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Abstract: The fabrication of low-electrical-percolation-threshold polymer composites aims to reduce
the weight fraction of the conductive nanomaterial necessary to achieve a given level of electrical
resistivity of the composite. The present work aimed at preparing composites based on multiwalled
carbon nanotubes (MWCNTs) and magnetite particles in a polyurethane (PU) matrix to study the
effect on the electrical resistance of electrodes produced under magnetic fields. Composites with
1 wt.% of MWCNT, 1 wt.% of magnetite and combinations of both were prepared and analysed. The
hybrid composites combined MWCNTs and magnetite at the weight ratios of 1:1; 1:1/6; 1:1/12; and
1:1/24. The results showed that MWCNTs were responsible for the electrical conductivity of the
composites since the composites with 1 wt.% magnetite were non-conductive. Combining magnetite
particles with MWCNTs reduces the electrical resistance of the composite. SQUID analysis showed
that MWCNTs simultaneously exhibit ferromagnetism and diamagnetism, ferromagnetism being
dominant at lower magnetic fields and diamagnetism being dominant at higher fields. Conversely,
magnetite particles present a ferromagnetic response much stronger than MWCNTs. Finally, optical
microscopy (OM) and X-ray micro computed tomography (micro CT) identified the interaction
between particles and their location inside the composite. In conclusion, the combination of magnetite
and MWCNTs in a polymer composite allows for the control of the location of these particles using
an external magnetic field, decreasing the electrical resistance of the electrodes produced. By adding
1 wt.% of magnetite to 1 wt.% of MWCNT (1:1), the electric resistance of the composites decreased
from 9 × 104 to 5 × 103 Ω. This approach significantly improved the reproducibility of the electrode’s
fabrication process, enabling the development of a triboelectric sensor using a polyurethane (PU)
composite and silicone rubber (SR). Finally, the method’s bearing was demonstrated by developing
an automated robotic soft grip with tendon-driven actuation controlled by the triboelectric sensor.
The results indicate that magnetic patterning is a versatile and low-cost approach to manufacturing
sensors for soft robotics.

Keywords: MWCNT; ferromagnetic; flexible and stretchable sensors; smart composites; sensor
fabrication; polymer composites; polymer actuators; soft robotics

1. Introduction

Soft robotics is a new class of intelligent systems with specific properties that dif-
ferentiate them from traditional rigid devices [1]. Instead of integrating rigid joints and
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links, where motion is predominantly localised at the joint, soft robots rely on continuum
deformations to achieve motion. The control of these soft systems requires continuous
monitoring of their state during action [1]. However, traditional sensors have high stiffness
compared to the materials used in soft robotics [2,3]. Thus, developing a new class of soft
sensors made from low-stiffness materials, such as those found in soft robots, is of tremen-
dous interest. This new class of intelligent systems has the potential to be more adaptable
and versatile, enabling robots to navigate complex environments and interact with humans
and objects more safely and naturally. The potential applications of soft robotics are broad
and range from medical devices to search and rescue operations, industrial automation and
even space exploration. Their main advantages compared with traditional rigid devices are
related to their flexibility, adaptability, durability and light weight [4–6].

The integration of flexible soft sensors can be particularly useful in soft robotic grippers,
an area that has been growing considerably over time and is expected to grow even more
by 2030 [7]. Soft robotic grippers significantly impact the close interaction between robots
and their surroundings [8]. Safe and dexterous grasping is one of the main requisites for
a wider implementation, but one of the major challenges is the accurate control of soft
bodies. Therefore, a significant effort in perception has been made with embedded sensory
systems [9].

The types of sensors used in soft robotic grippers are mostly proprioceptive sensors
(e.g., Hall-effect sensors, encoders, torque sensors, tendon tension sensors, strain sensors)
to estimate the position and velocity of the gripper elements or exteroceptive sensors
(e.g., piezoelectric sensors, triboelectric sensors, resistive sensors, electromagnetic sensors)
to gather information about external objects [10–12].

Regarding the exteroceptive sensors, the triboelectric sensors have been showing great
potential due to their flexibility, material compatibility, and simplicity. Triboelectric sensors
generate electrical signals through frictional contact between two dissimilar materials. The
interaction between the generated charges is measured through the electrodes and can be
used to sense motion, touch or pressure [13–15].

Like triboelectric sensors, many flexible soft robotics sensors require electrodes, which
can be made using various conductive materials such as fillers [3,16,17]. MWCNTs have
been used as effective fillers in polymer composites because of their high aspect ratio, low
density, excellent mechanical strength and high thermal and electrical conductivities [18].

In a previous work [19], the authors reported the development of sensors that were
compatible with soft robotics materials. The sensors presented low electrical resistance, us-
ing MWCNTs as conductive material and a magnetic patterning technique/method for fab-
ricating electrodes. This magnetic patterning technique has the advantage of decreasing the
weight percentage of MWCNTs needed to achieve the same electrical resistance compared
to randomly aligned composites [18,20]. However, when the viscosity of the composites in-
creases significantly due to the polymer cross-linking process, the MWCNTs’ low magnetic
properties (assigned to the residual catalyst remaining in the MWCNT) decrease the quality
of the magnetic patterning [21]. The solution to this issue was achieved by using mag-
netite particles (Fe3O4) combined with MWCNTs. The combination of MWCNT/magnetite
has been introduced previously, typically involving the synthesis of Fe3O4/MWCNT by
chemical processes [21–27]. As an example, Dong et al. [28] synthesised MWCNT/Fe3O4
to increase the electrical and dielectric properties of polyimide (PI) films. The chemical
synthesis involves extra steps that can be avoided by physical mixing, facilitating sensor
fabrication for soft robotics.

