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Advances in 3D and 4D Printing of Soft Robotics and

Their Applications

Hao Liu, Changchun Wu, Senyuan Lin, James Lam, Ning Xi, and Yonghua Chen*

Soft robots inspired by natural organisms exhibit unprecedented deformation
abilities for diverse applications leveraging various smart materials, intelligent
structures, and actuation principles. At the same time, advancements in 3D
printing technology empower contemporary 3D printers with higher resolution,
faster printing speed, and a broader selection of materials. The progression of 3D
printing technologies offers additional avenues for fabricating soft robots,
facilitating their practical utilization, and commercialization. This review sum-
marizes fundamental 3D printing principles, encompassing fused filament fab-
rication, direct ink writing, vat photopolymerization, material jetting, and
selective laser sintering and emphasizing their capabilities in material selection,
multimaterial printability, soft robot fabrication, and smart material printing. This
article is concluded with applications of 3D- and 4D-printed soft robots and
perspective on future designs and fabrication strategies is offered. This article
bridges the gaps between soft polymers, 3D printing technologies, soft actuators,
and robotic applications, providing guidance for multidisciplinary researchers in

the domains of 3D printing and soft robotics.

1. Introduction

Soft robots demonstrate exceptional adaptabilities that are diffi-
cult for traditional rigid robots composed of rigid linkages and
rotational joints. Benefiting from their inherent flexibility and
compliance, soft actuators can interact safely with delicate objects
or collaborate effectively with humans. Furthermore, the multi-
ple degrees of freedom (DOF) and large shape-morphing abilities
enable soft robots to adapt to unstructured and dynamic environ-
ments. The emergence of soft robots also breaks the cognitive
limitations of engineers in design, moving beyond conventional
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mechanical transmission to explore a
diverse range of fascinating flexible
structures, smart materials, and intelligent
actuation principles. While significant
advancements have been made in soft
robot design in recent years, challenges
persist in industrial applications and daily
human activities due to requirements of
complex perception, robust control, high
comprehensive performance, and compli-
cated manufacturing processes.' ™

Inspired by biological features, research-
ers have proposed various soft actuators,
including soft pneumatic actuators
(SPAs), electroactive polymers (EAPs),
and stimulus-responsive materials. These
actuators can produce reversible deforma-
tions such as expanding, extending,
bending, contracting, twisting, or hybrid
deformations to satisfy requirements in
diverse application scenarios.F®!  Soft
actuators made of smart materials can be
activated by various stimuli, like temperature, magnetic fields,
light, acoustic signals, humidity, and chemicals, catering to
specific application needs such as drug delivery.

Soft robots can be constructed from a variety of soft materials,
including rubber elastomers, hydrogels, fabrics, plastic films,
and other synthetic materials.”) The rapid advancements in
additive manufacturing (AM) technology, particularly in printing
resolution, material diversity, and forming speed, have led to sig-
nificant progress in the fabrication processes of various soft
actuators and soft robotic systems. Intelligent manufacturing
techniques such as 3D printing have paved the road for the wide
applications of soft robots.

We retrieved and analyzed a total of 3556 articles published
between 2011 and 2024 from the Web of Science (WoS) using
the keywords “3D printing” (or “4D printing” or “additive
manufacturing”) and “soft robotics” (or “soft devices”), as
depicted in Figure 1. The results were filtered to include pro-
ceedings, articles, and review articles. This search query was con-
ducted on December 28, 2024. The chronological bibliometric
analysis indicates a notable surge in publications concerning
3D-printed soft robots since 2018 (Figure 1A). Moreover, cita-
tions related to this topic have increased faster than the publica-
tions, signifying high attention to 3D-printed soft robots in
multidisciplinary fields (Figure 1B). Figure 1C,D showcase the
universities and countries with the highest publication volumes.
The United States of America (USA) and the People’s Republic of
China lead in publications on 3D printing soft robots, holding
the first and second positions, respectively.
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Figure 1. Bibliometric analysis of 3D-printed soft robots. A) Number of publications in recent years. B) Number of citations for the past 14 years.
C) Top ten research institutions ranked by the number of publications. The full names of the institutions are illustrated in the nomenclature section.

D) Top ten countries according to the number of publications.

This review article systematically examines state-of-the-art 3D
printing technologies, focusing on printable materials and the
capabilities of multimaterial printing. Furthermore, it summa-
rizes 3D-printed soft robots and 4D-printed actuators based
on the various 3D printing methodologies and working princi-
ples. The article emphasizes the applications of 3D-printed soft
robots in the fields of soft grippers, artificial muscles, locomotion
robots, biomedical devices, and sensor-integrated actuators.
Discussion on the challenges and opportunities associated with
3D-printed soft actuators and their applications is provided.
Finally, the article outlines the prospects of 3D-printed soft
robots in practical utilization.

2. Soft Matter and Additive Manufacturing
Technologies

According to the elastic range of organs and tissues in natural
creatures, scientists define materials with Young’s modulus in
the range of 10°~10° Pa as soft materials.""! In contrast to rigid
plastics and metals, soft materials possess outstanding deform-
ability. Due to the viscoelastic deformation under forces, soft
matters are traditionally fabricated by coating, injection molding,
extrusion, and soft lithography.'*' These conventional
machining methods often struggle to address the complexities
of multimaterial systems and complex structural designs.
The advent of 3D printing, or AM, has revolutionized the concept
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of mechanical engineers in designing structures, simplified the
product design process, reduced the prototype iteration times,
and broken down the limitations of structure design and material
combinations.

3D printing technology simplifies the manufacturing process
by directly translating computer-aided design (CAD) models into
3D physical objects without the specialized technical training
required by traditional machine tools. Different from traditional
machining methods such as turning, milling, drilling, planing,
boring, and electrical discharge machining, which carve parts
from specific blanks to achieve the desired shape, 3D printing
technology operates by slicing the CAD model and constructing
it layer by layer through the print head or laser head to fabricate
3D objects. 3D printing technology can be divided into seven cat-
egories based on the forming principle: material extrusion
(MEX), vat photopolymerization (VPP), material jetting (M]),
powder bed fusion (PBF), binder jetting, energy deposition,
and sheet lamination.” Sheet lamination processes typically
use ultrasonic welding to bond metal sheets together or glue
cardboard to form a 3D structure. Laminated objects are usually
used for artworks and visual structures that are not suitable for
structural purposes. Although researchers tried to bond the ther-
moplastic polyurethane (TPU)-coated baric layer together by hot
pressing to design fabric-based soft actuators and they bonded
fabric with 3D-printed TPU parts by hot pressing to achieve
large-scale soft robot designs,!"®"®! the above two-sheet lamina-
tion processes have a low degree of automation and involve
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significant manual operations. Directed energy deposition
employs an energy source like plasma arcs, lasers, or electron
beams to melt materials while depositing them through a nozzle,
commonly used in metal and alloy fabrication. Additionally,
binder jetting uses liquid bonding agents to selectively bind pow-
dered materials, frequently employed in metal, ceramic, and
sand molds. Considering that soft robots primarily consist of soft
polymers, this article focuses on the remaining four printing
technologies. This section delves into their capability for material
diversity and multimaterial printing, serving as a guide for engi-
neers in selecting the appropriate AM approach for soft device
production.

The printability of various materials using different 3D print-
ing mechanisms, encompassing soft materials, smart materials,
composites, and multimaterials, is summarized in Figure 2.
The ease of printing these materials through 3D printing prin-
ciples is categorized into four levels, ranging from easy to diffi-
cult. Level 1: Materials that can be easily printed using 3D
printing technology. Abundant literature supports the maturity
and reliability of this approach. Level 2: Materials that can be
processed using 3D printing technology, but there is limited
research on the use of this printing method. Researchers may
need to prepare and adjust precursor materials independently.
For instance, incorporating nanoparticles into the resin may
impact flow properties, light absorption, and may lead to particle
agglomeration, affecting print quality. Notably, using VPP to
print composites for soft robots has gained significant attention
in recent years.'”! Level 3: Printing this material using this 3DP
method is challenging, necessitating customized 3D printers or
printed objects showing poor mechanical properties. Although
there are commercial silicone elastomer inks for MJ, and prop-
erties (e.g., ductility and service life) of the MJ-printed parts are
far weaker than other fabrication methods, multimaterial print-
ing is difficult for VPP and selective laser sintering (SLS), as their
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common printing processes are conducted in a single vat. Level
4: Currently, no literature or theory proves that this 3DP method
can print this material. For example, fused filament fabrication
(FFF) and SLS cannot print thermoset polymers like silicone rub-
bers, liquid crystal elastomers (LCEs), and hydrogels. The details
and existing challenges of 3D printing these materials are
expounded upon in subsequent sections.

2.1. Fused Filament Fabrication (FFF)

MEX is a common AM mechanism. Materials are extruded from
nozzles to generate a continuous semiliquid filament by applying
pressure on it using gears, syringes, and screws, selectively
depositing material on a platform to generate one layer of the
target 3D object. Throughout production, the extruder moves rel-
ative to the print platform in the x—y—z directions, depositing the
filament to the platform. After completing one layer of material
build-up, the extruder rises, or the platform descends to start the
next layer of printing. This printing process continues until the
entire component is completed.

2.1.1. Filaments of FFF

The primary and widely used MEX-based 3D printing method is
FFF, also called fused deposition modeling (FDM). In FFF
technology, thermoplastic 3D printing filaments are melted by
a heating block and stacked layer by layer on a platform through
a nozzle to form 3D objects.

FFF-based 3D printers can print a broad spectrum of
thermoplastics including rigid polymers like polylactic acid
(PLA), polyethylene terephthalate glycol (PETG), polyether
ether ketone (PEEK), acrylonitrile-butadiene-styrene (ABS),
and Nylon.”*% Additionally, they can print elastic polymers

? VPP MJ m SLsE= 5\
E #I lllllll Llllll- Easy

Figure 2. Capabilities of each 3D printing technology for different soft materials.
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such as TPU,**?* and water-soluble synthetic polymers, like
polyvinyl alcohol (PVA), etc.””! The most common 4D printing
material in FFF technology is shape memory polymer (SMP),1*®!
which can reduce its stiffness when heated and then deform
under force and return to its original shape when heated again.
This process is called the shape memory effect (SME).

Engineers have explored the intermixing of standard thermo-
plastic polymers and functional particles or fibers to create com-
posites with special functions. Yang et al. devised a robotic finger
joint by printing SMP and conductive TPU (CTPU) in one piece
via FFF and embedded the finger joint in the bottom of a fiber-
reinforced bending actuator to improve the actuator load-bearing
capacity.*”! A commercial CTPU, which is electrically conductive
by doping the TPU with carbon black (CB) particles, can produce
Joule heat to change the SMP’s stiffness and act as a position
sensor. In addition, because thermoplastic polymers are inher-
ently softened by heat, researchers embedded conductive PLA
(CPLA) into the bottom of the SPA to adjust the stiffness of
the actuator in different positions.”® Chatzipirpiridis et al. inves-
tigated the 3D printing of thermoplastic-bonded magnetic
composites (TBMC) made of polyamide (PA)-containing mag-
netic particles. Based on the TBMC,*” researchers constructed
a magnetic planetary gear system featuring a TBMC ring gear, a
nonmagnetic PLA sun gear, and five nonmagnetic PLA planet
gears. When a magnetic field is applied, the TBMC ring gear
rotates to propel the entire planetary gear system at a frequency
of 8 Hz.

2.1.2. Multimaterial Printing of FFF

Multimaterial 3D printing has always been a concern for
engineers when choosing a processing method. Most of the
FFF printers implement multimaterial printing through
multiple extruders. A common approach is the dual-extruder
3D printer, capable of printing two materials in a single printer.
Recently, Bambu Lab proposed an automatic material system
that could print a maximum of 16 colors through a single nozzle
(Bambu Lab X1-Carbon Combo, Bambu Lab, China). For FFF 3D
printers, printing flexible (TPU) and rigid materials (PETG, PLA,
and ABS) together remains a challenge. Geometrical locking is a
common strategy used to bond two incompatible materials
together. Wrapping-based fabrication strategy is an accessible
method to print soft-rigid hybrid structures, leveraging rigid
material as backbone and soft material as flexible joints.

Generally, FFF is a user-friendly printing method with low
cost, easy operation, and safe materials. The inherent printing
mechanism also limits the material selection and mechanical
properties of finished products. Only thermoplastic polymers
are compatible with the FFF process. The tensile strength of
the FFF-fabricated objects in the z-axis is significantly lower than
in other directions, indicating anisotropy. With the iteration of
3D printing filaments and the optimization of extruders, FFF
can print increasingly soft filaments (TPU 55A). An overly soft
TPU filament may lead to nozzle blockages or extruder gear slip-
page during printing. Overall, printing low-hardness, airtight,
and robust TPU at high speeds is still an important research
gap for soft robot commercialization.
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2.2. Direct Ink Writing (DIW)

The direct ink writing (DIW) method, also known as liquid depo-
sition modeling, can print extra soft materials and provides more
possibilities for 3D printed soft robots. The layer-by-layer mode
of DIW operation is the same as FFF, but with a more diverse
range of MEX methods, such as air pressure, pistons, or screws
used to extrude the precursor ink. Depending on the properties
of the printed material, some curing process (e.g., thermal curing
and photopolymerization) is usually required after the deposition
of the ink.

