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Soft Mechanosensing via 3D Printing: A review

Diana Cafiso, Simone Lantean, Candido Fabrizio Pirri, and Lucia Beccai*

1. Introduction

Soft robots are an emerging class of robots that, differently from
their conventional and rigid counterparts, are able to perform
precise and delicate tasks, e.g., they can comply with external sur-
faces through large deformation, squeeze and navigate in
unknown and small spaces, recognize shapes and textures, grasp
and move delicate objects, interact safely with humans.[1,2] They
are made of “soft” materials, including any gel, colloid, foam, or
polymer highly prone to deformation. The soft bodies of these

innovative robots are inspired by living
beings that can perform smooth actions
and rapidly adapt to their surroundings.

In this regard, an efficient soft robot
must include sensors that provide the per-
ception of the environment and of the robot
itself. Mechanical sensors are used to con-
vert the deformations caused by mechani-
cal stimuli into an electrical signal, which
can be exploited for the robot control to
grant effective and safe interactions
between the soft robot and the surround-
ing. Due to the importance of sensing
deformations, scientists researched various
materials and technologies to develop soft
mechanical sensors, i.e., mechanical sen-
sors made of soft materials.[3–5]

Generally, soft sensors are fabricated via
conventional manufacturing techniques
such as casting,[6] tapering and pasting, and
combining different parts (i.e., dielectric-
conductive, substrate-electrode, etc.) in a
step-by-step procedure. However, the so-
produced devices suffer from poor adhe-

sion due to the lack of mechanical and/or chemical compatibility
between the various elements; moreover, the fabrication pro-
cesses are excessively laborious, time-consuming, and with
intrinsic low reproducibility and scalability. 3D printing, or addi-
tive manufacturing (AM), is a key technology to overcome these
issues and move towards a new class of reliable and scalable soft
sensors. It is one of the most disruptive technologies of the last
decades that enables the fabrication of complex shapes by add-
ing sub-units of material starting from a digital model,[7] in
contrast to conventional, subtractive technologies. Due to
the intrinsic design freedom and the possibility of using
deformable materials, AM allows the implementation of com-
plex soft robotic designs,[8] reaching applications in several
fields such as biomedical engineering, healthcare, food, fash-
ion, automotive, aerospace, etc.[9–14]

Besides the seamless fabrication procedure, AM guarantees
the opportunity to build actual 3D geometries, unlike previous
2D and 2.5D fabrication technologies.[15,16] This aspect is crucial
and opens technological possibilities such as: 1) inspiration from
natural sensory receptors to guide new morphological designs,
2) enhancing the deformation of the bulk material by incorporat-
ing voids through lattice-like geometries, and 3) investigating
designs that enhance deformations in specific directions.
These new design principles can pave the way to develop soft
mechanical sensors able to discriminate different types of
mechanical stimuli (in terms of, e.g., direction of the externally
applied force, frequency, spatial features, etc.) in a programmed
way, leading to more reliable sensors for soft robots.
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Recently, 3D printing, or additive manufacturing (AM), is emerging as a unique
tool to fabricate soft mechanical sensors. Advanced performances can be
obtained owing to the inherent 3D structures that enable enhanced and ani-
sotropic deformations, to the multi-material approach, and to the seamless
fabrication procedure leading to higher reliability. Nevertheless, despite the
remarkable advantages, the printing of soft and conductive materials shows
consistent challenges. This review provides an extensive analysis of the current
progress of 3D printing of soft mechanical sensors, which mainly rely on resistive
and capacitive transduction. First, the most common materials used are
described, like soft matrixes, conductive fillers, and polymers. Then, the 3D
printers that are most widely adopted for the fabrication of soft sensors are
identified, and the specific advantages and the difficulties of each technology are
examined. Finally, by reporting exemplary case studies from the literature, an
overview of the scientific progresses on this topic is provided. The unique
advantages led by 3D printing are highlighted, in terms of multiple materials, the
feasibility of achieving complex geometries, and the advanced and programmed
sensors properties.
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Nevertheless, whereby 3D printing represents a promising
candidate, it shows several challenges that depend on the specific
AM technology and the compromise between the material’s pro-
cessability and its mechanical and electrical properties. The cur-
rent review tackles this aspect. The employment of AM to
produce 3D-structured mechanical sensors is discussed by exam-
ining the material and technological aspects, with a particular
focus on the typical mechanical transduction methods, i.e., resis-
tive and capacitive. We identified the most common 3D printing
technologies applied, reporting examples in the state of the art
and discussing advantages and drawbacks to understand whether
the AM represents an effective tool to construct 3D sensors for
soft robotic applications.

2. Overview of Resistive and Capacitive Sensors

Mechanical sensors convert mechanical deformation into
electrical response through various transduction mechanisms.
Although there are numerous typologies of mechanical sensors,
such as optical, inductive, piezoelectric, and triboelectric ones,
the most common are those relying on capacitive and resistive
transductions.[17] Their wide adoption is determined by the high
performance, ease of fabrication, low cost, and simplicity of their
read-out systems.[18] In particular, to the authors’ knowledge,
3D-printed sensors reported in the literature are almost exclu-
sively based on resistive and capacitive transduction. Herein,
their working principles, main aspects, and limits will be briefly
discussed, focusing on the relation between their sensing perfor-
mance, deformation, and morphology.

In general, in these sensors, deformation induces a variation
in the electrical resistance/capacitance measured by an external
circuit.[19] As schematized in Table 1, the sensitivity (or the gauge
factor) depends on the variation of such electrical signal. For
capacitive sensors, this is caused mainly by a geometrical varia-
tion (i.e., the change in the distance between opposing electro-
des); while, for the resistive ones, the crack propagation, the
tunneling effect, and the disconnection in the conductive net-
works usually play a key role.[20]

However, all these factors are a consequence of the deforma-
tion following a specific mechanical stimulus; then, for both
typologies, enhancing these deformations (i.e., creating softer
sensors by means of materials and/or microstructures) is an effi-
cient strategy to improve the sensitivity.

Furthermore, the performance of the sensors can be evaluated
through other parameters, including the linearity of the electrical
response,[17] the stability of the properties during the loading–
unloading process (i.e., the lack of hysteresis), and the response
time which, for polymer-based soft sensors, is delayed due to the
viscoelasticity.[21] These parameters are fundamental to obtaining
a durable and reliable sensor providing a predictable and efficient
response.[22,23]

Usually, resistive sensors suffer from poor linearity and
large hysteresis, in opposition to capacitive ones, which usually
show a very linear behavior with negligible hysteresis and faster
response.[22] The difference is ascribable to the diverse sensing
mechanisms of the two sensors.[20] In contrast, resistive sensors
usually offer higher sensitivity and ease of fabrication.[24]

3. Material’s Aspects and Requirements

To fabricate soft sensors that fall in one of the transduction cate-
gories mentioned earlier, the processability and the properties of
the materials involved must be considered. The materials must
be classified as “soft” and conductive to provide a relevant elec-
trical output signal once deformed. Moreover, they have to be
easily processable and guarantee high electrical and mechanical
performance and durability.