This study explores the fabrication of triboelectric sensors for soft robotics applications,
using the physical mixing of MWCNTs and magnetite to decrease the electrical resistance
of the sensor’s electrodes and facilitate magnetic patterning.

2. Materials and Methods

The presented work can be divided into three parts: materials, composites and pro-
totype. The study of the materials consisted of evaluating three relevant aspects for the
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application: (i) the effect of the addition of particles and nanoparticles on the viscosity of the
reactive polyurethane rubber; (ii) the differences in the characteristic magnetic properties
of MWCNT and magnetite particles; and (iii) the interaction between the particles in a
thermoset PU matrix composite and a static magnetic field applied to the composite during
the cross-linking process. The second part involved characterising the magnetic patterns
generated on the composites after cross-linking. Optical microscopy and X-ray computed
microtomography were used to explore the particles’ distribution in detail. The ratio of
particles with the electrical resistance of the fabricated electrodes was correlated, and the
triboelectric sensors were characterised. Finally, a soft robotic prototype was developed in
the last part, consisting of two tendon-driven actuators controlled by a triboelectric sensor.

2.1. Materials and Characterisation

The MWCNTs were supplied by Nanocyl (NC7000, Sambreville, Belgium). The syn-
thetic magnetite powder, with an average particle dimension of 200 nm and an average
density of 4.6 g/cm3, was supplied by Inoxia (Cranleigh, United Kingdom). The reactive
PU rubber and the curing agent (Poly GlassRub 50—Transparent Polyurethane Rubber)
were provided by Feroca (Madrid, Spain). The silicone rubber (Ecoflex 00-50) was sup-
plied by Smooth-on, Inc. (Macungie, PA, USA). The neodymium N42 magnets with
0.5 × 0.5 × 0.5 cm3 were bought at K&J magnetics (Pipersville, PA, USA).

Regarding the characterisation processes, the PU viscosity was measured using a
rotational viscometer (Fungilab-Master series smart, Barcelona, Spain) with an L2 spindle.
The measurement was carried out for 30 min for each sample (PU without any additives,
1 wt.% MWCNT in PU and 1 wt.% MWCNT plus 1 wt.% of magnetite in PU).

The magnetic properties of the MWCNT and magnetite powder were analysed using
a superconducting quantum interference device (SQUID) magnetometer (Quantum Design,
IFIMUP-IN). The SQUID magnetometers typically allow a fully automated measurement
of the magnetisation of a specimen as a function of the magnetic field; the magnetisation as
a function of the applied magnetic field (M(H)) was performed at 300 K for a maximum
applied magnetic field of 50 kOe. OM analysis using a digital microscope (Leica DM 2500M,
Wetzlar, Germany) characterised the particles and the permanent magnets. The variation
of the magnetic response with PU curing time was assessed 20 min before and after PU
cross-linking under a static magnetic field on composites containing 1 wt.% of MWCNT
and 1 wt.% MWCNT + 1 wt.% of magnetite.

Finally, to ensure uniformity across the electrodes, the polarities of the magnets should
be symmetrical. Therefore, to characterise the magnetic flux density of the magnets, a 3D
magnetic characterisation was performed using a portable magnetic field mapper (M3D-2A-
Port, Senis, Canton Zug, Switzerland). The tested area was 30 × 30 mm, and the distance
between the permanent magnets and the probe was approximately 1 mm.

2.2. Composite Fabrication and Characterisation

After characterising the interaction between the particles and the permanent magnets,
six different composites consisting of MWCNT + magnetite in a PU matrix were produced
using the magnetic patterning process. Two magnet arrays arranged in an alternated
polarity configuration generated the magnetic patterns.

The fabrication process of the composites is illustrated in Figure 1. Six different
composites were prepared. Two composites contained 1 wt.% of the individual particles:
1 wt.% MWCNT/PU and 1 wt.% magnetite/PU. The other four composites were prepared
with different ratios of magnetite added to 1 wt.% MWCNT (1:1, 1:1/6, 1:1/12, 1:1/24). The
different ratios of magnetite consisted of adding the extra weight percentage of magnetite
to 1 wt% of MWCNTs. For example, for the sample (1:1), 1 wt.% magnetite is added to
1 wt.% MWCNTs, which means that the composite has a total of 2 wt.% of fillers. For the
sample (1:1/24), 0.04 wt.% magnetite is added to 1 wt.% MWCNTs, which means that the
composite has a total of 1.04 wt.% of fillers.
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Figure 1. Composite materials fabrication process.

