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Soft tactile sensors (STSs) combine the flexibility and the converting ability between
mechanical forces and electrical signals. 4D printing was first introduced in 2013,
and attracted great interest because of its versatile functionalities in actuators, artificial
muscles, STSs, soft energy harvesting, pneumatic nets, electroactive polymers, and
soft electronics. Using the 4D printing concept to fabricate STSs is promising, yet it
is at its infant stage. At present, researchers have utilized two types of strategies: one
is directly using smart materials through 3D printing manufacturing, and the other is
programming codes of components and structures to create controllable changes. This
review summarizes the recent research on 4D printing toward STSs and discusses the
future perspectives of this emerging field.
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INTRODUCTION

Additive manufacturing (AM) has attracted lots of attention as a versatile technology to fabricate
complicated structures from various materials, such as polymers, metals, ceramics, and other smart
materials or stimulus-responsive materials (Oropallo and Piegl, 2015; Balogun et al., 2018). Unlike
those traditional subtractive manufacturing methods, AM usually piles up materials to form objects
layer by layer according to the data of the computer models. As a result, AM can manufacture
items with very sophisticated and complex geometries with no need for post-processing or other
assistive tools like molds, dies, or lithographic masks. As an exciting branch of AM, 4D printing
was proposed in 2013 by Tibbits (2013), which soon gained considerable interest in public media
and research communities (Momeni et al., 2017). In the beginning, 4D printing was primarily
known as “3D printing + time” (Spiegel et al., 2019), but the definition evolved in recent years.
Shi et al. extended the definition of 4D printing as “the change of shape, property, and functionality
from a 3D printed structure response to time or external stimulus” (Yintang et al., 2020), namely,
heat (Phuhongsung et al., 2020), water (Melocchi et al., 2019), light (Nishiguchi et al., 2020), and
pH (Lin et al., 2018). Owing to manufacturing simplicity and attainable complication of printed
material species, 4D printing, as a new branch of AM, has been applied in the fabrication of various
functional devices, such as actuators (Akdogan et al., 2005), soft electronics (Zheng et al., 2013;
Wang et al., 2015), and soft tactile sensors (STSs) (Xu et al., 2017), as well as in the industry of
different disciplines.

Soft tactile sensors (STSs) are a new type of wearable electronic devices, which provide the
possibility of mechanical signal interaction between the human/machine and the surrounding
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environments (Truby and Lewis, 2016). The research of STSs is
an emerging field following the rapid development of flexible
electronics in the recent two decades (Zarek et al., 2016).
Based on diverse working mechanisms, STSs can be divided
into five categories: piezoelectric, piezoresistive, capacitive,
triboelectric, and magnetic types (Wan et al, 2017). The
fabrication of STSs relies on traditional manufacturing methods,
namely, film patterning, metallic deposition, molding, and
assembly techniques, indicating the complex and high-cost
features. Alternatively, multi-material-type AM processing can
simultaneously integrate diverse material species to their on-
demand positions, allowing for the rapid and cost-effective
fabrication of electronic devices. The functionality of as-prepared
structures was endowed, which can be recognized as a branch of
4D printing. Thus, it is urgently required to develop novel 4D
printing techniques in the further advance of STSs.

In the past few years, there has been a significant trend toward
applying 4D printing technology to manufacture various STSs.
In other words, a growing number of researchers from different
research backgrounds have begun to recognize the importance
of this effective technique. By controlling the spatial positions
of diverse material species to endow the final products with a
new mechano-electric transducing functionality, this concept, no
doubt, falls in the definition of 4D printing. More intuitively,
as shown in Figure 1, the number of publications and citations
in this topic has rapidly boosted. The citations increase more
sharply than the publications. Thus, it is deduced that the
future of 4D printing research combined with the STSs will be
positively promoted, which will generate promising interest in
the years to come.

This article reviews the recent research outcomes concerning
4D printed STSs. At the first stage, it is crucial to understand
the AM manufacturing features to adapt to the working
mechanisms of STSs. Therefore, this article is organized as
follows. Section “Diverse AM Techniques Toward the Fabrication
of STSs” gives a detailed and comprehensive description of the
fundamental techniques of AM process, including the specially
used materials. Section “4D Printing for STSs” describes the
five types of 4D-printed STSs. Finally, section “Conclusions and
Outlook” provides some important conclusions, which share the
viewpoints on the future development of 4D-printed STSs.