Stretchability and flexibility are the main requirements for the
design of proper soft sensors. The term “Soft” refers to any gel,
colloid, polymer, foam, and biological material highly prone to
deformation. The typical characteristics are a low Young’s mod-
ulus at room temperature or a shear modulus lower than
10MPa[2] while maintaining a high strain limit. Among synthetic
materials, this definition mainly encompasses polymers, espe-
cially elastomers and gels. Elastomers are amorphous polymers
that undergo high deformation for low applied stresses and can
recover their initial shape almost instantaneously once the load is
removed. Otherwise, gels are biphasic materials consisting of a
solid polymeric network and a liquid solvent, usually water (i.e.,
hydrogels).[25] The mechanical properties of these polymers can
be tuned by different strategies. As an example, the mechanical
properties of chemically cross-linkable elastomers can be
adjusted by changing the amount of the crosslinker agents,[26]

while the stiffness of hydrogels depends on the solvent’s concen-
tration. Furthermore, deformation recovery and fatigue resis-
tance are crucial to limit the sensor’s hysteresis (particularly
problematic for piezoresistive sensors) and to improve durability
in long-time applications.[22]

In addition to the intrinsic properties of the materials, also
their geometry plays a crucial role in the final mechanical perfor-
mance of the artifacts. For this reason, once again, 3D printing is
promising, as designing complex shapes and voids may lead to
unusual and programmable deformations within the material,
which can eventually enhance the selectivity and performance
of the sensor.[22] In this case, the properties are different from
those of bulk material, and the stiffness must be properly

Table 1. Working schemes for capacitive and resistive sensors. For the
capacitive sensors, C is the capacitance, A is the area of the dielectric,
d is the distance between the electrodes, ε0 and εr are the vacuum
dielectric constant and the relativity permittivity of the dielectric. For
the resistive sensors, R is the resistance, ρ is the resistivity, l and A are
the length and the area of the sensor.

Capacitive Sensors Resistive Sensors

Transduction
mechanism

ΔC ¼ ε0εr
ΔA
Δd ΔR ¼ ΔρΔl

ΔA

Sensitivity ΔC=C0
Δσ

ΔR=R0
Δσ

Gauge Factor
(strain sensor)

ΔC=C0
Δε

ΔR=R0
Δε
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selected to fabricate the specific mechanical architecture of the
sensor.

In addition to the mechanical requirements, the material must
be electrically conductive to transduce an external stimulus into a
reliable and measurable output. Although polymers are generally
electrical insulators, intrinsically conductive polymers like poly-
pyrrole, polyaniline, and p-poly(3,4-ethylenedioxythiophene) are
now available.[27–29] Nevertheless, their low stretchability and
conductivity (<55 000 Sm�1)[30] limit their use in soft sensing
applications.

Therefore, another strategy to develop electrically conductive
polymers is embedding conductive fillers within the polymeric
matrix. Nevertheless, the addition of fillers often affects the
mechanical performance of the material, stiffening the material
and limiting its elongation at break. Therefore, a compromise
between mechanical and electrical properties must be achieved.
All of these aspects will be discussed in detail in the next section.

Finally, interlayer bonding must be considered when the sen-
sor is composed of multi-material layers. A proper interface
adhesion (chemical and mechanical compatibility) is needed
to prevent failure when the sensor experiences large deforma-
tions and to ensure long-term applications.[31]

3.1. Soft Matrixes

The most common elastomers for the 3D printing of sensors are
polysiloxanes (or silicones) and polyurethanes.

Silicones are 3D covalent networks composed of -Si(R)2O
repeating units, where R represents methyl, phenyl, vinyl, or tri-
fluoropropyl group. Due to their rubber-like nature, their
Young’s modulus is generally low (maximum several MPa),
and their elongation is above 300%.[32,33] Compared to the
C─C bonds typical of organic compounds, the siloxane bond
(Si─O) carries higher energy that endows the material with
unique flexibility, heat resistance, chemical stability, electrical
insulating, and ozone resistance.[33] Silicones are generally man-
ufactured via injection and compression molding, or mold cast-
ing, and cured via a platinum-catalyzed hydrosilylation reaction
that forms carbon-silicon bonds.[34,35]

Polyurethanes (PUs) are a family of polymers that are synthe-
sized from the reaction between the hydroxyl groups (OH) of pol-
yols and isocyanate functional groups (NCO), which result in the
formation of urethane linkages. Their synthesis involves a diiso-
cyanate, a chain extender that forms the hard segments, and a
polyol that builds the soft segments. The Young’s modulus
and the other mechanical properties are determined by the
microphase separation between these soft and hard segments,
the chemical structure, and the preparation methods.[36,37] As
a consequence, the Young’s modulus ranges between 2 and
10MPa, while the maximum elongation is generally around
400%.[37–40]

A wide range of PUs are available. Thermoplastics PUs are
formed by low Tg segments that behave as the soft matrix, pro-
viding flexibility, and by segments with high Tg that reinforce the
material by improving the mechanical strength as well as the
chemical and thermal resistance.

Thermoset PUs derive from prepolymers cured by heat or a
catalyst. They possess high mechanical and thermal resistance

and superior hardness but suffer from poor durability.[36]

Finally, PUs foams and fibers are widely employed for numerous
applications, such as building engineering, thermal insulation,
and electronics.[22,41–44]

A brief mention should be given to ionogels and conductive
hydrogels. These materials are especially attractive for wearable
electronics, as they are electrically conductive and optically trans-
parent.[45,46] Diversely from hydrogels, the solvent of ionogels is
an ionic liquid instead of water. Ionic liquids are organic salts
with a melting temperature below 100 °C and an ionic conduc-
tivity from 10�4 to 8� 10�2 S cm�1 which is, however, lower
than those of conductive composite polymers.[47] Moreover,
hydrogels are problematic for long-term utilization due to the
dehydration of the solvent.[48,49] As a consequence, the applica-
tions of hydrogels and ionogels are still limited compared to
those of elastomers.

All these materials possess mechanical properties (namely,
Young’s modulus and elongation at break) that define them as
“soft”. However, their mechanical behavior cannot be uniquely
defined because it is determined by many factors, such as the
curing mechanism and the polymeric backbone. For hydrogels
and ionogels, the properties vary more significantly, as they
are dictated by the solvent/solute ratio and by the polymer used.
Nevertheless, it is possible to define a range of values for these
materials from the literature, as reported in Table 2.

Furthermore, to print the soft materials in the three dimen-
sions, it is necessary to fulfill other requirements, which depend
on the specific technology discussed in the next sections of this
review.

Nevertheless, shared issues are the adhesion between the
printed layers and their self-standing ability. In fact, during
3D printing, each layer must withstand the weight of the follow-
ing ones to build the object. In the case of soft materials, this can
be hindered by their low mechanical strength, stiffness, and cur-
ing speed,[50] causing the deformation or the failure of the part
during the printing process. Various solutions have been adopted
to overcome the issue, such as the incorporation of additives
(e.g., rheology modifiers) and polymers,[51] emulsions,[52] and
the concurrent printing of supporting structures.[50]

3.2. Conductive Fillers

A wide variety of conductive fillers can be incorporated into soft
polymers to fabricate deformable electrodes.

In general, the fabrication of composite materials leads to sev-
eral issues, such as rheological modifications and variations in
the processing temperatures and speeds, which may drastically
affect the feasibility of the final product. According to the adopted

Table 2. Mechanical properties of most common matrixes for soft
sensors.

Matrix Young Modulus [MPa] Elongation [%] References

Silicones 0.2–0.7 >300 [32,127–129]

Polyurethanes 2–10 400 [36,37,39,40,130]

Hydrogels Few kPa–10MPa 400–3000 [131–135]

Ionogels Few kPa–1.5MPa 200–1000 [136–139]
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3D printing method, different strategies are applied to overcome
these challenges.

