 
shell and drugs as the core (Figure 10A). The drugs can 
release controllably based on the ambient temperature, 
and the release profile can be modified by adjusting the 
internal pore size of hydrogel capsules[155]. The 4D-printed 
core-shell structure is an applicable device to deliver 
drugs on demand[156]. Hu et al. reported a pH-responsive 

Figure 7. Application of 4D printed in bone defects. (A) Shape recovery behavior of the 4D-printed structure in a magnetic field and their application for 
bone repair[116]. Copyright 2019, Elsevier. (B) A functional multi-responsive bilayer morphing membrane used for bone repair and bone formation[108]. 
Copyright 2021, Wiley-VCH.
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hydrogel printed by femtosecond laser direct writing at 
the microscale in another study. They designed a complex 
microcage to capture and release microparticles due to 
the different pore sizes in the expanded and contracted 
states, showcasing its possibility in drug delivery (Figure 
10B)[114]. Utilizing the change of polymer network pore 
size to release drugs dynamically as required is also an 
efficient method[157]. By empowering implants with the 
ability of drug delivery, post-implantation infections 
can be prevented by antibiotics, primary diseases of 
implantation sites can be treated by therapeutic drugs, 
and diseased tissues can be repaired by growth factors 
or other functional components. With the assistance 
of 4D printing, the drug delivery system can achieve 
more effective drug administration that delivers drugs 
on demand. It is expected to combine bioscaffolds with 
tunable functional drug delivery by 4D printing design, 
which can realize the combination of dynamic repair and 
dynamic drug administration for promotion of further 
rehabilitation.

6. Conclusion and perspectives
Overall, 4D printing is a potential candidate technology 
in producing dynamic and functional scaffolds for 
medical implantation. It developed from 3D printing and 
has made great progress in generating time-dependent 
drivable constructs when exposed to specific stimuli 
instead of traditional static structures. The 4D-printed 
scaffolds based on structural deformation demonstrate 
great advantages in minimally invasive surgery due 
to their small to large volume transformation under 
stimulation, thus reducing intraoperative risk and 
improving patient prognosis. Meanwhile, they can be 
programmed to fit perfectly to tissue defects by self-
deforming after implanted. 4D printing has great 
advantages in producing implants and substitutes 
with specific shapes. Tubular and curved implants 
can be easily achieved through self-rolling and self-
bending, which are hardly achievable by the traditional 
manufacturing process. The 4D-printed cellular 

Figure 8. Application of 4D-printed scaffolds in cardiovascular diseases. (A) Self-expanded stent for vascular stenosis.[111] Copyright 2021, Elsevier.  
(B) The deforming procedures of the folded stent inserted into the branched blood vessels[104]. Copyright 2019, Jove publishing. (C) 4D-printed shape 
memory occlusion for atrial septal defect (ASD).[112] Copyright 2019, Wiley-VCH. (D) A 4D-printed NIR light-sensitive cardiac patch with highly aligned 
myofibers for the treatment of myocardial infarction (MI)[110]. Copyright 2021, American Chemical Society.
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scaffolds shift the emphasis toward generating mimetic 
ECM structures that interact with contacted cells, 
which expands the source possibility of tissue/organ 
grafts and substitutes. Combined with clinical imaging, 
4D printing smart implants have a wide foreground in 

the medical field for their ability to realize personalized 
adaptive implantation through pre-programming.

Though 4D-printed implants have shown a huge 
application prospect and inspired much creative 
research, they are still in the initial stage and facing many 

Figure 9. Application of 4D-printed scaffolds in various organs. (A) Manufacturing process of 4D-printed self-curved tracheal stent for in vitro and 
in  vivo study[76]. Copyright 2020, Elsevier. (B) 4D nerve guidance conduit for neural engineering[33]. Copyright 2018, Wiley-VCH. (C) A 4D-printed 
bilayer hydrogel with adjustable bending degree for intestinal defect repair[85]. Copyright 2022, Elsevier. (D) A 4D-printed orbital stent for the treatment of 
enophthalmic invagination[153]. Copyright 2022, Elsevier.
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challenges. Firstly, available biomaterials are limited; 
more materials with stimuli-responsive properties or 
existing materials with the potential for 4D structure 
formation should be exploited. Biocompatibility and 
biodegradability of materials used need to be considered. 
Degradation products of these materials, which are 
often overlooked in previous studies, should be tested 
via both in vivo and in vitro experiments to ensure 
that they are harmless to the body as well. In addition, 
implant infection must be prevented by design, such as 
coating implants during design, adding antibacterial 
agents in the printing ink, and others. Secondly, printing 
technologies remain to be updated in order to implement 
multi-materials, high-speed, and high-resolution 4D 
printing. Additionally, more response conditions related 
to the internal environment, as well as non-contact 
response conditions are required to explore continually 
to expand application of 4D scaffolds in vivo. Meanwhile, 
reversibility and repeatability of stimuli-responsive 
deformation of scaffolds need to be achieved as different 
application condition requires. Finally, for the sake of 
personalized medical treatment, imaging information 
of defect tissues, corresponding modeling, subsequent 
programming of 4D scaffold, and deformation after 

implantation are all closely interlinked. Therefore, the 
accuracy of clinical imaging, development of modeling 
software, controllability of deformation programming, 
and development of the particular software to pre-
simulate deformation in vivo all need to take effort  
to reach.

The 4D-printed implants have the ability to self-deform 
in response to multiple physiological and extracorporeal 
signals, and they are quite instructive for biomedical 
applications. It still requires multi-disciplinary cooperation 
to promote produced dynamic scaffolds from laboratory 
investigation to clinical practice.
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