DIVERSE AM TECHNIQUES TOWARD
STSs

Additive manufacturing enables the realization of 3D objects
directly from computer-aided design (CAD) models (Frazier,
2014; Herzog et al., 2016; Schmidt et al., 2017). CAD models are
transformed into special formats that can be read by computers.
The formats are then sliced into control codes to force 3D printers
to manufacture objects in a layer-by-layer fashion (Rengier et al.,
2010; Oropallo and Piegl, 2015). Up to now, many different
types of AM technologies have been developed for generating
STSs, namely, selective laser sintering (SLS), stereolithography
(SLA), fused filament fabrication (FFF), direct ink writing (DIW),
and inkjet printing. For different printing methods and device

requirements, materials should be carefully considered for the
final products. The subsequent sections will briefly introduce
those five types of AM techniques about the printing procedures
and related materials.

Selective Laser Sintering

Selective laser sintering, also known as selective laser melting
(SLM), is an AM process that uses an electron beam or a laser as
a power source to sinter powder materials. The materials used as
the SLM deposition material to form 3D objects include metals,
polymers, ceramics, and composites. The building procedure
(Figure 2A) of this AM can be separated into three steps: (1)
The feed powders with diameters from 10 to 100 pm are rolled
over the construction platform. (2) The laser beam is directed
into the powders to melt, and the melted powder content is
solidified. (3) Then, the powders are rolled over the top of the
deposition layer again with the platform declining. The process
is repeated until the desired 3D object is completely produced.
Unused powder that does not form a part of the as-prepared 3D
object has been retained on the construction platform to support
the object, thus achieving nearly 100% material utilization. This
technique is suitable for metal-based sensor fabrication.

Stereolithography

Stereolithography is the first vat photopolymerization method
developed in the early 1980s, which uses specific light to
solidify liquid materials in the vat layer by layer to fabricate
3D printing objects. Some other innovative AM techniques like
digital projection lithography (DLP) have the same print concept
of SLA printing, yielding similar fundamental printing. Figure 2B
depicts the printing procedure using the SLA technique. The
light source of the laser emits light to cure the liquid polymer.
Following the movement of the laser, a thin patterned layer is
formed. After the first printing layer, the build platform moves
by one-layer height, and a new layer of liquid photopolymer is
introduced and cured by the local illumination.

Compared with the SLA technique, the most important
improvement of DLP is the printing speed. DLP uses micro-
mirror array devices or dynamic liquid-crystal masks to cure an
entire pattern of one layer, instead of using a point light source
to solidify only one voxel at a time. Thus, the fabrication speed
of the SLA is much slower than that of the DLP technique. These
two techniques are suitable for polymer-based sensor fabrication.

Fused Filament Fabrication

Fused deposition modeling is a type of material extrusion
or extrusion printing. During its working process, a melted
thermoplastic-based filament is extruded through a nozzle as a
form of continuous filament because of mechanical force. The
filament is selectively deposited to fabricate the target entity. As
shown in Figure 2C, the typical printer for FFF is comprised
of an X-Y-Z axis motion platform, and the extrusion nozzle is
filled with diverse material species. The X-Y axis movements
are controlled by the computer software, allowing the nozzle
to extrude the filament at the designed position in one layer.
When one layer is accomplished, either the build platform moves
down or the extrusion head moves up, leading to the beginning
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of the next layer. This process repeats for numerous cycles
till the designed entity is completed. The printed materials of
this technique are widely selected. They include polycarbonate,
polylactic acid (PLA), acrylonitrile butadiene styrene (ABS),
and other thermoplastic elastomers and their composites with
functional particles or liquids. All of the extruded materials
should have thermoplasticity and rheological balance. Since
the FFF resolution is lower than SLA, this technique is fit
for generating tactile sensors with low-resolution-structural
polymer structures.

Direct Ink Writing

Direct ink writing is a powerful alternative printing technique to
FFE especially for viscoelastic materials. As shown in Figure 2D,
different from FFE, DIW uses air pressure or a piston to extrude
the printing material. Some curing procedures, like thermal
curing or photopolymerization, are required to solidify the
materials after deposition. The primary working mechanism for
the DIW process is that, when the inks leave the nozzles, their
viscosity will considerably increase, allowing them to take a
gel state to keep their shape. DIW technique tolerates a wide
variety of materials, namely, electrical, biological, and structural
materials (Truby and Lewis, 2016). Thermoset polymers, fugitive
inks, colloidal suspension, and hydrogels can be used as different
ink materials. DIW can realize multi-material fabrication using
microfluidic print heads that can switch flexibility or use multiple
printheads with disparate ink compositions. The advantages
of DIW are numerous, such as free of dying, no need for
lithographic masks, or expensive tooling. Since this technique
is of low cost and fits a wide variety of materials, it will be a
successful candidate to fabricate arbitrary 3D structural tactile
sensors with multi-material design.

