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Abstract: 4D printing represents a groundbreaking technoltbgy extends the possibilities of 3D printing luideng a
dynamic dimension—time. By using smart materiafsatde of changing their shape or properties inaesg to external
stimuli such as temperature, humidity, or pH, n@sizons are opening, especially in the field of . This article
presents the basic principles of 4D printing, ek@ahe nature of functional materials and mecmasithat enable
programmable behaviour, and focuses on specifitcappns in the medical context. The most prongsameas include
implants that can adapt to anatomical changesetiedgdrug delivery systems, bioprinting of tissaed organs, and
novel types of rehabilitation devices. The artielso discusses the benefits of this technologyh ag reduced
invasiveness of medical procedures, improved fanefity of medical devices, and enhanced treatpergonalization.
At the same time, it reflects on the challengesa@ated with 4D printing development—from matesalection and
technical or regulatory limitations to the needifaerdisciplinary collaboration. The goal of timaper is to present the
current state of knowledge in this field, identify potential and limitations, and support furthesearch and clinical
validation of 4D technologies in medicine.

1 Introduction their shape or properties in response to extetiraub

In recent decades, 3D printing has undergone rapi#fch as variations in pH, temperature, pressure, or
development, significantly influencing various istial ~humidity. While building upon the principles of 3D
sectors. Whether in aerospace, mechanical engiggeriPrinting, 4D printing expands additive manufactgrinto
robotics, biomedicine, or healthcare, 3D printingsh & dynamic dimension.
established a prominent position across all theddst By incorporating time as the fourth dimension, 4D
Linked with CAD and CAM platforms, this technologyPrinting enables materials and structures to adagi
facilitates the development of sophisticated gedeeand geometry, mechanical properties, or functions dyoalty
components that are beyond the practical limits di]- This transformation is made possible through tise
conventional fabrication techniques. By graduallfsmart materials specifically designed and "paogned”
depositing material layer by layer, highly detailadd 0 respond to environmental conditions.
customized components can be fabricated.

In medicine and biomedicine, 3D printing has braugh? ~ Principle of 4D printing
about groundbreaking innovations, particularlyhie areas 4D printing extends traditional 3D printing by
of implants, targeted drug delivery systems, tissuatroducing the ability to program time-dependent
engineering, and regenerative medicine. transformations of objects in response to extestiaiuli.

Technological progress has naturally paved thefalay From a technological perspective, 4D printing reegli
further innovation. As a result, 3D printing hastmme the precise control over geometry, fiber orientatiomd a
foundation for a new concept—4D printing. This aggmh internal stress distribution to achieve the desgieabe or
involves the production of structures capable @ngjing function upon activation. For instance, a polynmeplant
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with shape memory properties can unfold into itget presents the most relevant techniques suitable4for
configuration at body temperature without requirin@pplications, along with their characteristics axdmple
mechanical expansion [2]. uses.

21 Key factors and principles affecting 4D Fused Deposition M odeling - FDM

printing FDM is a widely used technique in which thermoptast
The successful implementation of 4D printing rebes Material is extruded through a nozzle and depostper
five key components: by layer along the X, Y, and Z axes to form a 3D4D)

1. Additive Manufacturing (AM) process — enables thébject. It is popular due to its low cost, simiiciand
direct production of structures from digital modeldlexibility for developing new materials.
without intermediate tooling. Technologies used Tian etal. [4] developed an FDM approach for carbo
include SLA (stereolithography), SLS (selectiveelas fiber-reinforced composites (CFRTC), enabling the
sintering), FDM (fused deposition modeling), 3DFabrication of mechanically robust structures. Byfdeet
(three-dimensional printing), SLM (selective lasef!- [83] demonstrated the use of FDM for shape nmigmo
melting), DIW (direct ink writing), and EBM (electn ~materials (SMEs). Current research focuses on ivipgo
beam melting). FDM’s efficiency with novel smart materials.

2. Material selection — materials must be compatitite w )
the AM process and capable of responding to externa Stereolithography - SLA .
stimuli. These so-called smart or programmable SLA uses photopolymers that solidify upon exposare
materials determine the type and nature of thHéght (typically UV or visible). The light initiate a
transformation. chemical reaction leading to resin cross-linkingl ahe

3. External stimuli — can be physical (temperaturdformation of solid structures. _ o
humidity, light, magnetic fields), chemical (pHgdoex This method allows for the precise fabrication of
agents), or biological (enzymes, glucose), andateit Complex geometries, and research is ongoing torex{ree
structural changes. range of compatible materials.

4. Interaction mechanism between the material and the Notably, the first demonstration of 4D printing was
stimulus — ensures proper stimulus transmission agghieved using SLS technology with UV light on a
sequence of transformation. Stratasys Connex printer [5].

