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Abstract. High-performance flexible piezoresistive sensors are highly useful in areas such as
biomedicine, soft robotics, and pressure change detection technology. However, they require
complex designs and advanced manufacturing methods. In this study, the design and fabrication
of a flexible piezoresistive sensor using a flexible resin matrix doped with magnetically oriented
iron nanoparticles is presented. The sensor consists of a flexible polymer resin matrix as substrate,
reinforced with iron nanoparticles in different concentrations (0.5 %, 0.7 % and 1 % by weight),
oriented by a magnetic field during the manufacturing process. The nanoparticles significantly
enhance the piezo-resistive properties of the sensor, increasing its sensitivity and electrical
conductivity under compressive loads. The sensor demonstrated high sensitivity under loads
greater than 100 N in samples with concentrations of 0.7 % and 1 % of nanoparticles, and exhibited
stability during cyclic testing, demonstrating durability. Additionally, stability tests showed
excellent durability in repeated load cycles. Scanning Electron Microscopy (SEM) and Confocal
Laser Scanning Microscopy (CLSM) confirmed the effective alignment and distribution of the
nanoparticles within the matrix, enhancing conductivity. This flexible piezoresistive sensor doped
with nanoparticles has great potential for future applications in technologies such as soft robotics
and electronic skins, where high sensitivity and durability in pressure detection are required.

Keywords: electrical conductivity, composite materials, magnetic nanoparticles, piezoresistive
Sensors.

1. Introduction

Piezoresistive sensors developed from composite materials have had various applications, such
as in biomedicine, bioengineering, among others [1-3]. In some specific applications, such as gas,
temperature, and pressure, conventional rigid sensors have struggled to meet the demands,
creating opportunities for the development of flexible sensing technology [4]. Currently,
experimental and theoretical efforts are being made to design dielectric components that generate
a response to a mechanical load based on piezoresistive polymers and metallic materials, aiming
for an easy and low-cost manufacturing process [3], [5].

With the current implementation of additive manufacturing, various polymeric materials have
been developed with specific mechanical, thermal, and electrical properties, such as flexible resin
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used in photopolymerization 3D prototyping [6]. The materials used for 3D printing of soft sensors
not only need a low Young’s modulus to make them soft, but they also require a fast UV curing
rate to maintain print quality. Good sensitivity can allow close contact between the sensor and the
object, which not only prevents slippage, but also avoids distracting the user's attention and can
reduce control complexity [7], [8].

One of the benefits of the resin is the short UV curing time, as it allows the resin and conductive
reinforcement to quickly retain their shape, which could enhance the arrangement of nanoparticles
in a more controlled manner [9], [10], [3].

Flexible resin is preferred as a polymer matrix due to its extraordinary piezoelectric and
pyroelectric properties [3]. The resin has a high dielectric constant, is biocompatible, possesses a
good dipole moment, thermal stability, and high elasticity [11-13]. Fillers such as metal oxides
and ferrites are used to provide enhanced electrical and magnetic properties [14], [15]. Due to their
typical magnetic and electrical properties, iron nanoparticles are one of the reinforcement
materials for piezoresistive sensors [16-21].

This work proposes a flexible piezoresistive sensor formed by the combination of a polymer
matrix (flexible resin) and a reinforcement of ferric nanoparticles, which helps achieve a high
dielectric constant, good conductivity, and piezoresistive properties.

The objective of this work is to produce and evaluate piezoresistive sensors composed of a
flexible resin polymer matrix, with varying contents of conductive reinforcement (ferric
nanoparticles) at 0 %, 0.5 %, 0.7 %, and 1 % by weight. These nanoparticles are oriented within
the matrix using an electric field generated during manufacturing to adjust the morphology,
electrical, and mechanical properties. The stability of the sensors is evaluated, and their
characteristics are optimized for potential sensor applications. The developed materials were
characterized using SEM to determine the material's morphology, and the orientation of the
particles was analyzed using Confocal Laser Scanning Microscopy (CLSM).

2. Materials and methods
2.1. Materials

The material used for the fabrication of the sensors is a flexible resin polymer matrix, supplied
by Siraya Tech, San Gabriel, California, USA [16], and a reinforcement of ferric nanoparticles
with a purity of 99.9 % and a size range between 60 and 80 nm, supplied by Intelligent Materials
Pvt Ltd, Sanuai, Punjab, India [17].

2.2. Manufacturing technique

Fig. 1 shows the sensor preparation procedure, where the amount of matrix and reinforcement
is represented according to their weight percentage of flexible resin and ferric nanoparticles. After
this, the procedure for pouring the matrix and reinforcement into a beaker is shown, where the
mixture was made by combining flexible epoxy resin with spherical iron oxide nanoparticles
(average diameter: 50 nm) in a weight ratio of 0 %, 0.5 %, 0.7 %, and 1 %. The mixture was stirred
for 15 minutes at 1500 rpm using a mechanical stirrer to ensure homogeneous distribution. After
this, it was poured into silicone molds with dimensions of 50x10x2 mm and left to cure at room
temperature (20 °C) for 24 hours. Following this, the procedure for orienting the nanoparticles
using a magnetic field was carried out with two neodymium magnets, generating an orientation at
90° relative to the horizontal axis of the polymer matrix. Once the nanoparticles were oriented,
the mixture was cured using ultraviolet rays for 30 minutes of exposure. After this time, the sensor
was removed from the mold, fully solidified; however, material abrasion was necessary to achieve
dimensions of 30 mm in diameter by 3mm in width. Later, the same process was used to prepare
another sensor with different proportions of flexible resin and ferric nanoparticles. The different
proportions of flexible resin and ferric nanoparticles are shown in Table 1.
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Fig. 1. Piezoresistive sensor manufacturing process
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Table 1. Composition of the developed materials