Inkjet Printing
Inkjet printing, also known as material jetting, is an AM process
similar to SLA in many aspects, yet a movable nozzle is utilized

in this technique. Figure 2E illustrates that the nozzle and
accessory curing devices like UV light sources are formed on an
X-Y-Z three-axis motion platform. The liquid photopolymer is
ejected from the nozzles and deposited on the print platform and
then it is cured as a solid. It is widely accepted that the SLA
technique relies on photopolymerizable resins. Comparatively,
inkjet printing has the advantage of fabricating patterns utilizing
numerous soft materials in the form of formulated inks using
various molecular or polymeric species. This technique is suitable
for fabricating multi-material STSs.

4D PRINTING FOR STSs

Usually, an STS consists of several parts, namely, a flexible
substrate, sensing parts, flexible electrodes, and other support
materials. The fabrication of STSs involves multi-material
selections and their precise positioning, which is quite suitable
for the design of 4D printing. By controlling the spatial positions
of diverse material species to endow the final products with a
new mechano-electric transducing functionality, this concept, no
doubt, falls in the definition of 4D printing. Many researchers
have utilized AM techniques to fabricate a part of or even the
entire tactile sensors to date. This section has listed representative
studies of 4D printed tactile sensors categorized into five
subsections according to the working mechanisms.

Piezoresistive-Type STSs

The principle of piezoresistive-type STSs is the resistance changes
of the interface material with the external stimuli, through
which the external stimuli were converted into electrical signals.
Due to the advantages, such as simple structure, low energy
consumption, and wide testing range, piezoresistive-type STSs
have been widely studied. In the beginning, piezoresistive sensors
are fabricated by thin-film processing, molding, or nanomaterial
assembly, indicating causal manufacturing features without
standard manufacturing. With the continuous development of
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FIGURE 2 | Schematic illustrations of different AM technologies toward the fabrication of STSs. (A) Selective laser sintering. (B) Stereolithography. (C) Fused
deposition modeling. (D) Direct ink writing. (E) Inkjet printing.
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AM techniques, numerous researchers have recognized AM as a
powerful tool to generate ST'Ss.

Kim et al. (2017b) demonstrated a piezoresistive STS formed
by a specially designed composite dough. The sophisticated
dough is comprised of a carbon composite and a thermoplastic
triblock-copolymer elastomer, namely polystyrene-polyisoprene-
polystyrene (SIS). The carbon composite was made by mixing
multi-walled carbon nanotubes (MWNTS) with graphene oxides
(GOs). As shown in Figure 3A, the 3D printable dough
materials were printed on 400 wm thick SIS substrates using

three-axis-programmable nozzle-based dispensing equipment.
After drying at 80°C, both ends of the printed sensor layers
were electrically connected with Cu wires and conductive Ag
adhesive paste. It had been demonstrated that the printed strain
sensor devices exhibited an extremely high gauge factor of 72 with
linearity (R?) of 0.94 when the GOs were added to the carbon
composite at a ratio of 9.

A strain sensor based on microchannel had been designed
by Agarwala et al. (2017). The dimensions of the sensor were
2.5 x 2.5 cm. The diameter and the length of each microchannel
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FIGURE 3 | Piezoresistive-type STSs. (A) Stretchable ultrasensitive strain sensors fabricated by printable composite dough. Copyright 2017, Nanoscale. (B) Highly
stretchable hydrogels for UV-curing-based multi-material AM process. Copyright 2018, Journal of Materials Chemistry. (C) Double-network hydrogel for printed
strain sensors. Copyright 2017, American Chemical Society. (D) Stretchable STSs printed via a combination of nanocomposite ink optimization and multi-material
AM process. Copyright 2017, Advanced Materials. (E) Direct printing of flexible, highly anisotropic constriction-resistive sensors. Copyright 2020, American Chemical
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were 500 pm and 24 cm, respectively. The microchannels were
filled with a kind of silver conducting ink. Figure 3B exhibits
the complete fabrication process of a printed strain sensor.
A photopolymer composite material was used to build the
substrate; then, wax was injected into the channels as support
materials. After that, the channels were flushed with warm oil
to remove the wax, allowing a syringe to fill the microchannel
with Novacentrix® JS-B25HV silver conducting ink. Finally, the
channels were sealed with a connecting wire. When the sensor
suffered a strain in the axial direction of microchannels, the
cross-sectional area and the length changed. Thus, the overall
resistance of the channels would change accordingly. In the study
of Agarwala et al., the change in the resistance of the sensor
has been examined when strains were applied in two directions,
parallel and orthogonal. It can be noticed that the strain sensor
has good repeatability, fast recovery, and negligible hysteresis
when the applied strain is below 6%.

