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ABSTRACT 
Four-dimensional (4D) printing is an emerging technology that integrates stimuli-responsive smart materials with additive 
manufacturing to create structures capable of changing shape, function, or properties over time in response to external 
stimuli. This review explores the potential of 4D printing in biomedical applications, focusing on regenerative medicine 
and smart wound healing. Key material platforms for 4D bioprinting include smart polymers, hydrogels, and nanoparticle-
integrated composites, which offer biocompatibility, biodegradability, and stimuli-responsiveness. In regenerative 
medicine, 4D printing enables the creation of adaptive scaffolds and implants for bone, cartilage, vascular, cardiac, neural, 
and soft tissue regeneration. These constructs can dynamically conform to defect geometries, promote tissue integration, 
and deliver therapeutics on demand. For wound healing, 4D-printed smart dressings, drug delivery systems, and skin 
regeneration scaffolds actively promote healing and prevent infection by responding to physiological cues such as pH, 
moisture, and glucose levels. The integration of 4D printing with artificial intelligence, bioprinting, digital twins, and 
nanotechnology further enhances its capabilities in creating personalized, multifunctional biomedical devices. However, 
challenges related to material development, scalability, regulatory approval, and long-term safety need to be addressed for 
successful clinical translation. The future of 4D printing in biomedicine is expected to revolutionize healthcare through 
patient-specific, adaptive, and intelligent solutions, transforming regenerative medicine, wound care, and personalized 
therapeutics... 
Keywords 4D printing, Stimuli responsive, Regenerative medicine, Smart wound Healing, Smart Polymers, Hydrogels, 
Nanoparticle-integrated composites, Biocompatibility, Biodegradability, Adaptive Saccfolds, Artificial intelligence, 
Bioprinting, Digital Twins, Nanotechnology. 
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INTRODUCTION 
Three-dimensional (3D) printing, also referred to as 
additive manufacturing, has profoundly impacted 
biomedical engineering by facilitating the creation of 
intricate, patient-specific structures such as scaffolds, 

implants, prosthetics, and tissue-engineered constructs 
through the layer-by-layer deposition of materials based on 
a digital model [1]. Techniques such as stereolithography 
(SLA), fused deposition modeling (FDM), selective laser 
sintering (SLS), and bioprinting provide precise control 
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over geometry, porosity, and architecture, offering benefits 
such as design flexibility, material efficiency, and rapid 
prototyping [2]. However, traditional 3D-printed structures 
are inherently static, lacking the capacity to change shape 
or function post-fabrication, which limits their adaptability 
in dynamic biological environments. To address this 
limitation, the concept of four-dimensional (4D) printing 
was introduced, incorporating time as the "fourth 
dimension," wherein printed objects are designed to 
transform or evolve in response to external stimuli such as 
temperature, pH, moisture, magnetic fields, or light [3]. 
This dynamic behavior is achieved through the use of 
stimuli-responsive smart materials like shape-memory 
polymers, hydrogels, and other intelligent composites 
capable of reversible or irreversible physical 
transformations that enable self-assembly, self-healing, 
morphing, or controlled degradation [4]. In this context, the 
"fourth dimension" signifies the integration of time-
dependent functionality, allowing biomedical constructs to 
actively interact with their environment and adapt over their 
lifespan, thereby emulating the natural adaptability of living 
tissues [5]. The emerging role of 4D printing in biomedicine 
is particularly significant in areas such as tissue 
engineering, implants, wound healing, and drug delivery. 
For instance, 4D-printed scaffolds can expand or alter 
stiffness to guide tissue regeneration, smart implants can 
conform to tissue growth or release drugs in a controlled 
manner, and hydrogel-based wound dressings can 
dynamically respond to wound conditions to optimize 
healing [6]. Additionally, in soft robotics and bio actuators, 
4D-printed materials enable responsive movement and 
deformation, facilitating applications in minimally invasive 
surgery and dynamic biosensing. Overall, 4D printing 
bridges the gap between static artificial materials and 
dynamic biological systems, offering a pathway toward 
personalized, adaptive, and regenerative medical solutions 
[7]. The scope of this review is to compare and contrast 3D 
and 4D printing technologies in the biomedical domain by 
discussing their underlying principles, materials, 
fabrication strategies, and practical applications while 
highlighting how the incorporation of time transforms 
functional performance. The objectives include 
summarizing the fundamentals of both printing techniques, 
analyzing the smart materials that enable 4D 
transformations, exploring biomedical applications such as 
scaffolds, implants, and wound-healing systems, 
identifying challenges related to biocompatibility, 
scalability, and regulatory approval, and proposing future 
directions for integrating 4D printing into personalized 
medicine and regenerative therapies [8]. In essence, this 
review aims to demonstrate how the evolution from 3D to 
4D printing signifies a paradigm shift toward intelligent, 
self-evolving biomedical constructs capable of real-time 
adaptation and long-term functionality in complex 
biological environments. Table:1 shows the comparison of 
3D vs 4D Printing in Biomedical Applications. 
 
 

Table 1: Comparison of 3D vs 4D Printing in 
Biomedical Applications 

Feature 3D 
Printing 

4D 
Printing 

Advantages 
of 4D 

Material 
Response 

Static Stimuli-
responsiv
e 

Can change 
shape, 
stiffness, or 
function over 
time [9]. 

Adaptabilit
y 

Low High Conforms to 
dynamic 
biological 
environment
s [10]. 

Functional 
Behavior 

Passive Active Self-
assembly, 
self-healing, 
drug release 
[11]. 

Application
s 

Scaffolds, 
implants, 
prosthetic
s 

Dynamic 
scaffolds, 
smart 
wound 
dressings, 
adaptive 
implants 

Personalized, 
regenerative, 
minimally 
invasive 
solutions 
[12]. 

Complexity Moderate High Requires 
careful 
material 
selection and 
stimuli 
design [13]. 

 
2. Fundamentals of 4D Printing: 
Four-dimensional (4D) printing represents an advanced 
evolution of three-dimensional (3D) printing, wherein 
printed structures are engineered to alter their shape, 
function, or properties over time in response to specific 
external stimuli, such as temperature, moisture, pH, light, 
magnetic fields, or electrical signals as shown in 
figure:1[15]. In this context, time serves as the "fourth 
dimension," signifying the capacity of a printed object to 
undergo dynamic transformation post-fabrication. The 
fundamental principle of 4D printing is the incorporation of 
smart or stimuli-responsive materials such as shape-
memory polymers, hydrogels, and responsive composites 
that can experience reversible physical or chemical changes 
upon stimulation. These materials are meticulously printed 
in particular architectures or layered patterns, enabling 
them to exhibit programmed movements or functional 
transformations, such as bending, twisting, self-assembly, 
or expansion, when activated [16]. Consequently, 4D 
printing merges the precision of additive manufacturing 
with material intelligence, facilitating the creation of 
adaptive, self-evolving structures that emulate the 
responsiveness and functionality of living systems. This 
innovation holds significant promise for biomedical 
applications, including tissue engineering, implants, and 
drug delivery systems [17]. 
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Figure 1: The image presents an overview of stimuli-
responsive materials used in 4D printing and their 

functional mechanisms. Hydrogels responsive to pH or 
humidity swell or contract due to variations in 

hydration, making them useful for environmentally 
adaptive structures. Composites sensitive to magnetic 

and electric fields contain responsive fillers that induce 
shape modulation under electromagnetic stimuli. 

Light-responsive polymers incorporate photoactive 
moieties that undergo conformational changes when 

exposed to light, resulting in structure reconfiguration. 
These materials collectively form the foundation of 4D 

printing, enabling printed objects to transform over 
time in response to external stimuli. 

 
2.1 Stimuli-Responsive Materials and 
Design/Fabrication Techniques in 4D Printing 
A distinguishing feature of 4D printing, as opposed to 
traditional 3D printing, is the incorporation of stimuli-
responsive or "smart" materials. These materials possess the 
inherent capability to modify their shape, structure, or 
functional behavior in response to specific environmental 
stimuli. They form the basis for time-dependent 
transformations, enabling printed objects to undergo 
programmable, reversible, and controllable changes post-
fabrication [18]. Table: 2 shows the type of stimulus, these 
materials can be categorized into several primary groups. 

Table 2: Stimuli-Responsive Materials and Their 
Biomedical Applications 

Stimul
us 
Type 

Material 
Examples 

Mechanism of 
Response 

Biomedical 
Applicatio
n 

Therm
al 

Shape-
memory 
polymers 
(PCL, 
PLA, 
polyuretha
ne) 

Recover 
permanent 
shape above 
transition 
temperature 

Self-
deploying 
stents, 
adaptive 
scaffolds 
[19]. 

Light Azobenzen
e 
polymers, 
Spiropyran
, gold 
nanoparticl
es 

Photoisomerizat
ion or 
photothermal 
actuation 

Light-
triggered 
drug 
release, 
micro-
actuators 
[20]. 

pH Chitosan, 
Poly(acryli
c acid) 

Ionization-
driven 
swelling/contrac
tion 

Smart 
wound 
dressings, 
drug release 
[21]. 

Moistu
re 

Alginate, 
Gelatin 

Volume change 
with hydration 

Hydrogels 
for tissue 
scaffolds 
and wound 
healing 
[22]. 

Magne
tic 

Fe₃O₄, Ni 
nanoparticl
es 

Alignment or 
movement 
under magnetic 
field 

Magneticall
y guided 
scaffolds, 
targeted 
therapy 
[23]. 

Electri
c 

EAPs, 
graphene 
composites 

Shape or 
volume change 
under electric 
field 

Bioelectron
ics, neural 
scaffolds 
[24]. 

  
2.1.1. Thermal-Responsive Materials (Shape-Memory 
Polymers) 
Shape memory polymer nanocomposites (SMPNCs) 
address the limitations of pure shape memory polymers 
(SMPs), such as insufficient mechanical strength, low 
thermal and electrical conductivity, and slow actuation, 
through the incorporation of nanofillers like carbon 
nanotubes (CNTs) (e.g., 5 wt% multi-walled carbon 
nanotubes (MWCNTs) in polyurethane (PU) achieving over 
98% recovery rate (Rr) in 9 seconds electrically), graphene, 
Fe3O4, and cellulose nanocrystals into matrices such as PU, 
epoxy, polycaprolactone (PCL), polylactic acid (PLA), and 
polyvinyl alcohol (PVA). These composites employ 
netpoints to maintain a permanent shape and switch 
segments for temporary shape fixation, quantified by the 
equations  
𝑅! =

"!#""
"#

× 100 and 𝑅$ =
"##"$
"##""

× 100 , facilitating 
multi-stimuli actuation (thermal, electrical, near-infrared 
(NIR), magnetic). Thermally responsive SMPs are 
extensively utilized in 4D printing, capable of 
"remembering" permanent shapes that can be restored at the 
transition temperature (Ttrans), with applications extending 
to biomedical devices, vascular stents, tissue scaffolds, and 
pH/moisture-triggered drug delivery systems from 
biodegradable matrices like PCL/PLA. Thermosets provide 
greater stability compared to thermoplastics [26]. The 
researcher investigates temperature-sensitive shape 
memory polymer composites (SMPCs) for 4D printing, 
employing solvent-based PLA/bioactive glass (BG) 
systems fabricated through FDM to create self-folding 
structures suitable for advanced biomedical devices. The 
incorporation of BG enhances the crystallinity and 
viscoelastic properties of PLA, significantly improving 
shape fixity and recovery ratios (exceeding 90-95%) when 
thermally activated at body temperature, while also 
enhancing thermal stability and biocompatibility. The 
optimal BG content facilitates shape deployment post-
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printing without additional processing, with increased filler 
content promoting nucleation for improved SME 
performance. In the fabrication of SMPCs, materials are 
shaped into temporary forms and fixed below Ttrans, 
reverting to their original shapes upon reheating as polymer 
chains regain mobility. Common matrices include 
polyurethane, polycaprolactone (PCL), and PLA. These 
bioactive composites are advancing pharmaceuticals by 
enabling self-assembling drug-eluting scaffolds and tissue 
engineering constructs that respond to physiological 
temperatures, facilitating self-deploying stents, expandable 
scaffolds, and shape-adaptive implants with minimal 
invasiveness and high biocompatibility. However, 
scalability challenges suggest future integration of 
nanoparticles for multi-stimuli responsiveness [27]. 
2.1.2. Light-Responsive Polymers 
Light-responsive materials undergo physical or chemical 
transformations when exposed to light of specific 
wavelengths, such as ultraviolet, visible, or near-infrared. 
These transformations are typically based on mechanisms 
such as photoisomerization, photothermal effects, or photo 
crosslinking reactions [28]. Polymers containing 
azobenzene, spiropyran, or gold nanoparticles exhibit 
reversible configuration changes upon light exposure, 
which can induce the material to bend, twist, or expand. A 
significant advantage of light-responsive systems is their 
ability to be controlled remotely and without physical 
contact, offering high spatial and temporal precision. In the 
field of biomedicine, such materials are being investigated 
for applications in on-demand drug release systems, photo-
actuated microdevices, and light-triggered wound dressings 
that respond to localized illumination [29]. 
2.1.3. pH- and Moisture-Responsive Hydrogels 
Hydrogels are hydrophilic polymer networks capable of 
absorbing substantial quantities of water, thereby 
undergoing swelling or shrinking in response to 
environmental conditions. pH-responsive hydrogels 
incorporate ionizable groups that alter their charge state in 
reaction to the acidity or alkalinity of the surrounding 
medium, resulting in volumetric transitions [30]. For 
example, polymers such as poly(acrylic acid) or chitosan 
expand within specific pH ranges, facilitating controlled 
deformation. Conversely, moisture-responsive hydrogels 
experience changes in shape or volume when exposed to 
varying humidity or fluid environments. These 
characteristics render them highly pertinent for biomedical 
and tissue-engineering applications, as they can naturally 
respond to physiological environments. pH- and moisture-
sensitive hydrogels are employed in drug delivery systems, 
wound-healing dressings, and smart scaffolds that adapt to 
biological changes such as inflammation or hydration levels 
[31]. 
2.1.4. Magnetic and Electric Field-Responsive 
Composites 
Materials that are responsive to magnetic and electric fields 
comprise polymers or composites integrated with 
functional nanoparticles, such as iron oxide, nickel, or 
conductive fillers like carbon nanotubes and graphene, 
which react to external magnetic or electric fields. 
Magnetic-responsive materials undergo deformation or 