2.2.1. Inks of DIW

Different from FFF, which is limited to printing thermoplastic
polymers, DIW can print almost any material as long as the
precursor ink can be engineered to demonstrate appropriate
rheological behavior.*”! High-quality DIW printing requires a
continuous and smooth ink extrusion process. The rheological
behavior of ink directly affects its printability and shape fidelity,
influencing the shape change of the printed object after deposi-
tion, drying, and postprocessing.*?! Achieving high-quality, reli-
able, and consistent printing requires that the ink flow during
extrusion rapidly transforms into a solid (or gel) state after depo-
sition onto the platform, that is, exhibiting shear thinning (also
called pseudoplastic). Shear thinning is a non-Newtonian fluid
characteristic where the viscosity decreases under shear stress.
For materials that do not meet the rheological properties of
the traditional DIW process, adding functional particles to the
ink matrix or using additional equipment to achieve an in situ
cure of the ink was done. For instance, mixing CB into silicones
can impede curing depth, improve visual monitoring ability,
lessen electrostatic repulsion, and enable curing under ultraviolet
(UV) light to solve the silicone slumping under its weight.*!
By controlling ink composition, printing parameters, and
curing conditions, DIW technology is widely used to print
polymers, ceramics, metals, cement, composites, biological tis-
sues, and even food.?*™*% Polymer-based materials are particu-
larly integral to soft robot manufacturing, including polymer
resins, hydrogels, silicones, and their composites. DIW can print
thermoplastic polymers (like PLA) at room temperature using
the solvent-cast direct-write (SC-DW) fabrication method. The
SC-DW consists of the robotically controlled microextrusion of
a concentrated polymer solution ink filament, combined with
rapid solvent (dichloromethane, DCM) evaporation after the fila-
ment exits the micronozzle.*" Postiglione et al. experimented
with mixing multiwalled carbon nanotubes (CNTs), PLA, and
DCM to form a novel composite and printed the PLA composite
with conductive properties by SC-DW.H? Notably, DIW allows
the thermoplastic polymer to contain higher concentrations of
nanofillers for better conductivity, avoiding nozzle plugging com-
pared to FFF.[**l Thermoset materials have attracted the attention
of researchers due to their excellent interlayer bonding strength
and excellent mechanical properties. Chandrasekaran et al. cre-
ated a cyanate ester (CE) thermoset polymer ink by adding silica
nanoparticles for shear thinning behavior.** CE thermoset poly-
mer can withstand elevated temperatures up to 428 °C under
thermo-oxidative conditions. DIW demonstrates broad material
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selectivity in printing elastomeric polymers. Chen et al. synthe-
sized thixotropic inks by a simple one-pot process dispersing
nanoclay and silica nanoparticles in a polyurethane suspension
and printed mechanically robust TPU foam.**) The most exciting
aspect of DIW technology is its ability to print highly deformable
materials such as silicone elastomers and hydrogels.[**~**!

2.2.2. Multimaterial Printing of DIW

Similar to FFF, DIW enables multimaterial printing with
multiple printheads to build complex systems.**) DIW can print
multimaterial structures with one nozzle and multiple ink
cartridges.”*>% Due to the structural similarity between FFF
and DIW printers, it is feasible to integrate both solutions into
a single equipment.®?! Byrne et al. developed a four-axis 3D
printer, combining FFF and DIW capabilities. Unlike conven-
tional FFF printers that deposit fused filament on a platform,
the platform of this printer is a rotating cylinder, making it more
suitable for printing cylindrical objects. The thermoplastic elas-
tomer fiber is printed using a nozzle that can be heated and the
silicone matrix (Dragon skin 10, Smooth-on, USA) is printed
using a syringe to mold the fiber-reinforced soft actuator in a sin-
gle process.” In addition, DIW inks are characterized by their
fluid state before extrusion, that is, they can be easily mixed to
achieve multi-MEX. Ober et al. homogeneously blended two inks
with an active mixing printhead and achieved 3D printing of vis-
coelastic inks with programmable control of local composi-
tion.”®! Since the DIW printer can extrude inks through the
remote pressure control of the ink extrusion without gear sys-
tems, engineers designed a complex coaxial printhead structure
to achieve the coextrusion of multiple materials.*® Mueller et al.
fabricated architected lattices composed of multicore—shell struts
using tailored coaxial nozzles.””! Scott et al. reported a multima-
terial multinozzle 3D printing (MM3D) approach for voxel pro-
gramming of material composition, function, and structure.>®!
Using MM3D, researchers facilitate seamless, high-frequency
switching between up to eight different materials to create
voxels with a volume approaching that of the nozzle diameter
cubed. Larson et al. presented a rotational multimaterial 3D
printing (RM-3DP) platform achieving subvoxel control over
the local orientation of azimuthally heterogeneous architected
filaments.*%

DIW can print viscoelastic polymers with an elasticity modu-
lus ranging from 0.02 to 1700 MPa with a resolution of up to
50 um. %1 Although DIW is compatible with a variety of
materials, it has a low print speed due to layer-by-layer deposition
process and a trade-off between print speed and interface integ-
rity.[*” Another challenge for DIW technology involves the grav-
itational sagging of long beams when printing overhanging
structures, particularly for large elastomeric items.**) A common
approach to print overhangs or cavities is to fill them with sacri-
ficial materials (e.g., water-soluble support) and remove the sup-
port in a postprocessing manner to create a specific chamber.!**]
In addition, DIW printer can fabricate soft overhanging struc-
tures by adjusting the rheology of the ink.[*) Wang et al.
demonstrated an omnidirectional printing technique to build
a non-coplanar elastic feature without sacrificial materials by
adjusting the shear-thinning properties of silicone.®®!
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While DIW has demonstrated promise in printing multiple
materials, switching between different materials imposes more
stringent conditions for rapid changes in printer operating
parameters (e.g., pressure, flow rate, printhead travel speed).
Furthermore, different drying, curing, and sintering conditions
for different materials complicate the manufacturing of some
materials in a single-printing process. Notably, benefiting from
the multiple materials and dexterous nozzle designs, DIW with
subvoxel control shows amazing research potential in soft robot
designs.”*”!

2.3. Vat Photopolymerization (VPP)

VPP selectively cures liquid photosensitive resins in a vat using
specific light (usually UV light) to print the target entities in a
layer-by-layer process. Since the introduction of the first stereo-
lithography (SLA) 3D printer in the 1980s, various VPP printing
methods were developed by optimizing patterning methods to
enhance forming speed and printing resolution. These methods
include digital projection lithography (DLP), continuous liquid
interface production (CLIP), liquid-crystal display, projection
micro-SLA (PuSL), two-photon polymerization (TPP), and volu-
metric AM (VAM). Except for VAM,*”) most VPP-based printers
have similar printable materials, curing setup, and forming pro-
cesses. These detailed differences and characteristics of VPP
printing technologies are systematically summarized in previous
articles.'*®! VPP-based printers adjust the orientation of the
light source and support plate based on configuration.

2.3.1. Resins of VPP

VPP typically has two basic requirements for printable materials:
photocurability and good fluidity. Based on specific groups
and photoinitiators (PIs) reacting under particular lights,
photopolymerization mechanisms can be classified as radical
polymerization, cationic polymerization, and hybrid (dual-cure)
polymerization.**””) Photopolymers used for VPP feature a low
viscosity enabling homogeneous distribution. The main compo-
nents of SLA photopolymer resins are monomers/oligomers,
PIs, and additives.’”!) Monomers (or oligomers) are dominant
ingredients of photosensitive resin, influencing the forming
speed, geometric accuracy, and mechanical properties of the
printed object. The common monomer systems involve radical
polymerization of (meth)acrylates,”’? cationic polymerization
of epoxides (or vinyl ethers), or a mixture.”*) Compared to
MEX, VPP can print fewer types of photopolymers and is weak
in printing multimaterials. An increasing number of soft resins
have been printed using VPP, including elastomeric resins,”*
silicone elastomers,”” LCEs,”® and hydrogels.”” Using low-
molecular-weight oligomers exhibits lower viscosities, but it will
lead to low T, and poor mechanical properties.”®! PIs (like acyl
phosphine oxides) create reactive species and react with oligom-
ers and monomers under light irradiation, inducing crosslinking
to initiate polymer chain growth. The composition of PIs affects
the choice of light source (wavelength and intensity), cure speed,
yellowing, and cost.” Additives are commonly employed to
modify resin properties, including pigmentation, diluents,
radical inhibitors, stabilizers, photoabsorbers, and functional
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nanoparticles. The diluents can enhance the fluidity of liquid
resin, radical inhibitors can control gelation time, stabilizers
can prevent overpolymerization by neutralizing reactive species,
and photoabsorbers can restrict the curing depth to print thinner
layers. Unlike DIW, directly adding functional nanoparticles to
the inks, VPP has a weak ability to print composites, mainly
caused by the following reasons. 1) Mixing nanoparticles or rein-
forcement fibers will cause strong light scattering and reduce the
transparency of the resin. 2) Adding nanoparticles will increase the
viscosity of liquid resin and reduce the printing efficiency.
3) Nanoparticles are prone to settle down during long time use,
which will cause an unstable and inhomogeneous structure. But
that doesn’t mean it’s impossible to print composites using VPP,

2.3.2. Multimaterial Printing of VPP

Multimaterial 3D printing using VPP technologies presents
major challenges compared to MEX and M] techniques.
Despite this, the exceptional printing resolution of VPP has
attracted researchers to explore printing multimaterial structures
using VPP technologies. One intuitive approach in VPP multi-
material printing is the rotating disk method (RDM).B%#2
Vats containing different resins are distributed around the plat-
form and rotated to switch between resins or cleaning solutions.
To enable multiple-vat VPP printing, modifications are required,
such as adding vats on a rotating vat carousel and incorporating
washing, curing, and drying devices. However, these modifica-
tions also reduced the original forming area.”?’ The RDM
approach has been refined over time, including redesigning
the rotating vat carousel system or integrating an automatic con-
trol system, to achieve printing with a wider range of materials,
larger forming area, and higher precision.®*#* A notable limita-
tion of the RDM method is the challenge of cleaning the high-
viscosity resin. Frequently switching between resin and cleaning
solutions increases printing time, material wastage, and potential
crosscontamination.

Another VPP multimaterial printing strategy is known as
serve on demand. The multimaterial printing technology based
on serve-on-demand strategy provides only the amount of resin
needed for each layer. Han et al. used a syringe pump to control
monomers in and out of the servo stage and a UV-transparent
window through channels on the platform for multimaterial
printing.®>! Kowsari et al. demonstrated a DLP-based multima-
terial printing system that removes residual liquid resin from the
substrate using air jets each time the material is switched without
the need for cleaning solutions that would damage the printed
features. Material switching is achieved by a translationally mov-
able glass plate attached with optically clear polytetrafluoroethy-
lene (PTFE) silicone-adhesive tape to facilitate the separation of
residual liquid resin.®®! In addition, Han et al. presented a novel
multimaterial PuSL- (MM-PuSL) system using dynamic fluidic
control material switching in vats. Although this method allows
for quick switching of resins, contamination between materials is
unavoidable.®”) Multimaterial printing is also possible by control-
ling the wavelength to selectively cure different resins mixed in a
single vat.®®!

Overall, VPP has become the most promising 3D printing
method in recent years due to its exceptional printing resolution
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and high mechanical properties in finished products. Although it
is not impossible to print multimaterials using VPP technology,
it is difficult to realize and inevitably accompanied by a variety of
problems such as excessive material consumption, extremely
long printing time, and printing defects caused by resin mixing.
Therefore, VPP-based multimaterial printing is mostly used in
manufacturing small-size items and needs further development
to broaden its application scenarios.’®”!

2.4. Material Jetting (M))

M]J, also named inkjet printing, constructs 3D objects via selec-
tively depositing droplets layer by layer like a traditional 2D
printer. M] printers typically consist of a motion platform, an
array of inkjet nozzles, and curing equipment.”® Depending
on the dropping mode of ink, MJ can be categorized into
drop-on-demand (DOD) inkjet printing and continuous inkjet
(CIJ) printing. The DOD operates at a slower speed but offers
higher resolution compared to CIJ. The working principles
and more detailed comparisons between the two M]J techniques
are discussed in the previous article.!'”

2.4.1. Inks of MJ

In the MJ printing process, two essential materials are required:
the building material and the support material. Since the precur-
sor used for M] printing is a low-viscosity fluid with good flow
properties and the resin is deposited on the platform without vat,
completely dense gel-like supports are compulsory for overhang
regions, which will be removed by chemical solution, heating, or
using a high-pressure water jet during postprocessing.”*! M]
has two basic requirements for the two materials: curability
and suitable fluid properties to ensure that the liquid flows with-

out splashing when dripping like 1 < Z = % < 10 and Weber

number W, >4, where R. is Reynolds number of inks.?
However, commercial M] printers (like PolyJet printers from
Stratasys) have closed-loop systems whose availability is limited
to proprietary materials. Because the extrusion of liquid inks
demands only extremely small nozzles, such as a 0.04 mm noz-
zle diameter in the Stratasys Objet30 Prime printer, multi-
material prints of inks with varying properties can be easily
implemented. Meanwhile, highly concentrated functional fillers
(fibers or particles) and large filler particles (>100nm) tend
to cause plugging, limiting the use of M] when printing
composites.

Because of the high resolution and excellent multimaterial
printing capabilities, MJ is widely applied in intricate structures.
However, commercial MJ inks typically exhibit lower mechan-
ical and thermal performance compared to FFF and VPP.
Constrained by surface tension and viscosity, researchers have
employed a single-nozzle deposition system to print silicone rub-
ber, limiting printing speed and the capability for multimaterial
printing.**** In soft actuator designs, elastomers commonly
need to undergo high frequency and large deformation.
Printing silicone elastomers with high flexibility and robust
mechanical properties and fast fabrication of silicone rubber
structures with multimaterials remain significant challenges
in MJ.
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2.5. Selective Laser Sintering (SLS)

PBF is a 3D printing technique by sintering or melting solid
powders using a laser or an electron beam as the energy source.
Depending on the material solidification principle, the energy
source, and whether a binding agent is used or not, PBF can
be categorized into SLS, selective laser melting (SLM), electron
beam melting, and multijet fusion. SLS is commonly used in
polymer fabrication, so in this article, we use SLS to represent
PBF.”) SLS-based 3D printing technology typically involves
three steps: powder deposition, powder solidification, and plat-
form down.

2.5.1. Powders of SLS

Powders for SLS should have good flowability, compactibility,
and thermal stability. PBF-based processing platforms are usu-
ally placed in a high-temperature sealed chamber to improve
printing efficiency, with the chamber temperature slightly lower
than the printed material’s softening points. Therefore, the pow-
der should have a certain degree of aging stability to ensure that
degradation does not significantly occur at high temperatures
over a long time, affecting the performance of the finished prod-
uct. In addition, too small powders can lead to safety hazards,
such as dust combustion, explosion, or pneumoconiosis of the
operator due to powder escape. The printing resolution of
the SLS printer is less than 100 pm owing to the powder size
limitation.®®! When printing flexible polymers, the material
limitations of the powder are particularly strict. The polymer
materials used for SLS are thermoplastic, commonly used
TPU (DuraForm Flex).””) Currently, the softest material that
SLS can print is TPU 45A.