5. System behaviour modelling — allows for predictidn

timing and transformation dynamics, often using SelectivelLaser Sntering-SLS
numerical simulations [1]. SLS employs a laser to selectively fuse powdered

material in  successive layers. This technique

The integration of these components enables tf@&commodates a broad spectrum of substances, such a
creation of 4D-printed structures that activelyrimover Waxes, metals, ceramics, and polymers includingHal,
time in response to specific stimuli. PEEK, and polyamide [6-8].

F. Momeni and J. Ni defined three fundamental laws
that describe shape transformation mechanisms iti-mu  Selective Laser Melting - SLM
material 4D-printed structures [3]: SLM is similar to SLS, but the powder is completely

First law: Shape transformation (e.g., bendinghelted, resulting in a homogeneous structure wotpost-
twisting, coiling) occurs due to differential smiaietween Sintering required. The laser beam’s speed anasitie
active and passive materials. can be tailored to the material, making SLM pat&dy

Second law: Four fundamental phenomena account fgitable for metal printing [9].
the observed strain: mass diffusion, thermal expans ) o
molecular transformations, and organic growth. €hae Directed Energy Depostion- DED 3
activated by external factors including temperatligt, DED is designed for metal part fabrication. Mateina
pH variation, or mechanical loading. the form of powder or wire is melted at the poitit o

Third law: Transformations exhibit time-dependengleposition using a thermal source, typically a fase
behavior governed by two time constants, which weity ~ €lectron beam. It is also applicable for printirgase
the material and stimulus type. A biexponentiamemory structures [10-12].
mathematical model has been proposed to simulateth
transformations during the design of 4D struct(iBs InkJet printing

Inkjet printing uses tiny droplets of material dsited

2.2 Overview of 3D printing techniques suitable layer by layer. It is employed in the fabricatidriaw-cost
for 4D printing electronics and wearable devices (e.g., sens@glags)

Various 3D printing technologies can be employed fo°" Polymer substrates such as PET and PEN [134],

4D printing, differing in their working principlesnaterial well as in bioprinting of cells and tissues [15].
compatibility, and resolution. The following oveew
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Direct Ink Writing - DIW These materials exhibit complex functions such &b s

DIW is similar to FDM but supports a wider range ofassembly, self-healing, shape memory, or self-egigu
materials, including thermoplastics, hydrogels, soldgel  [18]. In addition to morphological changes, 4D firig
inks. It is particularly suitable for soft and biab@e also enables changes in optical properties, suclolasr,

systems. when exposed to UV or visible light.

Projection Micro-Ster eolithogr aphy - PuSL 2.3.1 Classfication of smart materialsused in 4D

PuSL and DIW are advanced techniques used primarifyrinting
in biomedical 4D printing applications, offeringghi The materials used in 4D printing are referred 40 a
precision and compatibility with sensitive matesiagdt smart because they are capable of dynamicallyirzdter
micrometer resolution. their properties in response to external stimulhede

materials are also called stimuli-responsive andreact

2.3 Materials to triggers such as temperature, light, electrimagnetic

From a materials perspective, 4D printing utilizedields, humidity, pH, chemical substances, or ljatal
stimuli-responsive polymers (e.g., SMPs), hydragels factors. The result of such a reaction may inclcliznges
shape memory alloys (e.g., nitinol), whereas 3Dty in shape, volume, colour, stiffness, or other maitda
primarily relies on thermoplastics, photopolymengtals, properties.
or ceramics. Material selection is crucial to easthe The following figure (Figure 1) schematically
desired functionality of the object during actieati[16].  illustrates the classification of smart materialsading to

The materials used in 4D printing are known as smahe type of external stimulus and the materialspanse.
materials due to their ability to dynamically chartheir ~This overview provides a better understanding oftwh
properties over time in response to external stifdiff.  materials may be suitable for 4D printing dependinghe

desired functionality.
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Figure 1 Intelligent materials and their stimuliaetions

From the perspective of responsiveness, smarhplants that adapt to the target anatomical sftera
materials used in 4D printing are most commonlydgid  implantation.
into two main categories:

2. Shape-changing materials

1. Shape-memory materials- SMM These materials change their shape or physical

These materials have the ability to "remember"rtheproperties during the presence of a stimulus, louhok
original shape and return to it after being expose@ return to their original state once the stimuluseimioved.
specific stimulus (e.g., heat or light). They eeabthe Typical representatives include hydrogels, electiva
creation of temporarily deformed structures thaerla polymers, or magnetically responsive compositeseyTh
reconstruct into the desired form. They are used, fare primarily applied in controlled drug deliverystems,
example, in the development of biodegradable sktiffor ~ soft robotics, or the design of adaptive tissuecstires.