movement when subjected to a magnetic field, facilitating 
the controlled actuation of soft structures without direct 
physical contact [32]. Similarly, electroactive polymers 
(EAPs) exhibit changes in shape or size upon exposure to 
an electric potential. These advanced composites are 
particularly valuable in applications such as soft robotics, 
biosensors, and implantable medical devices, where they 
enable remote-controlled actuation, targeted therapy, or 
real-time responsiveness to physiological signals. In the 
biomedical domain, these materials are being developed for 
micro-scale actuators, magnetically guided drug carriers, 
and adaptive prosthetic components [33]. 
2.2 Design and Fabrication Techniques in 4D Printing 
The successful implementation of 4D-printed structures 
necessitates not only the use of smart materials but also the 
employment of precise fabrication techniques that can 
spatially program material distribution and architecture.As 
shown in figure:2 the predominant methods for 4D printing 
are adaptations of 3D printing technologies, modified to 
accommodate responsive materials and multi-material 
combinations [34]. 

 
Figure 2: The image showcases a spectrum of fabrication 
techniques involved in 4D printing. Inkjet printing uses a 

droplet-based method for depositing fluid bioinks with 
fine control. Bioprinting integrates living cells into 

patterned layers to create biologically active constructs. 
The extrusion–stereolithography platform enables 
fabrication of robust, intricately shaped structures 

through combined extrusion and light-induced 
polymerization. Together, these methods enable the 

creation of programmable materials capable of time-
dependent transformation. 

 
2.2.1 Inkjet-Printing: 
Inkjet-based four-dimensional (4D) printing employs the 
droplet-by-droplet deposition of liquid photopolymers or 
bioinks, which are subsequently cured through the 
application of light or heat [35]. This method facilitates 
high-resolution printing and the concurrent use of multiple 
materials. It is particularly advantageous for materials that 
respond to light or temperature, enabling the creation of 
gradient patterns and localized functionalities, which are 
beneficial for applications in biomedical devices or drug 
delivery systems [36]. 
2.2.2 Extrusion-Based Printing: 
Extrusion printing is the most versatile and widely utilized 
technique in both three-dimensional (3D) and four-
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dimensional (4D) printing. This method involves the 
extrusion of materials—typically thermoplastic polymers, 
hydrogels, or cell-laden bioinks—through a nozzle, 
depositing them layer by layer [37]. It is particularly 
effective for high-viscosity materials and is well-suited for 
hydrogels, shape-memory polymers, and composite inks. 
Due to its capacity to create complex geometries and 
gradient architectures, extrusion printing is commonly 
employed in the fabrication of tissue engineering scaffolds, 
soft actuators, and bioprinted constructs [38]. 
2.2.3 Stereolithography (SLA): 
Stereolithography (SLA) utilizes a laser or digital light 
projection system to selectively cure photopolymer resins 
in a layer-by-layer fashion. This technique offers 
exceptionally high resolution and smooth surface finishes 
[39]. By incorporating photoresponsive resins, SLA-based 
four-dimensional (4D) printing can achieve precisely 
controlled light-induced transformations, rendering it 
particularly suitable for micro-scale biomedical devices, 
microneedles, and optically responsive systems [40]. 
2.2.3 Bioprinting: 
Bioprinting represents a specialized subset of 3D/4D 
printing technology, specifically developed for the 
fabrication of tissue-like structures utilizing bioinks 
composed of living cells, biomolecules, and hydrogels. In 
the context of 4D bioprinting, bioinks are engineered with 
stimuli-responsive components, facilitating the 
transformation of cell-laden constructs in terms of shape or 
stiffness over time, thereby enhancing natural tissue 
development and integration. This technology finds 
applications in the creation of self-folding tissue scaffolds, 
dynamic organoids, and adaptive wound-healing matrices 
[41]. 
3. Material Platforms for Biomedical 4D Printing 
The efficacy of 4D printing in biomedical applications is 
intrinsically linked to the selection of materials that are not 
only responsive to specific external stimuli but also exhibit 
biocompatibility, mechanical robustness, and, in numerous 
instances, biodegradability. These materials must interact 
safely with biological tissues without provoking adverse 
immune responses, while concurrently maintaining 
adequate structural integrity to facilitate dynamic 
transformations such as shape-shifting, swelling, folding, or 
self-assembly [42]. To fulfill these multifunctional 
requirements, researchers have investigated a diverse array 
of material classes, each offering unique advantages. Smart 
polymers, including shape-memory polymers (SMPs) and 
blends of polycaprolactone (PCL), polylactic acid (PLA), 
and polyethylene glycol (PEG), provide programmable 
shape recovery and actuation in response to thermal or other 
stimuli. Hydrogels, both natural (Chitosan, Alginate, 
Gelatin) and synthetic (poly(N-isopropylacrylamide, 
PNIPAAm)), offer a tissue-like microenvironment and can 
respond to stimuli such as pH, temperature, or moisture, 
rendering them ideal for dynamic scaffolds, wound 
dressings, and drug delivery systems [43,44]. The 
incorporation of nanoparticles, such as metal oxides, gold, 
silver, and graphene, into polymers or hydrogels further 
augments mechanical strength, electrical or magnetic 
responsiveness, and therapeutic functionality, enabling 

remote-controlled actuation, antimicrobial effects, or 
photothermal therapy [45]. Furthermore, the utilization of 
biodegradable and biocompatible materials, such as PLA, 
PCL, PGA, and their copolymers, ensures that constructs 
can safely degrade in vivo after fulfilling their function, 
obviating the need for surgical removal and aligning with 
tissue regeneration timelines [46]. By judiciously as shown 
in figure:3 combining these material classes, biomedical 
4D printing facilitates the fabrication of intelligent, 
adaptive, and multifunctional constructs capable of self-
assembly, controlled actuation, responsive drug release, and 
tissue integration, ultimately pioneering new frontiers in 
personalized medicine, regenerative therapies, and 
minimally invasive biomedical devices [47]. 
 

 
Figure 3: The image shows a hydrogel matrix serving as 
a reservoir for nanoparticles and a functional polymer 

chain carrying a biomolecular cargo. The nanoparticles 
positioned on and within the gel indicate drug or gene-

loaded carriers, while the colored strand suggests a 
responsive polymer capable of binding or transporting 
therapeutic agents. The folded protein structure at the 

end of the chain represents the active biomolecule 
intended for release. Collectively, the schematic 
highlights the integration of nanocarriers and 

biopolymers within hydrogels to achieve programmable, 
sustained biomedical delivery. 

3.1 Smart Polymers 
Smart polymers, also known as stimuli-responsive 
polymers, are synthetic or semi-synthetic materials that can 
alter their shape, size, or physical properties in response to 
external stimuli such as temperature, light, pH, moisture, 
and electric or magnetic fields. Among these, shape-
memory polymers (SMPs) are particularly notable, as they 
can be deformed into a temporary shape and subsequently 
recover their original configuration upon exposure to a 
specific stimulus, most commonly temperature [48]. SMPs, 
including polycaprolactone (PCL), polylactic acid (PLA), 
polyurethane, and their blends with poly(ethylene glycol) 
(PEG), have been extensively investigated for biomedical 
4D printing due to their combination of biocompatibility, 
tunable mechanical properties, and customizable 
degradation profiles. For example, PCL-PLA-PEG blends 
can be engineered to possess specific transition 
temperatures and degradation rates, rendering them suitable 
for applications such as self-deploying scaffolds, minimally 
invasive implants, and stents [49]. Beyond shape-memory 



4D Printing in Regenerative Medicine and Smart Wound Healing: Stimuli-Responsive Materials for Next-
Generation Biomedical Devices 

IJDDT, Volume 16 Issue 42s, 2026 Page 853 

 

behavior, smart polymers can exhibit self-healing, stimuli-
triggered swelling, or contraction, facilitating dynamic 
adaptation to the surrounding tissue environment. They can 
also be designed to respond to multiple stimuli 
simultaneously, enabling complex, multi-step 
transformations required in advanced biomedical 
applications [50]. Moreover, smart polymers can be 
functionalized with bioactive molecules or growth factors, 
allowing for localized drug release, tissue regeneration, or 
cell differentiation guidance. Their compatibility with 
various 3D/4D printing techniques, such as extrusion, 
stereolithography, or inkjet printing, permits precise spatial 
patterning and gradient architectures, which are essential 
for creating hierarchical and biomimetic tissue 
constructs[51]. Overall, smart polymers serve as 
foundational materials for biomedical 4D printing, offering 
programmability, adaptability, and multifunctionality 
crucial for next-generation implants, scaffolds, and 
therapeutic devices [52]. 
3.2. Hydrogels 
Hydrogels are hydrophilic polymer networks that possess 
the ability to absorb and retain substantial quantities of 
water while preserving their three-dimensional structure. 
Their high water content and soft, elastic properties closely 
resemble the extracellular matrix (ECM) of biological 
tissues, rendering them highly suitable for biomedical 4D 
printing applications [53]. Hydrogels are particularly 
valuable in 4D printing due to their tissue-like mechanical 
properties, biocompatibility, and inherent stimuli-
responsiveness, which enable them to undergo controlled 
shape, volume, or functional transformations in response to 
environmental cues [54]. Hydrogels can be broadly 
classified into several types, including natural hydrogels 
derived from biological polymers such as chitosan, alginate, 
gelatin, hyaluronic acid, and collagen. Natural hydrogels 
are inherently biocompatible, biodegradable, and often 
bioactive, providing a favourable microenvironment for cell 
adhesion, proliferation, and differentiation [55]. Their 
responsiveness to physiological stimuli including pH 
changes, ionic strength variations, enzymatic activity, and 
temperature facilitates the creation of dynamic, self-folding 
scaffolds, wound dressings, and targeted drug delivery 
systems [56]. For instance, chitosan-based hydrogels can 
swell or shrink in response to pH, allowing on-demand 
release of therapeutic agents, while alginate hydrogels can 
form reversible gels in the presence of calcium ions, useful 
for injectable or deployable implants. Synthetic hydrogels 
include polymers such as poly(N-isopropylacrylamide) 
(PNIPAAm), poly(ethylene glycol) diacrylate (PEGDA), 
and poly(vinyl alcohol) (PVA) [57]. Synthetic hydrogels 
offer precisely tunable mechanical, chemical, and swelling 
properties and can be engineered to respond predictably to 
temperature, light, or chemical triggers. For example, 
PNIPAAm exhibits temperature-dependent phase 
transitions, enabling reversible volumetric expansion or 
contraction, which is beneficial for dynamic tissue 
constructs, soft actuators, and stimuli-responsive implants. 
Synthetic hydrogels can also be functionalized with 
bioactive molecules, nanoparticles, or crosslinkers, 
enhancing their mechanical strength, responsiveness, and 

