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Abstract:

The research paper reviews the topic of dimensional integration and its impact on enhancing the Fourth
Industria Revolution, highlighting 3D printing and 4D printing technologies as active elements in this
transformation. The research shows the historical and technical evolution and the increasing importance
of thesetechnol ogies and their prominent rolein bringing about aqualitative leap in thefields of industry
and innovation. 3D printing can produce complex components efficiently, accurately, and at low cost,
while 4D printing adds a new dimension that allows printed materias to interact with the surrounding
environment and change their properties in response to certain stimuli.
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The research indicates that this dimensional integration is an important step towards significantly
improving various industries. It also discusses the challenges these technologies may face, as they are
emerging technol ogies still in the stages of research and development, with the need for programmable
specia materials, design complexity, and precise process control.

The paper sheds light on the economic and environmental impact of advanced printing technologies,
pointing to the importance of research in their sustainable applications, and offering a future outlook for
the promising possibilities that can enhance competitiveness and achieve progress in industry and
design.

Keywords: Dimensiona Integration, Industrial Revolution 4.0, 3D Printing Technology, 4D Printing
Technology, Industrial Innovation.
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Table 1. Overview of typical 4D printable materialsi¥.
3D
Materials printing Stimulus Functionality Structure
technique
PuSL Temperature Recovery Eiffel tower, grippers, flower
TPL Temperature Recovery Hinge
DLP Temperature Recovery Kelvin foam
DLP Temperature Mechanically Balloon, mesh, tent, dog
robust
SLA Volatrlllégtatlon, Self-folding Buckyball, flower, Miura-ori
Shape memory - .
polymer s Advantages: DIW Temperature Self-healing ho,f\e;cgmsd \e/gr;espért?ln,qby
* Relatively siff 1JP Temperature Transformation Leaf and snail shell
structure — -
o Relatively high Strain isolation, —_
. DLP Temperature active Microlattice
actuation speed d
; epl oyment
Drawbacks: - .
. DLP Temperature Recovery Microlattice
* Complex chemicd Cardiovascular stent, Eiffel
synthesis SLA Temperature Recovery o
e Requiring external - __tower, b rd_ -
loads DLP, DIW Temperature Self-folding Infinity rings, cubic grids
— Temperature, Recover Cantilever, gripper
Mechanically Microlattices with octet-truss
PusL Temperature tunable and Kelvin foam
FDM Temperature Recovery Sanxingdui bronze mask
DLP Temperature Recovery Gothic archnecture, fox,
gripper
. DIW UV-light Actuator Flower, braille-like
Liquid crystal Temperature
elastomer s Advantages: 1JP (Joule heating) Recovery Laminated hinge
* N(anquegufsor DIW Temperature Sdf-sensing Spiral architectures
environments or DIW Humidity Self-folding Bilayers, flower, concentric
square array, soft gripper,
external loads
. DIW Temperature Recovery Mesh
Drawbacks:
e Complex chemical DIW Temperature Recovery Texture, honeycomb
synthesis DIW Temperature, UV Lock-in Square cone, Mohius strip
DIW Water Color change Beetle
DIW Solvent (water) Biomimetic Flowers, orchid
DIW Ca* ions Sdf-folding Tubes
Hydrogel Advantages: Biomimetic _
e Multiple stimuli- LDW pH particle capture Flower, microcage
response PuSL Temperature Biomimetic Gripper, dumbbell
e Adqueous . Soft robotic .
environments for PuSL Osmotic pressure actuation Gripper
bloml metic and 1JP Temperature Biomimetic Fish, octopus
biomedical
applications Actuators, S
) DLP Solvent (acetone) electronic Origami
Drawbacks: ;
e  Soft structures dewcgs - -
. DLP Solvent (water) Changing Theatre, helix, tulip flower
e Slow responsive — . -
speed DIW pH Living cell Pillar gripper, flowers
e Unstable actuated DIwW Temperature, pH, | Cargo transport Hexagon, cube lattice, cylinder
shapes enzyme and delivery
e Requiring aqueous DLP Solvent (water) B@om? met?c Tetragonal lattice, sea stars
environments DIW Temperature B!om! met!c Flower, palm
LDW pH Biomimetic Flytrap
SLA Solvent (water) Biomimetic Benchy, stent-like mesh
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DIW pH Biomedical, cell Scaffolds
culture
Fe** ions, sodium : . . .
DIW lactate/UV Biomedical Bilayer strips
DIW Magnetic field Sgltu;gt?ggc Auxetic structure, annular ring,
Magnetic DIW Magnetic field Biomimetic 3D butterfly
materials Advantages: .
e Fast response L Soft rgbotlc,_ .
ced — Magnetic field sequential logic Grippers, antennas
. Simpsl?/ making circuits
composites DIW Magnetic field Biomedical Scaffold, microspiral,
waviness
DLP Magnetic field Biocompatible Needles
SLM Temper'ature, Recovery —
Alloy Advantages: loading
oy Advantages. SLM Temperature Recovery Curved sheet, spring cail
e  Stff structures ;
. SLM Temperature Recovery Rings
Drawbacks Spider-like, lattice
e Highresponsive L-PBF Temperature Self-healing o '
metamaterial structure
temperature Electrochemicall
TPL dri caty Recovery Tetragona microlattices
riven reaction
DIW Temperature, Recovery Ladder, bench, ring
water
Recovery, . )
— Temperature healing Micropillar array
DLP Heat Recovery Flower
1JP Temperature Biomimetic Wavy, 3D dome, flower
FDM Magnetic Biomedical Occluders
FDM Temperature, Self-sensing Scaffold
press
Composite Advantages. Lighting,
e Multiple stimuli- - Solvent microscopy Lenses
response Temperature, .
e  Multiple materials DIW water Recovery Raster, ring, butterfly
Near-infrared light . Hand gesture, exerciser, folded
DIW (NIR) Brain model brain, dilated heart
Self-assembly in . .
— | reweae | amedn | M elomere
fashion P, ong
FDM Microwave, wate, Biomimetic Flower
Temperature
DLP Joule heat Flexible Bat wing
actuators
Ceramic DIW Stress Mechanical Origami
robustness
Table 2. Overview of typical stimuli for 4D printing 4.
Stimulus | Responsive | Responsive mechanisms | Responsive Limitations
materials speed
Temperature SMPs, Glass transition temperature Middle Need to heat up to a high temperature
LCEs, (Tg), nematic-to-isotropic
SMAs, transition temperature (Twi)
Hydrogels
Light LCEs Photothermal effect Low Need aUV light
Liquid Hydrogels Swelling ratio Middle Need to bein aliquid environment
Mechanical SMPs, Pneumatic pressure, osmotic Fast Need gas, water, or external force
force Hydrogels, pressure, compressive
Ceramics buckling
Magnetic Magnetic Magnetization Fast Need a magnetic field but is safe and
field materials effective