2.5.2. Multimaterial Printing of SLS

The powder in SLS is laid down in the bed. The uncured powder
can serve as support material after compaction, enabling 100%
material utilization but also making multimaterial printing
extremely difficult. Whitehead et al. developed a multimaterial
printing method using SLS technology via an inverted laser
and clear glass plates.”® They tested a combination of TPU
and Nylon due to the similar melting temperature. Powders with
different melting temperatures mean high laser system costs, the
use of multiple glass plates raises the probability of failures, the
inverted platform structure prevents the printer from producing
complex 3D structures, and an additional release agent is neces-
sary to avoid connections between the glass plates and the
powders.

In general, various solutions have been proposed to solve the
SLS multimaterial printing problem in recent years.”> The print-
ing capacity, efficiency, reliability, and economy of the SLS
in multimaterial printing are far worse than other printing
methods.

3. 3D-/4D-Printed Soft Actuators

For each 3D printing technique, we classified the printed soft
actuators into two groups, namely “3D-printed soft actuators”
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made of common elastomer polymers and “4D-printed soft
actuators” based on smart materials. SPAs and passive deforma-
tion structures are common 3D-printed designs using TPU or
silicone rubbers. Smart polymers and composites (like SMPs,
LCEs, hydrogels, and composites with functional particles) could
be printed to complex structures for specific applications, and
they can be driven by diverse stimuli as shown in Figure 3.

3.1. FFF-Printed Soft Actuators

3.1.1. 3D-Printed Soft Actuators Based on FFF

FFF printers are affordable and meet the needs of most indus-
tries and amateurs. However, layer resolution is constrained by
the size of the nozzle, usually exceeding 0.078 mm.*” While
employing a smaller nozzle can enhance the surface quality of
the printed object, it also increases production time and the risk
of nozzle clogging. A common method for improving the quality
of thermoplastic filament printing is thermal drying to eliminate
moisture from the consumables. Additionally, chemical treat-
ments can improve the surface finish and dimensional accuracy
of printed objects. Acetone solvent can improve the tensile
strength of ABS materials, and using dichloroethane resulted
in a better surface finish.[**”

For SPAs, rough surfaces of 3D printed objects lead to air leak-
age of the actuator, severely affecting the performance of the
actuator, which has plagued engineers over the past decade.
A common material used for 3D-printed SPAs is TPU due to
its exceptional resilience. One of the simplest ways to enhance
the airtightness of 3D-printed SPAs is to increase the wall thick-
ness, fill density, and filament flow of the structural parts or to
reduce the layer thickness and printing speed. While this
approach can effectively mitigate air leakage, it also constrains
the performance of the actuator.’®” Another common way of
eliminating surface defects on 3D-printed parts is post-treatment
by coating them with a dense elastic film, such as rubbery sealant
spray.'°"192 Additionally, a major cause of SPA leakage is weak-
nesses in the connection of adjacent layers, and a common post-
processing method to increase the airtightness of flexible printed
materials is heat treatment.'**'%" Kim et al. presented a TPU
dual-origami structure with a thin-wall feature that can work
under 200kPa pressure input after heat treatment at 172°C
for 2h.'%! Using the Eulerian path (a single, continuous
toolpath), the SPA with extremely thin walls can be created with
a minimum wall thickness of two traces.'**'%”! 3D-printed SPAs
based on the Eulerian path do not require complex postprocess-
ing to achieve good airtightness, and the thin-wall feature
reduces the structural stiffness of the SPA, allowing for flexible
designs. Wu developed a vision-based FFF printing for airtight
soft actuators without any postprocessing.!*®!

The hard materials used in desktop FFF 3D printers
(e.g., PLA, PETG) are commonly used to create molds for soft
robots due to their cost-effectiveness, ease of handling, minimal
postprocessing requirements, and compatibility with silicone
rubber. However, molded soft robots require multistep casting,
tedious demolding, and sealing, so researchers have invested a
lot of effort in one-piece 3D-printed soft robots to automate pro-
duction. Soft bellow actuator is a hot research topic for FFE-
printed SPAs because the deformation of bellow does not require
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Figure 3. 4D printing smart materials for soft robots. A) Mechanisms of SMP, LCE, and Hydrogel. These actuations can be triggered by temperature
change. B) Light-responsive soft actuations. C) Magnetic actuations in soft robots. D) Chemical-responsive actuation. E) Acoustic-responsive soft actu-
ation. The red color implies that the actuators are triggered by environmental stimuli.

large elastic elongation. Tawk et al. designed a 3D-printed bellow
actuator named linear soft vacuum actuators (LSOVA) using
commercial TPU filament (Ninjiaflex, NinjaTek, USA).["’)
By vacuuming the LSOVA, the actuator generates a linear con-
traction that could be used as an artificial muscle and to drive
artificial tendons. Yang et al. presented a fully 3D-printed
TPU robotic finger using the classic pneu-net actuator struc-
ture.% Kresling origami actuator can be created using a similar
manufacturing process, which could generate a rotation motion
by vacuuming it.'*" 3D-printed Kresling origami actuators were
used as soft robotic wrists for robotic manipulation and rotation
joints for hexapod robot design.!**?

Apart from the SPAs, some smart structures could adapt to the
environment. Inspired by the physiology of fish’s tails, scientists
proposed the fin ray effect, a triangular structure with hard
crossbeams that conform to contacted objects by passive morph-
ing.""’ The most common application of the fin-ray effect is soft
robotic grippers, and the whole finger can be made of TPU.!*!
Besides, fin ray structures can be utilized to design robotic feet
for saving energy and adapting to terrain.'**’

3.1.2. 4D-Printed Soft Actuators Based on FFF

The predominant material used in FFF 4D printing is SMP mate-
rial (such as PLA). SMP is rigid at room temperature, but when
heated above the glass transition temperature (Ty), SMP softens
and the bending stiffness of the material decreases by as much as
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2-3 orders of magnitude.'* In this phase, the SMP can be
shaped by applying an external force through other actuation
methods (like SPA or cable-driven force)."'”''®) When the
SMP is heated to T, again following the withdrawal of the exter-
nal force, the SMP will return to its initial shape due to SME.
However, most SMPs only have one-way SME, which limits
the application scenarios of SMPs and requires an additional heat
source device.!''” One method of integrating heating circuits
into SMP structures is to use the coextrusion 4D printing strategy
that embeds continuous conductive fibers into thermoplastic
SMP."*) Another way is to use a dual-nozzle FFF 3D printer
to print SMP and conductive filament (like graphene PLA) as
a whole."?!! Shape-memory polymer composites (SMPCs) were
formed by mixing functional nanoparticles, for example, Fe;0,
and CNTs into the SMP matrix to obtain excellent electrical con-
ductivity and mechanical properties.'*? Zhao et al. fused Fe;0,
nanoparticles and PLA to obtain magnetic stimulated SMPC and
designed magnetically driven bioinspired tracheal scaffolds with
SME by imitating the porous network structure of glass
sponges.['??]

To achieve two-way SME, or reversible SMP, researchers pro-
posed an SMP laminate composite structure.'** Chen et al.
exhibited a laminated SMP composite with two-way SME by
bonding a preelongated SMP layer with an unstretched resilient
polyurethane film.!">*! Cecchini et al. designed a bilayer helical
shape soft robot by mimicking Pelargonium appendiculatum
Willd seed.!'”! The biomimetic seed robot is made of
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polycaprolactone (PCL, hygroscopic inactive material) and coaxial
electrospinning of hygroscopically active fibers, which can
achieve reversible helical morphing triggered by humidity
change.

While material selection may constrain design flexibility,
FFF is still the most popular 3D printing method due to its
affordability and user-friendly operation. Researchers may
design soft actuators that morph based on hardness difference
if FFF can print superelastic polymer (with a hardness below
shore 30A). One potential research direction is using the FFF-
based functional composite filaments, such as conductive/mag-
netic PLA/TPU/SMP, to construct complex robotic systems.

3.2. DIW-Printed Soft Actuators

3.2.1. 3D-Printed Soft Actuators Based on DIW

DIW offers a higher-design DOF of the soft actuator because of
its high material diversity. Photocurable silicone inks with adjust-
able elasticity have been employed to design programmable
actuators by mimicking the fibrous architecture of the muscular
hydrostats (Figure 4A).**”! The bionic fluidic actuators consist of
an inflatable soft elastomer chamber and a hard elastomer layer
for constraining the chamber deformation. These actuators can
achieve bending, torsion, contraction, and localized expansion by
adjusting the hard silicone lead angle. Commercial two-part plat-
inum cure silicones (smooth-on, USA) can also be utilized to
print pneu-net actuators.!'*®)

Hydrogel is a promising 3D-printable polymer for soft
actuator designs due to its organic-like properties and good
biocompatibility. Cheng et al. used an alginate-based naturally
occurring ionically percolating network as a versatile rheological
modifier to fabricate functional hydrogels. They successfully
manufactured an omnidirectional bending hydrogel actuator
and a bioengineered robotic heart capable of beating and
pumping.?*! Due to the structural simplicity of the DIW printer,
exotic components can be obtained by appropriate modifications
to the printer structure or by printing on a specific matrix in com-
bination with other fabrication methods. 3D curvature could be
built by combining 2D DIW and relaxation of strain.!"*? 2D elas-
tomeric polymer precursors were printed on a platform covered
with prestretched 2D elastomeric sheets. When the strain of the
prestretched sheet was released, the composite buckled into a 3D
curvature. In this way, engineers can design and build simple
3D surfaces faster and smoother, such as the flytrap-inspired
gripper.

The use of a needle-like nozzle enables precise injection of
inks into uncured elastomer matrices. Based on this principle,
researchers proposed an embedded 3D (EMB3D) printing
method seamlessly integrating soft lithography, molding, and
DIW.17133] \Wehner et al. injected vaporizable inks into a
molded elastomer matrix to generate pneumatic networks using
the EMB3D method and fabricate the untethered and fully soft
robot, octobot.'**! Li et al. proposed a novel EMB3D method to
print an elastomer-based soft robot by injecting diluted platinum
catalyst ink into a silicone oil matrix."** In addition to soft
actuators, DIW shows its unique attraction in multifunctional
microfluidics fabrication. Su et al. demonstrated a printing strat-
egy by precisely extruding room-temperature vulcanizing (RTV)
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viscoelastic inks into self-supporting overhanging structures
without requiring sacrificial materials and postprocessing.!**!
The supporting-free DIW printing is achieved via carefully
designed filament stacking orientations and RTV silicone rubber,
which could print an overhanging structure with an angle of 37°
in the submillimeter regime. Leveraging this approach, a struc-
turally concise microfluidic valve was constructed to regulate the
opening and closing of crosschannels through the expansion of
air chamber and printed serpentine microfluidic channels inte-
grated with this valve onto the surface of a spherical glass flask.

3.2.2. 4D-Printed Materials and Soft Actuators Based on DIW

In contrast to FFF technology that can only print thermoplastic
polymers, which may invalidate and degrade temperature-
sensitive components during heating, and VPP which can only
print light-curing resins, DIW offers greater diversity in material
selection, with options including SMPs, LCEs, hydrogels, and
composites. Researchers printed thermoplastic SMPs (like
PLA) using the SC-DW method. Incorporating a UV PI into
PLA can form crosslinking networks under UV light emitting
diode (LED) irradiation to perform SME.I"**! Wei et al. mixed
PLA pellets, benzophenone (BP), DCM, and Fe;0, nanoparticles
to obtain printable SMP ink. Fe3O4 nanoparticles endowed the
inks with magnetic response, which made them attracted to mag-
nets and capable of acting as an internal heating source under
alternating magnetic fields.!**”! By printing this material as a pla-
nar scaffold and folding it into a spiral scaffold on heating
(Figure 4B), the volume of the material at room temperature
was limited. By embedding the helical scaffold in a vascular
model and stimulating it for 10 s using an alternating magnetic
field of 30 Hz, the helical scaffold unfolded owing to SME, which
demonstrates the promising application of this material. However,
the high glass transition temperature of PLA (T, ~61 °C) limits
its applications in the field of minimally invasive medicine.l*”
Wan et al. proposed a low-stimulating-temperature SMP (40 °C),
named Poly (d,!-lactide-co-trimethylene carbonate) (PLMC) com-
prising 80 mol% b,L-lactide (DLLA) and 20 mol% trimethylene
carbonate (TMC).I"*® The response speed of PLMC is affected
by the heating temperature. 4D-printed specimen takes 35s to
show complete shape change at 40 °C, but only 0.5s at 60 °C.
Incorporating CNT into PLMC could obtain SMPC ink with elec-
troresponsive shape-changing capability (Figure 4C).!***!
Thermoset SMP ink has garnered significant attention in
recent years due to its wide operating temperature range.
The most common thermoset polymers used in soft robotic
applications are silicone superelastomers such as polydimethyl-
siloxane (PDMS) and two-component platinum-cured silicones
(Smooth-on, USA). Wu et al. incorporated polymer microsphere
pore formers into PDMS to print ordered porous structures and
enhanced the compressibility of porous elastomers.'*”! The
recovery rate of the porous SMPC based on this method is
significantly affected by compressive strain and heating temper-
ature. Kim et al. mixed microparticles of neodymium-iron—
boron (NdFeB) alloy, fused silica nanoparticle (serves as a
rheological modifier), and silicone rubber matrix, and then
magnetized the composite to saturation under an impulse
field (2.7T) for preparing ferromagnetic domains ink."*!]
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Figure 4. 3D-/4D-printed soft actuators based on DIW. A) Grabbing and contractile SPA made of silicone elastomers with different hardness. Reproduced
under terms of the CC-BY license.l"?”! Copyright 2018, The Authors. Published by Springer Nature. B,C) SMPC printed via DIW. (B) 4D intravascular stents
by CPLA/Fe;0, SMPC inks showing remotely actuated and magnetically guidable behaviors. Reproduced with permission.*”! Copyright 2017, ACS.
C) Shape recovery process of a folded scaffold made of electroresponsive CNT-based SMPC ink under voltage input. Reproduced with permission.!*?!
Copyright 2019, Elsevier. D) A hexapedal structure composed of elastomer composite containing ferromagnetic microparticles that could intercept a fast-
moving object and roll under a magnetic field. Reproduced with permission.'*") Copyright 2018, Springer Nature. E-H) DIW-printed LCE actuators
triggered by heating, irradiating, magnetic, and humidity, respectively. (E) Self-propelling rolling robot with active LCE hinges triggered by temperature
change. Reproduced with permission.'* Copyright 2019, AAAS. (F) Photothermal effect and IR-responsive actuation of LCE/CNT composite filaments.
Reproduced under terms of the CC-BY license.l"**! Copyright 2020, The Authors. Published by Wiley. (G) magLCE twisting actuator lifting and rotating a
weight controlled by temperature and magnetic field. Reproduced with permission.['*®! Copyright 2023, Wiley. (H) Reversible h-LCE actuators stimulated
by water desorption and absorption. Reproduced with permission."*”) Copyright 2023, Wiley. 1,J) Soft hydrogel actuators. (I) Thermoresponsive multi-
segmented hydrogel robots with a suspended linker. Reproduced with permission.l"*®) Copyright 2022, AAAS. ()) Self-powered locomotion of a hydrogel
water strider caused by surface tension asymmetry. Reproduced with permission.">% Copyright 2021, AAAS.