For the fabrication of the composites, the PU rubber was mixed with the particles
by hand for 2 min; then, the mixture was poured into a mould (10 × 3 × 0.3 cm) and the
mould was placed on top of the permanent magnet array. After 16 h, as described in the
PU rubber datasheet, the specimen was de-moulded, and the process was repeated for
each prepared sample and replicas. After de-moulding, a thin layer of PU was cut in both
extremities, exposing the electrodes to test the electrical resistance of the electrodes. A thin
silver ink (CI 1036, ECM, Delaware, OH, USA) layer was placed on each electrode and
cured at 110 ◦C for 20 min.

The morphological characterisation of the specimens was performed using a digital mi-
croscope (Leica DM 2500 M, Wetzlar, Germany). The images were acquired in transmission
mode at different magnifications.

The micro CT was performed at the Laboratory of Mineralogy and Petrology of IST
(LAMPIST-GEOLAB) to assess the composites’ three-dimensional (3D) microstructural
and compositional heterogeneities. Digital radiographs were acquired on a micro CT
SkyScan 1172 scanner (Bruker, Billerica, MA, USA) using an X-ray cone incident on a
rotating specimen. Due to the specimens’ reduced size and composition, the experimental
conditions were optimised for each specimen using a constant source power (10 W). The
following operating conditions were used: source voltage of 60 kV, current of 165 µA,
a pixel size resolution of 5–6 µm and an average of five radiographs per each position.
The acquisition was performed by rotating the specimen over 180◦ with a 0.25◦ rotational
step. Slice reconstructions were obtained with the NRecon 1.6.3 routine, and volumetric
visualisation was achieved with DataView and CTvox programs, which integrate the
instrument software packages.

The electrical measurements consisted of testing the electrical resistance of each com-
posite’s electrode. The dimensions of each electrode were approximately the dimensions
of the magnet’s arrays (10 × 0.5 cm). The electrical resistance of the fabricated samples
was measured by the two-point electrical resistance measurement technique (Keithley 6487,
Cleveland, OH, USA). Each electrode of the six samples was tested. Four replicas of each
sample were fabricated and tested to study the reproducibility of the fabrication process of
the composites (1 wt.% magnetite, 1 wt.% MWCNT, 1:1, 1:1/6, 1:1/12 and 1:1/24).

The triboelectric sensors were characterised using a high-speed digital multimeter
(Keithley DMM7510 7 1⁄2 Digital Multimeter, Cleveland, OH, USA), where both elec-
trodes were connected to the multimeter terminals, and the output voltage was measured.
Two materials were tested as friction layers, PU and SR. Both materials were pressed against
the electrodes several times under controlled conditions in a three-point bending setup.
The three-point bending tests were conducted on a Shimadzu AGX-V (Shimadzu, Kyoto,
Japan) at 500 mm/min speed with an applied force of 10 N.
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2.3. Prototype Development and Testing

The methodology for prototype development is presented in Figure 2. Regarding the
sensor and actuator fabrication, first, the triboelectric sensor was patterned using 1 wt.%
MWCNTs plus 1 wt.% of magnetite in PU. Then, the triboelectric sensor was placed inside
the mould of the actuator and, finally, it was filled with PU rubber. The actuator’s mould
consisted of a polymeric part produced by 3D printing. The structure also comprises two
channels on the sides, where the string moves. The motion is comparable to the movement
of a tendon, bending the structure after pulling the sting. The mould presents several folds
on the front and back, facilitating the movement of the actuator and decreasing the force
needed for the micro servo to pull the strings.
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The mould and the prototype were designed with SolidWorks and fabricated using a
3D printing machine (Stratasys Fortus 250mc, Edina, MN, EUA). The hardware to control
the prototype consisted of an Arduino Uno, electrical resistances, LEDs and two micro
servo motors (DFRobot SER0006, Hubai, China). All the components were assembled
inside the 3D printing prototype structure to test the prototype.