~ 181 ~
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Table below (Table 1) provides a classificatiosmfrt

materials commonly used in 4D printing, based ertyipe  systems, soft robotics, and actuators.

of external stimulus they respond to, their respons
behaviour, and typical applications. The materiate

Hybrid materials combine different
behaviors, such as changes in stiffness or volofffering

back automatically, which is useful in drug deliver

responsive

divided into categories such as shape-memory, shapelvanced applications like photothermal therapy or

changing, hybrid, and adaptive materials, eachbii
unique functionalities that enable dynamic changes
shape, mechanical properties, or biological agtivit

environmental control.
Adaptive materials such as bioinks
biochemical signals to facilitate tissue formatiplaying a

respond to

Shape-memory materials (e.g., SMPs and nitinol) casital role in regenerative medicine and bioprinting

recover their original shape upon exposure to fipeci
stimuli like heat or light, making them suitable foedical
implants, scaffolds, and minimally invasive surgjiels.

Shape-changing materials respond by altering shapethrough 4D printing technology.
properties temporarily during stimulation but da revert

This classification highlights the versatility ofmart
materials and their potential to revolutionize peedized
medicine, biomedical devices, and responsive sirest

Table 1 Classification of smart materials used Ingtinting based on their stimulus type, resporsedvior, category, and typical

applications
Material Typt Stimulu Response Tyj Categor Typical Applicatior
SMP (Shape-memory Return to Scaffolds, stents, surgica
polymer Heat, ligh | original shap | Shap-memon implants
Nitinol (alloy) Shape-memory Orthopedics, minimally
Hea Shape recove (metal invasive tool
Hydrogel pH, Swelling, Tissue engineering, drug
temperatur shrinking Shap+-changin delivery
Electroactive polymer Contraction,
Electric fielc bending Shap+-changin Actuators, biosensc
Magnetic composite Bending, Soft robotic structures,
Magnetic fiel(, deformatior | Shap~changin targeted theraj
Thermoresponsive polym Change in
stiffness, Photothermal therapy,
Temperatur volume Hybrid environmental regulatic
Bioink Biochemical
cues, growth| Formation of Regenerative medicine, 3
factore functional tissu Adaptive bioprintinc

The development of smart materials that react 0 Hybrid materials — combining advantages of natural

external stimuli constitutes a crucial elementDfptinting
within biomedical engineering. Such materials allfow

the fabrication of dynamic constructs capable tdralg

their geometry or properties in response to enwiremtal
conditions. Their application in 4D printing paves way
for innovative healthcare approaches, particulanlyhe

field of personalized and adaptive therapies.

2.3.2 Typology of used materials

Materials used in 4D printing can be divided intoirf

basic groups:

biodegradability.
e Bio-based materials

(e.g.,

natural

supporting tissue regeneration.

strength and precise property control.

application

requirements,

and synthetic components, such as bioactivity and
mechanical strength.

The choice of material depends on the specific
such as biocompatibility,
degradation profile, mechanical demands, or taigste.

Research continues to develop new or optimizednaite
that expand the possibilities of 4D printing inroiedicine.

Shape-memory Polymers- SMP

Shape-memory polymers represent one of the most
» Biological materials (derived from plants or traditional widely applied smart materials in 4D printing. Thase
medicines) — offering natural biocompatibility andcapable of reverting from a deformed configurati@tk
to their original form when exposed to specifiarstii,
polymers, such as heat or light [19]. This feature allows foe
hydrogels) — mimicking the extracellular matrix andabrication of constructs that can adapt automilica
patient anatomy after implantation. For instanceSMP-
« Synthetic materials (e.g., thermoplastics, shape-based scaffold may reconfigure at body temperatoire
memory polymers — SMP) — providing high mechanicaccurately fit the tracheal structure, thereby nprg

surgical outcomes [20].
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Hydrogels that dynamically change during tissue healing. €hes
Hydrogels are another important type of smarfieatures enhance therapeutic efficacy, shorterintesa
materials used in 4D printing. They are polymemmeks duration, and minimize the number of surgical

that respond to changes in temperature or pH bjlisge interventions [28].

or shrinking [21,22]. They are primarily used isstie

engineering and controlled drug delivery systemst F3.1 Biomedical implants and prostheses

instance, a hydrogel system can release drugs in a4D printing technology introduces significant
controlled manner at a specific temperature, imipgV innovations in implantology and prosthetics through

treatment accuracy [23]. structures capable of actively responding to caorut
_ inside the patient's body. Unlike traditional impls,
Ther moresponsive polymers which are rigid and static, 4D printed implants can

These polymers change their physical propertie/namically adapt. Their shape, stiffness, or meitiah
(shape, stiffness, volume) depending on temperatufsroperties change in response to stimuli such as
Wang et al. [24] developed a system based on duaimperature, pH, or pressure. This improves thmlityato
thermoresponsive polymers with different phasesitam  conform to the patient's anatomy and the dynamic
temperatures, allowing precise control of therraaponse. environment within the organism [29,30].