The concentration, distribution, and dispersion of the particles
play a crucial role. Large aggregates act as defects and sources of
cracks’ propagation, embrittling and reducing the maximum
elongation at rupture of the material. Aggregation is the result
of various factors, such as the high concentration of fillers,
the wettability factor, the strong filler–filler interactions, and
the matrix–fillers compatibility. The latter has also a significant
impact on the interface, which can be defined as the transition
region where the matrix and the fillers are chemically or physi-
cally bounded.[53] The interfacial bonds represent a further cru-
cial factor in composites’ performance: a weak interface is
detrimental to the mechanical strength of the composite and
may lead to debonding at the interface, thus to the failure of
the component. Therefore, it is necessary to find a good balance
between the required electrical properties and the mechanical
stability of the material.

The most common fillers applied in conductive polymeric
composites can be categorized as carbon-based materials and
metals. The formers encompass graphene, carbon black, and car-
bon nanotubes. In contrast, the most employed metals include
gold, silver, and copper, which can be used in various shapes,
such as plates, nanowires, and nanoparticles. Although metallic
fillers offer higher conductivity (around 106 S cm�1), they are
prone to oxidation and are more expensive than carbonaceous
ones.[26,54]

Regardless of the nature of the added particles, the fillers can
impart electric conductivity into the composite material by
arranging themselves in a continuous electrical pathway (i.e.,
the percolative network) through which the electrons can be
transported. The minimum filler concentration that allows the
formation of the percolative network, and therefore the transpor-
tation of electrons, is called the percolation threshold. This
concentration depends on numerous factors, including the dis-
tribution, the size, and, precisely, the aspect ratio of the fillers.
Higher aspect ratio fillers form the percolative network at lower
concentrations because their geometry increases the probability
of connectedness at low loads.[55,56]

Therefore, nanomaterials look very appealing for soft sensors,
as they can impart conductivity at lower concentrations, preserv-
ing the mechanical behavior of the matrix in a cost-effective
manner.[57,58]

4. 3D Printing Technologies for Soft Mechanical
Sensors

Unlike conventional, subtractive manufacturing techniques, 3D
printing operates by adding material in a layer-by-layer approach,
starting from a digital file.

As shown in Figure 1 the process starts with the computer-
aided design (CAD) modeling of the object to be printed.
Then, the CAD model is converted into a printable file (.stl),
which defines the surface of the object into triangular meshes,
and digitally sliced by a series of parallel planes with a constant
interplane spacing that corresponds to the thickness of the layers.
Afterward, the file can be sent to the apparatus and 3D-printed.

Finally, various kinds of post-processing steps can be required
depending on the technology to achieve the final object.[59]

The term additive manufacturing includes many technologies
that can be classified as powder bed fusion, vat photopolymeri-
zation, material jetting, material extrusion, binder jetting, sheet
lamination, and energy deposition techniques, according to the
various printing principles.[60] In the soft sensing field, 3D print-
ing has been adopted to fabricate one or more elements of the
device (e.g., the dielectric layer of a capacitive sensor), the entire
unit, or a mold for materials casting to tailor the geometry in an
indirect approach.[61–63]

Overall, various 3D technologies were adopted in the litera-
ture, and the final soft mechanical sensors show an enhanced
performance thanks to the specific 3D geometric features
embedded. In this section are reported the most common
approaches used for the manufacturing of 3D mechanical sen-
sors, namely: fused filament fabrication (FFF); direct ink writing
(DIW); and vat-photopolymerization (VP) technologies, which
include stereolithography (SLA) and digital light processing
(DLP, Table 3).

4.1. Fused Filament Fabrication

The FFF technology is based on the consecutive deposition of
thermoplastic filaments that are molten together to form the final
product. At the nozzle, the filament is heated above the melting
temperature, Tm, so that it can be extruded through the nozzle
on the building platform or on the previously printed layers; dur-
ing printing, the filaments fuse together and solidify, after being
cooled below their glass transition temperature Tg,[64] resulting
in a 3D construct.[12,18] The quality of the final product (shape
fidelity, aesthetic, surface finish, mechanical properties) is the
outcome of different parameters associated with the machine,
the working mode, and the material. There has been a continu-
ous endeavor to optimize the combination of these variables,
namely the layer thickness, the ratels’ width and length, the build

Figure 1. 3D printing methodology. The computer-aided design (CAD)
model is converted into an .stl file and sliced in layers by the software.
Then, the file is sent to the machine and 3D-printed. After the eventual
post-processing steps, the final object is achieved.
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orientation, the nozzle’s diameter and speed, as well as the mate-
rial’s properties.

FFF printers allow easy implementation of the multi-material
approach, which is of great interest for the fabrication of soft sen-
sors, combining soft and compliance parts with conductive ele-
ments. However, FFF has intrinsic drawbacks such as lack of
layers’ adhesion, poor mechanical properties, and low surface
quality, which is affected by the stair-stepping effect due to
the nature of the process itself.[12,18]

Moreover, the most common polymers for FFF, such as poly-
lactic acid (PLA), acrylonitrile butadiene styrene (ABS), polypropyl-
ene (PP), and polyethylene (PE),[65] do not belong to the class of
soft materials. However, various compliant thermoplastic polyur-
ethanes were developed by industries and are now commercially
available.[32] Nevertheless, the processing of soft materials implies
other issuesmainly related to their lowmodulus. In particular, this
can lead to buckling (due to the low ratio of the modulus to
viscosity) and can affect the nozzles, e.g., causing slow refill or
drooling.[66] Conductive polymers can be achieved by using
fillers-decorated filaments rather than pure ones. Nevertheless,
the FFF printing of composite filaments is limited by the restricted
offer on themarket since the in-house fabrication requires specific
and expensive equipment and deep knowledge of the process.[67]

Moreover, printing composites via FFF generally involves chal-
lenges, such as nozzle clogging, low surface finish, and the crea-
tion of internal micro-voids due to poor matrix/fillers interaction.
Alternative solutions are represented by the in-nozzle impregna-
tion approach and dual-head printing.[68]

The cost-effectiveness, ease of use, multi-material printing,
and reliability of the process make FFF one of the most used
printing technologies for fabricating soft sensors.

Li et al.[69] exploited FFF to develop a flexible resistive pressure
sensor using thermoplastic polyurethane and graphene nanopla-
telets composites. They modified the basic honeycomb shape by

adding three and six supports for cell (Figure 2a–d) to create
more complex structures. The finite element analysis (FEA)
and the electrical tests demonstrate that, by changing the 3D
structure, the sensor showed different deformability, thus
diverse sensibility.

In particular, the presence of more supports led to an uneven
distribution of stress and to a more pronounced stress concentra-
tion, which translates into a more enhanced deformation under
compression. This resulted in higher sensitivity due to the rapid
increase of the conductive paths caused by the reduction in the
layers’ distance under compression. As a consequence, the sensi-
tivity of the sensors with more supports increased significantly at
the same pressure. In particular, the gauge factor in the 0–3%
deformation range varies from 13.7 (unsupported honeycombs)
to 54.58 (honey-combs with six supports).