biological functionality [58]. Hybrid hydrogels, which 
combine natural and synthetic hydrogels, often produce 
hybrid systems that balance biocompatibility, mechanical 
robustness, and stimuli-responsiveness, overcoming the 
limitations of individual materials. These hybrid hydrogels 
can maintain structural integrity under physiological 
conditions while enabling programmable deformation or 
self-assembly, which is critical for complex 4D biomedical 
constructs [59]. Overall, hydrogels serve as a versatile and 
dynamic platform for 4D printing in biomedicine, enabling 
the fabrication of constructs that mimic native tissue 
behaviour, adapt to changing physiological conditions, 
deliver therapeutics on demand, and support cellular growth 
and regeneration. Their modularity, tunability, and 
responsiveness make them indispensable for tissue 
engineering, wound healing, drug delivery systems, and 
bioactivated devices in the next generation of adaptive 
biomedical technologies [60]. 
3.3. Nanoparticle-Integrated Composites 
Integrating nanoparticles into polymers or hydrogels 
represents a potent approach to augment the mechanical 
strength, functional versatility, and stimuli-responsiveness 
of 4D-printed materials, facilitating the creation of 
constructs that are both structurally robust and functionally 
dynamic [61]. These nanoparticle-enhanced composites can 
respond to a diverse array of external stimuli, including 
magnetic and electric fields, light irradiation, thermal 
gradients, and mechanical stress, thereby enabling remote, 
precise, and programmable control over shape 
transformations, movement, or activation of functional 
properties. Among the frequently utilized nanoparticles, 
metal oxides such as Fe₃O₄ and TiO₂ confer magnetic 
responsiveness, allowing scaffolds or drug carriers to be 
actuated remotely or directed to specific locations within 
the body, which is particularly advantageous for targeted 
therapy and minimally invasive interventions [62,63]. 
Noble metal nanoparticles, such as silver (Ag) and gold 
(Au), impart antimicrobial properties and photothermal 
responsiveness, which can be leveraged to prevent infection 
in wound dressings or to initiate on-demand drug release 
through localized heating. Furthermore, graphene and other 
carbon-based nanomaterials offer electrical conductivity, 
thermal responsiveness, and enhanced mechanical 
reinforcement, facilitating the design of biosensors, 
electrically responsive actuators, and bioelectronic 
interfaces. By incorporating such nanoparticles, 4D-printed 
composites can achieve multifunctional capabilities, 
integrating stimuli-responsive behavior, enhanced 
structural integrity, and therapeutic activity within a single 
construct [64,65]. This multifunctionality is particularly 
crucial in biomedical applications, where materials must 
concurrently support tissue regeneration, adaptively 
respond to physiological cues, deliver drugs, and withstand 
mechanical forces. Additionally, the capacity to spatially 
control the distribution and concentration of nanoparticles 
within a polymer or hydrogel matrix permits localized, 
programmable responses, enabling the development of 
highly sophisticated, patient-specific implants, dynamic 
tissue scaffolds, and adaptive biomedical devices that 
closely emulate the behavior of natural tissues [66,67].  
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3.4. Biodegradable & Biocompatible Materials 
In the realm of biomedical 4D printing, it is imperative that 
materials exhibit both biocompatibility and 
biodegradability. This ensures their safe interaction with 
living tissues, avoiding adverse immune responses, 
inflammation, or toxicity, while also allowing for gradual, 
controlled degradation post-fulfillment of their functional 
role. Materials such as polylactic acid (PLA), 
polycaprolactone (PCL), polyethylene glycol (PEG), 
polyglycolic acid (PGA), and their copolymers are 
extensively utilized due to their established 
biocompatibility, customizable mechanical properties, and 
adjustable degradation rates, which can be tailored to 
specific biomedical applications [69]. Biodegradability is 
particularly vital in applications such as tissue engineering 
scaffolds, temporary implants, and drug delivery carriers, 
where the material must provide structural support, guide 
tissue regeneration, or release therapeutic agents over a 
defined period, subsequently degrading into non-toxic 
byproducts that are naturally eliminated by the body, thus 
obviating the need for surgical removal [70]. Furthermore, 
the integration of biodegradable polymers with stimuli-
responsive smart polymers or hydrogels facilitates the 
creation of dynamic, multifunctional constructs capable of 
actively responding to environmental cues while degrading 
in synchrony with tissue healing or therapeutic timelines. 
For instance, a biodegradable SMP scaffold can expand to 
fill a defect site upon implantation, support cell growth, and 
degrade as native tissue regenerates. Similarly, drug-loaded 
biodegradable hydrogels can release their payload in 
response to pH, temperature, or enzymatic triggers, and 
subsequently degrade once the therapeutic effect is 
achieved [71]. This amalgamation of biodegradability with 
responsiveness not only augments the functionality and 
safety of 4D-printed constructs but also enables the 
development of adaptive, patient-specific implants, tissue 
scaffolds, and regenerative devices that closely mimic 
natural tissue behavior. By meticulously selecting and 
engineering biodegradable and biocompatible materials, 
researchers can design next-generation 4D biomedical 
constructs that combine mechanical stability, functional 
adaptability, and safe resorption, thereby advancing the 
field of personalized medicine and regenerative therapies 
[72]. 
4. 4D Printing in Regenerative Medicine 
The incorporation of four-dimensional (4D) printing into 
the field of regenerative medicine has facilitated the 
development of dynamic, adaptable, and patient-specific 
constructs capable of responding to physiological stimuli. 
These constructs actively contribute to tissue regeneration 
and minimize the necessity for invasive procedures [73]. By 
utilizing stimuli-responsive materials, smart polymers, and 
hydrogels, 4D-printed constructs can alter their shape, 
stiffness, or functionality over time, thereby closely 
replicating the natural behavior of tissues and organs. This 
adaptability has created new opportunities in the 
regeneration of bone, cartilage, vascular, cardiac, neural, 
and soft tissues as shown in figure:4 [74]. 

 
Figure:4The image illustrates the role of 4D printing in 

regenerative medicine, showing a central 4D printer 
surrounded by physical stimuli such as temperature, 

moisture, and pH that trigger functional or structural 
changes in printed materials. Around the printer, four 

key medical applications are depicted: bone and cartilage 
regeneration with self-fitting scaffolds, vascular and 

cardiac applications with self-assembling vascular grafts, 
neural and soft tissue regeneration with wound-healing 

matrices, and neural and soft regeneration using stimuli-
responsive hydrogels. Together, the figure highlights how 
smart, adaptive biomaterials enable dynamic, responsive 

healing across multiple tissues. 
 

4.1 Bone and Cartilage Regeneration 
Traditional bone grafts and cartilage scaffolds often face 
limitations due to their inability to conform precisely to 
irregular defect sites. However, 4D printing presents 
adaptive solutions for both tissues. Self-fitting bone 
scaffolds, constructed from shape-memory polymers 
(SMPs), can be compacted into a temporary shape for 
minimally invasive implantation and subsequently expand 
upon exposure to physiological temperature or other 
stimuli, thereby accurately filling bone defects [75]. These 
scaffolds can be engineered with controlled porosity to 
facilitate osteogenic cell infiltration, vascularization, and 
nutrient transport, while their biodegradable nature ensures 
gradual replacement by native bone. The incorporation of 
bioactive nanoparticles, hydroxyapatite, or growth factors 
further enhances osteoconductivity and accelerates 
regeneration. Similarly, 4D-printed hydrogel-based 
cartilage repair matrices can undergo programmed 
deformation to fill irregular cartilage defects, providing a 
dynamic microenvironment for chondrocytes [76]. These 
scaffolds replicate the viscoelasticity of native cartilage, 
deliver growth factors in a stimuli-responsive manner, and 
degrade gradually as new cartilage tissue forms, thereby 
supporting long-term repair and functional restoration. 
Collectively, these adaptive 4D-printed constructs exhibit 
the potential to overcome the geometric and functional 
limitations of conventional bone and cartilage scaffolds 
[77]. 
4.2 Vascular and Cardiac Applications 
Cardiovascular interventions frequently necessitate devices 
capable of adapting to diverse vessel diameters and intricate 
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anatomical structures, with 4D printing offering innovative 
solutions for both stents and vascular grafts. Stents 
fabricated from shape-memory polymers can be implanted 
in a compact form and subsequently self-expand in 
response to body temperature, thereby precisely 
conforming to vessel dimensions [78]. These stents are 
designed to minimize endothelial injury, reduce the risk of 
thrombosis, and incorporate drug-eluting layers for the 
controlled release of anticoagulants or anti-proliferative 
agents. Similarly, self-assembling vascular grafts composed 
of stimuli-responsive materials can transform into tubular 
structures post-implantation, obviating the need for 
complex surgical manipulation [79]. These grafts can be 
embedded with bioactive hydrogels, nanoparticles, or 
endothelial cells to enhance vascularization, reduce 
thrombogenicity, and integrate seamlessly with native 
vessels, thereby providing functional replacements for 
bypass surgery or tissue-engineered organ constructs. 
Collectively, these 4D-printed cardiovascular devices offer 
dynamic, adaptive, and multifunctional solutions that 
enhance compatibility, performance, and therapeutic 
outcomes [80]. 
4.3 Neural and Soft Tissue Regeneration 
Peripheral nerve and soft tissue regeneration necessitate 
scaffolds that are both dynamic and responsive to the 
physiological environment, with 4D printing offering 
versatile solutions for these applications. Dynamic nerve 
guidance conduits, fabricated from stimuli-responsive 
hydrogels or shape-memory polymers (SMPs), can alter 
their shape over time to maintain close contact with 
regenerating nerve ends [81]. These conduits may 
incorporate gradients of growth factors or electrically 
conductive nanoparticles to enhance axonal guidance, 
support Schwann cell migration, and promote functional 
recovery. Similarly, stimuli-responsive soft tissue scaffolds, 
designed for the regeneration of skin, muscle, and 
connective tissue, can swell, contract, or stiffen in response 
to moisture, pH, or enzymatic activity. This enables the 
controlled release of bioactive molecules and supports 
enhanced cell proliferation. These adaptive scaffolds 
accelerate wound closure, improve vascularization, and 
integrate seamlessly with native tissue, offering advanced 
solutions for complex wounds, muscle repair, and organ 
regeneration [82,83]. Collectively, 4D-printed nerve and 
soft tissue constructs provide dynamic, multifunctional, and 
physiologically compatible platforms that closely mimic 
natural tissue behavior and improve regenerative outcomes 
[84]. 
Image:4 [85] 
5. 4D Printing in Wound Healing 
4D printing presents innovative advancements in wound 
care by facilitating the creation of adaptive, stimuli-
responsive, and multifunctional constructs that actively 
contribute to the healing process. In contrast to traditional 
wound dressings, 4D-printed materials possess the 
capability to dynamically respond to alterations in the 
wound environment, deliver therapeutics as needed, and 
promote tissue regeneration while reducing the risk of 
infection . as shown in the figure:5 the integration of smart 
hydrogels, nanoparticles, and bioactive materials enables 

the development of wound care systems that offer structural 
support, controlled drug release, and real-time adaptability 
to physiological conditions[86,87]. 

 
Figure:5The image presents a visual overview of 4D 
printing in wound healing, featuring a sequence of 

wearable biomedical technologies—including stick-on 
electronic patches, smartphone-connected electronic skin 
patches, real-time wireless sensing systems, and flexible 

wireless ECG monitoring devices—illustrating how 
smart, adaptive, and flexible electronics support 

advanced wound-care applications. 
 
5.1 Smart Wound Dressings 
Ensuring an optimal wound microenvironment is essential 
for effective healing, and 4D-printed hydrogels integrated 
with antimicrobial nanoparticles present a multifunctional 
solution. Hydrogels that are responsive to moisture and pH 
can dynamically adjust their swelling or contraction to 
maintain ideal hydration levels, absorb excess exudate, and 
facilitate the transport of oxygen and nutrients [88]. 
Meanwhile, pH-responsive variants can swell in alkaline, 
infected wound environments to release encapsulated 
therapeutics and contract under normal conditions to 
prevent overhydration. To further mitigate infection, these 
hydrogels can be infused with antimicrobial nanoparticles 
such as silver (AgNPs), copper oxide (CuO), or zinc oxide 
(ZnO), which provide sustained antimicrobial activity by 
disrupting bacterial cell membranes and inhibiting biofilm 
formation [89]. When combined, these stimuli-responsive, 
nanoparticle-integrated 4D matrices can release 
antimicrobial agents in response to infection-related 
triggers, thereby maintaining a moist, regulated healing 
environment while actively promoting tissue repair, 
accelerating wound closure, and reducing scarring [90]. 
 