31
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Electricity LCEs, Joule heating, Electric field- Need an external electric circuit
Hydrogels, | responsive osmotic pressure,
Silicon Electrochemical lithiation
Table 3. Overview of 4DP applicationsin tissue engineering 9.
Applications Stimuli Materials? Cells® Printing techniques ©
3D cell culture, Temperature PEGDA, BisEMA Human neural PuSLA
histological progenitor cell
study
3D cell culture Temperature PVA (microstructured Mouse NSCs FDM, SLA, replica
(neural) mold preparation), molding and imprinting
PMMA (microwell
imprinting mold) BDE,
PBE, and DA (4D ink)
Vascular tissue Water Alg-MA, HA-MA D1 cdls Extrusion
engineering
Vascular tissue Temperature PGDA — Extrusion
engineering,
stent
Cardiac tissue Temperature SOEA Human MSCs PSTS
engineering
Cardiac tissue Water (solvent- GelMA and PEGDA Human (iPSC- SLA
engineering induced stress CMs),
relaxation) humanM SCs,
HUVECs
Cardiac tissue NIR-induced PEGDA (mold Human (iPSC- | DLP and replicamolding
engineering photothermal preparation) BDE, PBE, CMs),
effects DA, and graphene humanM SCs,
nanoplatel ets (4D ink) HUVECs
Neural tissue Temperature and PVA (mold Mouse NSCs FDM, extrusion, and
engineering NIR- induced preparation), BDE, replicamolding
photothermal PBE, DA, and graphene
effects nanoplatel ets (4D ink)
Neural tissue Solvent SOEA (with/without Human MSCs SLA
engineering (water/ethanol), graphene)
temperature
Neural tissue Magnetoel ectric 4-HBA, PU-EO-PO PC12 cells DLP
engineering monomer, and electro-
magnetized carbon
porous hanocookies
Bone/ cartilage Water Oxidized Alg-MA NIH-3T3 cells, Extrusion
tissue human adipose-
engineering derived stem
cells
Bone tissue Water, pH, Oxidized Alg-MA and | Human MSCs Extrusion
engineering Calciumions GelMA
Bone tissue Temperature PU, superparamagnetic | Human MSCs LTDM
engineering iron oxide nanoparticles
(combined with gelatin
or PEO)
Bone tissue NIR-induced BPNS, p-TCP, and Rat MSCs Extrusion
engineering photothermal p(DLLA-TMC)
effects
Bone tissue Temperature Poly (propylene — DLP
engineering fumarate)
Bone tissue Water, PCLDA-2000 and Rat MSCs DLP
engineering Temperature PCLDA-10 000
(micropatterned SMP
layer) HEA, PCLDA-
2000, and SPMA
(hydrogel layer)
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Bone tissue Thrombin, alkaline PEGDA (700) NIH-3T3 cells DLP
engineering phosphatase
Bone tissue Temperature Castor oil and PCL triol | Human MSCs Extrusion
engineering
Tracheatissue Magnetic field PLA, — Extrusion
engineering FesO4 nanoparticles
Tracheatissue Water and NaCl Sil-MA Human/rabbit DLP
engineering chondrocytes
and TBSCs
Muscle tissue Temperature PCL triol and Human MSCs FDM
engineering poly(hexamethylene
diisocyanate)—coated
PCL
Muscle tissue Calciumions Alg-MA and PCL C2C12 cells Extrusion, MEW
engineering
Muscle tissue Water HA-MA and PCL-PU C2C12 cells Extrusion, MEW
engineering
Tissue Water GelMA (top layer) HUVEC Inkjet
engineering Carboxylated GelMA
(bottom layer)
PEI/HA/Alg/Alg-
gelatin (sacrificial
layer)
Tissue NIR-induced Algand 293 T HEK Extrusion
engineering photothermal polydopamine(for shape cells
effects morphing) Alg and
GelMA (for cell
encapsulation)
Tissue Temperature SOEA Human MSCs SLA
engineering
Tissue Temperature Collagen conjugated- Human MSCs Extrusion
engineering polyether urethane
(MM3520)
Tissue Temperature pAAmM, pNIPAAM, — Extrusion
engineering Alg, and sugar particles
Tissue Water, temperature HBC-MA — SLA
engineering
Tissue Temperature Agarose, pAAmM, and — Inkjet
engineering LAPONITE®
Tissue Temperature PLA — Extrusion
engineering
Tissue Water PEGDA, HEMA, — SLA
engineering SPMA, AUD, and
MEO2MA