This work highlights the pivotal role of the 3D structure on
piezoresistive sensors. In particular, the design freedom and
rapid prototyping ensured by the 3D printing approach allowed
the authors to investigate various shapes and geometrical param-
eters optimizing the sensing performances of the devices. It
is important to mention that with conventional subtractive
manufacturing techniques, these studies would be more time-
consuming and some of the geometries would not be possible
to be fabricated. Besides the geometry of resistive sensors, also
the conductive material plays a crucial role. Davoodi et al. still
investigated the role of 3D designs in the fabrication process
and on the properties of piezoresistive sensors but with a differ-
ent approach to developing the conductive material.[63] Instead of
using composite filaments, they FFF-printed an ABS-sacrificial
mold to develop a GNPs/Silicone compression sensor by dip
coating to limit the impact of nanoparticles on the flexibility
of the porous sensor (Figure 2e). In particular, the authors
dip-coated the sacrificial mold in a GNP solution, then they pour
the silicone, and finally dissolved the template to transfer the

Table 3. The most common 3D printing technologies for the fabrication of soft sensors, processable materials, and the fields of application.

FFF DIW VP

SLA DLP

Resolution 100 μm 1–100 μm 1 μm 20 μm

Polymeric materials Thermoplastics filaments ▪ High shear thinning polymers • Low viscous polymers

▪ Hydrogels • Acrylate/Methacrylate elastomers

▪ Silcones • Photocurable (Hydro)gels

▪ Polyurethanes

Applications • Rapid prototyping • Tissue engineering, • Microfluidics

• Automotive • Bioprinting • Biomedical devices

• Molds for medical devices • Drug delivery • Electronics

• Electronics • Electronics
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nanoparticles from ABS to the sensor’s surface. Dip coating the
mold instead of the cured silicone led to a physical embedding of
GNPs in the silicone matrix’s surface, providing more stability to
the sensor, even in harsh conditions (e.g., exposure to organic
solvents). Moreover, the GNPs do not affect the deformability
of the silicone rubber since the embedding involves only its
surface.

The design of the 3D-printed sacrificial molds can be tuned to
control the stiffness of the sensor of about one order of magni-
tude (from 70 to 660 kPa) with a consequent variation of the
gauge factor ranging from 1 to 10. Besides the role of the geom-
etry of the sensor, this work also proposes an interesting way to
overcome the typical limitations of working with composite fil-
aments in a FFF process. In particular, using the dip coating
of a sacrificial mold, the authors were able to produce intricate
and high-resolution geometries in a silicone-based material. This
method is appealing to develop 3D sensors with materials that
are not available as FFF filaments, enlarging the possibilities
of AM technology application.

Yu et al.[70] printed a thermoplastic elastomer in a 3D shape to
obtain a composite, piezoresistive sensor sensitive to both com-
pression and strain. They used styrene-(ethylene–butylene)–styrene

(SEBS) block copolymer to print the 3D samples, which were then
immersed in the carbon nanotubes (CNTs) aqueous suspension
and dried to remove the water (Figure 3). A further heating treat-
ment allowed embedding the fillers in the SEBS molten surface,
obtaining a higher CNTs/SEBS adhesion than that achievable by
a simple coating process. As the conductive fillers are only embed-
ded on the surface, the material still maintained high flexibility. By
combining the intrinsic softness of the material and the complex
3D printed architectures, the piezoresistive sensors could be
stretched up to 800%, and they showed a 6-fold larger gauge factor
compared to the bulky material.

Furthermore, a 4 mm thick sensor showed a sensitivity of
136.8 kPa�1 at an applied pressure lower than 200 Pa. The
researchers also focused on the thickness effect on the pressure
sensitivity, assessing that the higher the thickness, the more the
embedded CNTs can mutually approach, causing an increase in
sensitivity. This aspect is not strictly related to the 3D structure,
but it highlights the critical role of the geometric features in the
sensors’ performance. In this work, the authors implemented a
highly stretchable 3D conductive material, overcoming one of the
main challenges in 3D printing of soft sensors, i.e., developing
conductive composites while preserving the flexibility of the

Figure 2. Sensors 3D-printed by means of fused filament fabrication (FFF) technologies. a–d) graphene/thermoplastic polyurethane (TPU) resistive
sensor for strain and pressure. Adapted with permission.[69] Copyright 2021, IOP Publishing Ltd. e) Fabrication process of a GnP/silicone sensor through
a sacrificial mold. Adapted with permission.[63] Copyright 2020, American Chemical Society.
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matrix. Moreover, they obtained strain-sensing along one direc-
tion but for both compression and tension, due to the increasing
and deconstruction of CNT paths, respectively.

4.2. Direct Ink Writing

Likely to FFF, DIW is an extrusion-based 3D-printing process.
The material is stored in a syringe and extruded after applying
pressure via a pneumatical compression or a screw.[71] To flow
out from the nozzle, the material must possess proper rheologi-
cal properties. First of all, it must show a shear-thinning behav-
ior, i.e., its viscosity decreases under shear stress. Therefore,
when the pressure is applied, the viscosity of the material is
reduced, allowing the extrusion and the deposition of the layers.
Furthermore, the flow of the ink occurs when the applied shear
stress is higher than its yield stress (namely, the stress at which
the material undergoes irreversible deformations); then, materi-
als with low yield stress are desirable.[60] Once deposited, some
inks demonstrate a good recoverability, which means that their
viscosity increases again after stress release, forming a self-standing
structure. When the material does not possess this feature,
additional post-processing may be necessary to solidify the
material, such as thermal curing, photopolymerization, or sol-
vent evaporation,[64] which can be accomplished by adopting
different printing heads.

Rheological adjusters can be added if the pristine material
does not fulfill the rheological requirements. For instance,
Suriboot et al. optimized commercial silicone (Sylgard 184)-based

formulations to create printable inks for DIW.[72] They added
dimethyldichlorosilane (DiMeDi)-treated silica fillers, which
improve the thixotropic behavior of the materials as a result of
the fillers’ excluded volume and polymer–fillers interaction; the lat-
est was enhanced by the incorporation of amphiphilic oligomeric
additives (PEO-silane amphiphiles) of varying architecture. Durban
et al. developed silicone inks with tunable stiffness (0.4–11.5MPa),
which consisted of vinyl terminated poly(dimethylsiloxane)-co-
(diphenylsiloxane) (PDMS-co-PDPS) and hexamethyldisilazane-
treated (HMDZ) silica.[73] The soft silicones were developed by
incorporating hydride-terminated chain extension additives, which
led to a Young’s modulus of 0.40MPa and an average elongation
at a break of 528%. The inks were 3D-printed through DIW in
structures with 250 μm of resolution. Equally to silicones, also
PUs can be processed by DIW.Usually, the printing of thesemate-
rials goes through their dispersion in solutions, with the synthesis
of waterborne PUs overcoming the issues related to the use of
organic solvents.[74,75]

In general, it can be stated that DIW offers the broadest selec-
tion of printable materials among the 3D-printing technologies,
being suitable also for hydrogels,[76] ceramics,[77] epoxy res-
ins,[78,79] photocurable resins,[80,81] and multi-material printing.[82]

As for the composites, the problems are the same as the other
extrusion technologies: for instance, the unsuitable size of the
fillers and agglomeration can cause nozzle clogging.