5.2 On-Demand Drug Delivery 
Chronic wounds, particularly those afflicting diabetic 
patients, necessitate precise, on-demand drug delivery. This 
can be accomplished through the use of 4D-printed 
dressings that incorporate glucose-responsive hydrogels or 
enzyme-functionalized matrices. These matrices detect 
elevated glucose levels and subsequently trigger the 
localized release of insulin or other therapeutic agents, 
thereby enhancing glycemic control while minimizing 
systemic side effects [91]. The efficacy of these dressings 
can be further augmented by integrating self-healing and 
self-sterilizing properties, which enable the autonomous 
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repair of minor tears or mechanical damage, thus preserving 
structural integrity throughout the healing process [92]. The 
incorporation of photothermal or catalytic nanoparticles 
facilitates self-sterilization upon exposure to light or heat, 
thereby reducing the risk of infection without necessitating 
frequent dressing changes. Collectively, these 
multifunctional, stimuli-responsive 4D wound dressings 
offer dynamic, adaptive, and continuous support for wound 
healing, thereby reducing patient discomfort, preventing 
infection, and promoting effective tissue regeneration [93]. 
5.3 Skin Regeneration Scaffolds 
Four-dimensional (4D) printed scaffolds for skin 
regeneration are engineered to replicate the mechanical 
properties, architecture, and dynamic environment of native 
skin. These scaffolds, typically composed of stimuli-
responsive hydrogels, biodegradable polymers, or 
composite materials, possess the ability to alter their shape, 
stiffness, or porosity over time, thereby accommodating 
tissue growth and remodeling [94]. By incorporating 
bioactive molecules such as growth factors, cytokines, or 
stem cells, these scaffolds enhance keratinocyte and 
fibroblast proliferation, vascularization, and extracellular 
matrix deposition, thereby facilitating more rapid and 
functional skin regeneration. The dynamic adaptability of 
4D scaffolds also enables them to conform to irregular 
wound shapes, thereby minimizing gaps and improving 
healing outcomes compared to static dressings [95]. 
Image:5 [96] 
 
5.4 Current In-Vitro and In-Vivo Studies 
Recent research highlights the potential of four-dimensional 
(4D) printed wound healing materials in both in vitro and in 
vivo models. Laboratory experiments have demonstrated 
that hydrogels responsive to pH and moisture, when loaded 
with nanoparticles, can effectively inhibit bacterial 
proliferation, support fibroblast growth, and release 
therapeutic agents in response to environmental stimuli 
[97]. Animal model studies of chronic wounds or burn 
injuries suggest that 4D-printed smart dressings expedite 
wound closure, enhance collagen deposition, promote 
angiogenesis, and reduce infection rates. Additionally, some 
investigations have examined stimuli-responsive insulin-
releasing hydrogels for diabetic wound healing, revealing 
improved glycemic control and tissue regeneration [98]. 
Collectively, these studies underscore the transformative 
potential of 4D printing in wound management, offering 
customizable, multifunctional, and adaptive solutions that 
address the limitations of conventional dressings. Table: 3 
shows the 4D Printing Applications in Regenerative 
Medicine and Wound Healing. 
 
Table:3: 4D Printing Applications in Regenerative 
Medicine and Wound Healing  

Applicatio
n Area 

Materia
l Type 

Function/Mec
hanism 

Clinical 
Benefit 

Bone 
Regenerat
ion 

SMPs, 
nanopart
icles 

Self-fitting 
scaffolds, 
controlled 
porosity 

Minimally 
invasive 
implantatio
n, enhanced 

osteocondu
ctivity [99]. 

Cartilage 
Repair 

Hydroge
l-based 
matrices 

Programmed 
deformation, 
viscoelastic 
matching 

Long-term 
functional 
restoration 
[100]. 

Cardiovas
cular 

Shape-
memory 
stents, 
self-
assembli
ng grafts 

Expand/morph 
to vessel size, 
drug release 

Reduced 
thrombosis, 
improved 
vascular 
integration 
[101]. 

Neural 
Repair 

Stimuli-
responsi
ve 
hydrogel
s, SMPs 

Dynamic 
guidance, 
growth factor 
gradients 

Enhanced 
axonal 
growth, 
functional 
recovery 
[102] 

Soft 
Tissue 

Hydroge
ls, 
polymer 
composi
tes 

Swelling/contr
action, 
bioactive 
release 

Accelerated 
wound 
closure, 
tissue 
integration 
[103]. 

Wound 
Healing 

pH/mois
ture-
responsi
ve 
hydrogel
s, 
antimicr
obial 
nanopart
icles 

Adaptive 
exudate 
control, 
infection 
prevention 

Faster 
healing, 
reduced 
scarring 
[104]. 

Drug 
Delivery 

Glucose-
responsi
ve 
hydrogel
s 

On-demand 
insulin release 

Localized 
therapy, 
minimized 
systemic 
side effects 
[105]. 

 
6. Integration with Advanced Technologies 
The full potential of 4D printing in the field of biomedicine 
is realized through its integration with advanced 
technologies such as artificial intelligence, bioprinting, 
digital twins, and nanotechnology. These integrations 
facilitate precise design, personalized therapy, real-time 
monitoring, and multifunctional capabilities, thereby 
advancing 4D printing from static fabrication to intelligent, 
adaptive biomedical solutions [106]. 
6.1. AI and Machine Learning: Predictive Modeling for 
4D Structures 
Artificial intelligence (AI) and machine learning (ML) are 
increasingly utilized to predict the behavior of four-
dimensional (4D) printed constructs under physiological 
conditions. By analyzing extensive datasets encompassing 
material properties, stimuli responses, and geometric 
designs, ML algorithms can optimize material selection, 
structural parameters, and actuation profiles to achieve 
desired shape transformations and functional outcomes 
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[107]. Predictive modeling using AI enables researchers to 
anticipate how a 4D construct will deform, fold, or actuate 
over time in response to specific stimuli, thereby reducing 
trial-and-error experimentation and expediting the 
development of customized, patient-specific biomedical 
devices. Furthermore, AI can be applied to real-time 
monitoring and adaptive control, facilitating feedback-
driven modifications in smart implants or drug delivery 
systems to enhance safety and efficacy . The advancement 
of brain-on-a-chip systems depends heavily on artificial 
intelligence (AI) and machine learning (ML), especially 
with the creation of bioinspired 4D bioprinted platforms 
like NeuroPods. To create dynamic, stimuli-responsive 
scaffolds that can modify their mechanical, electrical, and 
biochemical characteristics in real time to replicate the 
changing environment of neural tissues, these technologies 
employ AI-driven computer models. To forecast tissue 
response, direct microstructural design, and guarantee 
cytocompatibility—all of which enable customized and 
adaptive brain models—ML algorithms examine complex 
biological data. These platforms' integrated sensors produce 
ongoing data on biomechanics, metabolism, and neural 
activity, which AI utilizes to build digital twins—virtual 
models that mimic tissue growth, identify anomalies early, 
and maximize therapeutic responses.[108] Conceptual 
visualization of predictive modeling based on AI/ML with 
integration of digital twin technologies using 4D bioprinted 
NeuroPods, showcasing the application of input data related 
to materials, stimuli-responsive behavior, geometry, and 
biology to develop an intelligent scaffold, predict dynamic 
shape change under physiological stimuli, and monitor 4D 
bioprinted bio-inspired neural platforms using AI-powered 
digital twin feedback loops are seen in Figure 6. [109] 

 
Figure 6: AI/ML Driven predictive modelling and 

digital twin integration in 4D bioprinted neuropods 
 
6.2. Bioprinting + 4D: Patient-Specific Implants 
The integration of bioprinting and 4D printing facilitates the 
creation of dynamic, patient-specific implants and tissue 
constructs. Bioprinting enables the precise deposition of 
cell-laden bioinks, growth factors, and extracellular matrix 
components, while 4D printing incorporates stimuli-
responsive materials capable of altering shape, stiffness, or 
porosity post-implantation [110]. This synergy allows 
constructs to self-adjust to complex anatomical geometries, 
accommodate tissue growth, or gradually release 
therapeutics, thereby offering highly personalized 
regenerative solutions. For instance, 4D-bioprinted bone 

scaffolds can expand to fill irregular defects, and cardiac 
patches can dynamically conform to heart motion, 
enhancing integration and functional recovery . Four-
dimensional (4D)-printed bone structures can be designed 
to cross-link or reassemble by stimulating responsive 
materials, and their shape transformation properties can 
satisfy specific bone regeneration needs. In the post-
printing stage, it can also be utilized to create vascularized 
bone structures that aid in creating a bionic 
microenvironment, thereby affecting cellular behavior and 
improving stem cell differentiation. These advancements 
offer theoretical justification for creating bone structures 
that may dynamically adapt to faulty areas, greatly 
improving traditional three-dimensional (3D)-printed bone 
structures with increased functional adaptability. The 
stimulus-responsive printing inks employed allow for 
cellular release, spatiotemporal dispersion, and bioactivity 
maintenance for the regeneration of bone, vascular, and 
brain tissue.[111] The figure:7 shows the process of 
integrating bioprinting with 4D printing for creating 
patient-specific adaptive implants. First, the process 
involves imaging and collection of information about the 
anatomy of the patient. This is then followed by 3D 
modeling to create a patient-specific implant design. In the 
next step, the bioprinting process is employed to print cell-
loaded scaffold structures that are further integrated with 
4D printable material responsive to stimuli. The post-
processing of these structures leads to the change of their 
shape, stiffness, porosity, and controlled drug delivery. 
Lastly, the implant is incorporated into the defect site.[112] 

 
Figure 7: Diagrammatic representation showing the 
use of bioprinting and 4D printing in manufacturing 

patient-specific dynamic implants. Patient imaging and 
the construction of a three-dimensional model allow 
custom design of the structure, after which bioprint 

6.3. Digital Twins in Biomedical Simulations 
Digital twins, which are virtual representations of physical 
entities or systems, play a crucial role in biomedical 4D 
printing by simulating the behavior of implants, scaffolds, 
or wound dressings prior to their actual fabrication. By 
incorporating patient-specific imaging data, material 
mechanical properties, and stimuli-response models, digital 
twins can forecast morphological changes, stress 
distribution, and the functional performance of 4D 
constructs under physiological conditions [113]. This 
methodology facilitates preoperative planning, risk 
assessment, and the optimization of 4D structures to ensure 
their compatibility with individual patient anatomy and 
dynamic tissue environments. Furthermore, digital twins 
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enable real-time monitoring and adaptive control, 
establishing a feedback loop wherein the physical implant 
informs updates to its digital counterpart, thereby 
enhancing precision and safety. In order to facilitate 
individualized treatment planning and risk assessment, 
digital twin technology—which makes it possible to create 
patient-specific virtual models—is being used more and 
more in interventional cardiology. The current uses of 
digital twins in coronary and structural cardiac treatments, 
such as left atrial appendage closure (LAAC), transcatheter 
aortic valve replacement (TAVR), transcatheter mitral valve 
replacement (TMVR), and percutaneous coronary 
intervention (PCI), are examined in this review. Digital 
models based on computed tomography or angiography can 
anticipate post-procedural hemodynamics, guide stent 
placement, and assess physiological indices in coronary 
procedures. In order to model device-anatomy interactions, 
facilitate valve sizing, and evaluate hazards such 
paravalvular leak or left ventricular outflow tract 
obstruction, simulation platforms create 3D reconstructions 
using imaging data for structural interventions. Numerous 
technologies have already been incorporated into clinical 
processes, and there is mounting evidence that these tools 
can improve procedure results and planning accuracy. 
However, issues with data integration, workflow 
complexity, model validation, and regulatory restrictions 
prevent wider deployment. Validation is still challenging, 
especially for less common procedures like TMVR. Current 
advancements in computational techniques and artificial 
intelligence may improve model accuracy and speed, 
allowing for more widespread and effective clinical 
application. A possible path forward for precision medicine 
in transcatheter coronary and structural cardiac treatments 
is represented by digital twin technology.[114] Workflow of 
Digital Twin Integration for Biomedical 4D Printing is 
illustrated in the figure: 8 ,this figure shows the procedure 
through which patient-specific imaging data and material 
data are combined to create a virtual twin that can be 
simulated, optimized, implanted, and monitored in real 
time.[115] 

 
Figure 8: Digital twin-driven workflow for patient-

specific 4D biomedical printing. The workflow starts 
with the fusion of patient imaging data, anatomical 
information, materials used, and stimuli-responsive 

data to create a digital twin model. The virtual model 
helps simulate the behavior of the 4D construct under 
physiological stimuli such as morphological changes, 
stress distribution, and functionality. The improved 

design is useful in preoperative planning and creating 

4D printed implants, which are then implanted into 
patients and monitored in real time using feedback 

sensors to update the digital twin. 
 