Zhang et al. (2018) developed highly stretchable and UV
curable hydrogels for the DLP technique. Figure 3B depicts
the hydrogel preparation method. An acrylamide-PEGDA (AP)-
based hydrogel precursor was made by mixing acrylamide as
the monomer and poly(ethylene glycol) diacrylate (PEDGA) as
the crosslinker. 2,4,6-trimethylbenzoyl-diphenylphosphine oxide
(TPO) nanoparticles were chosen as the photo-initiator in water
(water content: 50-80 wt%). This AP hydrogel system has
several considerable advantages, such as high stretchability and
compatibility with the DLP AM technology. More importantly,
the AP hydrogels can form strong interfacial bonding with
commercial printable elastomers, leading to printed hydrogel-
elastomer hybrid structures. The study shows a highly stretchable
electronic board by printing an ionic hydrogel circuit on
an elastomeric substrate, yielding AP hydrogels as promising
materials for tactile strain sensors.

Liu et al. created a novel, 3D printable hydrogel with
admirable recoverability and significant self-healing capability.
This hydrogel can print sensitive strain sensors because of its
good strain sensitivity (Liu and Li, 2017). k-carrageenan and
acrylamide (AAm) were used to fabricate the hybrid double-
network (DN) hydrogels through a photopolymerization process.
The self-healing capability comes from the thermo-responsive
nature of k-carrageenan. A sheet sample of DN hydrogel could
hold a weight of 250 g (Figure 3C). The printability and flexibility
of the DN hydrogel are shown in Figure 3C. The DN hydrogel
can be printed into various types (hollow triangular prism or
hollow cube) but it regains its original height after being pressed.

Many other researchers contribute to wearable electronics
systems by combining piezoresistive stretchable materials and
AM techniques. Guo et al. (2017) created a type of sinter-free
ink with electrical conductivities and adjustable viscosities to
fabricate STSs. The sensors were formed by several layers: a
base layer, a sensor layer, two electrode layers, an isolating layer,
and a sacrificial supporting layer. The final model of the sensor
is shown in Figure 3D. The electrical properties of the sensor
were attributed to the cured inks by mixing submicrometer-sized
silver particles within a highly stretchable silicone elastomer. It
was found that the ink with 68 wt% had the best piezoresistive
performance, as indicated in Figure 3D.

Mousavi et al. (2020) used a carbon-nanotube-reinforced
polylactic acid (PLA-CNT) to fabricate a piezoresistive STS. In
this research, they employed a novel approach by engineering
appropriate anisotropic structures as multidirectional tactile
sensors. The group selected a sandwich design to characterize the
printed anisotropic tactile sensing under large deformation. The
PLA-CNT sensor was encapsulated between two thermoplastic
polyurethane (TPU) layers (Figure 3E). Direct stretching and
bending tests characterized the sensor performance. Wooden
strips were used in tensile tests in different directions. Figure 3E
shows the tensile sensitivity testing results at 0°, 30°, 45°, 60°,
and 90°, in which a 1% tensile strain was applied for three cycles
in each direction. The printed sensors have high sensitivity with
strain gauge factors (k~1,342).

Christ et al. (2017) used TPU to develop a 3D-printable,
flexible, conductive material, which was demonstrated as an
excellent piezoresistive STS. They compounded TPU with
multi-walled carbon nanotube (TPU/MWCNT) to print
TPU/MWCNT samples. Then, the as-prepared STSs investigated
their mechanical, electrical, and piezoresistive properties. The
TPU/MWCNT nanocomposites provided various flexibility
and sensitivity features, tunable for diverse applications. The
cyclic response indicates a strong and consistent behavior
over strain loadings and outstanding electric conductivity and
piezoresistivity.