This NdFeB/rubber composite was utilized to design actuators
for crawling, rolling, capturing fast-moving objects, and trans-
porting medicines as shown in Figure 4D, showing extremely
high driving speeds and energy densities. Silicone-based SMPCs
are hyperelastic at room temperature and avoid the limitations of
T, for medical applications. Zhang et al. presented DIW 3D
printing of reversible photothermal DA-reactive polyurethanes
(PDAPU) based on the Diels-Alder (DA) reaction."*” PDAPU
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demonstrates favorable stability, printability, self-healing, recy-
clability, and SME. Using the DIW printer, PDAPUs can be con-
structed into complex geometries with infrared (IR) illumination
triggering SME behavior.

LCE is a class of shape-changing polymers that can morph
reversibly under various stimulations such as heat, light, electric
field, magnetic field, and humidity.!'*! LCEs consist of
anisotropic rigid mesogens and elastic polymer networks
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(Figure 3A). Macroscopic deformation of the LCE, such as con-
traction, is achieved by changing the orientation of the long axes
of the mesogens in response to a physical or chemical stimulus, a
process called alignment. Thermoresponsive LCEs can be
printed into bilayer structures that exhibit orthogonally
programmed nematic order and were used to design active
hinges."**! The LCE hinge displays high torque output and
can lift loads to 450 times heavier than itself. Figure 4E presents
an untethered self-propulsion rolling robot based on the LCE
hinge. By incorporating CNT into LCE, enhanced electrical
conductivity and photothermal responsiveness can be achieved,
rendering them responsive to both electric fields and IR light, see
Figure 3B."*) The artificial muscle fiber consisting of LCE/CNT
composite filaments can lift an object 560 times its weight by
broadband IR light with1Wcm™ within 28s (Figure 4F).
Electrically driven LCE/CNT composites artificial muscle fibers
respond nearly three times faster than photodriven and have
higher energy efficiency.

Multiresponse 3D-printed LCEs have also been a hot research
topic in recent years. Many LCE deformations require tempera-
ture changes generated by Joule heating, photothermal effect, or
electromagnetic thermal effect. Some LCEs can respond to mul-
tiple stimuli, for example, doping ferromagnetic particles into
LCE can respond to three fields (magnetic, electrical, and photo).
Sun et al. mixed 5 pm NdFeB into an LCE matrix obtaining a
multiresponsiveness composite (called megLCE), which realizes
a multimodal morphing response to light and magnetic fields
(Figure 3C).*¢) When the megLCE was irradiated by a
1Wcm 2 IR light with a wavelength of 808 nm, it was heated
up to 120 °C in 38 s and deformed. The simultaneous application
of magnetization and temperature changes to the megLCE
produces deformations that are distinct from a single thermal
stimulus. Figure 4G illustrates the contraction and twisting of
a magLCE strip (0.05 g) prestretched by a 3.5 g object when it
was heated and subjected to a magnetic field, respectively.
LCE can be responsive to humidity, called humidity-responsive
(h-LCE), by activating one LCE surface with an acidic solution to
generate cations."*”} Actuation of the h-LCE is realized by the
asymmetry of its structure, that is, the activated surface swells
in humid environments, while the inactivated surface remains
unaffected, which generates a stress gradient to Dbend.
Figure 4H shows h-LCE petals with a 2 x 2 array of concentric
square patterned, which can close under humid conditions and
return to the original state upon drying.

Hydrogel is a common material in the design of artificial
muscles and bionic robots due to its excellent stretchability,
self-healing properties, and biocompatibility (Figure 3A).[**#!
Similar to the LCEs, hydrogels can be deformed or moved in
multiple stimulation modes by adding different functional
materials. Pantula et al. used active thermoresponsive poly(N-
isopropylacrylamide) (PNIPAM) and passive acrylamide (AAM)
to design untethered multisegmented crawling robots
(Figure 41).'*! They designed bending actuators through
PNIPAM and AAM and connected two undersized bending
actuators through a suspended linker to break symmetry and
generate unidirectional motion. Hydrogels were used to design
a self-powered water strider robot utilizing the dynamic wetting
process to control surface tension asymmetry (Figure 4J).1"*
The surface tension of hydrogels changed during water
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absorption, and the propulsion force of the locomotion changed
relatively due to the Marangoni effect. The water strider robot can
move for 3.5h without any external stimulation and can be
repeated after drying. Sun et al. doped NdFeB microparticles
and nanoclay (as rheology modifier) into microgel-reinforced
polyacrylamide (PAAm) hydrogel precursor obtaining magneto-
response hydrogel ink. Inspired by arthropods, they designed
magnetically actuated flexible joints that can be used to achieve
moving, rolling, catching, and releasing. Magnetically driven
hydrogel demonstrates its potential for use in robotic surgery.!*>"!
In another study, Luo et al. synthesized biocompatible concen-
trated alginate/polydopamine (PDA) inks for constructing
cell-laden structures.'®? PDA is used as a photothermal agent
to generate heat in the absorption of near-infrared (NIR) light,
and bilayer structures with an orthogonal pattern based on algi-
nate/PDA ink show self-folding behavior under NIR irradiation.

Excellent material selection is the distinct advantage of DIW,
particularly in functional composites. Multiple material printing
empowers DIW to fabricate complicated robotic systems incor-
porating conductive circuits, deformable bodies, sensors, and
even variable stiffness areas. In addition, DIW-printed multi-
modal actuators responding to multiple stimuli deserve to be
explored in upcoming studies.

3.3. VPP-Printed Soft Actuators

3.3.1. 3D-Printed Soft Actuators Based on VPP

Flexible photopolymerization resins play a pivotal role in fabri-
cating soft actuators. SLA-based flexible resins are available
in a wide range of hardnesses,!"? and SLA-based pneumatic
actuators demonstrate good airtightness. Researchers printed
pneumatic artificial muscles using flexible resin (Formlabs
Flexible 80A) with a hardness similar to TPU (elastic modulus:
A5 MPa) without any assembly (Figure 5A)."** The artificial
muscle shows a high strain of 30%, size scalability spanning
one order of magnitude, and high specific contraction force (load
capability per unit actuator weight). Inspired by climbing plants,
Naselli et al. designed and manufactured a soft continuum
robotic arm made of flexible 80A resin."**! The robotic arm
can detect touch force using airtight chambers and helically
twine driven by cable. The polyurethane (PU) elastomer can be
also used to design soft robotic grippers, robotic arms, and
out-pipe robots based on the soft bellow structure."*® Wallin
et al. printed silicone elastomer (elastic modulus <700kPa) and
silicone double networks (SilDNs), using an SLA printer, and
demonstrated their application in a soft pneumatic bellow
actuator.”” In contrast to the weak soft-rigid interfaces in
FFF printing, the condensation reaction of SilDNs enables cohe-
sive bonding of printed SilDN parts to disparate material surfaces
with modulus gradients spanning seven orders of magnitude.
PDMS-based elastomer can be printed via SLA for fluidic
elastomer actuator (FEA) design and shows self-healing under
sunlight."*® Yuk et al. demonstrated SLA-printed transparent
hydrogel robots by mimicking the tissues and organs of lepto-
cephali. Biomimetic robots were made of PAAm-alginate hydro-
gels containing more than 90 wt% of water which endows them
with optical and sonic camouflaged properties.'*®! Mishra et al.
designed an autonomic perspiration hydrogel Pneu-net bending
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Figure 5. 3D/4D printing soft actuators based on VPP. A) SLA-printed soft pneumatic artificial muscle with high load capability. Reproduced with per-
mission."** Copyright 2022, AAAS. B) SLA-printed hydraulically actuated gripper embedded with an autonomic perspiration layer. Reproduced with
permission.l"®® Copyright 2020, AAAS. C) PuSL-printed multimaterial SMP gripper. Reproduced under terms of the CC-BY license.'®®! Copyright
2016, The Authors. Published by Springer Nature. D) DLP-printed EAH transporter consisting of hairs and a bridge with different thicknesses and sequen-
tial morphing. Reproduced with permission.'®”) Copyright 2018, ACS. E) DLP-printed thermomechanical LCE artificial muscle. Reproduced with
permission.l'”" Copyright 2021, AAAS. F) Biomimetic soft robot with multimodal locomotion, magnetic-responsive gripper for cargo grasping capability,
and multiscale hierarchical spike structures on footpads with features spanning from nanometers to millimeters for slippery environments. Reproduced
with permission.l'’?! Copyright 2021, Mary Ann Liebert Inc.

actuator using a PNIPAM body capped with a microporous  methacrylate-based copolymer networks with SME using PpSL
(~200 pm) PAAm dorsal layer (Figure 5B). When the actuator — and fabricated the Eiffel tower model, cardiovascular stents,
is heated above 30°C, the PAAm layer expands causing larger  and multimaterial gripper based on this material (Figure 5C).["®*)
pores and ejection of pressurized fluid from the chamber. The properties of this SMP can be highly tailored by tuning
This perspiration mechanism like human skin can increase cool- ~ material constituents, including rubbery modulus (1-100 MPa),

ing speed by 600%.[1¢% Ty (—50 to 180°C), and the failure strain (300%). Triple SMP
(TSMP) resins can be fabricated by introducing two temporary
3.3.2. 4D-Printed Materials and Soft Actuators Based on VPP shapes with large T, differences into the resin recipes. Peng

et al. configured a TSMP resin and used it to design a microflui-
SMPs and hydrogels are two smart materials commonly used in  dic device with a triple memory effect, which can be used to con-
VPP due to their diverse actuation mechanism, large deforma-  trol the nozzle outputs at three grooves in response to the
tion, and ease of printing.?”) The traditional resins used in  temperature change."®” One-way SME, low durability, weak
VPP are usually thermoset polymers with high mechanical deformation force, and high T, are still challenges limiting
strength and poor SME properties.'®") The SME of thermoset  applications of the VPP-printed SMP.
SMPs is achieved by a two-phase network structure: fixed phase Hydrogel actuation relies on the swelling and deswelling pro-
(crosslinking network) and reversible phase.l'®? The reversible  cess, which typically has a slow response time and low mechanical
phase (switching segments) softens when the temperature strength. Han et al. used PuSL to print Poly(N-isopropylacryla-

exceeds T, enabling shape morphing. Qi et al. printed mide) (PNIPAAm) microstructures, a temperature-responsive
Adv. Intell. Syst. 2025, 7, 2400699 2400699 (12 of 33) © 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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hydrogel."® The polymer resin composition, light intensity, and
PNIPAAm layer thickness would affect the swelling ratio of
3D-printed microstructures. Bending hydrogel actuators achieved
by virtual bilayer beams with different swelling character-
istics were designed using two different levels of grayscale, and
a fourfinger gripper was fabricated. Besides, the thermal
response temperature of 3D-printed PNIPAAm microstructures
is the lower critical solution temperature (typically 32-35 °C) of
NIPAAm, which could be adjusted by adding an ionic comono-
mer. A dumbbell was fabricated with pure PNIPAAm resin
on one side and the other side was doped with an ionic comono-
mer. The dumbbell exhibited TSMP-like characteristics as one
side consisting of pure PNIPAAm contracted upon warming to
35°C, and then the other side also contracted to form a homoge-
neous structure upon continued warming to 80 °C.

Hydrogels are the most suitable material for humidity-driven
soft actuator design due to the swell/deswell effect (Figure 3D).
Bilayer hydrophilic/hydrophobic composite structures could
bend in response to moisture.'*” The composite structure is
made of poly (ethylene glycol) diacrylate (PEGDA) hydrophilic
rubber layer attached by a hydrophilic rubber poly (propylene
glycol) dimethacrylate (PPGDMA) layer. The bending curvature
and response time of the hydrogel actuator can be controlled by
adjusting the wall thickness. The bilayer composite can be
regulated by the grayscale of the DLP printer. Sequential
water-responsive structures can be printed in a single object, like
the “S” strap and flower. Han et al. printed electroactive hydro-
gels (EAH) via PuSL, and the EAH is composed of acrylic acid
(AA) monomer and PEGDA crosslinker. This EAH showed
bending deformation when it was placed in an electrolyte and
applied an electric field (Figure 5D).'”) However, the EAH-
based actuator needs to be placed in an electrolyte and is slow
to actuate, taking nearly 9 min to open and close a robotic manip-
ulator. Wang et al. reported enzymatically biodegradable soft
helical microswimmers made of nontoxic photocrosslinkable
hydrogel gelatin methacryloyl (GelMA) printed by a TPP
printer.l"®® The microswimmer is extremely small with a length
of 30pum and a radius of cylindrical cross section of 1.5 pum,
and its magnetism was gained by incubating TPP-printed
helical GelMA in aqueous suspensions of Fe;O, nanoparticle.
Microswimmers show special swimming behavior in a rotational
magnetic field with 8 mT. In addition, the degradation residues
of GelMA are not cytotoxic and can serve as dynamic surfaces
that support cell adhesion, demonstrating its broad applications
in the biomedical field. Except for adhering functional coating
onto printed objects’ surfaces, introducing functional nanofillers
into photocurable resins is still a common way to change resin
properties. Zheng et al. fabricated a double-armed microactuator
with a size of 26 pm made of PNIPAM /nano-Fe;0, hydrogels,
which can bend within 0.033 s under NIR radiation.**®! Fe;0,
nanoparticles enable it to be triggered by light and magnetism,
and PNIPAM can be thermally driven to contract itself, thus
enabling multiresponse.