6.4. Nanotechnology Convergence for Multifunctional 
Biomedical Devices 
The integration of nanotechnology significantly enhances 
4D printing by introducing multifunctional capabilities, 
including targeted drug delivery, antimicrobial activity, 
imaging, and electrical or thermal responsiveness. 
Nanoparticles, nanofibers, and nanoscale surface 
modifications can be incorporated within 4D constructs to 
enable remote-controlled actuation, photothermal therapy, 
or bioelectronic functionality [116]. For example, magnetic 
nanoparticles can facilitate magnetically guided scaffolds, 
gold nanoparticles can enable light-triggered drug release, 
and graphene or carbon nanotubes can provide electrical 
conductivity for neural interfaces. The convergence of 
nanotechnology with 4D printing facilitates the design of 
intelligent, multifunctional biomedical devices that respond 
to both external stimuli and physiological cues, integrating 
structural support, therapeutic delivery, and real-time 
sensing within a single platform [117]. Figure:9 
demonstrates how nanotechnology can be incorporated into 
4D printing of scaffolds to form multifunctional smart 
biomedical devices that possess the ability to deliver drugs, 
exhibit antibacterial properties, provide imaging, respond to 
external stimuli, and be remotely operated.[118] 
 

 
Figure 9: Illustrative representation of enhanced 4D 
printing using nanotechnology for creation of smart 
biomedical constructs having multifunctionality. The 

inclusion of nanoparticles, nanofibers, and 
nanotechnology-based surface engineering of stimuli-
sensitive 4D printed scaffolds results in the production 
of multi-functional composite scaffolds possessing high 

strength, conductivity, sensitivity, and visualization 
capacity. Such multi-functional 4D scaffolds can be 

designed to perform various functions such as delivery 
of drugs, antimicrobial effects, visualization, electrical 

and thermal sensitivity, and remote actuation by 
exploiting the advantages of nanotechnology within the 

realm of 4D printing technology. 
 

7. Challenges and Limitations: 
Despite the significant potential of 4D printing in 
biomedical applications, several critical challenges and 
limitations must be addressed prior to clinical translation. A 
primary obstacle is the development of materials that are 
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concurrently biocompatible, mechanically robust, stimuli-
responsive, and biodegradable [119]. These materials must 
avoid eliciting immune reactions or cytotoxicity while 
maintaining functional properties over the necessary time 
frame. Controlling degradation rates is particularly 
challenging, as scaffolds or implants that degrade too 
rapidly may fail to support tissue regeneration, whereas 
those that degrade too slowly could impede healing or 
necessitate surgical removal [120]. The integration of 
nanoparticles, bioactive molecules, or multi-stimuli 
responsive polymers further complicates the process, 
requiring careful evaluation of toxicity, stability, and tissue 
compatibility. Manufacturing and scalability also present 
significant limitations, as the fabrication of multi-material, 
stimuli-responsive constructs with precise architecture and 
uniform material distribution is technically demanding 
[121]. Scaling lab-scale prototypes to clinically relevant 
sizes without compromising functionality or reproducibility 
remains difficult. Furthermore, translating 4D-printed 
devices into clinical use necessitates navigating complex 
regulatory and ethical frameworks, as these dynamic, 
multifunctional, and patient-specific constructs do not fit 
neatly into existing medical device categories [122]. This 
requires extensive preclinical testing and consideration of 
patient consent, equitable access, and long-term outcomes. 
Finally, uncertainties regarding long-term safety and in-
vivo stability present additional challenges, as dynamic 
transformations, biodegradation, and interactions between 
materials could lead to unintended structural changes, loss 
of function, or adverse tissue reactions. Chronic exposure 
to embedded nanoparticles or bioactive agents may pose 
cumulative toxicity risks [123,124]. Overcoming these 
challenges necessitates interdisciplinary collaboration, 
standardized fabrication protocols, advanced in-vivo 
monitoring, predictive modeling, and clear regulatory 
pathways to ensure that 4D-printed biomedical devices can 
safely and effectively realize their full potential in 
personalized medicine, regenerative therapies, and adaptive 
biomedical applications [125]. 
8. Future perspectives: 
The future of four-dimensional (4D) printing in 
biomedicine is anticipated to significantly transform 
healthcare by offering personalized, adaptive, and 
intelligent solutions. A particularly promising avenue is the 
creation of patient-specific 4D-printed implants and wound 
care systems [126]. In this context, anatomical data 
obtained from imaging techniques such as computed 
tomography (CT) or magnetic resonance imaging (MRI) 
can inform the fabrication of constructs that dynamically 
conform to individual defect geometries. These constructs 
can adapt their shape, stiffness, or porosity in response to 
physiological stimuli, thereby promoting tissue integration 
and expediting healing [127]. Similarly, personalized 
wound dressings can respond to variations in exudate, pH, 
or infection markers, facilitating on-demand therapeutic 
delivery and reducing complications. The integration of 
wearable sensors and smart bandages further enables real-
time monitoring of wound conditions, tissue regeneration, 
or implant performance, while initiating adaptive responses 
such as localized drug or growth factor release and 

providing feedback to clinicians for remote patient care 
[128]. Another transformative direction is the development 
of fully autonomous, AI-guided 4D bioprinting, wherein 
artificial intelligence and machine learning optimize 
material selection, structural design, stimuli-
responsiveness, and post-printing maturation, allowing for 
the on-demand fabrication of complex, multifunctional 
constructs with minimal human intervention [129]. 
Additionally, sustainable and eco-friendly approaches are 
expected to gain prominence, including the use of 
biodegradable or bio-derived polymers, low-energy 
fabrication methods, and environmentally safe 
nanoparticles, ensuring that biomedical devices are both 
clinically effective and environmentally responsible [130]. 
Collectively, these innovations suggest a future where 4D 
printing facilitates highly personalized, adaptive, and 
multifunctional medical devices and tissue constructs, 
integrating real-time monitoring, AI optimization, and 
sustainable practices to advance regenerative medicine, 
wound care, and patient-specific therapeutics [131]. 
 
CONCLUSION: 
Four-dimensional (4D) printing is an advanced evolution of 
3D printing that incorporates stimuli-responsive smart 
materials to create structures capable of changing shape, 
function, or properties over time in response to external 
stimuli. 4D printing has significant potential in biomedical 
applications, particularly in regenerative medicine and 
smart wound healing. Smart polymers, hydrogels, and 
nanoparticle-integrated composites are key material 
platforms for 4D bioprinting, offering biocompatibility, 
biodegradability, and stimuli-responsiveness. In 
regenerative medicine, 4D printing enables the creation of 
adaptive scaffolds and implants for bone, cartilage, 
vascular, cardiac, neural, and soft tissue regeneration. For 
wound healing, 4D-printed smart dressings, on-demand 
drug delivery systems, and skin regeneration scaffolds 
actively promote healing and prevent infection. The 
integration of 4D printing with AI, bioprinting, digital 
twins, and nanotechnology further enhances its capabilities 
in creating personalized, multifunctional biomedical 
devices. However, challenges related to material 
development, scalability, regulatory approval, and long-
term safety need to be addressed for successful clinical 
translation. The future of 4D printing in biomedicine is 
expected to revolutionize healthcare through patient-
specific, adaptive, and intelligent solutions, transforming 
regenerative medicine, wound care, and personalized 
therapeutics.. 
 
REFERENCE 
1. Chia HN, Wu BM. Recent advances in 3D printing 
of biomaterials. J Biol Eng 2015;9. 
https://doi.org/10.1186/s13036-015-0001-4. 
2. Qu G, Ren J, Li Z, Huang J, Gu G, Wu X. Smart 
implants: 4D-printed shape-morphing scaffolds for medical 
implantation. IJB 2023;9:764. 
https://doi.org/10.18063/ijb.764. 
3. Lai J, Wang M. Developments of additive 
manufacturing and 5D printing in tissue engineering. 



4D Printing in Regenerative Medicine and Smart Wound Healing: Stimuli-Responsive Materials for Next-
Generation Biomedical Devices 

IJDDT, Volume 16 Issue 42s, 2026 Page 860 

 

Journal of Materials Research 2023;38:4692–4725. 
https://doi.org/10.1557/s43578-023-01193-5. 
4. Imam SS, Alshehri S, Altamimi MA, Hussain A. 
Four-Dimensional Printing for Hydrogel: Theoretical 
Concept, 4D Materials, Shape-Morphing Way, and Future 
Perspectives. Polymers 2021;13:3858. 
https://doi.org/10.3390/polym13213858. 
5. Franco Urquiza EA. Advances in Additive 
Manufacturing of Polymer-Fused Deposition Modeling on 
Textiles: From 3D Printing to Innovative 4D Printing—A 
Review. Polymers 2024;16:700. 
https://doi.org/10.3390/polym16050700. 
6. Saska S, Blay A, Pilatti L, Shibli JA. 
Bioresorbable Polymers: Advanced Materials and 4D 
Printing for Tissue Engineering. Polymers 2021;13:563. 
https://doi.org/10.3390/polym13040563. 
7. Noroozi R, Arif ZU, Hadi A, Khalid MY, 
Sadeghianmaryan A, Taghvaei H, et al. 3D and 4D 
Bioprinting Technologies: A Game Changer for the 
Biomedical Sector? Ann Biomed Eng 2023;51:1683–1712. 
https://doi.org/10.1007/s10439-023-03243-9. 
8. Pan HM, Goto A. Topology-Dependent pH-
Responsive Actuation and Shape Memory Programming 
for Biomimetic 4D Printing. Macromol Rapid Commun 
2023;44:2300074. 
https://doi.org/10.1002/marc.202300074. 
9. Schmidt, F., Fleming, R. W., Paulun, V. C., & Van 
Assen, J. J. R. (2017). Inferring the stiffness of unfamiliar 
objects from optical, shape, and motion cues. Journal of 
Vision, 17(3), 18. https://doi.org/10.1167/17.3.18 
10. Sadraei, A., & Naghib, S. M. (2024). 4D Printing 
of Physical Stimuli-Responsive Hydrogels for Localized 
Drug Delivery and Tissue Engineering. Polymer Reviews, 
65(1), 104–168. 
https://doi.org/10.1080/15583724.2024.2427184 
11. Mandal, A., & Chatterjee, K. (2024). 4D printing 
for biomedical applications. Journal of Materials 
Chemistry. B, 12(12), 2985–3005. 
https://doi.org/10.1039/d4tb00006d 
12. Cong, B., & Zhang, H. (2025). Innovative 3D 
printing technologies and advanced materials 
revolutionizing orthopedic surgery: current applications 
and future directions. Frontiers in Bioengineering and 
Biotechnology, 13. 
https://doi.org/10.3389/fbioe.2025.1542179 
13. Chen, A. Y., Jin, Z., Chen, A., Gu, G. X., & Pegg, 
E. (2021). 4D Printing of Electroactive Materials. 
Advanced Intelligent Systems, 3(12), 2100019. 
https://doi.org/10.1002/aisy.202100019 
14. Kalogeropoulou M, Díaz-Payno PJ, Mirzaali MJ, 
Van Osch GJVM, Fratila-Apachitei LE, Zadpoor AA. 4D 
printed shape-shifting biomaterials for tissue engineering 
and regenerative medicine applications. Biofabrication 
2024;16:022002. https://doi.org/10.1088/1758-
5090/ad1e6f. 
15. Wu, S.-D., & Hsu, S.-H. (2021). 4D bioprintable 
self-healing hydrogel with shape memory and 
cryopreserving properties. Biofabrication, 13(4), 045029. 
https://doi.org/10.1088/1758-5090/ac2789 