Capacitive-Type STSs

Capacitance is the capability of a capacitor to store/release charge.
A capacitor consists of two parallel plates and a dielectric layer
sandwiched between them. Capacitive-type STSs have shown
high sensitivity, compatibility with static force measurement,
and low power consumption. However, capacitive devices are
susceptible to interference from surrounding objects because
these objects might change the fringe field of the capacitor (Cheng
et al,, 2010), causing it to produce uncertain signals during the
measurement. There have been plenty of studies about AM-
processed capacitive-type STSs in recent decades.

Nag et al. (2018) used graphite powder and
polydimethylsiloxane (PDMS) to develop a kind of capacitive
sensor patches. They combined casting and AM technology. The
production process, has been divided into several consecutive
steps. First, a mold was fabricated through the AM technique
using PDMS. Then, graphite powders were cast onto the
trenches of the mold. Finally, the patches were cured, yielding
the generation of capacitive sensors. Nag’s group investigated
the characteristics of the sensor patches. The change in the
capacitance values to the forces is nearly linear, with a force
sensitivity of 0.2542 pF mN~! during a range from 3.5
to 17.5 mN. These capacitive properties of sensor patches
are due to the high electrical conductivity and corrosion
resistance of graphite.

Huang et al. (2016) fabricated a new flexible three-axial force
sensor using PDMS. This flexible sensor had four-unit capacitors
providing it with high sensitivity to 3-axial forces. The four
capacitors were formed by four sensing electrodes and the public
electrode upon the flexible printed circuit board (FPCB) layer.
The dielectric layer and the bump layer were fabricated by the
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FIGURE 4 | Multifunctional skin-like STSs based on a printed thermo-responsive hydrogel. Copyright 2017, Materials Horizons.

microstructuring

3D printing process using PDMS. These two layers were bonded
together after the oxygen plasma treatment. The response of the
four capacitors in the sensor unit was observed when applied to
external forces. Three charts represent three forces: z-axis normal
force, x-axis shear force, and y-axis shear force. It is indicated that
the capacitances changed linearly concerning the forces.

Hydrogels have been used to fabricate capacitive sensors as
well. Lei et al. (2017) came up with an effective strategy to prepare
a multifunctional skin-like sensor using thermo-responsive
hydrogel in the AM technique. This microstructured double-
network hydrogel was synthesized by hydrophobic n-octadecyl
acrylate (C18) and sodium dodecyl sulfate (SDS) through
a micellar-copolymerization method. The prepared hydrogels
could be printed using an FFF-type printing system, as shown
in Figure 4. A polyethylene film was sandwiched between
two bulk/grid-structured hydrogels connected to two metallic
electrodes to fabricate the final sensor. The capacitive STS
can respond to manifold pressure (P) and temperature (T). It
indicated that the resulting skin-like hydrogel sensor exhibited
high sensitivity to those stimuli.

Piezoelectric-Type STSs
Piezoelectricity is a phenomenon in which voltage is generated
by applied mechanical stress, which is commonly used for tactile
sensors (Choong et al., 2014). The piezoelectricity comes from
the oriented permanent dipole in materials. The deformation of
the oriented non-centrosymmetric crystal structure causes the
electric dipole moment to separate and generate a piezoelectric
voltage on both sides, thus the appearance of the electric dipole
moment (Wegener et al., 2005). Due to the high sensitivity and
fast response time of piezoelectric sensors, they are widely used
in the detection of dynamic pressure, such as sound and sliding
vibration (Hammock et al., 2013). Besides, because of the unique
energy harvesting characteristics of piezoelectric materials, they
are considered as a potential candidate for low-power or self-
powered tactile sensors.

Lee et al. (2017) fabricated a 3D customized STS. This
piezoelectric-type mechanoelectrical sensor is mainly composed
of sandwich-shaped substrates and a core piezoelectric layer.

Three parts formed the sandwich-shaped substrate, the upper
mold, the lower mold, and their connecting hinge, fabricated
by 3D printing using PDMS. The piezoelectric core was
a nanofibrous material prepared by electrospinning poly
(vinylidene fluoride trifluoroethylene) (PVDEF-TrFE). Lee et al.
investigated the sensitivity of the sensor. They tested three
types of sensors: flat, wrist-form, and fingertip-form sensors.
Hence, this customizable sensor can be widely used in
wearable electronic devices because of its combined flexibility
and sensitivity.