In the case of soft sensors, researchers can address the prob-
lem by embedding the conductive fillers after the printing pro-
cess. Similar to FFF, DIW can be used to print soft samples that

Figure 3. Carbon nanotubes (CNTs)/styrene-(ethylene–butylene)–styrene (SEBS) resistive sensor for strain sensing. Adapted with permission.[70]

Copyright 2020, American Chemical Society.
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are then coated with electrical material through dip coating. For
example, Chen et al. 3D printed via DIW a cellular lattice silicon
foam that was afterward covered with CNTs to obtain a resistive
sensor.[51] The foam was produced through salt-leaching of an
adequately designed ink containing PDMS and salt gels (NaCl
microparticles, silicone oil, and dibutyl phthalate as solvent).
After the printing and the thermal curing of PDMS, the salts
and the liquid phase were removed by further steps, leaving
microporosity in the 3D-structured foam, shown in Figure 4a.
In particular, two porous networks were generated: the one
caused by the salts removal and the other from the phase sepa-
ration of immiscible DBP droplets. The foam demonstrated a
hyperelastic behavior (maximum stretchability of 210%, near-
zero plastic deformation after 10 cycles under 90% of compres-
sion strain). After being covered by CNTs, it could respond to
compression stimulus (Figure 4b) and recover its electrical resis-
tance after 10 cycles of 80% compression.

Nevertheless, DIW-printing of composite elastomers is achiev-
able by accurately designing the material; moreover, the oppor-
tunity of multi-material can pave the way to a seamless
fabrication of the device.[64]

As an example, Wang et al. embedded a hierarchically porous
sensing element in a multi-modulus device (Figure 5) using an
entire DIW process.[83] The authors combined a flexible elasto-
meric substrate and a pair of Ag/TPU double-helix electrodes
with a microstructured NaCl/CB/TPU sensing unit (the NaCl
was removed with water after printing). Moreover, they devel-
oped an ink with suitable rheological properties and three-level
porosity, namely, the porosity between CB nanoparticles, the

pores induced by the NaCl template, and the voids in the 3D
architecture. The enhanced porosity granted high sensitivity
across a wide pressure range and augmented the deformability
under pressure. Contemporarily, the mismatch between the
moduli of the sensor’s elements and the electrodes’ design min-
imized the resistance variation upon stretching and improved the
signal-to-noise ratio. The sensor was assessed to be versatile for
multiple applications, such as real-time monitoring of heart-
pulse, the caption of weak human muscles’ movements (e.g.,
blinking), and grasping ability.

These two works demonstrate the advantages of DIW com-
pared to FFF in terms of material availability and customizability.
Indeed, the authors were able to customize silicone-ink impart-
ing high porosity. Moreover, Wang et al. were able to print the
entire sensor in a seamless procedure, reducing the fabrication
time and avoiding delamination issues at the interfaces between
different components of the sensor. Their work proves that DIW
holds the potential for fabricating sensors with enhanced perfor-
mance and durability.

A mesoporous PDMS dielectric layer for a capacitive sensor
(Figure 6a) was DIW-printed by Yang et al.[84] After printing
and curing the PDMS, the authors fabricated the sensor by sand-
wiching the PDMS dielectric between two copper-plated polyi-
mide films with a 3M tape. They demonstrated the impact of
geometry on the rigidity and sensitivity of the devices. In partic-
ular, the DIW technology allowed the fabrication and investiga-
tion of different filaments stacking, thickness and spacing to
determine the optimal microstructure design. The elasticity,
regarded as a combination of PDMS and the air gaps, was higher

Figure 4. Direct ink writing (DIW)-printed resistive sensor. a) Hierarchical porosity developed in the poly(dimethylsiloxane) (PDMS) sensor. b) Resistive
sensor achieved by covering the foam with CNTs. Adapted with permission.[51] Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Figure 5. Full-3D printed multi-modulus sensor for pressure sensing. a–c) Multi-modulus and flexibile sensor with a 3D architecture. d–e) Fabrication
process by DIW multi-material printing on a treated substrate, and by salts removal. Adapted with permission.[83] Copyright 2019, WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim.

Figure 6. DIW-printed sensors. a) Capacitive sensor with a 3D-printed microstructured PDMS dielectric layer. Adapted with permission.[84] Copyright
2023, IEEE. b) CNTs/silicone compression sensor. Adapted with permission.[85] Copyright 2020, American Chemical Society.
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for the structure with staggered filaments; for that device, the most
proper fibers’ thickness and spacing values led to a maximum
sensitivity of 1.23 kPa�1 in the 0 to 0.4 kPa pressure range.
Furthermore, the sensor was applied for haptic applications: the
unit was integrated into a mechanical gripper to capture a plastic
bottle by using the capacitance change of the sensor to measure the
compressive force.

This work confirms that DIW can be exploited for fabricating
3D soft sensors with tailorable properties. With the assistance of
FEA, the authors tuned the geometric parameters to emphasize
the deformation under a given stimulus, thus the sensitivity.
Nevertheless, the sensor was manufactured step-by-step by taper-
ing different materials. Despite practicality, this approach may
limit the opportunities of DIW printing due to the weak bonding
at the interfaces between the different materials. This aspect sug-
gests that multi-material printing for sensors still needs to be
optimized, and new contributions are expected from the scien-
tific community.

Furthermore, as Tang et al. demonstrate, design strategies can
be combined with material aspects to achieve unusual proper-
ties.[85] They used DIW to print a flexible sensor with a tunable
(positive or negative) piezoresistive effect, as shown in Figure 6b.
CNTs were added to a silicone precursor (Ecoflex 0020) to
develop a conductive ink. Moreover, several CNT-fumed SiO2

nanoparticles (SiNPs) weight ratios were investigated to tune
the rheology and produce a DIW printable formulation.

Furthermore, the top and bottom electrode layers were fabricated
separately in a flexible silicone paste that maintained the adhesion
with the sensing unit under deformation. Compression tests
showed that the printed specimens had amodulus ranging between
60 and 150 kPa. This enabled high deformation and enhanced sen-
sitivity. Under compression, the sensor was subjected to different
states of deformation (reduction or expansion) according to the
position of the microstructure’s elements causing more changes
in the charges’ migration path due to the 3D shape. In particular,
sensors with lower CNTs loading led to a positive piezoresistive
effect, i.e., electrical resistance increased with increasing pressure.

The authors DIW-printed a soft mechanical sensor with com-
plex architecture and a tailorable piezoresistive effect. They devel-
oped sensors with positive piezoresistivity showing a low Joule
effect and an excellent trade-off between high sensitivity
(0.096 kPa�1) and working range, which is required from many
human-robot applications (e.g., health monitoring and tactile
sensing).[85] Therefore, this result is promising for printing
endurable sensors with different behaviors that can adapt to sev-
eral real applications and requirements.

4.3. VP: Digital Light Processing and Stereolithography

The vat-polymerization (VP) technologies rely on irradiating a
tray containing a liquid formulation, which polymerizes in a
3D object through a chemical reaction, namely a photopolyme-
rization. Hereafter, the photopolymerization process will be over-
viewed briefly for the readers’ convenience. A photocurable
system contains an organic molecule, the photoinitiator, able
to absorb light and generate reactive species (typically radicals
or cations) that can initiate the chain polymerization of the
monomers (i.e., the building blocks of a polymer) via the radical

or cationic mechanism.[86] Radical photopolymerization is the
most extensively used for VP-3D printing as it allows faster kinet-
ics.[87,88] Typically, the photocurable formulations are composed
of the photoinitiator, monomers, oligomers, and other additives,
such as dyes and fillers, to improve the resolution, the pro-
cessability, and the properties of the final polymer.

