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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...
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INTRODUCTION implants, prosthetics, and tissue-engineered constructs
Three-dimensional (3D) printing, also referred to as  through the layer-by-layer deposition of materials based on
additive manufacturing, has profoundly impacted a digital model [1]. Techniques such as stereolithography
biomedical engineering by facilitating the creation of (SLA), fused deposition modeling (FDM), selective laser
intricate, patient-specific structures such as scaffolds, 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 4D Advantages
Printing Printing  of 4D
Material Static Stimuli- Can change
Response responsiv | shape,
e stiffness, or
function over
time [9].
Adaptabilit | Low High Conforms to
y dynamic
biological
environment
s [10].
Functional  Passive Active Self-
Behavior assembly,
self-healing,
drug release
[11].
Application | Scaffolds, Dynamic | Personalized,
s implants, scaffolds, | regenerative,
prosthetic | smart minimally
S wound invasive
dressings, | solutions
adaptive [12].
implants
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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STIMULI- RESPONSIVE SMART MATERIALS IN 4D PRINTING
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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.
21 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  Material Mechanism of Biomedical

us Examples Response Applicatio

Type n

Therm = Shape- Recover Self-

al memory permanent deploying
polymers shape above = stents,
(PCL, transition adaptive
PLA, temperature scaffolds
polyuretha [19].
ne)

Light Azobenzen = Photoisomerizat | Light-
e ion or | triggered
polymers, | photothermal drug
Spiropyran | actuation release,
, gold micro-
nanoparticl actuators
es [20].

pH Chitosan, Ionization- Smart
Poly(acryli = driven wound
¢ acid) swelling/contrac =~ dressings,
tion drug release
[21].
Moistu | Alginate, Volume change Hydrogels
re Gelatin with hydration for tissue
scaffolds
and wound
healing
[22].
Magne FesO., Ni Alignment or Magneticall
tic nanoparticl = movement y  guided
es under magnetic = scaffolds,
field targeted
therapy
[23].
Electri = EAPs, Shape or | Bioelectron
c graphene volume change @ ics, neural
composites = under electric | scaffolds
field [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 (MWCNTSs) in polyurethane (PU) achieving over
98% recovery rate (Rr) in 9 seconds electrically), graphene,
Fe304, 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

Ry =% 100and R,="-Px100 , facilitating

€m €Em—€y

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].
2.14. 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].

DESIGN & FABRICATION TECHNIQUES IN4D PRINTING
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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,
PNIPA Am)), 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].

MATERIAL PLATFORM FOR BIOMEDICAL 4D PRINTING
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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
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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 FesOs and TiO: 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].

4D PRINTING IN REGENERATIVE MEDICINE
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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 graffts,
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].

e
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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
(Zn0O), 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

1JDDT, Volume 16 Issue 42s, 2026

Page 855



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

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
Medicine and Wound Healing
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S

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 (Al) 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 Al 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, Al 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 Al-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 Al 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 Al-powered
digital twin feedback loops are seen in Figure 6. [109]
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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]

' 8 4D printing

Paticat imaging and
data acquisiion

Bioprinting

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]
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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]
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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.
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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, Al-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, Al 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 Al, 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..
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