16. Ramezani M, Mohd Ripin Z. 4D Printing in 
Biomedical Engineering: Advancements, Challenges, and 
Future Directions. JFB 2023;14:347. 
https://doi.org/10.3390/jfb14070347. 
17. Yarali E, Mirzaali MJ, Ghalayaniesfahani A, 
Accardo A, Diaz-Payno PJ, Zadpoor AA. 4D Printing for 
Biomedical Applications. Advanced Materials 2024;36. 
https://doi.org/10.1002/adma.202402301. 
18. Karunakar KK, Cheriyan BV, Anandakumar R, 
Murugathirumal A, Senthilkumar A, Nandhini J, et al. 
Stimuli-responsive smart materials: Bridging the gap 
between biotechnology and regenerative medicine. 
Bioprinting. 2025 July 1;48:e00415. 
19. Roberts, C. T., Beck, S. K., Prejean, C. M., Graul, 
L. M., Maitland, D. J., & Grunlan, M. A. (2024). Star-PCL 
shape memory polymer (SMP) scaffolds with tunable 
transition temperatures for enhanced utility. Journal of 
Materials Chemistry. B, 12(15), 3694–3702. 
https://doi.org/10.1039/d4tb00050a 
20. Jiang, S., Zhang, X., Wang, K., Dai, Y., & Xia, F. 
(2019). Near‐Infrared Light‐Triggered Dual Drug Release 
Using Gold Nanorod‐Embedded Thermosensitive Nanogel‐
Crosslinked Hydrogels. Macromolecular Materials and 
Engineering, 304(7), 1900087. 
https://doi.org/10.1002/mame.201900087 
21. Lee, J. W., Lee, Y. M., Lee, K. H., Kim, S. Y., 
Kim, S. S., & Kim, S. J. (1999). Synthesis and 
characteristics of interpenetrating polymer network 
hydrogel composed of chitosan and poly(acrylic acid). 
Journal of Applied Polymer Science, 73(1), 113–120. 
https://doi.org/10.1002/(sici)1097-
4628(19990705)73:1<113::aid-app13>3.0.co;2-d 
22. Babić Radić, M. M., Vukomanović, M., 
Nikodinović-Runić, J., & Tomić, S. (2024). Gelatin-
/Alginate-Based Hydrogel Scaffolds Reinforced with TiO2 
Nanoparticles for Simultaneous Release of Allantoin, 
Caffeic Acid, and Quercetin as Multi-Target Wound 
Therapy Platform. Pharmaceutics, 16(3), 372. 
https://doi.org/10.3390/pharmaceutics16030372 
23. Gonzalez-Rodriguez, R., Naumov, A., & 
Campbell, E. (2019). Multifunctional graphene oxide/iron 
oxide nanoparticles for magnetic targeted drug delivery 
dual magnetic resonance/fluorescence imaging and cancer 
sensing. PloS One, 14(6), e0217072. 
https://doi.org/10.1371/journal.pone.0217072 
24. Zhou, K., Nisbet, D. R., Thouas, G. A., Forsythe, 
J. S., Li, D., Bernard, C. C., & Finkelstein, D. I. (2012). 
Method to Impart Electro- and Biofunctionality to Neural 
Scaffolds Using Graphene–Polyelectrolyte Multilayers. 
ACS Applied Materials &amp; Interfaces, 4(9), 4524–
4531. https://doi.org/10.1021/am3007565 
25. Ma S, Wang M, Zhang Y, Ren L, Ren L, Liang Y. 
Recent progress in 4D printing of stimuli-responsive 
polymeric materials. Sci China Technol Sci 2019;63:532–
544. https://doi.org/10.1007/s11431-019-1443-1. 
26. Bhanushali H, Mestry S, Mhaske ST, Amrutkar S. 
Shape memory polymer nanocomposite: a review on 
structure–property relationship. Polym Bull 2021;79:3437–
3493. https://doi.org/10.1007/s00289-021-03686-x. 



4D Printing in Regenerative Medicine and Smart Wound Healing: Stimuli-Responsive Materials for Next-
Generation Biomedical Devices 

IJDDT, Volume 16 Issue 42s, 2026 Page 861 

 

27. Dixit G, Pandey PM. Experimental investigations 
of temperature-sensitive shape memory polymer 
composites for 4D printing. Journal of Thermoplastic 
Composite Materials 2024;38:537–563. 
https://doi.org/10.1177/08927057241254322. 
28. Xing Y, Zeng B, Yang W. Light responsive 
hydrogels for controlled drug delivery. Front Bioeng 
Biotechnol 2022;10. 
https://doi.org/10.3389/fbioe.2022.1075670. 
29. Tao Y, Shi B, Chan HF, Leong KW, Li M. Light: 
A Magical Tool for Controlled Drug Delivery. Adv Funct 
Materials 2020;30:2005029. 
https://doi.org/10.1002/adfm.202005029. 
30. Kasiński A, Zielińska-Pisklak M, Oledzka E, 
Sobczak M. Smart Hydrogels - Synthetic Stimuli-
Responsive Antitumor Drug Release Systems. IJN 
2020;15:4541–4572. https://doi.org/10.2147/ijn.s248987. 
31. Cao Y, Cheng Y, Zhao G. Near-Infrared Light-, 
Magneto-, and pH-Responsive GO-Fe3O4/Poly(N-
isopropylacrylamide)/alginate Nanocomposite Hydrogel 
Microcapsules for Controlled Drug Release. Langmuir 
2021;37:5522–5530. 
https://doi.org/10.1021/acs.langmuir.1c00207. 
32. Karipoth P, Harris RA, Macdonald J, Chandler JH, 
Taccola S, Valdastri P, et al. Aerosol Jet Printing of Strain 
Sensors for Soft Robotics. Adv Eng Mater 2023;26. 
https://doi.org/10.1002/adem.202301275. 
33. Chen J-K, Chang C-J. Fabrications and 
Applications of Stimulus-Responsive Polymer Films and 
Patterns on Surfaces: A Review. Materials 2014;7:805–
875. https://doi.org/10.3390/ma7020805. 
34. Pourmasoumi P, Moghaddam A, Nemati Mahand 
S, Heidari F, Salehi Moghaddam Z, Arjmand M, et al. A 
review on the recent progress, opportunities, and challenges 
of 4D printing and bioprinting in regenerative medicine. 
Journal of Biomaterials Science, Polymer Edition 
2022;34:108–146. 
https://doi.org/10.1080/09205063.2022.2110480. 
35. Yuts Y, Luo Z, Leroux J, Bohley M, Krivitsky A, 
Bao Y. Photopolymerization Inks for 3D Printing of Elastic, 
Strong, and Biodegradable Oral Delivery Devices. Adv 
Funct Materials 2023;34. 
https://doi.org/10.1002/adfm.202310111. 
36. Fathi M, Barar J. Perspective highlights on 
biodegradable polymeric nanosystems for targeted therapy 
of solid tumors. Bioimpacts 2017;7:49–57. 
https://doi.org/10.15171/bi.2017.07. 
37. Schwab A, D’Este M, Eglin D, Malda J, Piluso S, 
Levato R. Printability and Shape Fidelity of Bioinks in 3D 
Bioprinting. Chem Rev 2020;120:11028–11055. 
https://doi.org/10.1021/acs.chemrev.0c00084. 
38. Lim KS, Costa PF, Malda J, Hooper GJ, Alcala-
Orozco CR, Gawlitta D, et al. Bio-resin for high resolution 
lithography-based biofabrication of complex cell-laden 
constructs. Biofabrication 2018;10:034101. 
https://doi.org/10.1088/1758-5090/aac00c. 
39. Li X, Zhang L, Qiao R, Davis TP, Wang M. 
Advancing Tissue Culture with Light-Driven 3D-Printed 
Microfluidic Devices. Biosensors 2024;14:301. 
https://doi.org/10.3390/bios14060301. 

40. Liang R, Gu Y, Bunpetch V, Wu Y, Zhang S. 
Lithography-Based 3D Bioprinting and Bioinks for Bone 
Repair and Regeneration. ACS Biomater Sci Eng 
2020;7:806–816. 
https://doi.org/10.1021/acsbiomaterials.9b01818. 
41. Abolhassani S, Fattahi R, Safshekan F, Saremi J, 
Hasanzadeh E. Advances in 4D Bioprinting: The Next 
Frontier in Regenerative Medicine and Tissue Engineering 
Applications. Adv Healthcare Materials 2024;14. 
https://doi.org/10.1002/adhm.202403065. 
42. Miao S, Zhu W, Leng J, Zhang LG, Castro NJ. 
Four-Dimensional Printing Hierarchy Scaffolds with 
Highly Biocompatible Smart Polymers for Tissue 
Engineering Applications. Tissue Engineering Part C: 
Methods 2016;22:952–963. 
https://doi.org/10.1089/ten.tec.2015.0542. 
43. Doostmohammadi H, Baghani M, Bodaghi M, 
Baniassadi M. 4D Printing of Magneto‐Thermo‐
Responsive PLA/PMMA/Fe3O4 Nanocomposites with 
Superior Shape Memory and Remote Actuation. Macro 
Materials &amp;Amp; Eng 2024;309. 
https://doi.org/10.1002/mame.202400090. 
44. Hamidi MN, Abdullah J, Shuib RK, Aziz I, 
Namazi H. 4D printing of polylactic acid 
(PLA)/thermoplastic polyurethane (TPU) shape memory 
polymer – a review. Eng Res Express 2024;6:012402. 
https://doi.org/10.1088/2631-8695/ad337e. 
45. Nakamura K, Di Caprio N, Burdick JA. 
Engineered Shape-Morphing Transitions in Hydrogels 
Through Suspension Bath Printing of Temperature-
Responsive Granular Hydrogel Inks. Advanced Materials 
2024;36. https://doi.org/10.1002/adma.202410661. 
46. Pogorielov M, Klápšťová A, Berezkinová L, 
Vodseďálková K, Deineka V, Hapchenko A, et al. In vitro 
degradation and in vivo toxicity of NanoMatrix3D® 
polycaprolactone and poly(lactic acid) nanofibrous 
scaffolds. J Biomedical Materials Res 2018;106:2200–
2212. https://doi.org/10.1002/jbm.a.36427. 
47. He S, Hu S, Niu Z, Zhao X, Wu Y, Wang R, et al. 
Polyurethanes Based on Polylactic Acid for 3D Printing and 
Shape-Memory Applications. Biomacromolecules 
2022;23:4192–4202. 
https://doi.org/10.1021/acs.biomac.2c00662. 
48. Luo E, Xing F, Huang F-W, Shen H-Y, Xu J-Z, 
Jiang K, et al. Biomimetic Mineralized 3D-Printed 
Polycaprolactone Scaffold Induced by Self-Adaptive 
Nanotopology to Accelerate Bone Regeneration. ACS Appl 
Mater Interfaces 2024;16:18658–18670. 
https://doi.org/10.1021/acsami.4c02636. 
49. Liu W, He X, Shao S, Ma Y, Fu Q, Li J, et al. 
Water‐Triggered Stiffening of Shape‐Memory 
Polyurethanes Composed of Hard Backbone Dangling PEG 
Soft Segments. Advanced Materials 2022;34:2201914. 
https://doi.org/10.1002/adma.202201914. 
50. Sathishkumar M, Dhorajiwala MM, Kumar MS, 
Gaba S, Vignesh M, Anbuchezhiyan G. Smart materials for 
4D printing: Emerging biomedical applications, stimuli, 
techniques, and future directions. Materials Today 
Communications. 2026 Jan 1;50:114490. 



4D Printing in Regenerative Medicine and Smart Wound Healing: Stimuli-Responsive Materials for Next-
Generation Biomedical Devices 

IJDDT, Volume 16 Issue 42s, 2026 Page 862 

 

51. Kim M, Kim YB, Lee M, Chun H-J. Analysis of 
mechanical and shape memory properties of biocompatible 
shape memory polymers with different Fe3O4 contents. 
Funct Compos Struct 2024;6:025005. 
https://doi.org/10.1088/2631-6331/ad3dbe. 
52. Zhang Y, Hu J, Qin T, Zhao X, Ji F, Xie R. 
Mechanically Robust Shape Memory Polyurethane 
Nanocomposites for Minimally Invasive Bone Repair. ACS 
Appl Bio Mater 2019;2:1056–1065. 
https://doi.org/10.1021/acsabm.8b00655. 
53. Baniasadi H. State-of-the-art in natural hydrogel-
based wound dressings: Design, functionalization, and 
fabrication approaches. Advances in Colloid and Interface 
Science 2025;342:103527. 
https://doi.org/10.1016/j.cis.2025.103527. 
54. Naranda J, Vogrin M, Maver U, Bračič M. Recent 
Advancements in 3D Printing of Polysaccharide Hydrogels 
in Cartilage Tissue Engineering. Materials 2021;14:3977. 
https://doi.org/10.3390/ma14143977. 
55. Laurén I, Farzan A, Teotia A, Lindfors NC, 
Seppälä J. Direct ink writing of biocompatible 
chitosan/non-isocyanate polyurethane/cellulose nanofiber 
hydrogels for wound-healing applications. International 
Journal of Biological Macromolecules 2024;259:129321. 
https://doi.org/10.1016/j.ijbiomac.2024.129321. 
56. Vashist A, Gupta YK, Shahabuddin S, Ahmad S. 
Polyol induced interpenetrating networks: chitosan-
methylmethacrylate based biocompatible and pH 
responsive hydrogels for drug delivery system. J Mater 
Chem B 2013;1:168–178. 
https://doi.org/10.1039/c2tb00021k. 
57. Zöller K, To D, Bernkop-Schnürch A. Biomedical 
applications of functional hydrogels: Innovative 
developments, relevant clinical trials and advanced 
products. Biomaterials 2024;312:122718. 
https://doi.org/10.1016/j.biomaterials.2024.122718. 
58. Caló E, Khutoryanskiy VV. Biomedical 
applications of hydrogels: A review of patents and 
commercial products. European Polymer Journal 
2014;65:252–267. 
https://doi.org/10.1016/j.eurpolymj.2014.11.024. 
59. Fermani M, Chatzinikolaidou M, Zgouro P, 
Platania V, Fatouros D, Kavasi R-M, et al. 3D-Printed 
Scaffolds from Alginate/Methyl Cellulose/Trimethyl 
Chitosan/Silicate Glasses for Bone Tissue Engineering. 
Applied Sciences 2021;11:8677. 
https://doi.org/10.3390/app11188677. 
60. Asadi K, Samiraninezhad N, Akbarizadeh AR, 
Amini A, Gholami A. Stimuli-responsive hydrogel based 
on natural polymers for breast cancer. Front Chem 2024;12. 
https://doi.org/10.3389/fchem.2024.1325204. 
61. Farjaminejad S, Farjaminejad R, Hasani M, 
Garcia-Godoy F, Abdouss M, Marya A, et al. Advances and 
Challenges in Polymer-Based Scaffolds for Bone Tissue 
Engineering: A Path Towards Personalized Regenerative 
Medicine. Polymers 2024;16:3303. 
https://doi.org/10.3390/polym16233303. 
62. Yang C, Chang J, Ma N, Huan Z, Ma B, Wu C, et 
al. 3D-Printed Bioactive Ca3SiO5 Bone Cement Scaffolds 
with Nano Surface Structure for Bone Regeneration. ACS 