The VP techniques are stereolithography (SLA) and digital
light processing (DLP), which differ because of the irradiation
modality. The DLP apparatus consists of a dynamic mask formed
by micromirrors that irradiate each layer simultaneously,
whereas SLA cures each layer point-by-point through a movable
laser beam.[89] The DLP irradiation method ensures higher fab-
rication speed, but the resolution is generally lower than SLA’s.
However, the recent developments of the last years improved the
resolution that both technologies can achieve (1 μm for micro-
SLA and 10 μm for DLP), limiting the mismatch.[90,91]

Among the different parameters, the light intensity, the time
of irradiation, and the formulation composition play a key role in
the final resolution and properties of the printed part. Generally,
the optimization of those parameters is the result of a trial-and-
error process.

Regarding the processable materials, the palette of available
photocurable polymers is low and typically limited to thermoset
acrylates andmethacrylates, as they present fast reaction kinetics.
These are generally stiff and fragile, so the fabrication of soft
objects by VP-3D printing is already a challenging task. The for-
mulation must contain fast reactive monomers to be successfully
3D-printed. Moreover, the viscosity must be tailored as high vis-
cosity may affect and hinder the printability of the resin.[92] A
common strategy to widen the range of printable soft materials
is to acrylate (i.e., to functionalize the polymer chains with end-
ing acrylic units) different monomers. Acrylate polyurethanes
and silicones can be developed to produce soft prepolymers that
polymerize under light irradiation.[15,93,94] For instance, acrylate-
PDMS has been 3D printed via DLP printing,[95,96] as shown in
Figure 7. In the case of polyurethanes, this challenge can be
addressed by synthesizing the material from fatty acids or blend-
ing it with low-molecular-weight polymers.[97,98]

In contrast, the processing of silicones involves further chal-
lenges. The material’s choice is restrained to silicone oligomers
because low viscosity is required; furthermore, silicones are
highly permeable to oxygen, making them sensitive to oxygen
inhibition. This effect, namely the interaction between oxygen
and radicals during the photopolymerization, hinders the chains’
growth and the polymerization process,[32] affecting the printabil-
ity by VP technologies.

Concerning this latter aspect, a valid alternative is represented
by the so-called thiol-ene photopolymerization, based on the rad-
ical catalyzed addition of a thiol to a vinyl functional group, which
can be adopted to improve the oxygen resistance, as well as the
reaction rates.[99] This reaction mechanism led to the successful
VP-printing of silicones by means of both DLP and SLA.[100–102]

In the context of this review, it must be highlighted how the
addition of conductive fillers enhances the struggles in the VP-
3D printing of soft matrixes. Besides increasing the viscosity of
the formulation, fillers may compete with the photoinitiator in
the light’s absorption,[103] affecting the photoreaction and result-
ing in slow kinetics or failed polymerization.
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Despite these issues, the VP-3D printing technologies ensure
the finest resolution and accuracy among the various AM
methods; thus they became appealing in the manufacturing of
intricate-shaped sensors.

As shown in Figure 8a–e, X.Yin et al. 3D-printed via DLP a
capacitive sensor employing a dual-material printing approach.[104]

The sensor was fabricated by alternatively printing two photocur-
able precursors: a conductive hydrogel (compound of polyamide,

Figure 7. 3D-printed PDMS by: a–c) Bhattacharjee et al. (adapted with permission[96]) Copyright 2018, WILEY-VCH Verlag GmbH& Co. KGaA, Weinheim
and d–g) Gonzalez et al. (adapted with permission[95]) Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Figure 8. a–e) A full-printed capacitive sensor fabricated via DLP, composed of acrylate water-soluble polyurethane and an acrylate hydrogel. Adapted with
permission.[104] Copyright 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. f ) CNTs/TPU pressure sensor. The acrylate TPU was printed via DLP
and then coated with the conductive fillers. Adapted with permission.[106] Copyright 2021, American Chemical Society.
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polyethylene glycol diacrylate, and Mg2þ ions) for the electrodes
and a water-soluble PU as the soft dielectric. To achieve
multi-material printing, the researchers used two resin tanks,
replacing one with the other after a given number of layers. By
doing so, they exploited the two acrylate resins’ similar polarities
and chemical structures to form a strong chemical bonding between
the electrodes and the dielectric. The excellent interface limited the
dehydration of the hydrogel ensuring good performance stability.

One of the electrodes was structured in beams to give larger
deformability. The researchers observed that taller beams and
wider beam spacing resulted in more sensitivity, ranging from
0.4–0.6 kPa�1 below 1 KPa of pressure and from 0.25 to
0.37 kPa�1 in the range 1–5 KPa. However, excessive air gaps
(i.e., high, spaced beams) caused the fluctuation of the electrical
signal. Then, the structure’s geometry was selected to achieve a
compromise between sensitivity and stability. As a result, the all-
printed sensor presents good sensitivity to pressure and excellent
durability over 10 000 loading–unloading cycles within the pres-
sure range of 0–1 kPa.

The authors used DLP to build an all-printed sensor with com-
plex geometries. The high resolution of DLP enhanced the free-
dom of the design, which was exploited to adjust the geometrical
parameters and optimize the sensor’s performance. Notably, the
multi-vat approach reduced the fabrication time; it also limited
the issue of the dehydration of the hydrogel, representing an
encouraging result for the development of durable hydrogel-
based ionic skins.

Multi-material approach was similarly used by Mu et al.[105]

They fabricated a hollow capacitive strain sensor by DLP-printing
a commercial acrylic resin and multi-walled carbon nanotubes
(MWCNTs). Increasing fillers’ concentration led to increasing
conductivity and viscosity, affecting the processability of the
ink through DLP. Therefore, the optimal amount of MWCNTs
was selected as a compromise between electrical performance
and viscosity; the printing parameters were also settled regarding
the optical change caused by the opaque fillers. By a multi-vats
approach, the scientists could print dielectric (acrylic resin) and
electrodes (acrylic resin/MWCNTs) in a full 3D process. The
dielectric and the top electrode were shaped in a hollow configu-
ration to enable larger deformation. The sensor demonstrated
capacitance change with pressure and good repeatability under
cyclic loading.

This work, similarly to the previous one, highlights DLP’s
potential for multi-material printing. Even if the choice of the
materials for this 3D printer is limited to photocurable resins,
the presence of similar chemical groups in these polymers
can be easily exploited to form strong chemical bonding between
the different inks. Therefore, DLP can be used to fabricate sen-
sors rapidly and in a reproducible manner while improving their
durability and performances.

Another proof of successful DLP-3D printing of a soft sensor
was provided by Yin et al.[106] The authors printed a lattice
CNTs/ acrylate thermoplastic polyurethane (TPU) sensing layer
for a pressure, capacitive sensor (Figure 8f ). First, DLP was
exploited to fabricate the green TPU model, which, afterward,
was coated with a thin layer of CNTs through an ultrasonic probe
treatment. The acrylate TPU lattice could be DLP-printed in a
plethora of sizes, proving its feasibility in producing both
high-resolution, tiny structures and larger components in a

relatively short time. The pressure sensing mechanism relied
on the contact between the sensing 3D unit and the electrode,
more the contact between the rods of the deformed lattice micro-
structure. In particular, five representative lattice models were
investigated, and the most sensitive structures were those that
experienced larger deformation under the same load.
Therefore, the optimal combination of the lattice’s design and
layer thickness produced the highest sensitivity of 1.02 kPa�1,
a pressure detection range of 0.7 Pa–160 kPa, and a stable elec-
trical response for 60 000 cycles under 10 kPa.