Using 4D printing, it is possible to create struesiwith An example of such an adaptive solution is theafse
tunable properties that undergo changes when edgose biodegradable shape-memory scaffolds for bone tefec
thermal stimuli such as laser irradiation. Thishtemlogy repair. This approach allows precise individual
shows great promise for enhancing the safety dichey customization while ensuring gradual biological
of photothermal therapy. integration at the defect site, consistent witleqminciples

of 4D printing like shape memory, biodegradationd a

Electr oactiveand magnetically responsivematerials  osteoinduction.

Materials responsive to electric or magnetic fietileh
as electroactive polymers and magnetically respensi3.1.1  Self-forming and adaptive implants
composites, are promising for the development of One of the promising applications of 4D printing in
advanced medical devices. They can change thgiestra implantology involves self-forming and adaptive iangts
mechanical properties and are used in soft robotihat adjust to the target environment within thenhn
prosthetics, dynamic implants, or targeted drugvegt body after implantation. Their development reliesmart
systems [21,25]. For example, Zhao et al. [25]gtesil a materials such as shape-memory polymers (SMPs) and
tracheal scaffold that responds to a magnetic fleld stimulus-responsive hydrogels, which alter thempghor
combining magnetic particles with shape-memorynechanical properties in response to specific hysical
composites, enabling real-time controllable adafitab triggers like temperature, humidity, or pH [31].

A typical example includes 4D printed stents destgn

Bioinks to expand at body temperature (37°C) once placgddra

Bioinks — biocompatible materials often containing/essel, restoring blood flow in a narrowed sec{@8].
living cells — play a crucial role in biomedicalgineering. Some stents are made from biodegradable polymers an
Their use in 4D printing enables the creation nidtires gradually degrade after fulfilling their function,
that develop over time into functional tissues. &mample, eliminating the need for surgical removal. Othese u
a skeletal muscle model produced using electricalshape-memory metal alloys like nitinol, which, altigh
aligned bioink demonstrated potential in regeneeati non-degradable, provide superelasticity for safel an

medicine [26]. reliable deployment (Figure 2).
_ _ In orthopedics, implants capable of altering s&ffa
2.3.3 Rheological propertiesof polymers based on mechanical load are being explored, aitpwi

In polymer-based additive manufacturing, rheoldgicepetter adaptation to bone biomechanics. Such irtgtam
properties significantly affect the quality and a@cy of  significantly improve healing, reduce stress stirgldand
4D printing [27]. Parameters such as viscosity,ashe promote integration with living tissue [32].
thinning behaviour, and thixotropy influence maikri  Clinically, these solutions hold potential to reduc
flow, extrusion capability, and shape fidelity. @pzing surgical invasiveness, improve patient comfort, and
these properties is essential for successfully ymod enhance long-term implant functionality.
complex and delicate biomedical constructs. Despite these benefits, challenges remain regapdeaise

control of biodegradation timing and long-term

3 Applicationsof 4D printingin medicine biocompatibility of materials such as nitinol, whieay

In the context of medicine, 4D printing bringscause microinflammatory reactions if not adequately
groundbreaking possibilities: implants that acévaithin ~ managed.
the body, drug carriers with targeted release caffalds
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Figure 2 Self-expanding stent made of shape mepabyyner (SMP) [33]

3.1.2 Regenerative medicine molecules, they serve as bioinks that supportgrelivth
Beyond orthopedic and vascular implants, 4D printinand differentiation [37].

finds application in regenerative medicine by dreat 4D bioprinted scaffolds can adapt over time by

supportive scaffolds intended for tissue repaimm@i- adjusting porosity, elasticity, or releasing groviglctors

responsive hydrogels play a crucial role; theseeri@ds based on the regeneration stage. They are beiteyl tes

can modify their architecture, porosity, or mechahi the treatment of cartilage, skin, peripheral neraad

properties after implantation according to the imggl muscle tissue injuries [38].

process [34]. Promising outcomes have also been achieved with
These so-called programmable scaffolds mimic thieioprinted heart valves and artificial vessels tadjust

natural extracellular matrix and actively adapbtighout elasticity or diameter in response to blood flowdan

regeneration. During the initial inflammatory phagey pressure, improving long-term implant performanoe a

remain soft and permeable to nutrients, while lateeducing failure risks [39].

stiffening to stabilize newly formed tissue [35]. By combining biocompatibility, adaptability, and
They are utilized in treatments of skin defectanbu spatial precision, 4D bioprinting is a key tootlieveloping

cartilage damage, and peripheral nerve injuriel B6me personalized, functional, and time-responsive @&ssu

hydrogel structures are enriched with growth fextor replacements.

patient-derived cells to enhance biological effestiess.