Using the same polymer material (PVDEF), Kim et al. (2017a)
came up with a unique process to fabricate piezoelectric
films through an integrated FFF printing and other corona
poling process. The fabrication of as-prepared sensors was as
follows: First, the PVDF polymer was heated and extruded
from the nozzle, allowing it to harden immediately and deposit
with a predominantly a-phase crystalline structure. Then,
the PVDF molecules were transformed from o- to P-phase
crystalline structure under a high electric field, yielding the rising
piezoelectric response.

Fuh et al. (2017) utilized piezoelectric PVDF to fabricate a
flexible sensor through an FFF printing process, resulting in
the wavy surface of thermoplastic elastomer (TPE) substrate.
The integration process of the sensor is shown in Figure 5.
Initially, the Cu foil was deposited to the wavy surface of the
TPE substrate. Then, PVDF fibers were attached to the surface
via near-field electrospinning (NEFS). Finally, the PDMS was
used to encapsulate the device entirely. The devices with three
different surfaces, namely, planar, square, and sinusoidal surfaces,
were fabricated to measure the output voltage and current
versus cyclic stretching-releasing deformation. This proposed
piezoelectric sensor has great potential in promising applications
for wearable electronics.

Triboelectric-Type STSs

The triboelectric effect is a common phenomenon in our daily
lives. It occurs when the contacting materials are subjected to
friction caused by touching, shearing, or torsions. However, the
mechanism behind the triboelectric effect is still under study.
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It is generally believed that charges will be induced on the
surface when two different materials move against each other.
The amount of charge generated depends on the difference in
triboelectricity polarities between the two contacted materials
(Sun et al., 2018).

Haque et al. (2018) used several printable soft materials
as functional triboelectric sensor components. They found
that PDMS, combined with commercial TangoBlack (TB),
showed the highest triboelectric responses. Polyamide
(PA) was utilized to fabricate the 3D-printed spring
structure. The fabrication process of the triboelectric

touch sensor, indicates that the sensor is composed of
three printed layers: PDMS layer with electrodes, PA
spring structure layer, and TB layer with electrodes. The
output power can reach up to 60 WW when the operating
frequency is 5 Hz.

Chen et al. (2018) fabricated an ultra-flexible 3D triboelectric
nanogenerator (TENG) using printed composite resin parts
and ionic hydrogels. These two materials were utilized as the
electrification layer and the electrode. The fabrication process of
the 3D-TENG is that the liquid photopolymer resins and support
materials were directly printed using a single process within an

Reports.

FIGURE 5 | Self-powered pressure sensor with fully encapsulated 3D printed wavy substrate and highly aligned piezoelectric fibers array. Copyright 2017, Scientific

High voitage

Randomdipoles

Aligned dipoles

A CO; laser

B Pressure (
% 8 . lo ;
‘Q\_ " A
S —> S
4 % Magnetization
o0 )
|
Selective laser sintering (SLS) PartA Magnetized Part A C
30 printing machine porous g porous
104 0
s s
S ]
& 5.
% 5 8 5
S
> >
04 -10
055 060 065 070 075 080
Selective laser melting (SLM) PartB8
3D printing machine Conductive helix Times (s) Times (s)
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integrated platform through inkjet printing. The voltage output
of the 3D-TENG was as high as 70 V.

Magnetoelectric-Type STSs

The magnetoelectric tactile sensor is a newly emerging
technology that enables the mechanical pressure to be converted
into electrical signals with the help of the magnetic field. This
mechanism of a tactile sensor is known as electromagnetic
induction, and the relative movement between magnets and
conductive wires can generate electricity. These tactile sensors
are self-powered without an external power supply due to their
magnetoelectric working systems.

Wu et al. (2020) designed a flexible integrated magnetoelectric
sensor, and the fabrication of this sensor fulfills the brand-
new concept of 4D printing. The 4D-printed tactile sensor
exhibited a piezoelectric ability to convert the external pressure
into electric energy without any piezoelectric parts, conforming
to the 4D printing concept. The magnetoelectric tactile sensor
is comprised of two parts, as shown in Figure 6A. One part
is a porous structure fabricated by SLS using TPU/NdFeB
composite powders, while the other part is a helix structure
with two flat plates fabricated by SLM using 316 stainless steel
powders. Figure 6B shows the working mechanism: After the
magnetic part was magnetized to acquire permanent magnetism,
the magnetic field lines would pass through the coil. When the
structure was compressed due to external forces, the magnetic
flux would change and generate electricity according to the
electromagnetic induction principle. Figure 6C is one typical
cycle of output voltages by a compression/recovery process.
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