LCE resins are commonly made of polymerizable mesogens
which can be aligned by mechanical stretching, surface align-
ment, and assisting electric/magnetic fields."”% Li et al. fabri-
cated a thermomechanical LCE artificial muscle using DLP
(Figure SE)."”" For the DLP-fabricated LCE, the residue resin
attached to the bottom of the LCE layer forms an isotropic thin
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surface layer in the curing process, which causes an asymmetri-
cal cure and the LCE actuator bent rather than contracted when
heated to the nematic-to-isotropic phase transition temperature
(39°C). The bending motion can be transformed into a linear
contraction by applying load in the direction of shear printing
of the DLP-printed LCE actuator. They show the applications
of the LCE actuator in untethered crawling, grasping, and
weighting. Gold nanorods (AuNRs) can be doped into liquid
crystal resins, as an efficient NIR absorber and photothermal
agent for light-powered nanocomposite resin.'”? A TPP-printed
AuNRs/LCE woodpile structure (140 pm width) with 3 wit%
AuNRs elongated 20% under 2 W NIR radiation within 1s.

Due to the excellent mechanical strength of silicone elasto-
mers, it was widely developed for 4D-printed actuators. Li et al.
fabricated an untethered capsule-like robot for drug delivery
based on the NdFeB/elastomer composite, and navigation of
the microrobot in a maze map was demonstrated, including
cargo gripping, transporting, and cargo releasing.'”*! A novel
VPP strategy was proposed to fabricate programmable magnetic-
field responsive materials by controlling the distribution and
deposition of magnetic particles using an external magnetic field,
named magnetic field-assisted projection SLA (M-PSL).'”*
Based on the M-PSL, researchers designed an untethered biomi-
metic soft robot with spatially varied material compositions,
multiscale hierarchical surface structures, and multifunctional
components (Figure 5F).'””) During the curing process, an
external magnetic field was used to control the distribution of
magnetic nanoparticles in a flexible resin (Spot E elastic from
Spot A Materials, Barcelona, Spain) to fabricate robust footpads
(49 wt% iron oxide particles) and soft body (pure flexible resin).
The VPP printer can construct micrometer-sized features, such
as 70 pm-long setae-like spikes, on 5 mm-wide robot footpads.
The microstructure causes the foot to appear hydrophobic and
improves the adhesion of the surface of the robot footpads
enabling locomotion in humid environments. Functional struc-
tures can be designed on robot footpads, and they designed a
magnetically driven gripper to make the inchworm robot carry
cargo 30 times its weight.

Printing large-size soft items with high printing speed and
high resolution is still a challenge for VPP. VAM is an important
and developing printing method with excellent printing speed.
The multimaterial VPP with fast speed and high material utili-
zation is still a research gap.

3.4. M)-Printed Soft Actuators

3.4.1. 3D-Printed Soft Actuators Based on M|

Despite its low material selectivity, the Polyjet 3D printer is
widely used in the design of pneumatic soft robots due to its good
shape fidelity, airtightness, and multimaterial printing capabili-
ties. Rubber-like material can be printed for pneumatic bending
actuators by reducing the wall thickness in the bending section,
forming pseudojoints.!'’®! Researchers printed pneu-net or
bellow actuators via Polyjet, which consists of a rubber-like body
(TangoBlack+) for shape morphing and a polypropylene-like
male interface (VeroWhite) for quick coupling.™”’7'7%! Soft
robots with multiple cavities are complex by casting, requiring
a lot of time to wait for the silicone rubber to solidify and a
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complex multistep fabrication process. M] 3D printing allows for
one-step forming, showing significant efficiency advantages for
small-batch prototyping. They also presented a soft robotic grip-
per and a soft crawler based on the 3D-printed bellow structure.
In addition, Drotman et al. made an omnidirectional actuator by
connecting three linear bellow actuators in parallel, which can be
utilized for robotic grippers, robotic arms, and robotic legs for
quadrupedal robots (Figure 6A)."5

The persistent interface coupling between rigid and soft
materials is a vital aspect of robot design, as is the periosteum
connection between flexible tendons and rigid bones in the
human body. MJ can print soft-rigid hybrid structures, like an
anthropomorphic soft skeleton hand with a rigid skeleton and

A

www.advintellsyst.com

soft ligaments."®" Saldivar et al. studied the geometrical design
of soft-hard interfaces at the voxel level, which is only available in
Poly]Jet 3D printing."®?! Smooth interdigitated connections, com-
pliant gradient transitions, and either decreasing or constraining
strain concentrations will improve the robust interfaces avoiding
stress concentration. The joining of different hardness materials
of similar composition is easy, for example, silicone rubbers with
different rigidity. By mimicking squid sucker with rigid ring
teeth and a soft teeth-sucker interface, Kumar et al. designed
an end effector consisting of a flexible basal plate and rigid
tooth-like elements with graded hardness.'®3) The junction
end of the robotic tooth is soft for robust connecting, and the
sharp end is rigid for puncturing, which can smash the eggshell.

Figure 6. Smart structures printed by MJ. A) Quadruped robot with four pneumatic bellow legs. Reproduced with permission."®! Copyright 2019, IEEE.
B) M)-printed soft robotic hand integrated 18 pneumatic pressure tactile sensors and 15 pneumatic bending actuators. Reproduced with permission.['8
Copyright 2022, IEEE. C) One-shot Polyet-printed universal gripper based on granular jamming. Reproduced with permission.["®¢ Copyright 2022, Mary
Ann Liebert Inc. D) The slug drive-integrated 14 channels and 28 soft actuators that generate a traveling wave for object transportation. Reproduced under
terms of the CC-BY license.l"®® Copyright 2020, The Authors. Published by Wiley. E) Reversible self-assembling and disassembling trestle composed of
multishape active composites, a rubber matrix integrated with digital SMP fiber layers with different T,. Reproduced under terms of the CC-BY license.['*%)
Copyright 2016, The Authors. Published by Springer Nature. F) 4D-printed sequential self-folding box with digital SMP hinges. Reproduced under terms of
the CC-BY license.l"? Copyright 2015, The Authors. Published by Springer Nature.
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The MJ technique is particularly suitable for building multima-
terial structures with complex cavities. Shorthose et al. used a
PolyJet 3D printer (J735, Stratasys Ltd, USA) to fabricate a soft
robotic hand made of four materials with integrated distributed
tactile sensing (Figure 6B)."*"! The bending angle of the finger
joint actuator driven by vacuum was optimized by embedding a
printed rigid central support inside the flexible cavity. Tactile per-
ception is achieved by measuring the internal pressure of air
pockets (hardness shore A40) distributed over the phalanges
and fingertips. This dexterous robotic hand displays an astonish-
ing DOF and achieves 32 Feix taxonomy grasps and 11 Kapandji
thumb opposition poses.

In addition to actuators, MJ printing is widely used in design-
ing functional structures for enhancing robot performance, such
as variable stiffness structures. Zhu et al. printed a one-piece
variable stiffness SPA by printing a layer jamming bag into
the bottom of the pneu-net actuator.'® The pneu-net body
and jamming bag were composed of rubber-like elastomer
(Agilus Black, Stratasys, USA) and the jamming layers were
made of polypropylene (PP)-like polymer (RGD8530, Stratasys,
USA). The granular/particle jamming gripper could be entirely
fabricated using a PolyJet printer (Figure 6C).I"*"! Using the one-
shot printing technique, designers unlocked free design, like
varying surface patterns, membrane thickness, and granular
shape. Zhu et al. designed a rotational jamming layer (RJL)
mechanism."®”) Each RJL unit contained two sets of sheets
crossed at a rotation axis and enhanced the robotic joint stiffness
via vacuuming. RJL was made of PP-like polymer (RGD8530) and
constrains the SPA’s deformation region.

The properties of multimaterial printing and the wide range of
material selection make it feasible to apply M]J printing to fabri-
cate electrically responsive actuators. Schlatter et al. designed
electrostatic zipping actuators (Figure 6D) consisting of thin
compliant electrodes, dielectric layers, and sacrificial channels
using a Jetlab 4 XL printer with nozzles’ orifice diameter of
50-80 pm that could pattern materials in two modes (DOD
and CIJ)."® The electrostatic zipping actuators with a similar
structure to hydraulically amplified self-healing electrostatic
actuators (HASEL) pumping dielectric liquids via voltage-driven
Maxwell stress can be used as peristaltic pumps for fluidic sys-
tems. Hayes et al. proposed a liquid-solid coprinting M] printing
strategy that can seal liquid in 3D-printed structures as work fluid
for FEA.'®

3.4.2. 4D-Printed Materials and Soft Actuators Based on M|

PolyJet technology is widely used in the manufacture of SMPCs
due to its excellent multimaterial printing capabilities. A lami-
nated SMPC composed of two SMP fiber layers with different
T, (SMP 1: DM9895, Toss0: ~38°C; SMP 2: DM8530, Tygsso:
~57 °C) and rubber-like elastomer matrix (TangoBlack+) shows
multi-SMEs (Figure 6E).'°! After a single-step thermomechan-
ical (temperature > Tggs30) programming procedure, SMP fiber
layers were activated sequentially with temperature changes.
When temperature exceeds Tyos59, the SMPC bends, and when
the temperature continues to rise to Tggs30, the SMPC returns to
its initial state. By changing the arrangement of fiber layers and
matrix shape, the multishape active composites were used to
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design a self-assembling and disassembling trestle, helical actu-
ator, smart hook, and biomimetic insect robot. Multimaterial
printing SMPCs can be used for the rapid transition from 2D
plates/rods/fibers to 3D structures to save 70-90% printing time
and materials compared with direct printing.*®" The printed 2D
SMPCs consist of a SMP layer (Vero) and an elastomer layer
(Tango+). In the printing process, compressive stress is stored
in the elastomer layer but not in the SMP layer. When T > T, the
SMP layer softens, and the elastomer layer extends to bend the
SMP layer. By designing the pattern, the composite rod and pla-
nar mesh with a hexagonal pattern can be transferred to a helical
spring shape, cubic frame, buckyball, etc. By mixing different
inks during the jetting process, it is possible to synthesize
SMP with different mechanical properties and T,, named digital
SMP. Mao et al. printed sequential self-folding structures using
digital SMP, which can fabricate seven digital SMP flexible joints
at once (Figure GF).""?!

LCEs can be printed as actuators via inkjet printing
technology.!'”! Artificial cilia (10 pm thick, 3 mm wide, and
10 mm long) have been fabricated and can bend under visible
or UV irradiation, making them suitable for use as mixers or
pumps in microfluidic systems. In principle, the fabrication of
LCEs and hydrogels using M] is theoretically possible.

Pioneer researchers used MJ to print hydrogel for cell-laden
structures but encountered limitations such as low throughput
and single-material printing."**°®! However, there is limited
research focused on manufacturing LCE or hydrogel actuators
via MJ printing, which might be caused by costly M] printers
with precise closed-loop feedback control leading to customizing
the print material difficultly.'®”) Potential soft robot applications
of 4D print LCE or hydrogel-based M] printing are worth explor-
ing owing to the multimaterial, high print speed, and high-
resolution features.

3.5. SLS-Printed Soft Actuators

3.5.1. 3D-Printed Soft Actuators Based on SLS

SLS is a common process for designing SPAs because of its abil-
ity to print TPU materials. Scharff et al. designed a robotic hand
composed of four sections: a bellow-type bending actuator for
fingers, a helical twisting actuator for the robotic wrist, a bidirec-
tional actuator for enhancing palm stiffness, and sensing air
chambers for palm contact feedback.'® The human-sized
robotic hand was printed using TPU 92A material via SLS mono-
lithic molding in 12.5h. Based on the bellow-type actuator,
Du et al. proposed a robust soft worm-like crawling robot that
can climb on flat ground, slopes, and vertical walls."*” Guo
et al. printed a ball joint using polyamide—12 (PA12) by SLS.
By assembling the joint with a soft extending actuator, the joint
stiffness could be adjusted by inflating the actuator to exert pres-
sure on the ball surface.”°” A structured fabric skin was printed
with nylon via SLS but shows fabric-like flexibility due to the
chainmail geometry.*°"! By adjusting the unit cell structure of
the chainmail skin, it can be programmed to stretchable or
nonstretchable structures. By winding the chainmail skin to a
cylinder elastomer bladder, bending/extending/expanding actua-
tors were designed.
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3.5.2. 4D-Printed Soft Actuators Based on SLS

Similar to FFF, the thermoplastic SMPs can be used for SLS pow-
der. Mei et al. synthesized a thermoplastic polyamide elastomer
(TPAE) with SME. A flower and helical spring were printed via
SLS using the TPAE.[?*2 A novel TPAE with reversible two-way
SME was synthesized using a two-step method that did not
require additional multimaterial composite structures.*%*!
Mechanical programming of two-way TPAE can be accomplished
by applying an external force only during the first heating pro-
cess. After programming, the two-way TPAE enables reversible
deformation between the printed shape and the programmed
position controlled by heating and cooling. A bending actuator
was designed to show the two-way SME of the TPAE.

Magnetic-responsive TPU composite can be printed by mixing
magnetic Nd,Fe,4B powder and TPU powder.?*") Researchers
fabricated an untethered soft robotic gripper with this composite
via SLS, and the grasping/releasing of the gripper was controlled
by the magnetic field. Ouyang et al. synthesized a polyurethane
containing reversible DA bond (PUDA) covalent adaptable net-
work for SLS printing.?® By incorporating CNT, the PUDA/
CNT composite shows functions of self-healing and SME that
can be triggered by heating or NIR irradiation. A Miura origami
structure was fabricated that can be flattened during heating and
recovered to the initial folded state under reheating. In addition,
a simple composite circuit was printed, and the LED could be
remotely controlled by NIR light. Blending functional nano-/
microparticles (like graphene) and basic powders (like TPU)
can be used to fabricate polymer composite for conductive poly-
mers or sensor design.?**?%”) The CNT/PDMS composite
printed by SLS was applied as a strain sensor.%®!

Overall, the publications about SLS-based soft actuators are far
fewer than other 3D printing methods due to high cost, limited
materials, mediocre resolution, and poor multimaterial printing
capability.