Multi-layered scaffolds combining different cellpgs or 3.21 4D printing of biological structuresand

bioactive substances depending on injury depthatze organs

under experimental investigation [1]. L . :
The primary advantage of 4D printing in regenegativ 4D .b|opr|nt|_ng represe_nts a major advanceme.nt n

medicine lies in scaffolds with temporally dynamlcproducmg functional biological structures thatofatheir

behavior—the structure evolves alongside regemeyatiProPerties in response to physiological stimuli.esé

tissue, providing optimal support at each healihgge. constructs are typically made from hydrogels comdm_

This functional adaptability sets them apart froasgive With living cells and can respond to changes in

3D scaffolds, which remain static post-implantationtemperature, pH, or mechanical stress (

Given the rapid advances in biomaterials and biipg

technologies, intelligent scaffolds are expecteglay a

key role in personalized regenerative medicine sdédrile

some hydrogel scaffolds for skin lesions have ghesaly

clinical trials, most multi-layered and bioactivate

constructs remain in preclinical stages.

3.2 Tissueengineering and bioprinting

4D printing technology significantly enhances the
potential of tissue engineering by enabling thetoa of
biological structures with dynamic behavior. Useigart
biomaterials, it is possible to fabricate scaffolitet
actively respond to stimuli such as temperature, @H
mechanical stress after implantation [1,35].

A key component of these dynamic systems is shear-
thinning hydrogels—materials whose viscosity desesa
under mechanical load, allowing easy extrusion rdyri
bioprinting. Once printed, they stabilize into weéfined
structures. When combined with cells or bioactive
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« artificial vessels adapting their diameter to blood
pressure,
e multilayered tissues (e.g., liver or pancreas) with
. diverse cell types and vascularization [1].
Figure 3). b i

. . Although still in experimental and preclinical stag
The goal goes beyond anatomical repllcatlon—4lp ugn St In expen precin

bioprinted old desianed t - ¢ Zﬂesults show strong clinical potential. Persontitira
loprinted - scaffolds are designed to mimic naturglageq on patient-specific data reduces the risgjetion.
processes like remodeling, angiogenesis, and Cﬂﬁi

. T . J the future, 4D bioprinting is expected to enable
dlffc_arer)tlatlon [39].' They support tissue regenemtand functional tissue and partial organ implants that
maintain mechanical stability during healing. Caotre dynamically adapt to the body's needs. Advances in
research focuses on:

. i vascularization and tissue integration point toliséa
* heart valves that adjust elasticity based on bftevd . iica applications in the coming decades.

Bioprinter Tissue-specific bioinks 3D Bieprinted implant Priming /
for osteachondral TE Standard maturation

Cartilage

- — —T
8 |
e SOmse :
3D printing
Stimuli application Self-reconfiguring Functional tissue
o **
; s e !
4D bioprinting
Figure 3 4D bioprinting process for osteochondiastie engineering
3.22 Peripheral nerveregeneration These structures can incorporate conductive méteria

Peripheral nerve regeneration poses a major clgalen(e.g., MXenes, carbon nanotubes) to enable elattric
especially in large defects where traditional atafig or stimulation of axons, enhancing regeneration [862021
static conduits are insufficient. 4D printing ereblthe study demonstrated that a biodegradable, self-epgn
development of intelligent nerve guidance conduitdD-printed conduit with enhanced conductivity imped
(NGCs) that actively adapt to surrounding tissuteraf both axonal regeneration and motor function in a
implantation—changing shape at body temperature preclinical model (Figure 4). While still in the
responding to humidity and pH, thereby improvingteat experimental phase, this approach shows great pecioi
with the nerve stump without manual adjustment38#, personalized, minimally invasive, and functionadigtive

treatments for peripheral nerve injuries [40].

@@@ ~ 185 ~
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Figure 4 4D-printed nerve guidance conduit thaf-skbses after implantation, adapts to surroundiisgue, and supports
peripheral nerve regeneration