Appl Mater Interfaces 2017;9:5757–5767. 
https://doi.org/10.1021/acsami.6b14297. 
63. Zhang C, Zhang Y, Mou L, Jiang X, Wang N, 
Ding L, et al. Anticoagulant Hydrogel Tubes with Poly(ɛ-
Caprolactone) Sheaths for Small-Diameter Vascular Grafts. 
Adv Healthcare Materials 2021;10:2100839. 
https://doi.org/10.1002/adhm.202100839. 
64. Li Y, He Y, Chen W, Zhang X, Feng Z, Mu W, et 
al. Peripheral Nerve Regeneration with 3D Printed Bionic 
Scaffolds Loading Neural Crest Stem Cell Derived 
Schwann Cell Progenitors. Adv Funct Materials 
2021;31:2010215. 
https://doi.org/10.1002/adfm.202010215. 
65. Sun P, Hou H, Peng J, Sheng X, Liu S, Huang Y, 
et al. A Bioresorbable and Conductive Scaffold Integrating 
Silicon Membranes for Peripheral Nerve Regeneration. 
Adv Healthcare Materials 2023;12. 
https://doi.org/10.1002/adhm.202301859. 
66. Das S, Thimukonda Jegadeesan J, Basu B. 
Advancing Peripheral Nerve Regeneration: 3D Bioprinting 
of GelMA-Based Cell-Laden Electroactive Bioinks for 
Nerve Conduits. ACS Biomater Sci Eng 2024;10:1620–
1645. https://doi.org/10.1021/acsbiomaterials.3c01226. 
67. Zhang L, Huang X, Cole T, Lu H, Hang J, Li W, 
et al. 3D-printed liquid metal polymer composites as NIR-
responsive 4D printing soft robot. Nat Commun 2023;14. 
https://doi.org/10.1038/s41467-023-43667-4 
68. Razzaq, M. Y., Westermann, S., Gonzalez-
Gutierrez, J., Ruch, D., Schmidt, D. F., & Mertz, G. (2022). 
4D Printing of Multicomponent Shape-Memory Polymer 
Formulations. Applied Sciences, 12(15), 7880. 
https://doi.org/10.3390/app12157880 
69. Fang K, Xu T, Gao G, Zhou L, Wang R, Liu D, et 
al. Mechano-Responsive, Tough, and Antibacterial 
Zwitterionic Hydrogels with Controllable Drug Release for 
Wound Healing Applications. ACS Appl Mater Interfaces 
2020;12:52307–52318. 
https://doi.org/10.1021/acsami.0c13009. 
70. Nun N, Tseng Y-M, Jain T, Leipzig ND, 
Mcdonald C, Joy A, et al. Thread Size and Polymer 
Composition of 3D Printed and Electrospun Wound 
Dressings Affect Wound Healing Outcomes in an 
Excisional Wound Rat Model. Biomacromolecules 
2020;21:4030–4042. 
https://doi.org/10.1021/acs.biomac.0c00801. 
71. Srivastava R. Advancing precision oncology with 
AI-powered genomic analysis. Front Pharmacol 2025;16. 
https://doi.org/10.3389/fphar.2025.1591696. 
72. Sah AK, Elshaikh RH, Shalabi MG, Abbas AM, 
Prabhakar PK, Babker AMA, et al. Role of Artificial 
Intelligence and Personalized Medicine in Enhancing HIV 
Management and Treatment Outcomes. Life 2025;15:745. 
https://doi.org/10.3390/life15050745. 
73. Huang J, Huang Z, Xiong J, Xia J, Wang Y, Yang 
L, et al. 3D bioprinted scaffolds of polysaccharide 
hydrogels in osteochondral and cartilage tissue engineering. 
Designed Monomers and Polymers 2023;26:258–272. 
https://doi.org/10.1080/15685551.2023.2284482. 
74. Kang X, Zhang X-B, Gao X-D, Hao D-J, Li T, Xu 
Z-W. Bioprinting for bone tissue engineering. Front Bioeng 



4D Printing in Regenerative Medicine and Smart Wound Healing: Stimuli-Responsive Materials for Next-
Generation Biomedical Devices 

IJDDT, Volume 16 Issue 42s, 2026 Page 863 

 

Biotechnol 2022;10. 
https://doi.org/10.3389/fbioe.2022.1036375. 
75. Deng Y, Zhang F, Yuan H, Zhang S, Liu Y, Leng 
J. 4D Printed Shape Memory Polyurethane-Based 
Composite for Bionic Cartilage Scaffolds. ACS Appl 
Polym Mater 2023;5:1283–1292. 
https://doi.org/10.1021/acsapm.2c01833. 
76. Xue X, Zhou Q, Jing Y, Ren X, Li J, Liu H, et al. 
Rational Design of Multifunctional CuS Nanoparticle‐PEG 
Composite Soft Hydrogel‐Coated 3D Hard 
Polycaprolactone Scaffolds for Efficient Bone 
Regeneration. Adv Funct Materials 2022;32:2202470. 
https://doi.org/10.1002/adfm.202202470. 
77. Xia, H., Zhou, G., Liu, W., Zhao, D., Zhang, W., 
Liu, Y., Hua, Y., Chen, H. H., Chen, W., Xu, Y., Liu, Y., 
Zhu, H., Cao, Y., Wang, X., Xiao, K., & Tang, S. (2018). 
Lyophilized Scaffolds Fabricated from 3D-Printed 
Photocurable Natural Hydrogel for Cartilage Regeneration. 
ACS Applied Materials &amp; Interfaces, 10(37), 31704–
31715. https://doi.org/10.1021/acsami.8b10926 
78. Lovett M, Eng G, Kluge J, Cannizzaro C, Vunjak-
Novakovic G, Kaplan DL. Tubular silk scaffolds for small 
diameter vascular grafts. Organogenesis 2010;6:217–224. 
https://doi.org/10.4161/org.6.4.13407. 
79. Strobel HA, Qendro EI, Alsberg E, Rolle MW. 
Targeted Delivery of Bioactive Molecules for Vascular 
Intervention and Tissue Engineering. Front Pharmacol 
2018;9. https://doi.org/10.3389/fphar.2018.01329. 
80. [54] Kim BS, Ahn M, Cho D-W, Chae S, Jang J, 
Kong J-S, et al. Three-dimensional bioprinting of cell-laden 
constructs with polycaprolactone protective layers for using 
various thermoplastic polymers. Biofabrication 
2016;8:035013. https://doi.org/10.1088/1758-
5090/8/3/035013. 
81. Ye W, Li H, Yu K, Xie C, Wang P, Zheng Y, et al. 
3D printing of gelatin methacrylate-based nerve guidance 
conduits with multiple channels. Materials &amp; Design 
2020;192:108757. 
https://doi.org/10.1016/j.matdes.2020.108757. 
82. Lam, T. C., & Leung, Y. Y. (2024). Innovations in 
Peripheral Nerve Regeneration. Bioengineering, 11(5), 444. 
https://doi.org/10.3390/bioengineering11050444 
83. Muangsanit, P., Ataç, A. F., Nazhat, S. N., 
Dimiou, S., Phillips, J. B., Park, H., Day, A., & Kayal, C. 
(2020). Rapidly formed stable and aligned dense collagen 
gels seeded with Schwann cells support peripheral nerve 
regeneration. Journal of Neural Engineering, 17(4), 
046036. https://doi.org/10.1088/1741-2552/abaa9c 
84. Xiong, F., Li, B., Jiang, W., Xue, Y., Wei, S., Wu, 
S., Yuan, H., & Xuan, H. (2023). Aligned Electroactive 
Electrospun Fibrous Scaffolds for Peripheral Nerve 
Regeneration. ACS Applied Materials &amp; Interfaces, 
15(35), 41385–41402. 
https://doi.org/10.1021/acsami.3c09237 
85. Roshangar L, Khosroshahi AF, Rad JS, Kheirjou 
R. Using 3D-bioprinting scaffold loaded with adipose-
derived stem cells to burns wound healing. J Tissue Eng 
Regen Med 2021;15:546–555. 
https://doi.org/10.1002/term.3194. 

86. Hong G, Li J, Wei W, Wu Y, Li L, Chen Y, et al. 
Starfish-Inspired Synergistic Reinforced Hydrogel Wound 
Dressing: Dual Responsiveness and Enhanced Bioactive 
Compound Delivery for Advanced Skin Regeneration and 
Management. ACS Nano 2025;19:10180–10198. 
https://doi.org/10.1021/acsnano.4c17291. 
87. Xu G, Liu G, Cheng C, Chen Z, Li X, Low SS, et 
al. Battery‐Free and Wireless Smart Wound Dressing for 
Wound Infection Monitoring and Electrically Controlled 
On‐Demand Drug Delivery. Adv Funct Materials 
2021;31:2100852. 
https://doi.org/10.1002/adfm.202100852. 
88. Jia X, Dou Z, Yang W, Zhang Y, Hu Z, Li X, et al. 
Smart Responsive and Controlled-Release Hydrogels for 
Chronic Wound Treatment. Pharmaceutics 2023;15:2735. 
https://doi.org/10.3390/pharmaceutics15122735. 
89. Bîrcă AC, Minculescu MA, Niculescu A-G, 
Hudiță A, Holban AM, Alberts A, et al. Nanoparticle-
Enhanced Collagen Hydrogels for Chronic Wound 
Management. JFB 2025;16:91. 
https://doi.org/10.3390/jfb16030091. 
90. Ahmadi M, Farazin A, Sabzini M, Rastgordani S. 
Optimizing Wound Healing: Examining the Influence of 
Biopolymers Through a Comprehensive Review of 
Nanohydrogel-Embedded Nanoparticles in Advancing 
Regenerative Medicine. The International Journal of Lower 
Extremity Wounds 2024. 
https://doi.org/10.1177/15347346241244890. 
91. Li D, Li M, Wang L, Zhang J, Wang X, Nie J, et 
al. The synergetic effect of alginate-derived hydrogels and 
metal-phenolic nanospheres for chronic wound therapy. J 
Mater Chem B 2024;12:2571–2586. 
https://doi.org/10.1039/d3tb02685j. 
92. Sun, R., Zhao, M., Liu, S., Chang, M.-W., Li, C., 
Wang, B., & Lang, Y. (2024). Leveraging Oriented Lateral 
Walls of Nerve Guidance Conduit with Core-Shell 
MWCNTs Fibers for Peripheral Nerve Regeneration. 
Advanced Healthcare Materials, 13(13). 
https://doi.org/10.1002/adhm.202303867 
93. Wang, J., Wang, H., Zheng, W., Mo, X., Zhu, T., 
Shen, W., Chen, L., & Fan, C. (2019). Enhancement of 
Schwann Cells Function Using Graphene-Oxide-Modified 
Nanofiber Scaffolds for Peripheral Nerve Regeneration. 
ACS Biomaterials Science &amp; Engineering, 5(5), 2444–
2456. https://doi.org/10.1021/acsbiomaterials.8b01564 
94. Xu P, Cao J, Kankala RK, Chen A, Duan Y. 
Recent advances in fabrication of dECM-based composite 
materials for skin tissue engineering. Front Bioeng 
Biotechnol 2024;12. 
https://doi.org/10.3389/fbioe.2024.1348856. 
95. Razzaq, M. Y., Westermann, S., Gonzalez-
Gutierrez, J., Ruch, D., Schmidt, D. F., & Mertz, G. (2022). 
4D Printing of Multicomponent Shape-Memory Polymer 
Formulations. Applied Sciences, 12(15), 7880. 
https://doi.org/10.3390/app12157880 
96. Farahani M, Shafiee A. Wound Healing: From 
Passive to Smart Dressings. Adv Healthcare Materials 
2021;10:2100477. 
https://doi.org/10.1002/adhm.202100477. 