This work demonstrates that DLP printing is a feasible
approach to easily scale sensors in size and geometry, thus
expanding their range of applications. Moreover, the researchers
developed a conductive coating on the printed sample. This
approach avoids the concerns related to the DLP printing of com-
posite resins allowing the fabrication of structures with finer
resolution.

Similarly, Peng et al. printed polyurethanes through DLP to
create a robust and flexible strain sensor (Figure 9) that was
coated with a conductive hydrogel.[107] The authors used three
kinds of polyols to synthesize three types of polyurethanes acry-
late oligomers, demonstrating that the one containing the
poly(tetrahydrofuran) units (PPTMGA) offered an optimal com-
bination of mechanical strength and elasticity. In fact, its soft seg-
ments, composed of routable C─O and C─C groups, provided
the highest elongation at break (�400%), while the hydrogen
bonds in the hard segments endowed the resin with good tensile
strength (15.7MPa) and fatigue resistance (100 compression
cycles at 80% strain). The researchers adjusted the viscosity
through the addition of reactive diluents and printed complex
structures with a resolution of 150 μm. To fabricate a sensor,
the DLP-printed lattice component was soaked in a UV-curable
pre-hydrogel aqueous solution containing also lithium chloride.
Then, the hydrogel/lattice component was irradiated to cure the
hydrogel and create bonds between the unreacted acrylates on
the elastomer’s surface and the hydrogel’s monomers. This
caused a robust interface between the two materials of the sen-
sor, which exhibited a sensitivity of 2010MPa�1 (under compres-
sion of 0.09–0.23MPa), owing to the hollow structure that
ensured large deformation.

In this work, the authors used a salt-filled hydrogel to produce a
conductive coating. Using a hydrogel instead of nanomaterials
(e.g., graphene, CNTs) may be appealing to avoid long-term
fatigue due to the breakage of the interface between the rigid fillers
and the soft matrix.[108] Moreover, the chemical compatibility
between the hydrogel and the elastomeric matrix enabled the
fabrication of a stronger bonding. This approach is valuable for
fabricating endurable soft sensors, even if using hydrogels still
poses the issue of the water’s evaporation. Nevertheless, the pos-
sibility of adopting different materials to impart conductivity is
appealing to exploit the high resolution of VP-printers to construct
sensors with complex architectures and advanced properties.

An example of an SLA 3D-printed soft sensor is offered by Cai
et al., who developed a transparent and conductive elastomer
based on a mixture of maleic acid (MA)/choline chloride
(ChCl) and acrylamide (AAm)/choline chloride type polymeriz-
able deep eutectic solvents (PDESs).[109] The sensor, shown in
Figure 10, appeared highly transparent and could be shaped
in intricate geometry. Moreover, the abundance of –COOH,
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–NH2, and –OH endowed the network with self-healing ability.
Once the ink’s feasibility was evaluated by printing different
complex structures with a resolution of 10 μm, the authors
shaped the material in a honeycomb 3D structure, possessing

high flexibility and conductivity. The excellent compressive
deformation (97%) and rebound were caused by the combination
of hard (AAm/ChCl) and soft (MA/ChCl) domains of the mate-
rial, but also by the honeycomb 3D shape, which is known to

Figure 9. 3D printing of a 3D object that was immersed in an ionic hydrogel precursor and cured via UV to obtain a compression sensor. Adapted with
permission.[107] Copyright 2020, American Chemical Society.

Figure 10. Self-healing sensor 3D-printed by SLA. a) Honeycomb was 3D-printed via SLA. b) The sensor produced a stable electrical signal and c) different
currents according to the compression rate. Adapted with permission.[109] Copyright 2021, published by Elsevier B.V.
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cover the larger volume with less material, providing increased
deformability. At a compression strain of 50%, the 3D-printed
elastomer showed a stable electrical signal for 10 000 cycles.
Moreover, the sensing unit was assessed to produce different
currents under different compression rates, paving the way
for its further development as a smart sensor. Finally, the sensor
maintained its performance after multiple damage-healing
cycles, due to its self-healing ability.

The authors developed a smart material for SLA 3D printing,
demonstrating that complex geometries and material properties
can endow soft sensors with advanced performance. In particu-
lar, self-healing behavior improved the durability of the sensor,
holding potential for the fabrication of 3D sensors that can with-
stand damage, thus being suitable for long-term applications.

5. Discussion

This review described the potential advantages and drawbacks of
3D printing of soft materials and sensors, based on the AM dif-
ferent technologies. The DIW is the most common technique
due to its versatility and the opportunity for multi-material print-
ing. Nevertheless, VP-3D printing is emerging as a promising
tool to produce complex structures with extraordinary resolution,
while FFF represents a reliable solution because of its simplicity
and cost-effectiveness.

However, a clear outcome of this review is that each 3D printing
technology sets some requirements that the soft inks must fulfill.
The different constraints can be summarized as follows. First,
materials for DIW must possess a thixotropic behavior that can
be achieved or improved by adding rheological adjusters. Inks
for VP technologies must be photocurable and possess low viscos-
ity. There are some commercial photocurable elastomers available,
but they are limited in elongation as compared to silicone
rubbers.[110] To overcome this issue, researchers focused on the
synthesis of customizable, “home-made” photocurable elastomers
and hydrogels.[104,107,110] Finally, materials for FFF are poorly cus-
tomizable due to the difficulties in fabricating filaments.

In the first place, the aforementioned issues concern the soft
matrixes, but once the fillers are added, the properties of the com-
posite material must be re-evaluated to assess its suitability for
the 3D printing technology.

The fillers lead to several issues, such as altered viscosity, opac-
ity, and the occurrence of reinforcers’ aggregation. These can
impact both the material’s processability and the final object’s
properties. Then, it is necessary to consider some aspects to opti-
mize the printing of the composite ink and to fabricate a soft
sensor with improved performance. Firstly, the process param-
eters (e.g., the pressure of the nozzle for DIW, the irradiation
time for DLP) play a crucial role in achieving a self-standing
object with high fidelity to the CAD model. Furthermore, the
concentration and the morphology of the fillers are fundamental:
the load and the size must ensure a proper trade-off between con-
ductivity, processability, and mechanical properties.

The morphology of the fillers has a substantial impact on the
final electrical properties of the sensors. 0D nanofillers (i.e.,
nanoparticles) interact poorly with the neighboring fillers, result-
ing in nonlinearity, limited sensitivity, and low cyclic durabil-
ity.[111] On the contrary, the addition of 1D (nanowhiskers,

nanofibers, nanotubes)[70,112,113] or 2D (nanosheets)[69] nanoma-
terials leads to sensing materials with improved performances
due to their spatial alignments and exceptional electro-mechanical
properties. In particular, the potential to produce intercon-
nected conductive networks instead of dispersed individual
fillers is crucial to improve the sensor’s performance. In this
regard, nanofillers with high aspect ratio are preferable as they
can form conductive networks at low concentrations limiting
the decremental impact on mechanical properties and pro-
cessability of the composite materials. AM represents a scalable
and reproducible tool to develop 3D nano-conductive networks,
benefiting from the free digital computer-assisted design and
the precise fabrication process.