3.3  Personalized medicine and pharmacy Stimuli-Responsive Drug Carriers

Personalized medicine focuses on tailoring diagoest ~ The most advanced systems are stimuli-responsive
and therapy to an individual's genetic, biologicahd carriers that release drugs in response to trigderpH,
lifestyle characteristics. In this context, 4D pirig is a enzymes, light, magnetic fields, or ultrasound. Skhare
crucial tool for designing smart drug carriers anedical being developed mainly for targeted cancer therapy,
devices that respond to specific in vivo conditiongaiming to maximize drug concentration at the tursite
Using 4D printing, drug delivery systems can begiesd  while sparing healthy tissue [42].
to release medications at precise times and latgtio  Designing such systems requires precise contral ove
improving efficacy and reducing side effects. Smaimaterial properties and drug distribution. 4D prigt
implants or capsules can change shape or por@sgdon enables integration of active and passive compsriatu
local stimuli such as pH or enzymes, allowing teedeand  a single structure, ensuring accurate dosage tisggand

controlled release [41]. release timing.
Currently, these systems are under investigation in
3.3.1 Intelligent drug delivery systems oncology, targeted antibiotic delivery, immunothsra

4D printing offers innovative opportunities inand chronic inflammatory diseases.
pharmaceutical applications by enabling smart drug
delivery. Unlike traditional dosage forms that esle drugs 3.3.2 4D printing of customized medical devices
passively, 4D-printed systems can respond to specif 4D printing technology enables the design of medica
physiological stimuli and release active substarinea devices that actively respond to stimuli and adapthe

targeted and adaptive manner. individual needs of patients. Implants made frorapeh
memory materials, such as nickel-titanium (nitinol)
Adaptive Drug Release Systems change their shape upon reaching physiological

A common example is pH-sensitive polymer capsulgemperature, allowing precise deployment at thgetesite
that remain intact in the acidic environment ofshkemach without the need for manual adjustment [32]. This
but dissolve in the more alkaline intestines—idéal principle is commonly used in endovascular proceslur
treating intestinal inflammation or infections. Samly, such as the implantation of stents or vascular
temperature-responsive hydrogels can change thieime reinforcements.
or porosity depending on body temperature, requdati  In pediatric surgery, implants that respond to the

drug diffusion [38]. growth of the organism are being experimentallyeés
enabling adaptation without repeated surgical mptent
Multilayer and Multi-Component Tablets during the child’s development [30,39].
4D printing allows the design of tablets with mpiki A significant area of 4D printing research involves

layers or components, each releasing a differamg dr active medical devices whose functionality changes

excipient at a specific time or location. This #pecially response to specific physiological stimuli. Exansple

useful for patients with chronic conditions likeadetes, include stents with programmable diameters thaaedat

hypertension, or asthma who require complex dosirgpdy temperature or respond to changes in mechdwach

regimens [1]. at the target site, such as fluctuations in blocesgure
(Figure 5) [30,38].
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Figure 5 Self-expanding nitinol stents produce@byprinting using selective laser melting (SLM}te Lab22 laboratory (CSIRO,
Melbourne)

Implants with modified surfaces can detecallow for fully personalized dosing strategiestha future,
infammation and release bioactive agents, such agegration with wearable diagnostic sensors ceuable
antibacterial and immunomodulatory compounds. Theseal-time adaptation of drug delivery, leading toast,
systems enable targeted local drug delivery, ernhgnc adaptive, and highly individualized pharmacothefagy
efficacy while reducing side effects and the need f
systemic therapy. Thus, 4D printing supports ndtyon3.4  Adaptive sutures and bandages
personalized design but also the development ofitsma Among the promising surgical applications of 4D
devices with improved therapeutic performance [43].  printing is the development of adaptive sutures and

bandages. These systems respond to changes iotime w
3.3.3 Personalized phar macother apy and dosing or surrounding skin, enhancing treatment effectxgsrand

Modern pharmacotherapy faces the challenge eghtient comfort. Most often, they utilize shape roem
achieving precise dosing that considers individuglolymers (SMPs), which can alter their shape csitenin
physiological and genetic characteristics. Coneerati response to body temperature, moisture, or pHdgvé
drug regimens often overlook variability in metabuwi,
weight, age, genetic polymorphisms, or comorbidite 341  Self-tightening sutures

4D printing enables the creation of personalizatgdr  Traditional sutures require manual closure and are
delivery systems that respond to specific physiollg often removed later by a physician. With SMPs,sit i
conditions and release active substances based mussible to design sutures that automatically echtat a
predefined parameters. Such systems can: specific temperature—typically 37°C. They ensurerev

* release drugs at programmed time intervals, wound closure without the need for manual tension

« respond to stimuli (e.g., pH, enzymes, tempeeafur adjustment and adapt to changes in wound shapegduri

» adjust dosing in real time based on patient statu  healing.Research shows that self-tightening sutorag

These features are especially valuable in chronieduce scarring, minimize inflammatory responsesl a
diseases (e.g., diabetes, rheumatoid arthritigotagical  support the natural healing process. These materéi
disorders), where therapy must align with dailythinys or  also be biodegradable, eliminating the need foroxer—
symptom cycles. especially beneficial for pediatric or geriatrictipats