4D Printing in Regenerative Medicine and Smart Wound Healing: Stimuli-Responsive Materials for Next-
Generation Biomedical Devices 

IJDDT, Volume 16 Issue 42s, 2026 Page 864 

 

97. Khattak S, Shen J, Ullah S, Akbar MU, Sohail M, 
Xu H, et al. Endogenous/exogenous stimuli‐responsive 
smart hydrogels for diabetic wound healing. Aggregate 
2024;6. https://doi.org/10.1002/agt2.688. 
98. Lu Z, Huang W, Gao W, Cui J, Zhang B, Liang C, 
et al. A 4D Printed Adhesive, Thermo-Contractile, and 
Degradable Hydrogel for Diabetic Wound Healing. Adv 
Healthcare Materials 2023;13. 
https://doi.org/10.1002/adhm.202303499. 
99. Pfau, M. R., & Grunlan, M. A. (2021). Smart 
scaffolds: shape memory polymers (SMPs) in tissue 
engineering. Journal of Materials Chemistry. B, 9(21), 
4287–4297. https://doi.org/10.1039/d1tb00607j 
100. Karami, P., Martin, R., Laurent, A., Nam, H. Y., 
Philippe, V., Applegate, L. A., & Pioletti, D. P. (2024). An 
Adhesive Hydrogel Technology for Enhanced Cartilage 
Repair: A Preliminary Proof of Concept. Gels (Basel, 
Switzerland), 10(10), 657. 
https://doi.org/10.3390/gels10100657 
101. Lin, C., Liu, Y., Zhang, L., Leng, J., & Liu, L. 
(2020). 4D printing of personalized shape memory polymer 
vascular stents with negative Poisson’s ratio structure: A 
preliminary study. Science China Technological Sciences, 
63(4), 578–588. https://doi.org/10.1007/s11431-019-1468-
2 
102. Gnavi, S., Geuna, S., Primo, L., Perroteau, I., 
Gambarotta, G., Ciardelli, G., Mancardi, A., Tonda-Turo, 
C., & Di Blasio, L. (2014). Gelatin-based hydrogel for 
vascular endothelial growth factor release in peripheral 
nerve tissue engineering. Journal of Tissue Engineering and 
Regenerative Medicine, 11(2), 459–470. 
https://doi.org/10.1002/term.1936 
103. Cai, C., Liu, H., Chen, Y., Li, H., Guo, Y., Yang, 
Z., & Zhu, H. (2022). Mechanoactive Nanocomposite 
Hydrogel to Accelerate Wound Repair in Movable Parts. 
ACS Nano, 16(12), 20044–20056. 
https://doi.org/10.1021/acsnano.2c07483 
104. Alberts, A., Tudorache, D.-I., Niculescu, A.-G., & 
Grumezescu, A. M. (2025). Advancements in Wound 
Dressing Materials: Highlighting Recent Progress in 
Hydrogels, Foams, and Antimicrobial Dressings. Gels 
(Basel, Switzerland), 11(2), 123. 
https://doi.org/10.3390/gels11020123 
105. Maity, B., Govindaraju, T., & Moorthy, H. (2023). 
Glucose-Responsive Self-Regulated Injectable Silk Fibroin 
Hydrogel for Controlled Insulin Delivery. ACS Applied 
Materials &amp; Interfaces, 15(43), 49953–49963. 
https://doi.org/10.1021/acsami.3c07060 
106. Afrose N, Hazra A, Bhowmick P, Chakraborty R, 
Bhowmick M. AI-Driven Drug Discovery and 
Development, Igi Global; 2024, p. 259–277. 
https://doi.org/10.4018/979-8-3693-3629-8.ch013. 
107. Deng Y, Liu Y, Leng J, Yuan H, Jiang M, Zhang 
F. Programmable 4D Printing of Photoactive Shape 
Memory Composite Structures. ACS Appl Mater Interfaces 
2022;14:42568–42577. 
https://doi.org/10.1021/acsami.2c13982. 
108. Annamalai A, Dhanes V, Jayalakshmi L, 
Shanmugam R, Ravi S. Artificial intelligence in oral 
oncology: Current advances and future potential in 

diagnosis, prognosis, and therapeutic decision-making. 
Cancer Treatment and Research Communications. 2026 
Mar 1;47:101193. 
109. Abdi H, Jahanian A, Nozari H. Digital Twin-
Enabled Bioreactors. In Igi Global; 2025. p. 105–120. 
110. Arif, Z. U., Khalid, M. Y., Zolfagharian, A., & 
Bodaghi, M. (2022). 4D bioprinting of smart polymers for 
biomedical applications: recent progress, challenges, and 
future perspectives. Reactive and Functional Polymers, 
179, 105374. 
https://doi.org/10.1016/j.reactfunctpolym.2022.105374 
111. Dwijaksara NLB, Rahmaning Gusti AW, 
Andromeda S, Siswanto PA, Sri Arnita NP, Lestari Devi 
NLPM. Innovations in Bioink Materials and 3D Bioprinting 
for Precision Tissue Engineering. Metta 2024;4:101–118. 
https://doi.org/10.37329/metta.v4i3.3520. 
112. Kang X, Zhang XB, Gao XD, Hao DJ, Li T, Xu 
ZW. Bioprinting for bone tissue engineering. Front Bioeng 
Biotechnol. 2022 Nov 25;10:1036375. 
doi:10.3389/fbioe.2022.1036375. PMID: 36507261; 
PMCID: PMC9732272. 
113. Vallée A. Digital twin for healthcare systems. 
Front Digit Health 2023;5. 
https://doi.org/10.3389/fdgth.2023.1253050. 
114. Papachristou K, Katsakiori PF, Papadimitroulas P, 
Strigari L, Kagadis GC. Digital Twins’ Advancements and 
Applications in Healthcare, Towards Precision Medicine. 
JPM 2024;14:1101. https://doi.org/10.3390/jpm14111101. 
115. Jokanović V, Živković M. Applications of Digital 
Twins in Personalized Medicine and Healthcare. In 
Chapman Hall Crc; 2025. p. 95–115. 
116. Kim T, Cho M, Yu KJ. Flexible and Stretchable 
Bio-Integrated Electronics Based on Carbon Nanotube and 
Graphene. Materials 2018;11:1163. 
https://doi.org/10.3390/ma11071163. 
117. Hales, S., Wirthlin, D., Kong, Y. L., Elder, B., 
Ghosh, U., Neupane, R., & Tokita, E. (2020). 3D printed 
nanomaterial-based electronic, biomedical, and 
bioelectronic devices. Nanotechnology, 31(17), 172001. 
https://doi.org/10.1088/1361-6528/ab5f29 
118. Zhu W, Webster TJ, Zhang LG. 4D printing smart 
biosystems for nanomedicine. Nanomedicine (Lond). 2019 
July 1;14(13):1643–1645. 
119. Zhou, W., Wang, X., Zheng, X., Shao, M., Zheng, 
J., Zhang, X., Qiao, Z., Sun, X., Makvandi, P., Wu, A., Li, 
Y. M., Wang, H., Fang, S., Huang, J., Nazarzadeh Zare, E., 
Chen, D., & Yang, L. (2020). 4D-Printed Dynamic 
Materials in Biomedical Applications: Chemistry, 
Challenges, and Their Future Perspectives in the Clinical 
Sector. Journal of Medicinal Chemistry, 63(15), 8003–
8024. https://doi.org/10.1021/acs.jmedchem.9b02115 
120. Carreiro RP, Ramos PIP, De Oliveira JF, Penna 
GO, Marcilio I, Landau L, et al. Combining Digital and 
Molecular Approaches Using Health and Alternate Data 
Sources in a Next-Generation Surveillance System for 
Anticipating Outbreaks of Pandemic Potential. JMIR Public 
Health Surveill 2024;10:e47673. 
https://doi.org/10.2196/47673. 
121. Lakicevic B, Jankovic V, Pietzka A, Ruppitsch W. 
Wholegenome sequencing as the gold standard approach 



4D Printing in Regenerative Medicine and Smart Wound Healing: Stimuli-Responsive Materials for Next-
Generation Biomedical Devices 

IJDDT, Volume 16 Issue 42s, 2026 Page 865 

 

for control of Listeria monocytogenes in the food chain. 
Journal of Food Protection 2022;86:100003. 
https://doi.org/10.1016/j.jfp.2022.10.002. 
122. Langelier C, Lu D, Kalantar K, Chu V, Glascock 
A, Guerrero E, et al. Simultaneous detection of pathogens 
and antimicrobial resistance genes with the open source, 
cloud-based, CZ ID pipeline. Research Square 2024. 
https://doi.org/10.21203/rs.3.rs-4271356/v1. 
123. Lu D, Lim R, Valenzuela O, Raphenya AR, Ewing 
K, Guerrero ES, et al. Simultaneous detection of pathogens 
and antimicrobial resistance genes with the open source, 
cloud-based, CZ ID platform. Genome Med 2025;17. 
https://doi.org/10.1186/s13073-025-01480-2. 
124. Maljkovic Berry I, Talundzic E, Bishop-Lilly KA, 
Pollett S, Melendrez MC, Jarman RG, et al. Next 
Generation Sequencing and Bioinformatics Methodologies 
for Infectious Disease Research and Public Health: 
Approaches, Applications, and Considerations for 
Development of Laboratory Capacity. The Journal of 
Infectious Diseases 2019;221. 
https://doi.org/10.1093/infdis/jiz286. 
125. Paramasivam G, Yadavali SP, Atchudan R, Arya 
S, Sundramoorthy AK. Recent advances in the medical 
applications of two-dimensional MXene nanosheets. 
Nanomedicine 2024;19:1–22. 
https://doi.org/10.1080/17435889.2024.2422806. 
126. Appuhamillage GA, Dassanayake RS, 
Ambagaspitiya SS, Wijenayake A. 3D and 4D printing of 
biomedical materials: current trends, challenges, and future 

outlook. Exploration of Medicine 2024;5:17–47. 
https://doi.org/10.37349/emed.2024.00203. 
127. Bacakova L, Matejka R, Tomkova M, Kallio P, 
Stepanovska J, Prazak S, et al. Applications of 
Nanocellulose/Nanocarbon Composites: Focus on 
Biotechnology and Medicine. Nanomaterials 2020;10:196. 
https://doi.org/10.3390/nano10020196. 
128. Zhang J, Zhang Y, Zhao S, Zhu M, Zhu Y, Zhang 
C, et al. 3D-printed magnetic Fe3O4/MBG/PCL composite 
scaffolds with multifunctionality of bone regeneration, 
local anticancer drug delivery and hyperthermia. J Mater 
Chem B 2014;2:7583–7595. 
https://doi.org/10.1039/c4tb01063a. 
129. Wu Y, Huang S, Yang C, Wang K, Wang M. Near-
Infrared Light-Responsive Semiconductor Polymer 
Composite Hydrogels: Spatial/Temporal-Controlled 
Release via a Photothermal “Sponge” Effect. ACS Appl 
Mater Interfaces 2017;9:13602–13610. 
https://doi.org/10.1021/acsami.7b01016. 
130. Karnwal A, Jassim AY, Mohammed AA, Sharma 
V, Al-Tawaha ARMS, Sivanesan I. Nanotechnology for 
Healthcare: Plant-Derived Nanoparticles in Disease 
Treatment and Regenerative Medicine. Pharmaceuticals 
2024;17:1711. https://doi.org/10.3390/ph17121711. 
131. Yang J, He C, Cheng G, Guo JL, Mikos AG. 
Material Processing and Design of Biodegradable Metal 
Matrix Composites for Biomedical Applications. Ann 
Biomed Eng 2018;46:1229–1240. 
https://doi.org/10.1007/s10439-018-2058-y 

.
 