3. Results and Discussion
3.1. Materials and Characterisation

One of this work’s main objectives was to use magnetic patterning to fabricate elec-
trodes to develop MWCNT/PU sensors. However, the pot life of the PU rubber was just
30 min, meaning that after mixing the two components the viscosity significantly increases,
hampering the mixture’s workability and affecting patterning quality. Furthermore, the ad-
dition of MWCNTs to PU increases the viscosity, as shown in Figure 3, from approximately
4000 to 12,000 mPa or higher. Thus, magnetite particles were added to the composite
to overcome the increase in viscosity and the low magnetic response of the MWCNTs.
Increasing the magnetic response of the composite is expected to enhance the velocity of
the particles inside the fluid, compensating for the increase in viscosity. Among the various
magnetic additives available, magnetite was chosen for its attractive magnetic properties
and low cost.
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The magnetic properties of the individual particles used to prepare the composite,
magnetite and MWCNTs, were evaluated by SQUID magnetometry analysis. The SQUID
analysis (Figure 4) shows that the MWCNTs present ferromagnetism and diamagnetism.
This behaviour was explored in detail in previous work [19], where the magnetic response
of the MWCNT was related to impurities from the fabrication process. Even though the
MWCNT presents ferromagnetic properties, the values are relatively low compared to
magnetite. The measured coercivity (Hc), retentivity (Mr) and saturation magnetisation
(Ms) of the MWCNT at 300 K were 104.41 Oe, 0.13 emu/g and 1.07 emu/g, respectively.
For the magnetite powder, the measured coercivity (Hc), retentivity (Mr) and saturation
magnetisation (Ms) at 300 K were 64.01 Oe, 4.61 emu/g and 83.68 emu/g, respectively.
Since magnetite has higher magnetic susceptibility than MWCNT, the magnetic attraction
between the permanent magnets and the magnetite particles will also be higher [29]. A
higher magnetic susceptibility can result in faster movement of the particles towards
the permanent magnets inside fluids of similar viscosity. Therefore, when MWCNT and
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magnetite particles are mixed in a solution, the magnetic patterning quality is expected
to increase under a static magnetic field [21,29]. According to McCloskey et al. [29], the
magnetophoretic mobility in magnetic separation depends on inherent characteristics of the
magnetic particles and the medium, such as medium viscosity, particle size and magnetic
susceptibility of both the medium and the magnetic particles. There are also various forces
influencing particle movement in a liquid suspension, including magnetic forces, buoyancy,
gravity and drag forces.
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The interaction between the particles (MWCNT and magnetite particles) in a PU
solution was assessed by OM analysis, carried out before and after 20 min of the cross-
linking process under a static magnetic field (Figure 5). A comparison of Figure 5a,b (and
the videos provided in the Supplementary Materials Videos S1 and S2) shows that, in the
case of the composite with 1 wt.% MWCNT + 1 wt.% of magnetite, there is an alignment
of the particles with the magnetic field lines, creating a “magnetic mesh/net” that drags
the MWCNT in the direction of the permanent magnet. However, the composite with
MWCNT only shows that the MWCNT are dragged in the direction of the permanent
magnet without any perceptive alignment.
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Figure 6 presents the magnetic characterisation performed on the permanent magnets
array (Figure 6a) to produce the magnetic patterns/electrodes. The magnets show a con-
figuration of alternated polarity (Figure 6b) and a magnetic flux density of approximately
260 mT for less than 1 mm between the probe and the magnet’s surface. Figure 6c shows
that the magnetic flux density between the north and south poles is quite symmetric since
both poles present values around 260 mT, guaranteeing a good uniformity of magnetic
field across the location of the electrodes.
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3.2. Composite Fabrication and Characterisation

Figure 7 shows the longitudinal images of the magnet patterns (Figure 6a) created on
the produced composite samples. A comparison of Figures 6c and 7 shows a good match
of the patterns formed with the applied magnetic field. The major difference between the
three composites is the square patterns formed on 1 wt.% magnetite (Figure 7b), which is
related to the higher magnetic flux density on the edges of the magnets [19].