3.6. Conclusion of the 3D-Printed Actuators

For the soft actuators based on the nonfunctional materials,
TPU, and silicone elastomer, most of them can be directly
printed at once, like passive deformation structures (e.g., fin
ray structure), groove for tendon-driven actuation, bellow-type
FEA, vacuum-driven suction cap, granular/particle jamming
bag, etc. Soft actuators based on single-functional materials or
composites (SMPs/hydrogels/LCEs or their composites rein-
forced by CNT/Fe;0,/graphene nanoparticles) were commonly
manufactured via DIW or VPP. The actuation of those smart
materials/composites could be triggered by temperature/light/
magnetic/humidity/ultrasound/electricity/chemical ~ solutions
decided by the matrix and functional particles of composites.
At the current stage, 3D-printed smart materials (hydrogels
and LCEs, etc.) are mostly simple demonstrations, like a bending
strip actuator or contractile artificial muscle, the future trend
should be to integrate them into robotic systems.

However, there are numerous actuators composed of multiple
materials with different properties, and their fabrications are
more complicated, especially for EAPs with layered composites,
such as dielectric elastomer actuators (DEA), ionic polymer—-metal
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composite (IPMC), and HASEL actuators. For better mechanical
performance or more efficient fabrication, engineers used 3D
printers to build actuator components and then create the
complex structure of the actuator in subsequent fabrication via
bonding, casting, electroplating, chemical treatment, etc. DEA
consists of an elastomer sandwiched by two conductive electro-
des, which could deform and generate actuation force by applying
a high electric field (usually takes a few thousand volts) due to
Maxwell stress. Researchers printed 3D electrodes for DEA
design via DIW and manually encapsulated them in an insulating
dielectric matrix by casting.?*! Despite the sandwich structure of
the IPMC, which is similar to that of the DEA, the working
principle and mechanical performance are vastly diverse.
The working principle of IPMC is ionic migration, which can
be triggered under a relatively low voltage and generate a visible
deformation.”*”! Carrico et al. extruded a thermoplastic Nafion
precursor filament and printed Nafion membranes via FFF.*'!
Then, the Nafion membrane undergoes a chemical functionaliza-
tion process to hydrolyze the membrane and render it electroac-
tive. Finally, metal electrodes were attached to the membrane by
an electroless plating process to acquire the IPMC actuator.
HASEL actuators incorporate the advantages of DEA and FEA
and solve their limitations, which use both electrostatic and
hydraulic forces to generate high strain, fast response, high
energy density, and selfsensing Peano actuation.”'**'¥l
O’Neill et al. fabricated a tough silicone-urethane bellow structure
via CLIP printing first.?’* Then, they painted conductive silver
onto the inner surface of a flexible substrate and attached the sub-
strate to the actuator using silicone-urethane resin. Finally,
hydrogel precursor solution was injected into the cavity of the
actuator to complete the HASEL actuator fabrication.

Multimaterial 3D printing techniques, such as FFF, DIW, and
M]J, enable the creation of complex robotic systems in a single
step. For systems composed of multiple materials with different
properties, researchers often print distinct components using
appropriate 3D printing principles and subsequently assemble
them. Zhang et al. designed a bending actuator with a flexible
pneu-net chamber, cooling channel, SMP variable stiffness
layers, and heating circuit.**® The main body of the bending
actuator, cooling channel, and SMP layers were printed via
MJ, while the heating circuit was fabricated by DIW using silver
nanoparticle ink. After printing, the four sections were bonded
together. One reason for this step-by-step printing may be the
limited selection of materials available for the PolyJet printer.
Multistep printing also avoids complex support for better print
accuracy and saving postprocessing time.

Differences in material selection, print resolution, forming
area, and print speed between printing methods also dictate that
different processes are necessary to produce different parts in
some cases. Table 1 summarizes and compares the key specifi-
cations of different printing techniques such as precursor
material properties, printable soft polymers, printing speed, max-
imum resolution, support requirements, advantages, and disad-
vantages. Inspired by gecko microfibers, gecko adhesion (dry
adhesion) was proposed for gripper design as a versatile func-
tional structure, which bears tangential loads through the Van
der Waals forces generated between the fibrous nanostructures
and the object surface.”! In previous work, the load-
carrying capacity of the gripper could be significantly improved
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Table 1. Capabilities of different 3D printing mechanisms. The number of stars represents the building speed, where more stars indicate a faster speed.

FDM DIW VPP M) SLS
Precursor Thermoplastic polymer Curable pseudoplastic inks Photopolymers resins Low-viscosity polymer inks Thermoplastic polymers
materials filaments powders
Typical soft TPU/SMP TPU/Elastomer/hydrogel/LCE/  TPU/Elastomer/hydrogel TPU/Elastomer TPU/SMP
polymers Composites
Build speed Fkdk Fetededes[323] 33 VAM)W] *xk Kkkk
Maximum <78 pm!*? <50 pm!2*9 <100 nm (TPP)B24 <10 pymB?! <100 pm!™
resolution
Support Water-soluble material/ Water-soluble material Standard resins Wax support/Water or Not required
Standard filaments chemical-soluble material
Pros 1. Low cost 1. Excellent material selectivity 1. High resolution 1. Excellent multimaterial 1. No support
2. Easy maintenance 2. Multimaterial printability 2. High printing speed printability 2. Large build volume
3. Multimaterial printability 3. Great surface finish 3. High mechanical
properties
Cons 1. Limited thermoplastic 1. Limited forming area 1. Complex post process 1. Complex post process 1. Poor material selectivity

materials 2. Poor resolution
2. Anisotropic mechanical
properties

3. Poor resolution

2. Poor multimaterial

2. High equipment and 2. Poor multimaterial

printability maintenance cost printability
3. Biotoxicity of most 3. Limited materials 3. Health hazard
resins 4. Rough surface

by adding a gecko adhesion layer with micrometer-scale features
on the contact surface of the gripper.*'® There are studies on
printing gecko adhesion layers with superhydrophobicity by
TPP and DLP techniques, but no research has yet explored
3D-printed robots with gecko adhesion layers printed in a single
step.?'%?2% The main reason is that molding this microscale
structure leads to prolonged printing speeds. In addition,
VPP-based printing has extremely poor multimaterial printing
capability, and the material used in the active actuation section
is different from that of the gecko adhesion layer. Using VPP to
print flexible materials in different positions with different print-
ing accuracies can optimize the printing time while obtaining
local high-precision hierarchical structure. One-piece molding
of SPAs with a gecko adhesion layer is a worthwhile research
point in the future.

4. Applications of 3D-Printed Soft Robots

Prominent deformation, exceptional mechanical performance,
and diverse soft actuation methods have inspired engineers to
design unprecedented devices. Soft robots have demonstrated
amazing adaptability for industrial applications, with their com-
pliant structure showing amazing adaptability when interacting
with fragile objects and complex environments. Moreover, these
biologically inspired soft actuators can mimic biological charac-
teristics that can be utilized to make robots better suited for spe-
cific applications. The emergence of soft robots may break the
setting of workplace robotics safety for robotic arms, allowing
robots to be more safely integrated into the user’s daily life
due to their intrinsic flexibility of the soft body reducing depen-
dence on sophisticated sensors, light-sensitive vision systems,
and complex algorithms. For some specific applications, such
as wearables and haptic feedback, safety is the most critical con-
sideration for users. Herein, we discuss 3D-printed soft robots
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for diverse applications including grippers, artificial muscles,
locomotion robots, biomedical devices, and embedded sensors
(Figure 7).

4.1. Grippers

Robotic grasping and manipulation are essential functions that
enable robots to interact with external environments, like end
effectors in surgical robots, soft grippers in harvesting robots,
underwater manipulators in remotely operated vehicles, and
robotic hands in humanoid robots, etc. 3DP is the most effective
fabrication process for soft grippers with complex chambers.
In general, flexible grippers can be divided into three categories
according to the actuation mechanisms: 1. by actuation,
2. by controlled stiffness, 3. by adhesion, as illustrated in
Figure 8A %21

Different actuation principles excel in specific applications,
and selecting the appropriate gripper designs can significantly
improve grasping performance. We categorize the ease of object
manipulation by different gripper working mechanisms into
four levels (Figure 8B), ranging from easy to difficult: Level 1:
The actuation principle allows the gripper to manipulate the
object easily and robustly. For instance, an electroadhesion grip-
per can effortlessly grasp a playing card and adjust its orientation
as needed. Level 2: The gripper can grasp the object using this
actuation principle, but the gripper’s attitude needs to be
adjusted or restricted. For example, a FEA gripper can grasp a
small nut, but the operator is required to align the gripper tip
with the nut due to the wide grasping range of the FEA gripper.
Level 3: Using this type of gripper to manipulate the object
requires the assistance of sensors to prevent damage to the
object. For instance, a fin ray gripper can grasp bread, but with-
out a sensor, it may squeeze the bread. Level 4: This actuation
method is unsuitable for grasping this object type. To illustrate,
a gripper based on SMP will deform or even destroy soft targets
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Figure 7. Applications of 3D-/4D-printed soft actuators in the fields of grippers, artificial muscles, locomotion robots, biomedical devices, and embedded

sensors.

causing failed grasping, as a large nominal stress is required for
SMP deformation. In addition, the universal gripper based on
granular jamming cannot grasp sharp objects, as they may punc-
ture the gripper’s elastic film. More detailed properties of the soft
gripper based on diverse working principles were discussed in
Shintakes’s work.[**!]

Soft grippers based on direct actuation using passive struc-
tures, SPAs, and stimuli-responsive materials are versatile
designs in various fields. All passive structures used for soft grip-
pers can be 3D printed. Researchers used flexible materials to
design passive structures that could generate shape morphing
upon contact with targets, such as fin ray grippers, bistable ori-
gami structures, self-adaptive foam materials, etc.”>*** In addi-
tion, due to the high specific lifting weight (object mass/gripper
mass), Krigami and woven structures have been explored for
ingenious gripping of small objects.?*?®! Inspired by human
fingers, tendon-driven soft fingers with rigid or flexible joints
represent another common passive structure design.”?*! There
are two main design strategies for 3D-printed SPAs. One is the
pneu-net or bellow-type bending or extending actuators.**72*!
A vacuum-driven 3D-printed groove with a closed chamber
can also produce deformation similar to the tendon-driven
actuator.!'8+23)

Smart materials are widely used for gripper designs respond-
ing to diverse stimuli. LCEs and hydrogels are common groups
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of materials that deform under heating. Thermal-controlled soft
grippers based on pure LCEs/hydrogels were widely printed for
small-scale grasping.['”"**!) Except for LCE/hydrogel composites
based on the photothermal effect, liquid metal polymer
composites (LMPCs) can be used to design soft grippers via
SLA.B»?32233 Maonetic-responsive grippers were generally
achieved by soft elastomers blended with ferromagnetic
particles."”?! Son et al. presented a multiresponsive gripper
made of ultrasound-responsive NIPAM-based gel, stimuli nonre-
sponsive structural AAm-based gel, and magnetic-responsive
ferrogel.”**! The grasping and releasing of the gripper is trig-
gered by ultrasound (Figure 3E), and the locomotion is controlled
by magnetic field without the need for decoupling of the two
functions. Humidity-responsive LCEs/hydrogels can also be
used to design soft grippers, though the practicability is limited
by terrible control and low response time.**”! EAP requires more
steps to fabricate complicated structures rather than only 3D
printing. Tyagi et al. designed a microscale EAP gripper, with
polypyrrole (Ppy)/hydrogel/gold sandwich structure, for soft
microrobots (400 um x 3000 um x 25 pm).***! The gripper can
grasp with a maximum frequency of 1Hz under 1V voltage
input. DEA-based soft grippers could be fabricated by printing
TPU on a prestretched dielectric elastomer membrane coating
with electrodes.*®! The DEA gripper keeps grasping gesture
at the initial state and opens by applying a 5kV voltage.
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Figure 8. 3D-printed robotic grippers in unstructured environments. A) So
soft gripper when grasping objects with different properties. Common E

Variable stiffness mechanisms are widely used in robotic grip-
per design due to their universal adaptability. Howard made a
gripper based on particle jamming via PolyJet.'®® In addition,
SMP-based soft grippers show excellent variable stiffness capa-
bility and can lift objects far heavier than themselves.
Although most 3D-printed SMPs exhibit only one-way SME,
Li’'s work shows a recipe for two-way TPAE SMP and might
be further extended to other printing methods like FFF.[2%%

Soft grippers based on adhesion can be classified as vacuum
suction, electroadhesion, and gecko adhesion. Koivikko et al.
designed a suction gripper with an elastomer film via
VPP.”*”) The main body and film of the suction were made
of rubber-like elastomer with shore 35A, and the suction shows
better grasping capabilities in catching small and fragile objects
compared to commercial suctions. Xiang et al. printed flexible
electroadhesion pads via FFF using PLA and CPLA.[**®
Although the PLA can slightly bend by designing into a thin
sheet, the flexibility is far less than TPU or rubber elastomer.
DIW can print conductive inks in elastomer substrate for more
flexible electroadhesion pad design, and one-shot printing of
grippers based on other actuation mechanisms (like SPA)
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Hard

ft robotic gripper facing diverse grasping requirements. B) Performance of the
AP grippers are based on DEA, IPMC, and HASEL actuators.

combined with electroadhesion pads will be an interesting topic.
Additionally, studies have explored the fabrication of gecko-
inspired microstructure to achieve superhydrophobicity, enhanc-
ing adhesion performance.[2'%%19]

The application of the VPP-printed gecko-inspired microstruc-
tures for grasping enhancement and one-shot printing of
grippers incorporating these structures warrants further investi-
gation. A hybrid gripper could combine the advantages of these
actuation mechanisms, and one-shot 3D printing of the hybrid
gripper is a valuable research topic. Although soft grippers can
adapt to diverse objects, tactile sensors and deformation sensors
are required for grasping fragile objects, like tofu and raspberry.
Sensor-integrated soft gripper based on multi-material 3DP is a
promising area.

4.2. Artificial Muscle
Artificial muscles inspired by nature show high compliance and

are widely applicable in soft actuation for humanoid robots, bio-
inspired robots, wearable robots, etc. Based on the actuation
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mechanisms, the 3D-printed artificial muscle can be classified
into FEAs, EAPs, and smart materials.[?*”!