Table 4. Overview of 4DP applications in medical devices and soft robotics!'¥.

Applications Stimuli Materials? Cells | Printing techniques®
Surgical suture, self- Temperature PLMC — DIW
expandable
stents/scaffolds
Suture-less sealant Temperature RS and PHBV — Extrusion
clips
Intravascular stents Temperature PLA, benzophenone, and — DIW
Fes04 nanoparticles
Endoluminal devices Temperature PCL-MA — SLA
Left atrial appendage | Temperature, PLA and FesO4 nanoparticles — FDM
occluder Magnetic field
Biomedical devices, Magnetic field | PDMS, DBP, fumed silica, and — Extrusion
soft robotics NdFeB nanoparticles
Wearable assistive Magnetic field Nylon and ferrofluid — SLS
devices

sl — g YD alkally palal) il Lall) Lsnandl — Spuslaall Gaarals§) cilaudsall Al Alaal

33

2024 48 (2 sl (2 ralalll - E-ISSN:3005-5970




(Libyan Journal of Contemporary Academic Studies) 8 palzall AalSY) il jall dpll) Al

Elbow protective Temperature Unsaturated PLA-PCL — FDM
devices copolymer
Vascular repair devices | Temperature PCL, AUD, and nBA — DIW
(with/without silica nanoparticles)
Biomedical devices, Temperature pPAAmM and pNIPAAM — DIW
soft robotics
Biomedical devices, Temperature Alg, pNIPAAmM, PEGDA, and — Extrusion
soft robotics LAPONITE®
Biomedical devices Water, PU elastomer (swellable and non- — Extrusion
temperature swellable) and PE (heat-
shrinkable)
On-demand pH Acrylic acid, pNIPAAmand PVP | — FsLDW
microparticle capture
and release
Biomedical devices, Temperature, | Pickering emulsion gels BSA-MA — DIW
soft robotics pH, enzyme + pNIPAAmM (thermo- sensitive
ink), BSA-MA + p(DMAEMA)
(pH-sensitiveink), BSA-MA +
F127 (enzyme- sensitiveink)
Biomedical devices Temperature Agarose, pAAm, and — Inkjet
LAPONITE®
Biomedical devices Temperature PLA — Extrusion
(origami- based)
Soft robotics, Water PEGDA, HEMA, SPMA, AUD, — SLA

biomedical actuators

and MEO2MA

Table 5. Overview of 4DP applicationsin drug delivery 9.

Applications Stimuli Materials Céls Printing techniques
Drug delivery Water, PU elastomer (swellable and non- — Extrusion
temperature swellable) and PE (heat-
shrinkable)
Drugrelease | Magnetoelectric |  4-HBA, PU-EO-PO monomer, PC12 cells DLP
and electro-magnetized carbon
porous hanocookies
Drug delivery Water, PVA — FDM
system for temperature
gastric
retention
Drug delivery | Temperature, Pickering emulsion gels BSA- — DIW
pH, enzyme MA + pNIPAAm (thermo-
sensitive ink), BSA-MA +
p(DMAEMA) (pH-sensitive ink),
BSA-MA + F127 (enzyme-
sensitive ink)
Drug delivery Desolvation PEGDA — PUSLA
(barbed and drying
microneedles)
Drug delivery Water PVA and glycerol — FDM
(retentive
intravesical
devices)
Drug delivery lonic F127DA and Alg — Extrusion
(hydrogels) crosslinking
(calcium and
carbonate ions)
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