The longitudinal view of the samples presented in Figure 7 depicts the formation of
two parallel patterns along the composites, forming the electrodes. The composite with
1 wt.% MWCNT (Figure 7a) differs from the other specimens (Figure 7b,c), showing the
presence of agglomerates of MWCNT between the parallel patterns, as well as apparent
porosity inside the electrodes. These differences can be attributed to the small magnetic
susceptibility of the MWCNT (Figure 4) and the increase in viscosity over time (Figure 3),
hampering the movement towards the magnets. The composite with 1 wt.% magnetite
(Figure 7b) is more transparent due to the fast displacement of the particles with high
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magnetic susceptibility towards the magnets. Finally, Figure 7c shows the sample (1 wt.%
MWCNT + 1 wt.% magnetite) depicting two parallel patterns of conductive particles
with significantly fewer MWCNT agglomerates between the electrodes and with higher
MWCNT density along the electrodes. Thus, adding magnetite to MWCNT increases the
composite’s overall magnetic properties, dragging the MWCNT along the magnetic field,
increasing the pattern quality.
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OM cross-section analysis of the composites is presented in Figure 8. The images
depict the side view (across the thickness) of one electrode of each composite (1 wt.%
MWCNT, 1 wt.% magnetite and (1 wt.% MWCNT + 1 wt.% magnetite)). Comparison of
Figure 8a–c confirms that the MWCNT agglomerates do not align along the magnetic field.
Instead, the low-magnetic-susceptibility MWCNT agglomerates are dragged toward the
magnets. Conversely, the composite with 1 wt.% magnetite (Figure 8b) presents magnetic
particles aligned in the magnetic field direction and particles accumulate on the location of
the permanent magnets. The sample with 1 wt.% MWCNT + 1 wt.% magnetite (Figure 8c)
presents a mixture of both behaviours. The magnetite particles align with the magnetic
field, and small agglomerates of MWCNT are dragged toward the magnets.
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The distribution of the magnetite particles, MWCNT agglomerates and the combina-
tion of both inside the composites was analysed by micro CT, with a particular focus on
the region close to the permanent magnets (formation of the electrodes in the composite).
The micro CT images (Figure 9) highlight the location of high-density particles inside the
polymer composite. Since the density of the MWCNTs is slightly higher than the polymer,
their location inside the matrix is difficult to identify (Figure 9a). In contrast, the density of
magnetite particles is much higher than the polymer and MWCNTs, making them easier
to localise in the composite (Figure 9b). The results from OM and micro CT could be com-
pared, showing that the composite with 1 wt.% of magnetite presents a similar magnetic
pattern in Figure 7b (in the vicinity of one of the square permanent magnets) and Figure 9b.
Figure 9c depicts the composite formed by 1 wt.% MWCNT + 1 wt.% magnetite, showing
the presence of the magnetite particles across the entire area close to the permanent magnet.
The images show the distribution of magnetite particles and MWCNT agglomerates, indi-
cating that their homogeneous mixture in the composite allowed a continuous distribution
of both particles (MWCNT and magnetite particles) in the magnetic field generated by the
permanent magnets. This continuous path of electrically conductive particles is expected
to positively influence the quality of the electrodes formed in the composite.
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The electrical resistance of each electrode formed in the composites was measured,
and the results are presented in Figure 10. In this study it was confirmed that the electrical
resistance measured for the composites with MWCNTs and magnetite is attributed mainly
to the MWCNTs. When measuring composites with magnetite only, the electrodes were non-
conductive, with an electrical resistance of (1.38 × 1010 ± 3.41 × 109) Ω. On the contrary,
when measuring composites with MWCNT only, the electrical resistance of each electrode
was (8.85 × 104 ± 3.09 × 104) Ω. However, the interaction of the magnetite particles with
the MWCNT agglomerates in the presence of a static magnetic field seems to increase
the magnetic force exerted on the MWCNTs, generating a “magnetic net” that drags the
particles in the direction of the permanent magnet. As shown in the OM analysis (Figure 7c)
and micro CT images (Figure 9c), the mixture (MWCNTs plus magnetite particles) increases
the concentration of conductive particles in the region of the static magnetic field, decreasing
the electrical resistance of the electrode.
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A comparison of the electrical resistance of the composites with different ratios of
magnetite added to 1 wt.% of MWCNT is plotted in Figure 10. A decrease in the weight
percentage of magnetite is observed to increase the electrical resistance of the compos-
ites, while keeping them electrically conductive. The average electrical resistance mea-
sured for the electrodes of the 1:1 composite (1 wt.% MWCNT + 1 wt.% magnetite) was
(5.31 × 103 ± 0.29 × 103) Ω, while for the composite with 1 wt.% MWCNT + 0.04 wt.%
magnetite (1:1/24) it increased to (29.2 × 103 ± 10.1 × 103) Ω. Therefore, a gradual decrease
in the magnetite content causes a gradual increase in both the electrical resistance and its
standard deviation. Even though the composite with 1 wt.% magnetite is nonconductive,
the addition of even a small amount of magnetite to MWCNT significantly decreases the
electrical resistance and reproducibility of the fabrication process. The increase in the
standard deviation of electrical resistance as the concentration of magnetite decreases is
probably related to a decrease in the effectiveness of the “magnetic net” formed between
MWCNT and magnetite in the composite. Decreasing the concentration of magnetite will
hamper the continuous and homogeneous drag of the MWCNT agglomerates towards the
permanent magnets, decreasing the concentration of the electrically conductive particles in
their vicinity.
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After the fabrication of the conductive composites with different magnetite concen-
trations added to 1 wt.% MWCNT, the composites were tested as triboelectric sensors.
Figure 11 presents the result of the tests performed on triboelectric sensors composed of
different MWCNT and magnetite ratios (1:1, 1:1/6, 1:1/12 and 1:1/24) with two different
friction layers on top (PU and SR). Figure 11a,b displays a positive impact of the decrease
in electrical resistance of the electrodes on the output voltage for the two friction layers
tested. An increase in the triboelectric effect was also observed when the composition of the
friction layer is different from the matrix polymer. For the combination of PU as the friction
layer and as the polymeric matrix, the output voltage should be close to 0 V since a flow of
electrons between both materials should not exist during contact electrification. However,
the fact that the PU samples still show some triboelectric effect could be associated with the
interaction between the PU and the metallic parts of the tensile test machine tool under
cyclic force [30].
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Figure 11. Triboelectric sensor characterisation with (a) a PU layer on top, compared with (b) an SR
layer on top.

The increase in the output voltage observed for the combination of PU with the SR
may be interpreted as resulting from the tendency of the SR to attract electrons and the
tendency of the PU to “give” electrons. When the surfaces of these materials contact each
other, there is a flow of electrons that can be measured, and the opposite happens after the
materials’ separation [31].

SR is a commonly used material in soft robotics applications, and, since it increases
the output voltage of the triboelectric sensors, it was selected as the friction layer for
the prototype.
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3.3. Prototype Development and Testing

After characterising the triboelectric sensor, the next step was the design of an actu-
ator that could be produced based on a PU rubber matrix and controlled by an Arduino
Uno. Among the different types of soft robotics actuators, the tendon-driven actuator was
selected, which bends the polymeric structure when a string is pulled (Figure 2). For the fab-
rication of the prototype presented in Figure 12 and in (Supplementary Materials Video S3),
two actuators and two micro servo motors were required. Then, the Arduino Uno was
used to measure the triboelectric signal and control the micro servo motors. The developed
system works by measuring voltage changes on the triboelectric sensor. Since the Arduino
does not measure negative output voltage, the triboelectric sensor was connected to a 3.3 V
power supply. The system working principle can be interpreted as a sum of signals: a
direct current (DC) signal with an alternating current (AC) signal whenever the sensor
works. This way, when an object touches the sensor, there is a peak that almost achieves 0 V
(Figure 12a). When the object is held by the actuator, there is no exchange of electrons
between the materials, and the signal stays constant (Figure 12b). Finally, when the object
is released from the actuator (Figure 12c), there is a positive peak achieving 5 V. By defin-
ing thresholds above and under 3.3 V, activating and deactivating the blue LED and the
actuators was possible. The blue LED can be used to test the system without the actuators.
The green LED is connected to the actuators, showing that the actuation system is on.
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The developed system successfully detects the presence of an object, closing its grip
and grabbing it until it is pulled away from the gripper. When the system detects an
opposite signal, the system automatically opens the grips. A system that closes and
opens automatically increases user interaction, which is useful for demonstration purposes.
However, the sensor can be used as a preventive measure to detect problems on the soft
robotic gripper, sending alerts to the user in case of slippage or malfunction.