Polymers with programmed degradation and stimuliFigure 6) [44].
responsiveness, combined with genetic or biomataés,
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Original shape

Loose knot |

Tightened knot

Figure 6 Self-tightening suture based on shape mepaymer activated at body temperature {8}

3.42 Smart bandages Materials such as stimuli-responsive hydrogelssivape-
Beyond sutures, 4D printing is also used to createemory polymers can adapt to temperature, pH, or

bandages that incorporate sensory layers or are framh  mechanical  stress. These  responses  improve

hydrogels responsive to physiological changes sagh biocompatibility, reduce the risk of complicatiorend

temperature, pH, or humidity. Smart bandages camhance functional longevity of implants [1-3].dimical

automatically release antibacterial agents upoectidn applications, implants capable of long-term intdcec

detection or adjust their mechanical propertiespiimize with surrounding tissue and active participation in

healing. healing—such as intelligent scaffolds or vascutaftg—
Hydrogel layers can be programmed via 4D printing tare being tested.

change porosity or viscosity depending on the hgali

phase—for example, maintaining moisture during thé.1.2 Reduced surgical burden and renterventions

acute phase to promote epithelialization, and hrinde 4D printing facilitates the development of medical

later to protect the wound from external damage. devices that self-expand after implantation or ddgronce
These technologies not only improve patient comfotheir function is fulfilled. Examples include sefpanding

but also enhance therapeutic efficiency, reducdirttea stents, growth-adaptive pediatric implants, or atesole

time, and lower the risk of secondary infections][4 fixation systems. These innovations reduce the reed
repeated surgeries and shorten recovery time [4-6].

4  Clinical implementation of 4D printing Emerging applications also involve materials thetase

in medicine therapeutic compounds or transform their structire
response to temperature or pH without surgical

Successful implementation of 4D printing in medéin
requires not only technological advancements bsb al
careful consideration of clinical aspects that detee its
real-world application. This chapter focuses on &esas
where 4D printing can provide therapeutic benedissyell
as the challenges that must be overcome to acliigve
widespread clinical adoption.

intervention.

4.1.3 Personalized drug delivery

4D printing enables the development of drug
formulations that respond to specific physiologitahuli.
pH-sensitive capsules and temperature-activatecbgts
allow for more targeted drug release. Multilaydiess can
combine several active ingredients with staggeedehse
times, improving treatment adherence and patiemtfaxd
iL17-9]. These systems have the potential to sigmifiy
improve management of chronic conditions requiring

4.1 Clinical ben€fits and therapeutic potential
411 Adaptivestructuresand biological integration
4D printing technology represents a breakthrough
medicine due to its ability to create smart streesuthat
actively respond to physiological conditions in thedy.
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tailored dosing schedules aligned with a patiesittsadian Such a well-prepared environment will support the
rhythm. transformation of 4D printing from an experimentadl
into an effective component of healthcare delivery.
414 Regenerative applications
4D printing is being used in regenerative mediéotre 5 Results and discussion

tissue repair. Scaffolds produced with this tecbgglcan As this article is a review, the results presehier are
change stiffness, porosity, or release growth factonot original experimental findings but rather atbgsis of
according to the healing phase. Applications ar&ge data and conclusions reported in the existinggftee. The
explored in cartilage, nerve, skin, and liver regjation  following section highlights the most relevant autes of
[43]. When combined with stem cells and bioactivgyrevious studies on 4D printing in biomedical eegiring,

compounds, dynamic microsystems can enhance Cghth a focus on materials, techniques, and clinical
differentiation and improve vascularization in d@®@@ perspectives.

tissues. Several studies have demonstrated that stimuli-
responsive polymers and composites are centrahdo t

4.2 Barriersto clinical implementation advancement of 4D printing. Smart materials such as

421 Material and technological limitations shape-memory polymers (SMPs), hydrogels, and hybrid

The availability of biocompatible, stimuli-respowsi bioinks enable structures to alter their shaperopgrties
materials remains limited. These materials oftehit#k when exposed to external triggers, including teraipee,
poor mechanical stability and are difficult to pees. pH, light, or mechanical forces. Reported applaagi
Manufacturing multi-material structures is techigadally  range from self-adjusting scaffolds in tissue eegiing to
demanding and requires sophisticated equipmenisthat  minimally invasive implants and controlled drugidety
yet standard in healthcare facilities [1,37]. Moreo new systems. These findings underscore the importarice o
printing protocols are needed to ensure reproditgiBnd  material innovation as the foundation of successful

precision in personalized production. biomedical 4D printing.
_ In terms of manufacturing techniques, selectiverlas
4.22  Regulatory and ethical challenges sintering (SLS), fused deposition modeling (FDMjda