FEAs were commonly used in artificial muscle or contracting
actuator design. A straightforward example of 3D-printed
artificial muscle is designed relying on structural shrinkage like
TPU bellow, which contracts under negative pressure.[24°]
Besides, laterally buckling on a nonstretchable constraining layer
leads to contraction deformation, like McKibben muscle,**"
fiber-reinforce contractile actuator,’®”) and diamond-shaped
band actuated by an extending bellow."®" Soft pneumatic helical
actuators can be used to actuate joint rotation like a muscle, and
the helical pneu-net structure can be printed via FFF.[422%3]

Researchers have explored the use of SMPs to design artificial
muscles.”** Prestretched 3D-printed one-way SMP contracts
when the temperature is higher than T, The softening of
SMP at high temperatures limits its load-bearing capacity.
SMP is currently suitable for microscopic, lightweight, and
low-driving frequency robotic actuation. Although SLM-printed
NiTi-based shape memory alloy (SMA) was widely studied,***
and SMA coil can be used in tendon-driven structures as artificial
muscle,*®! there is no 3D-printed SMA for artificial muscle
design due to high costs of equipment and material.
However, 3D printing is an important way to fabricate SMA with
complex structures, because nitinol is hard to weld.

DEA was widely used in underwater robots, crawling robots,
flying robots, and robotic hands as artificial muscles due to fast
actuation response, large deformation, and high energy den-
sity.?*’) Both electrodes and dielectric elastomer could be printed
via DIW, and the 3D-printed DEA is not restricted to traditional
sandwich structures.”*®) HASEL artificial muscle has a similar
structure to DEA, which has larger strain and a softer
body.!?"***°1 Hydrogels and LCEs were common choices for arti-
ficial muscle design, and they can be printed to various shapes via
DIW. Notably, material coextrusion and subvoxel control DIW
enables flexible material design for hydrogel and LCE, which
could be used to build composites with programmable struc-
tures.”® Besides, twisting string actuators (TSA) and piezoelec-
tric actuators can be used as artificial muscles but are not suitable
to be fabricated by 3D printing.!*”!

Currently, artificial muscles show superior performance com-
pared to natural muscles, such as working frequency,”*”
strain, " work capability, and power density.”>® Nonetheless, dif-
ferent types of artificial muscles can only surpass natural muscles
in certain aspects. Designing and fabricating artificial muscles
with a long lifetime, compact structure, self-healing, high strain,
large force, fast response, and easy actuation are still challenges.

4.3. Locomotion Robots

Locomotion robots play a vital role in exploring hazardous envi-
ronments like patrolling, postdisaster rescue, deep-sea explora-
tion, etc. According to the working environment, locomotion
robots can be categorized into ground robots, in-pipe robots,
out-pipe robots, swimming robots, and flying robots according
to application scenarios.

Soft crawling robots can locomote on the ground based on
diverse gaits, like multilegged robots, creeping robots, rolling
robots, etc. A hexapod robot composed of soft bellow actuators,

Adv. Intell. Syst. 2025, 7, 2400699 2400699 (20 of 33)

a rigid frame, and complex air chambers was fully built via
vision-controlled MJ (Figure 9A).”>!! 3D-printed multilegged
robots are suitable for multiterrain locomotion with good loading
capacity and orientation control. Inspired by caterpillars, earth-
worms, and inchworms, researchers developed numerous creep-
ing robots. The deformation of creepers was achieved by
pressure-controlled bellow contraction (Figure 9B) or TSA/
SMA-driven adaptive body flexion,***** and the locomotion
stroke was decided by the frictional differences between the front
and rear feet via adhesion (electric or vacuum) or passive struc-
tures (multimaterial or high friction structure).?>*?°®! Generally,
soft crawling robots have relatively simple structures, small pro-
files, poor steering, terrible off-road capability, low locomotion
efficiency, etc. One strategy for the soft rolling robot is to use
a stick actuator with multisection asymmetric deformation,
which has high speed but limited controllability.*>”**®! In addi-
tion, soft rolling robots can be made of a circle or polygon frame,
actuated by circumferentially arranged actuators. The actuators
for rolling locomotion could be any actuator with visible defor-
mation like, thermal-responsive LCE,"** DEA,*** and SPA.[%"!
However, current studies focus only on 2D rolling robots limit-
ing their steering, and 3D-printed soft rolling robots with poly-
hedron structures deserve to be investigated in the future.

Inspection, maintenance, and repair of pipes are labor inten-
sive and dangerous tasks. The soft in-pipe robot can easily
maneuver through complex pipe chambers (slopes, sharp bends,
and junctions) and adapt to pipes with different diameters. Most
in-pipe robots were inspired by worms with expansible ends and
an extensible body.”®"! Lin et al. proposed a novel in-pipe robot
with only one McKibben muscle as an actuator, as shown in
Figure 9D, and the robot propelling was achieved by 3D-printed
elastic ribbons that could change the friction of the front and rear
of the robot during muscle contraction.”*”! The design philoso-
phy of the soft out-pipe robots is similar, typically consisting of
two grasping mechanisms and one extending actuator. Xie et al.
optimized the pneu-net actuator using nontensile material and
designed an out-pipe robot with two grippers and an extensible
body that could lift a weight of 1kg (Figure 9C).[2%%

Inspired by aquatic creatures, researchers focus on soft swim-
ming robots for environmental exploration and monitoring.
Matharu et al. printed a TPU jellyfish frame and the swimming
stroke was controlled via SMP.***! MJ has been used to create
soft-rigid hybrid components for robotic fish, ensuring that
the soft sections remain watertight during deformation.!**®
A water strider robot floating on water can be driven by a small
shear force.!"**?*) Amphibious bionic robots eliciting multienvir-
onmental adaptations show promising research prospects, like tor-
toise robots and frog robots.”*”*®l The membrane structure and
lightweight hollow structure manufactured by 3D printing were
studied for flying robots,***?”% but the 3D-printed actuator for
flying robots is still blank. Untethered design is the most impor-
tant factor for all soft locomotion robots in practical applications.

4.4. Biomedical Devices

This section summarizes 3D printing actuator applications in
biomedical engineering, like wearable robots, artificial organs,
drug delivery, and surgical robots.
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Figure 9. 3D-printed soft locomotion robots for various scenarios. A) MJ-printed hexapod robot consisting of rigid skeletons and flexible bellow actuators.
Reproduced under terms of the CC-BY license.”*"! Copyright 2023, The Authors. Published by Springer Nature. B) Polyjet-printed caterpillar-inspired
crawling robot based on multimaterial anisotropic friction feet. Reproduced with permission.?*? Copyright 2020, Elsevier. C) In-pipe crawling robot with a
single Mckibben actuator and 3D-printed elastic ribbons for enhancing anisotropic friction. Reproduced with permission.?*? Copyright 2023, Mary Ann
Liebert Inc. D) FFF-printed inchworm-inspired out-pipe robot. Reproduced with permission.?*®l Copyright 2021, IEEE.

Wearable or assistive robots help patients with functional dis-
ability to assist rehabilitation training or improve their quality of
life. The finger flexion and extension of the human hand can be
assisted by a tendon-driven actuator or soft bending actuator. The
tendon anchoring support or SPA on the dorsal hand can be 3D
printed for easy customization (Figure 10A).*"Y Xia et al.
proposed a novel passive bellow actuator (PBA) for robotic
gloves.[?”?! PBA laid on the dorsal finger could help finger exten-
sion when pulling the bellow using a tendon, and PBA can assist
finger flexion using the elasticity of TPU material when releasing
the tendon. The PBA combines the comfort of SPA and the fast
response of tendon-driven robots, not relying on an airtight bel-
low structure. A vacuum origami actuator with compact size can
be deployed on the face to treat facial paralysis (Figure 10B).*”*

Patients with organ failure or even removal due to disease or
accident rely on medical intervention devices, prostheses, or arti-
ficial organs to enhance or compensate for the corresponding
functions. The application of 3D-printed cardiac stents and tra-
cheal stents with biocompatibility, in vivo degradation, SME, and
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good mechanical properties has been widely investigated
(Figure 1C)."**! However, there is still a long way to go for clini-
cal trials.”’**”>] 3D printing is widely used in prosthetic hand
fabrication avoiding high-cost mold manufacturing.*”®!
Flexible gripping reduces the sensing and control requirements
of the prosthetic hand, while a compliant human-robot interface
ensures wearing comfort and safety. Bioprinting scaffold with
biocompatibility for cell and tissue culture is a future research
hot point.l””)

Magnetic navigation is a safe, untethered, high-DOF, penetra-
ble actuation strategy for drug delivery using micro/nanorobots
(Figure 10D).l"”?! 3D-printed hydrogel carriers derived from bio-
logical tissues (like gelatin) are biologically friendly by adding
magnetic particles to enable them to navigate through convoluted
and multibranched blood vessels.””® Drug release can be
triggered by noninvasive stimuli such as oscillating magnetic
fields, ultrasound signals, light, and pH, and these stimulus-
responsive delicate structures can be printed by DIW
(Figure 10E).**279-281] This targeted drug delivery improves
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Figure 10. 3D-printed biomedical robots for wearable devices, implantable medical devices, drug delivery, and surgical robots. A) FFF-printed TPU
antagonistic tendon routing system for hand rehabilitation after spinal cord injury. Reproduced with permission.?”"! Copyright 2019, Mary Ann
Liebert Inc. B) Contractile actuator compensating smiling muscles for facial rehabilitation after facial paralysis. Reproduced with permission.?”*!
Copyright 2022, Mary Ann Liebert Inc. C) FFF-printed tracheal scaffold mimicking porous glass sponge actuated by a magnetic field. Reproduced with
permission.l"?*] Copyright 2019, Elsevier. D) DLP-printed magnetic miniature capsule soft robots achieving cargo gripping, transporting, and releasing.
Reproduced under terms of the CC-BY license.l'”?! Copyright 2023, The Authors. Published by Wiley. E) TPP-printed nonimmunogenic stealth hydrogel
microrobots for magnetic-driven drug delivery and avoiding detection by macrophage cells. Reproduced under terms of the CC-BY license.”®"! Copyright
2020, The Authors. Published by Wiley. F) SLM-printed tendon-driven stainless steel flexible joints for snake-like surgical instruments. Reproduced with

permission.?®* Copyright 2019, IEEE.

the precision of the drug’s location and dosage, avoiding further
harm from overdosing and invasive procedures. Capsule
endoscope with magnetic navigation is a promising protocol
for gastrointestinal biopsies.**%

Endoscopic surgery is performed through small incisions or
natural orifices into the insufflated abdomen using a continuum
robotic guidance, endoscopic imaging, and high-precision
manipulators.”®3 Rigid mechanical coupling and cable-driven
actuation ensure surgical precision, and the flexible joint mecha-
nism can be manufactured by 3D printing (Figure 10F).*%
FEA-based continuum robots were used as robotic arms for sur-
gical robots, but their development was limited by miniaturiza-
tion and nonlinear control.[?*>*%¢ Despite these advancements,
3D-printed biomedical devices remain far from clinical testing
due to limitations in actuation performance, control precision,
lifespan, and biocompatibility.
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4.5. Embedded Sensors

Multimaterial printing (FFF, DIW, M]J) allows sensors and actua-
tors to be integrated in a single step without cumbersome assem-
bly. Based on the working mechanism, 3D-printed soft sensors
can be categorized into piezoresistive sensors, capacitive sensors,
piezoelectric, triboelectric sensors, optical sensors, pneumatic
pressure sensors, and magnetic sensors.”*”2#% Sensors for soft
robots require both proprioception to sense their own state
(deformation, position) and exteroception to detect information
about the external environment (texture, softness, force, slipping,
temperature, humidity).

Piezoresistive sensors directly detect deformation based on
resistivity with low cost, simple structure, and straightforward
detection circuits.””) Common 3D-printable flexible materials
for piezoresistive sensors are CTPU and silicone elastomer
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composite with conductive particles. In addition, depending on
the functional particles doped in the elastomer, piezoresistive
sensors printed via DIW can be used to detect stress, tempera-
ture, and humidity changes.??*”!

Capacitive sensing feeds back deformation by detecting capac-
itance changes and has a sensitive response, high bandwidth,
and great linearity. Capacitive sensors feature a sandwich struc-
ture consisting of conductive electrodes and dielectric elastomers
and are commonly used to detect stress. For complex functions,
such as slipping detection, a sensor matrix is required to mea-
sure the stress changes at different positions.?*”! In addition,
3D printing is friendly to constructing complex patterns in elec-
trodes, such as interdigital electrodes, allowing high-DOF
design.*Y

Piezoelectric sensors generate an electrical signal to measure
material deformation, and their structure is the same as capaci-
tive sensors. The most common 3D-printed piezoelectric mate-
rial is poly(vinylidene fluoride) (PVDF), a thermoplastic polymer
that could be printed via FFF and SC-DW.**® PVDF film is
flexible but nonstretchable, and its strain can be improved via
kirigami and auxetics structures.**%

Multilayer triboelectric sensors detect a charge movement
(a current or potential difference) to feedback layer motion when
layers with dissimilar materials contact or slip.*** The triboelec-
tric sensor can be printed integrally with the flexible actuator to
detect its bending curvature.*** Triboelectric sensors are almost
exclusively suitable for dynamic measurements and are sensitive
to humidity, while this structure is also used for energy harvest-
ing, named triboelectric nanogenerator.**!

Optical sensors and pneumatic pressure sensors do not
generate electrical signals as feedback but rather use light and
air pressure changes within a closed chamber to provide feed-
back on elastic deformation. The optical waveguide provides
feedback on tactile sensation and stress by analyzing the energy
losses of light through the cavity in the transmission, and the
straightforward structure of the optical waveguide can be easily
integrated into soft actuators.”®®! Pneumatic pressure sensors
used for SPA have a simple closed chamber to measure pneu-
matic pressure based on the ideal gas law."®* The fabrication
of magnetic sensors based on the Hall effect is complex.
It involves printing magnetic materials, often using various
printing methods to print different components, and then
assembling.”””! Printing soft robots with magnetic sensors
deserves further research.

Directly printing circuits, sensors, and actuators as a single
unit is still a challenge and requires advanced equipment and
customized material precursors (filaments, inks, or resins).
Most proprioceptive sensors are also influenced by external
stimuli. Decoupling allows for more complex information to be
processed by combining multiple sensing principles. FFF and
DIW-based printing have limited precisions and M]J-based print-
ing is limited in material selection. In some cases, it is necessary
to select different printing principles for the various parts of the
sensor to fulfill the accuracy and material requirements. Overall,
3D printing is still inferior to traditional processing methods for
making ultrathin flexible sensors, such as spin coating. When
sensor materials are stiffer than actuator materials, sensors
may constrain the deformation amplitude and reduce the range
of motion of the soft actuators. In addition, contact sensors put
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on robotic finger pads may cause motion interference. Sensors
with rigid surfaces, like capacitive contact sensors, will diminish
the adaptability of the robotic fingers. Designing printable sen-
sors with flexible, stretchable, thin-wall structures is significant
for better compatibility.