4. Conclusions

This work reports the fabrication of low-cost triboelectric sensors using magnetic
patterning. MWCNT and magnetite particles in a PU matrix formed the composites
prepared for the magnetic patterning. During the curing of the PU, the MWCNT and
magnetite particles were driven by a magnetic field to produce a pattern consisting of
two parallel lines that formed the electrodes. These electrodes were used as triboelectric
sensors combined with an SR friction layer. The developed sensors were integrated into a
soft robotic actuator to demonstrate the applicability of the fabrication process.

The combination of magnetite with MWCNTs increased the magnetic interaction of
the filler particles with the magnetic field generated by the permanent magnets, leading
to the good quality of the magnetic patterning in a viscous thermoset matrix, producing
electrodes with low electrical resistance. A decrease in the electrical resistance of the
electrodes produced based on MWCNTs was observed with the addition of magnetite as
compared to electrodes with MWCNT alone. The effect of magnetite was that of a “magnetic
net” that effectively dragged the MWCNTs in the direction of the permanent magnets. This
effect was illustrated by OM, observing the particle morphology along the PU cross-linking
process, and by micro CT, which allowed the observation of the morphology of composites
with 1 wt.% of MWCNT, 1 wt.% of magnetite and a mixture of 1 wt.% of each (1:1). The
addition of 1 wt.% of magnetite to 1 wt.% of MWCNT in the PU composite decreased
the electrical resistance of the electrodes formed from (88.5 × 103 ± 30.9 × 103) Ω to
(5.31 × 103 ± 2.89 × 102) Ω. The effect of reducing the wt.% of magnetite added to
MWCNTs was evaluated, showing that it increased the electrodes’ electrical resistance
and decreased the fabrication process reproducibility. Finally, it was observed that the
composites with lower electrical resistance presented higher triboelectric properties. The
combination of PU and silicone rubber increased the output voltage under press and release
motion, and this combination was used to develop a demonstration prototype.

The prototype consisted of a soft robotic grip with a sensor and actuator that could
detect the presence of an object and close the grip automatically. The system automatically
opens when the object is pulled away from the grip. The developed tendon-driven actuators
were activated by two micro servo motors controlled by the developed triboelectric sensor.

The magnetic patterning process developed proved to be an effective method to
decrease the electrical resistance of conductive patterns. This simple, versatile and low-cost
method can be used to develop soft robotics solutions to monitor the interaction between
the soft robot and external objects. Even though the presented prototype was developed
for proof of concept only, it is possible to programme it for other applications, such as
slippage detection, for the already available soft robotics in the food industry. It could
also be used to develop smart prosthetics, making movements and interaction with objects
more natural.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym15132870/s1, Video S1: MWCNT under magnetic field in
PU; Video S2: MWCNT/magnetite (1:1) under magnetic field in PU; Video S3: Working prototype.

Author Contributions: Conceptualisation, D.S.E.; methodology, D.S.E., M.F.C.P., A.R., N.D., M.C.P.
and E.W.S.; validation, D.S.E.; formal analysis, D.S.E. and M.F.C.P.; investigation, D.S.E., M.F.C.P. and
A.R.; writing—original draft, D.S.E.; writing—review and editing, D.S.E., N.D., M.C.P. and E.W.S.;
supervision, N.D., M.C.P. and E.W.S. All authors have read and agreed to the published version of
the manuscript.

https://www.mdpi.com/article/10.3390/polym15132870/s1
https://www.mdpi.com/article/10.3390/polym15132870/s1


Polymers 2023, 15, 2870 16 of 17

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This research is part of the PhD project at the Doctoral Program in Advanced
Materials and Processing—FEUP. We want to thank CeNTI for providing resources (labs, equipment
and consumables) to perform the fabrication and characterisation of the samples. IPC acknowledges
the support of the Portuguese Foundation for Science and Technology (FCT) through the National
Funds Reference UIDB/05256/2020 and UIDP/05256/2020. This work was also supported by
LAETA/INEGI—Associate Laboratory in Energy, Transport and Aeronautics/Institute of Science
and Innovation in Mechanical and Industrial Engineering and by the strategic project CERENA—
UID/ECI/04028/2019.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Rus, D.; Tolley, M.T. Design, Fabrication and Control of Soft Robots. Nature 2015, 521, 467–475. [CrossRef]
2. Park, H.-L.; Lee, Y.; Kim, N.; Seo, D.-G.; Go, G.-T.; Lee, T.-W. Flexible Neuromorphic Electronics for Computing, Soft Robotics,

and Neuroprosthetics. Adv. Mater. 2020, 32, 1903558. [CrossRef]
3. Kar, D.; George, B.; Sridharan, K. A Review on Flexible Sensors for Soft Robotics. In Systems for Printed Flexible Sensors: Design and