Nevertheless, researchers have also proposed alternative solu-
tions to the direct addition of nanofillers in the ink, such as dip
and spray coating methods.[114] Applying a conductive coating is
generally time-consuming because the procedure may be
repeated several times. Moreover, some expedients are needed
to obtain stable adhesion on the 3D sample, as in the reported
case studies. Noteworthy, this approach limits the effects of the
fillers on the mechanical, optical, and rheological properties of
the soft material. Hence, this aspect enlarges the palette of print-
able materials that still maintain the required softness.

Despite the challenges, the literature demonstrates that it is
possible to fabricate soft sensors via AM technologies using vari-
ous materials, as listed in Table 4. Elastomers, hydrogels, poly-
mers, and conductive fillers have been employed for various
types of sensors and their parts. As for the dielectric or the flexi-
ble matrix, elastomers and soft polymers such as PDMS,[84,115]

PET,[116] EcoFlex silicone,[117] and polyurethanes[47,118,119] are fre-
quently employed. Instead, deformable transductors are made of
conductive polymers (PDMS, PTFE, PU, rubbers, PVC) contain-
ing liquid conductors or conductive nanofillers (CNTs, graphene,
metal nanowires).[22,83]

Even challenging, the 3D printing of soft sensors leads to
impressive gains, as discussed in the previous sections.

The fabrication of the whole sensor and, potentially, of the
entire robotic device in a seamless process represents a key ambi-
tion of the field. By exploiting multimaterial printing, AM holds a
strong potential for this purpose, but, until now, the process is still
characterized by a strong steps-processing nature. 3D printing is
usually aimed at producing either one sensor component, which is
then assembled into the others, or a mold through which the soft
material can be shaped. As seen in the previous sections, printing
a mold as a template for a soft sensor is useful to exploit materials,
such as commercial silicones, that possess high deformability but
are difficult to 3D print in complex shapes. Nevertheless, this
approach is challenging to adapt for fabricating sensors with finer
resolutions, and careful designs of the mold are required to pro-
duce complex parts such as lattices.

In contrast, the manual assembling of the sensor’s elements
allows the incorporation of materials unsuitable for 3D printing
(e.g., copper electrodes). Still, the process is poorly reproducible
and causes weak interlayer adhesion issues. Moreover, the wiring
of the fabricated device remains an issue. Nevertheless, as
reported in this review, examples of all-in-one fabrication
of sensors exist. In some cases, the seamless fabrication not
only saved time and materials, but it also improved the sensors’
performance by providing a better adhesion between its
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elements.[47,109] This confirms that 3D printing can be a step
towards the straightforward fabrication of the robotic device,
imparting enhanced properties.

The other aspect is related to the shape and the microstructure
of the sensor. In this regard, AM enables the development of
complex 3D structures with exceptional ease and scalability, in
a more organic and customizable way, compared to traditional
technologies.[120] Therefore, the investigation of AM’s convenience
in developing soft sensors passes by understanding the benefits of
the 3D shape. In this regard, the impact of geometrical features on
the material’s deformability has been widely reported and dis-
cussed in this review. The creation of intricate, voids-provided
structure enhances the inherent softness of the material, thus
improving the sensor’s performance (i.e., its sensitivity).

Moreover, the ability to increase and program mechanical
deformations can be exploited to create materials with unconven-
tional properties. For instance, the possibility to obtain a negative
Poisson coefficient leads to the expansion in both length and
width under stretching and shrinkage in both directions in
response to compression. This enhances indentation resistance,

shear resistance, and fracture toughness and improves the
sensitivity by causing larger disconnections in the conducive
networks.[62] Generally, this exceptional behavior can be
employed in many electronic and sensing applications.[121,122]

Furthermore, the 3D morphology achieved via AM can be used
to obtain the so-called multi-directional sensing, i.e., the ability to
discriminate different mechanical stimuli and/or to distinguish
the stress’ direction. Multidirectional sensing, which is already
exhibited by many bio-receptors, is crucial to grant a safe inter-
action with the surroundings and to endow the robot with com-
prehension of its current state.[123] Although multidirectional
sensing is still in its infancy, many efforts have been devoted
to the understanding of the relationship between this ability
and 2D/3D microstructures that exhibit distinct states of defor-
mation and stress concentration according to the acting, mechan-
ical input (shear, tensile, normal, bending).[124–126]

Due to these appealing opportunities, researchers investigated
different strategies to fabricate soft mechanical sensors via 3D
printing, with the main approaches summarized in Table 5.
Advantages and drawbacks characterize each method, proving

Table 4. Examples of sensors fabricated via 3D printing.

Material Technology Sensor Element Reference Application

Graphene nanoplatelets (GNPs)/TPU FFF Resistive Sensing unit [70] Pressure

PDMS DIW Capacitive Dielectric layer [86] Pressure

Graphene/Silicone FFF Resistive Sensing unit [63] Compression

Silicone DIW Resistive Sensing unit [123] Pressure

Styrene–ethylene–butylene–styrene block copolymer FFF Resistive Sensing unit [69] Compression/ stretching

CNT/TPU DLP Resistive Sensing unit [103] Pressure

PDMS DIW Resistive Substrate [85] Strain, Pressure

Carbon black/TPU DIW Resistive Sensing unit [85] Strain, Pressure

Ag/TPU DIW Resistive Electrode [105] Compression

Deep eutectic solvents (PDESs) SLA Resistive Sensing unit [105] Compression

CNT/silicone DIW Resistive Sensing unit [84] Tactile

Cu/Silicone DIW Resistive Electrode [84] Tactile

CNT/PDMS DIW Resistive Sensing unit [51] Compression

(PAAm/PEGDA/Mg2þ) hydrogel DLP Capacitive Electrode [47] Pressure

Polyurethane acrylate DLP Capacitive Dielectric [47] Pressure

Polydimethylacrylamide/ octadecyl acrylate hydrogel DLP Capacitive Conductive layer [124] Pressure

PDMS/liquid metal DIW Resistive Sensing unit [125] Tactile

PLA FFF Resistive Mold [62] Strain

Silicone/CF casting Sensing unit [62] Strain

PLA FFF Resistive Mold [130] Tactile

Graphene/PDMS casting Sensing unit [130] Tactile

PDMS DIW Capacitive Dielectric [86] Pressure

Commercial TPU (Ninjaflex) FFF Resistive Flexible Encapsulment [120] Strain

CNT/PLA Sensing unit [120] Strain

Carbon black/TPU FFF Capacitive Electrodes [115] Normal Force

TPU FFF Capacitive Dielectric [115] Normal Force

PLA FFF Capacitive Dielectric [126] Force

Carbon black/PLA FFF Capacitive Electrode [126] Force
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that the field is promising but still emerging, needing more
investigation to pave the way for large-scale applications.

6. Conclusion

Nowadays, conventional subtractive techniques andmolding rep-
resent the most common and economic tools for fabricating sen-
sors. Nevertheless, these approaches are still limited by the low
design freedom and slow and tedious production steps. 3D print-
ing has emerged as a convenient alternative that addresses these
obstacles, which is particularly beneficial in fabricating complex
shapes. This article exposes the printing technologies and mate-
rials used for soft mechanical sensors by reporting case studies
in which AM is successfully employed. Nevertheless, 3D printing
in soft sensors is still challenging and allows for the investigation
and development of innovative materials and processes. In view
of the advancing demand for sensing technologies, the combina-
tion of AM, soft materials, and 3D geometries has the potential
to implement innovative devices for future research and
applications.
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