5. Future Prospects and Conclusions

Iterations in materials science and AM technologies are propel-
ling the development of soft robots. Multimaterial 3D printing
technology allows engineers more freedom to design and man-
ufacture functional parts with complex structures. In addition,
3DP enables the fabricating of objects with complex internal
structures. We summarized novel soft actuator applications
and promising 3DP methods in this section.

5.1. 3D-Printed Physical Intelligence

In traditional mechanics, engineers use threaded
connections, gear systems, and rigid printed circuit boards to
achieve mechanical connections, drives, and controls, and
these traditional methods are limited to soft-bodied robots.
Researchers have explored 3D-printed smart materials and struc-
tures to encode physical intelligence in soft-bodied robots,**®!
enabling intriguing human-robot interactions or compliant robot
control systems. For example, logic gates and computation of
mechanical systems can be realized by 3D-printed soft convex
and concave modules.”*”!

Apart from electrical circuits, the digital pneumatic logic
gate (PLG) is more suitable for soft robotic systems. One strategy
for the PLG is using the hemispherical membrane with snap-
through instability.?**°") The PLG uses a pressure signal
to control the adjacent channel pressure on and off. The PLG
shows a similar function as the Schmitt trigger and can be used
as a soft valve, digital logic gates, set-reset latch, shift register,
leading-edge detector, digital-to-analog converter, soft button,
toggle switch, and pressure sensor. PLG based on the bistable
structure has complex channels and a flexible morphing
structure, which is suitable for fabrication by 3D printing
(Figure 11A).°%? By designing the fluidic channel and trigger
structure, the DPL could function like classic electronic
metal-oxide-semiconductor field-effect transistors (MOSFETSs)
with normally open (NO) or normally closed (NC) configurations.
The soft robots integrated with soft DLP can work stably
after enduring impacts and crush forces. PLG enables gait
control of quadruped robots with only one pneumatic channel
input, significantly simplifying the design of complex pneumatic
systems. In addition to the pneumatic NO/NC transistors,
other novel 3D fluidic circuit elements were designed via
3D printing like fluidic diodes (Figure 11B) and fluidic
capacitance, etc.?%3-3%]

The soft body shows high-design DOF in designing functional
components. In most cases, controlling pneumatic pressure
changes within a tube requires more complex electrical circuits
and mechanical structures compared to controlling current
changes in an electric wire. At the current stage, the PLG controls
the expansion of the cavity through the pure pneumatic circuit to
realize the buckle of the adjacent flexible air tube to control the
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Figure 11. Novel applications and fabrications of 3D-printed soft robots. A,B) 3D-printed pneumatic circuits. (A) FFF-printed TPU valve structure acting
as pneumatic NO and NC MOSFET. Reproduced with permission.?°? Copyright 2024, AAAS. (B) PolyJet-printed fluidic diode allowing fluid one-way flow.
Reproduced with permission.?! Copyright 2021, AAAS. C,D) Soft growing robots inspired by AM. (C) FFF-modified growing robot mimicking climbing
plants. Reproduced with permission.% Copyright 2024, AAAS. (D) VPP-modified growing robot based on self-lubricated photopolymerization extrusion
self-navigating in constrained environments and tortuous paths. Reproduced under terms of the CC-BY license.®'® Copyright 2022, The Authors.
Published by the United States National Academy of Sciences. E) Subvoxel control based on nozzles with “shell-fan—core” geometry that could program
helical angle, layer thickness, and materials of the inner core filaments (red and blue color). Reproduced with permission.”® Copyright 2023, Springer
Nature. F) Subvoxel control based on a microfluidic Y-channel and two printing needles adjusting the position and diameter of inner core filaments.
Reproduced under terms of the CC-BY license.'”! Copyright 2024, The Authors. Published by Wiley.

pneumatic circuit on and off. In the future, it may be possible
to use multimaterial 3D printing of flexible smart structures
to control the on—off of pneumatic circuits through diverse actu-
ation mechanisms (e.g., temperature, humidity, light).

5.2. Growing Robots

Soft growing robots have attracted much attention in recent years
for their ability to navigate in unfamiliar environments.**%
Growing robots can mimic plant growth designed by modifying
existing 3D printer printheads.**’%! The FFF-based growth
robot consists of a filament feed system at the root and a minia-
turized and customized 3D printhead at the tip. In the growing
process, the printer nozzle deposited filaments layer by layer to
move forward, and the body grew with a tubular shape like a hol-
low stem (Figure 11C). By adjusting the amount of filament
extruded in the circumferential direction, the steering of the
growing robot can be adjusted to achieve passage over complex
terrain and plant-like climbing behavior. In addition, this
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growing robot can generate up to 10 N of thrust when encoun-
tering obstacles and automatically obstacle avoidance.

Except for fusing thermoplastic filaments, curing photopoly-
meric resin can be used to design growing robots. Inspired by
plants and fungi, Hausladen et al. presented a simple equipment
that generates a cured flexible polymer body through a UV LED
connecting to a monomer supplying pipe (Figure 11D).F'®
The navigation of the polymer body is uncontrollable and
passively determined by the environment. The force output of
this resin-based growing robot is inferior to the FFF-based
one but shows a smaller size and faster-growing speed (almost
12 cm min™Y),

Research on soft growing robots derived from 3D printing
technology remains limited, as the field is still in its infancy.
The 3D-printed growing robot is less affected by pneumatic/
hydraulic pressure and can be used in exploration in space
and deep sea. The current growing robots are constructed with
single materials and simple structures. Future optimizations
could involve growing functional structures using composites,
multimaterials, or novel growth mechanisms.
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5.3. Multimodal Soft Robots

Soft robots have demonstrated excellent performance and even
surpassed traditional rigid robots in specific applications.
However, in practice, the problems faced by robots are often
complex and unstructured.

www.advintellsyst.co

Soft actuators are widely available for robotic manipulation
because of their great adaptability in industrial production.
However, for humanoid robots, open environments and complex
scenarios demand more from the soft gripper, such as in-hand
manipulation or bimanual handling.®'" In addition to vision-
based computer aids, multimodal soft grippers combining

Table 2. A summary of 3D-printed soft robotic applications.

Categories Printing Materials Mechanisms
method
Grippers FDM PLA, TPU, SMP, and their composites Passive structure,[113114313] gpp [105,107.110.112,117,118,230,243,263,326]
cable-driven, 2319419 yariable stiffness,?%281 DEA,12% electroadhesion?®
DIW Silicone elastomer, hydrogel, SMP, and their Variable stiffness,['*% SpA,34 4Dp hydrogel[234’235]
composites
VPP PU-like polymer, hydrogel, LMPC, hydrogel, SMP, Vacuum adhesion,””) LMPC gripper,?**! magnetic gripper,['””!
and their composites 4DP hydrogel,!"®*'%"] variable stiffness,['®* SpAlI>6159.160]
M) Silicone elastomer, SMP SPA,[176:178-180.183,184] 3 iable stiffness, 18571871901 dry adhesion, ¥
cable driven®*"
SLS Nylon, PU-like polymer, and their composites Variable stiffness,”"! magnetic gripper/®*l
Artificial muscles FDM TPU, PCL Pneumatic artificial musclel'?"24%
DIW Silicone elastomer, LCE Pneumatic artificial muscle,'?”! LCE muscle!**!
VPP PU-like polymer, LCE Pneumatic artificial muscle,’®* LCE musclel’”!
M) - -
SLS - -
Biomedical devices FDM TPU Robotic glove,[z"o'z”'zn'ns] Prosthetic hand®’®
DIW Hydrogel, silicone elastomer, SMP, PLA, PCL, and Artificial heart,['] SMP stent,['37:138274275] faciq) paralysis treatment(?”?!
their composites
VPP Silicone elastomer, and their composites Artificial heart,"*” magnetic microrobot!?8")
M) Hydrogel, silicone elastomer, and their Magnetic robot for drug delivery280282
composites
SLS Stainless steel Cable-driven surgical robot!?¥
Locomotion robots FDM TPU, SMA, PLA Multilegged robot,"""1"3 inchworm robot,2°3! pipe robot, [261-2631 swimming
robot,2#2¢¢l amphibious robot!2%%!
DIW Silicone elastomer, LCE, hydrogel, Multilegged robot, 28! magnetic robot,[141:146:151:234] rolling robot,"** inchworm
and their composites robot, 14 swimming robot!1>%
VPP PU-like polymer, hydrogel, silicone elastomer, Inchworm robot,['*®%?) magnetic microrobot,"®®'”>~17*) amphibious robot!?*”!
and their composites
M) Silicone elastomer, SMA Multilegged robot,['77189251 jnchworm robot!!79252254
SLS - -
Sensors-integrated FDM CTPU, CPLA Piezoresistive strain sensor,[w(”nz] Piezoresistive pressure sensor,2>%7]
robots Capacitive flex sensor?®"!
DIW Silicone elastomer, PVDF, ceramic, and their Piezoresistive multiresponsive sensor.?®% Piezoelectric nanogenerator,?*%
composites magnetic inductive force sensor.?”]
VPP Silicone elastomer, hydrogel, LCE, and their Piezoresistive temperature sensor.??’3% piezoelectric pressure sensor.*?”)
composites
M) Silicone elastomer and their composites Pneumatic pressure sensor,"®! triboelectric curvature sensor?®¥
SLS Nylon and their composites Piezoresistive strain sensor.[20¢208]
Other applications FDM TPU, PLA pLG,107:302) growing robot!307-309
DIW Flexible resin growing robot?'%
VPP - -
M) Silicone elastomer and their composites Electrical logic gate,?*? pLGI0%3%4]
SLS - -
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different actuation mechanisms can improve grippers’
performance, like an octopus that hunts prey with tentacles with
suction cups.?'? 3D printing can easily build soft actuators
integrated with functional structures like passive fin ray
structure,*¥) particle jamming, ! electroadhesion,**®! vacuum
suction caps,*”) et al. Multimaterial and cross-scale 3D printing
is essential to building soft robots with multiple sections having
various functions and paves the road for producing multistimu-
lus or multimodal soft robots. Multistimulus soft robots can eas-
ily solve the decoupling problem for robots with multiple tasks,
such as a microrobot for drug delivery requiring locomotion and
grasping, and multiple stimuli (like ultrasound and magnetic
field) can control the two functions independently without any
interference.[**!

Another type of multimodal robot can adapt to different envi-
ronments by changing its actuation strategy. For example,
untethered magnetoresponsive locomotion robots can generate
up to 12 motion modes (climbing, swimming, walking, rolling,
crawling, jumping, etc) based on magnetic field changes when
facing different terrains.”'¥ Variable stiffness structures can
change the properties of mechanical parts like natural muscles.
In soft amphibious robots, like robotic turtles, the shape and stiff-
ness of flippers are variable for walking on sand or swimming
under the sea.*'” Reconfigurable structures allow robots to per-
form more tasks better without sacrificing other properties.

5.4. Structured Design with Subvoxel Control

Iterations in 3D printing technology have not only allowed engi-
neers to print fine structures more quickly with new materials
but have also pushed the limits of some precision machining.
To print a single structure with diverse mechanical properties
in different regions, voxel control is an effective way, like gray-
scale DLP.P'®)

In the case of DIW, traditional 3D printing is limited to the
voxel scale by adjusting the type of ink to achieve multimaterial
printing. 3D printing with subvoxel control has become a hot
point in recent years. Lewis’s team presented a RM-3DP platform
that enables subvoxel control over the local orientation of azi-
muthally heterogeneous architected filaments (Figure 11E).°%
The nozzle of RM-3DP has a “shell-fan—core” geometry, and
the fan can rotate in the shell to construct a 3D subvoxel pattern.
Helical DEA filaments with programmable helical electrodes and
dielectric elastomer matrix were printed via RM-3DP, which dis-
plays axial contraction and twisting by applying voltage. The DIW
platform can be modified with a movable needle in a Y-shaped
microfluidic nozzle to achieve subvoxel control (Figure 11F).**”!
This strategy has a simple structure and enables the position
control of the inner ink. Fiber filament is the basic structure
of natural muscles, and subvoxel control techniques enable arti-
ficial muscle design with more complex structures.

The development of 3D/4D-printed soft actuators not only
benefits from the progress in materials science and 3D printing
mechanisms but also from smart control strategies that enhance
the printing precision.*®" Vision-based and Al-assisted 3D print-
ing, incorporating closed-loop correction, offers new possibilities
for postprocessing-free SPA fabrication and in situ 3D printing
to maintain soft robots.?'*??°l The low cost and light weight
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of 3D-printed soft robots exhibit promising application
scenarios in drone manipulation and companion robots and
beyond.[321’322]

We have summarized the applications of 3D printed soft
robots and the associated printing techniques as shown in
Table 2. Currently, FFF is the most popular printing method
because of its affordability and user-friendly operation.
However, FFF is limited to printing thermoplastic polymers.
There might be future growth in FFF-based soft robots using
functional composites, such as flexible electroadhesion pads
by mixing conductive particles into TPU elastomer. Benefiting
from material diversity and capability for multiple material print-
ing, DIW shows development prospects, especially in biocompat-
ible material printing and biomedical applications. VPP is
essential for producing precision and high-strength parts due
to its isotropic product properties and high printing resolution.
Future developments in VPP are anticipated to expand compati-
bility with more materials, increase printing speeds, and support
multimaterial printing. The availability of materials and high
costs currently restrict the applications of MJ. Printing robust
and long-lifetime soft actuators is still a challenge for M]J.

Soft robots have demonstrated irreplaceable capabilities for
specific applications. The advancements in 3D printing technol-
ogy have enabled researchers to explore new actuation principles
and iterate on soft robots at an accelerated pace, laying a solid
foundation for the future commercialization of soft robots.
The future society will be coexisting with soft and rigid robots.
The complex interdisciplinary nature of soft robots requires
researcher collaboration across various disciplines, such as
mechanical engineering, materials science, biology, and com-
puter science, to effectively address the needs of individuals
in activities of daily life and industry. We hope that the challenges
and innovations discussed in this review on AM, 3D printable
materials, soft actuators, and soft robotic applications can break
down disciplinary barriers for researchers from diverse fields and
provide new inspiration for future research.
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