Implementation; IOP Publishing Ltd.: Bristol, UK, 2022.
4. White, E.L.; Case, J.C.; Kramer, R.K. Multi-Mode Strain and Curvature Sensors for Soft Robotic Applications. Sens. Actuators A

Phys. 2017, 253, 188–197. [CrossRef]
5. Ren, L.; Li, B.; Wei, G.; Wang, K.; Song, Z.; Wei, Y.; Ren, L.; Liu, Q. Biology and Bioinspiration of Soft Robotics: Actuation, Sensing,

and System Integration. Iscience 2021, 24, 103075. [CrossRef]
6. Zhang, Y.; Li, P.; Quan, J.; Li, L.; Zhang, G.; Zhou, D. Progress, Challenges, and Prospects of Soft Robotics for Space Applications.

Adv. Intell. Syst. 2023, 5, 2200071. [CrossRef]
7. Verified Market Research. Global Soft Robotics Market Size by Type (Soft Grippers, Co-Robots, Inflated Robots), by Application

(Medical and Healthcare, Food and Beverages, Logistics), by Geographic Scope and Forecast. Available online: https://www.
verifiedmarketresearch.com/product/soft-robotics-market/ (accessed on 7 May 2023).

8. Terrile, S.; Argüelles, M.; Barrientos, A. Comparison of Different Technologies for Soft Robotics Grippers. Sensors 2021, 21, 3253.
[CrossRef]

9. Xie, M.; Zhu, M.; Yang, Z.; Okada, S.; Kawamura, S. Flexible Self-Powered Multifunctional Sensor for Stiffness-Tunable Soft
Robotic Gripper by Multimaterial 3D Printing. Nano Energy 2021, 79, 105438. [CrossRef]

10. Shintake, J.; Cacucciolo, V.; Floreano, D.; Shea, H. Soft Robotic Grippers. Adv. Mater. 2018, 30, 1707035. [CrossRef] [PubMed]
11. Wang, H.; Totaro, M.; Beccai, L. Toward Perceptive Soft Robots: Progress and Challenges. Adv. Sci. 2018, 5, 1800541. [CrossRef]
12. Chen, J.; Han, K.; Luo, J.; Xu, L.; Tang, W.; Wang, Z.L. Soft Robots with Self-Powered Configurational Sensing. Nano Energy 2020,

77, 105171. [CrossRef]
13. Jin, T.; Sun, Z.; Li, L.; Zhang, Q.; Zhu, M.; Zhang, Z.; Yuan, G.; Chen, T.; Tian, Y.; Hou, X. Triboelectric Nanogenerator Sensors for

Soft Robotics Aiming at Digital Twin Applications. Nat. Commun. 2020, 11, 5381. [CrossRef]
14. Zhang, S.; Zhang, B.; Zhao, D.; Gao, Q.; Wang, Z.L.; Cheng, T. Nondestructive Dimension Sorting by Soft Robotic Grippers

Integrated with Triboelectric Sensor. ACS Nano 2022, 16, 3008–3016. [CrossRef]
15. Chen, S.; Pang, Y.; Yuan, H.; Tan, X.; Cao, C. Smart Soft Actuators and Grippers Enabled by Self-Powered Tribo-Skins. Adv. Mater.

Technol. 2020, 5, 1901075. [CrossRef]
16. Lee, Y.; Song, W.J.; Sun, J.-Y. Hydrogel Soft Robotics. Mater. Today Phys. 2020, 15, 100258. [CrossRef]
17. Pagoli, A.; Chapelle, F.; Corrales-Ramon, J.-A.; Mezouar, Y.; Lapusta, Y. Large-Area and Low-Cost Force/Tactile Capacitive Sensor

for Soft Robotic Applications. Sensors 2022, 22, 4083. [CrossRef]
18. Jang, H.G.; Yang, B.; Khil, M.-S.; Kim, S.Y.; Kim, J. Comprehensive Study of Effects of Filler Length on Mechanical, Electrical,

and Thermal Properties of Multi-Walled Carbon Nanotube/Polyamide 6 Composites. Compos. Part A Appl. Sci. Manuf. 2019,
125, 105542. [CrossRef]

19. Esteves, D.S.; Durães, N.; Pedroso, R.; Melo, A.; Paiva, M.C.; Sequeiros, E.W. Fabrication of Low Electrical Percolation Threshold
Multi-Walled Carbon Nanotube Sensors Using Magnetic Patterning. Appl. Sci. 2023, 13, 1437. [CrossRef]

20. Gong, T.; Peng, S.-P.; Bao, R.-Y.; Yang, W.; Xie, B.-H.; Yang, M.-B. Low Percolation Threshold and Balanced Electrical and
Mechanical Performances in Polypropylene/Carbon Black Composites with a Continuous Segregated Structure. Compos. Part B
Eng. 2016, 99, 348–357. [CrossRef]

21. Wittmann, L.; Turrina, C.; Schwaminger, S.P. The Effect of PH and Viscosity on Magnetophoretic Separation of Iron Oxide
Nanoparticles. Magnetochemistry 2021, 7, 80. [CrossRef]