Existing regulations such as MDR and FDAdirect ink writing (DIW) have been frequently adegbtfor
frameworks are not designed for programmableiD applications. Literature reports highlight thesatility
individualized structures. There are no establishest these methods in processing polymers, metald, an
standards for testing long-term material responeefor ceramics. However, scalability and reproducibitiggnain
ethical evaluation of autonomous material behavitle challenges, as many results are limited to smalesc
complexity of such implants demands new approathes prototypes rather than clinically applicable desice
informed consent and accountability for treatment From a clinical perspective, pilot studies and [afo
outcomes [39,46]. Predicting long-term in vivo béba concept experiments suggest that 4D-printed cartstru

increases the need for new types of clinical trials may provide significant benefits in personalizediiciae.
_ o _ Examples include scaffolds that adapt to patientisic
4.2.3 Economic and organizational barriers anatomy, drug carriers that respond to physioldgica

Introducing 4D solutions is costly, particularlyedto  conditions, and stents that change shape afteaitgtlon.
personalization and limited scalability. Integratimto  Nonetheless, long-term in vivo data are scarce,imyak
public healthcare reimbursement systems is chatigngs  difficult to fully assess safety, stability, and
is coordination among developers, clinicians, anBiodegradation.
regulators [34,47]. New business models and cost- While the reviewed results demonstrate remarkable
effectiveness evaluation systems are needed taregile progress, several limitations persist. The avditgbof

long-term benefits of such innovative solutions. biocompatible and biodegradable materials is still
restricted, hindering the direct translation ofeaagh into
4.3 Outlook and recommendations for clinical clinical practice. Moreover, reproducibility anchbility
adoption are major barriers to commercialization, as thaditaon

In the coming years, 4D printing is expected toaex) from laboratory prototypes to clinical-grade proguc
particularly in personalized medicine and temporarfequires robust quality control. Another unresoligstie is
implants. Key priorities include: the regulatory landscape, which lags behind tecigichl

« development of new testing methodologies, advances and lacks clear guidelines for evaluading

« legislative adaptation of regulatory frameworks, Printed medical devices. _ _
. education of clinical personnel Interdisciplinary  collaboration between material

« and enhanced collaboration among researcﬁgientists,_enginee.rs, and c_Iinicie_ms is crucied\ter_come
industry, and clinical sectors [39]. these barrlgrs. Ethical considerations such a_ernaiafety,
cost-effectiveness, and access to personalizetintass

must also be addressed. Despite these challenygsing
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innovations in smart polymers, bioinks, and comiportzl
design tools are expected to expand the clinicantial of
4D printing. Ultimately, the integration of stimuli
responsive materials with advanced printing teatesq

https://doi.org/10.52842/conf.acadia.2014.539

[6] ZHAO, T., YU, R., LI, X,, CHENG, B., ZHANG, Y.,

YANG, X., ZHAO, X., ZHAO, Y., HUANG, W.: 4D
printing of shape memory polyurethane via

may reshape modern medicine by enabling adaptive, stereolithographyiEuropean Polymer Journalyol.

patient-specific, and functionally superior thenagae
solutions.

6 Conclusions

4D printing is an emerging and rapidly evolvingdie
with the potential to significantly transform thatdire of
medicine. The ability to create intelligent struet that
can adapt to changing patient physiology or envivental

101, pp. 120-126, 2018.
https://doi.org/10.1016/j.eurpolymj.2018.02.021

[7] KANG, M., PYO, Y., JANG, J.Y., PARK, Y., SON,

Y.-H., CHOI, M., HA, J.W., CHANG, Y.-W., LEE,
C.S.: Design of a shape memory composite(SMC)
using 4D printing technology§ensors and Actuators
A: Physical Vol. 283, pp. 187-195, 2018.
https://doi.org/10.1016/j.sna.2018.08.049

conditions opens up new opportunities in persoedliz [8] PARANDOUSH, P., LIN, D.: A review on additive

medicine, regenerative therapy, and targeted deligeay.

Although many applications remain in the experiraként

stage, research trends suggest that the integrafidiD
printing into clinical practice is only a matter tifme.
Successful implementation, however, requires oveitg
several technological, material, and ethical chajéss.

manufacturing  of  polymer-fiber  composites
Composite StructuresVol. 182, pp. 36-53, 2017.
https://doi.org/10.1016/j.compstruct.2017.08.088

[9] YADROITSEV, |., BERTRAND, P., SMUROQV, I.:

Parametric analysis of the selective laser melting
processApplied Surface Sciencéol. 253, No. 19, pp.

Future development will depend primarily on close 8064-8069, 2007.

collaboration among scientists, physicians, engsemnd
regulators. If current barriers are addressed @y, 4D
printing could become a key tool in advancing heate
toward greater efficiency, safety, and individuafian.
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