22. Huang, Y.; Jiao, W.; Niu, Y.; Ding, G.; Wang, R. Improving the Mechanical Properties of Fe3O4/Carbon Nanotube Reinforced
Nanocomposites by a Low-Magnetic-Field Induced Alignment. J. Polym. Eng. 2018, 38, 731–738. [CrossRef]

https://doi.org/10.1038/nature14543
https://doi.org/10.1002/adma.201903558
https://doi.org/10.1016/j.sna.2016.11.031
https://doi.org/10.1016/j.isci.2021.103075
https://doi.org/10.1002/aisy.202200071
https://www.verifiedmarketresearch.com/product/soft-robotics-market/
https://www.verifiedmarketresearch.com/product/soft-robotics-market/
https://doi.org/10.3390/s21093253
https://doi.org/10.1016/j.nanoen.2020.105438
https://doi.org/10.1002/adma.201707035
https://www.ncbi.nlm.nih.gov/pubmed/29736928
https://doi.org/10.1002/advs.201800541
https://doi.org/10.1016/j.nanoen.2020.105171
https://doi.org/10.1038/s41467-020-19059-3
https://doi.org/10.1021/acsnano.1c10396
https://doi.org/10.1002/admt.201901075
https://doi.org/10.1016/j.mtphys.2020.100258
https://doi.org/10.3390/s22114083
https://doi.org/10.1016/j.compositesa.2019.105542
https://doi.org/10.3390/app13031437
https://doi.org/10.1016/j.compositesb.2016.06.031
https://doi.org/10.3390/magnetochemistry7060080
https://doi.org/10.1515/polyeng-2017-0257


Polymers 2023, 15, 2870 17 of 17

23. Wang, H.; Jiang, H.; Wang, S.; Shi, W.; He, J.; Liu, H.; Huang, Y. Fe3O4–MWCNT Magnetic Nanocomposites as Efficient Peroxidase
Mimic Catalysts in a Fenton-like Reaction for Water Purification without PH Limitation. RSC Adv. 2014, 4, 45809–45815. [CrossRef]

24. Zheng, J.; Zhang, M.; Ling, Y.; Xu, J.; Hu, S.; Hayat, T.; Alharbi, N.S.; Yang, F. Fabrication of One Dimensional CNTs/Fe3O4@
PPy/Pd Magnetic Composites for the Accumulation and Electrochemical Detection of Triclosan. J. Electroanal. Chem. 2018, 818,
97–105. [CrossRef]

25. Zeng, X.; Zhu, L.; Yang, B.; Yu, R. Necklace-like Fe3O4 Nanoparticle Beads on Carbon Nanotube Threads for Microwave
Absorption and Supercapacitors. Mater. Des. 2020, 189, 108517. [CrossRef]

26. Ghoderao, P.; Sahare, S.; Alegaonkar, P.; Kulkarni, A.A.; Bhave, T. Multiwalled Carbon Nanotubes Decorated with Fe3O4
Nanoparticles for Efficacious Doxycycline Delivery. ACS Appl. Nano Mater. 2018, 2, 607–616. [CrossRef]

27. Arvand, M.; Hassannezhad, M. Magnetic Core–Shell Fe3O4@SiO2/MWCNT Nanocomposite Modified Carbon Paste Electrode
for Amplified Electrochemical Sensing of Uric Acid. Mater. Sci. Eng. C 2014, 36, 160–167. [CrossRef]

28. Dong, M.; Tong, Z.; Qi, P.; Qin, L. Enhanced Electrical/Dielectrical Properties of MWCNT@ Fe3O4/Polyimide Flexible Composite
Film Aligned by Magnetic Field. J. Mater. Sci. Mater. Electron. 2021, 32, 524–542. [CrossRef]

29. McCloskey, K.E.; Chalmers, J.J.; Zborowski, M. Magnetic Cell Separation: Characterization of Magnetophoretic Mobility. Anal.
Chem. 2003, 75, 6868–6874. [CrossRef]

30. Musa, U.G.; Cezan, S.D.; Baytekin, B.; Baytekin, H.T. The Charging Events in Contact-Separation Electrification. Sci. Rep. 2018,
8, 2472. [CrossRef]

31. Li, Z.; Zheng, Q.; Wang, Z.L.; Li, Z. Nanogenerator-Based Self-Powered Sensors for Wearable and Implantable Electronics.
Research 2020, 2020, 8710686. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1039/C4RA07327D
https://doi.org/10.1016/j.jelechem.2018.04.026
https://doi.org/10.1016/j.matdes.2020.108517
https://doi.org/10.1021/acsanm.8b02268
https://doi.org/10.1016/j.msec.2013.12.014
https://doi.org/10.1007/s10854-020-04836-z
https://doi.org/10.1021/ac034315j
https://doi.org/10.1038/s41598-018-20413-1
https://doi.org/10.34133/2020/8710686

	Introduction 
	Materials and Methods 
	Materials and Characterisation 
	Composite Fabrication and Characterisation 
	Prototype Development and Testing 

	Results and Discussion 
	Materials and Characterisation 
	Composite Fabrication and Characterisation 
	Prototype Development and Testing 

	Conclusions 
	References