Sample | Flexible resin %Wt | Ferric nanoparticles %Wt
PO 100 0
Pl 99.5 0.5
P2 99.3 0.7
P3 99 1

2.3. Piezoresistive test

The piezoresistive test is conducted using the WDW100 universal testing machine (UTM),
which generates compression on the samples of the developed materials. The use of a device, as
shown in Fig. 2(b), is necessary. This device is connected to the insulation meter of the MEGGER
brand, model MIT1525-KIT (Fig. 2(a)), with a VF2 voltage detector. The test is performed with
a voltage of 200 V, allowing the detection of the electrical response as each of the developed
materials is compressed. The measuring equipment was calibrated according to each particular
indication as established in the user manual.

a) b)
Fig. 2. The use of a device a) MEGGER insulation tester model MIT1525-KIT and
b) device developed for piezoresistive tests

2.4. Characterization techniques

The morphological characterization of the materials was performed using Scanning Electron
Microscopy (SEM) with the ZEISS brand equipment, model EVO MA10. The orientation of the
ferric nanoparticles was determined using Confocal Laser Scanning Microscopy (CLSM) with the
OLYMPUS brand equipment, model FLUOVIEW FV1000.

3. Results

The results obtained from each of the tests to which the developed materials in this study were
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subjected are shown below.
3.1. Piezoresistive test

The detection mechanism of the flexible pressure sensor is predicted through the
characterization of its different components.

Fig. 3 shows the schematic of the cross-sectional interaction between the polymer matrix and
the ferromagnetic nanoparticles under the initial, light, transition, and heavy load states. In the
low-pressure region, the stress generated by the external pressure concentrates on the polymer
matrix inside the sensor, while it does not undergo deformation. During this process, the distance
between the clusters of ferro-magnetic nanoparticles remains unchanged. Additionally, the
spacing between the nanoparticle clusters gradually decreases. Therefore, in this stage, the sensor's
sensitivity begins to generate a piezoresistive response. As pressure increases, the clusters
compress, causing swelling and closer proximity between them. The duration of this process is
short and corresponds to the test results shown in Fig. 4. Finally, in the high-pressure region, the
sensor has been fully compressed under the action of the external pressure. Under this pressure,
the sensor undergoes significant deformation, which corresponds to the slow decrease in total
resistance.

The piezoresistive test was performed by measuring the electrical conductivity of each sample
when a mechanical compressive load was applied.

No Pressure

Tran51t10na1 Pressure
W ngh Pressme

Fig. 3. Schematic diagrams of the distributed microstructure of the sensor
under no pressure, low pressure, transition pressure, and high pressure
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Fig. 4. Piezoresistive response of sensor prototypes

Fig. 4 shows that sample P3, with the highest nanoparticle content (1 % by weight), responds
more efficiently under low loads, starting at 28 N of compression. The electrical conductivity
increases significantly under higher loads, suggesting that the nanoparticles are compressed,
improving the electrical contact between them.

Similarly, it is evident that sample PO starts to generate a response in electrical conductivity
from 598 N of load, where it has an electrical conductivity insulation of 54.2 GOhm. As the
compression load increases, this material tends to become less electrically conductive, as above
1033 N of load, it has an electrical insulation of 97.9 GOhm.

For sample P1, it starts to generate responses in electrical conductivity from 187 N of
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compression load, with an electrical conductivity insulation of 5 GOhm. However, as the load
increases, it tends to become more electrically insulating until it reaches 689 N, with an electrical
insulation of 69.8 GOhm. From that point, it maintains this insulation value up to 2023 N of
compression load, with an electrical insulation of 60.6 GOhm.

On the other hand, for sample P2, it is observed that it generates a piezoresistive response in
the range of 245 N to 938 N, indicating an electrical conductivity insulation between 34.2 GOhm
and 16.36 GOhm, respectively. However, the electrical insulation meter did not register further
data for this material until it reached a load of 1568 N, indicating an electrical conductivity
insulation of 0.87 GOhm.

Finally, for sample P3, a piezoresistive response is obtained at 28 N of compression load with
an electrical conductivity insulation of 76.7 GOhm. As the compression stress increases, the
behavior regarding electrical insulation decreases until it reaches 44.5 GOhm at a load of 733 N.
After this, no piezoresistive response is observed between 797 N and 1232 N, until it reaches a
compression load of 1309 N with an electrical insulation of 0.82 GOhm. Afterward, it remains at
an electrical insulation below 0.8 GOhm, indicating an approximate electrical conductivity of
100 %. This may be due to the content of ferromagnetic nanoparticles in the composite material,
as the nanoparticle clusters tend to compact as mechanical compression stress is applied to the
material, generating higher electrical conductivity.

3.2. Scanning electron microscopy technique (SEM)

To observe the morphology and distribution of the ferromagnetic nanoparticles within the
components of the developed materials, the scanning electron microscope (SEM) was used. A
cross-sectional cut was made on each of the samples to observe this orientation.

In Fig. 5(a), (c), and (d), the orientation of the ferromagnetic nanoparticles within the
polymeric matrix is observed. Similarly, it is evident that there are spaces between the
ferromagnetic nanoparticles. This is why, as the compression load increases, there is greater
electrical conductivity, as the nanoparticles begin to compress, occupying these spaces. The
thickness of the nanoparticle clusters is clearly observed according to the percentage within the
polymeric matrix. For sample P1, the nanoparticle cluster has a thickness of 18 pm, for P2 it is 32
um, and for sample P3, the thickness is 48 um, respectively.

In Fig. 5(b), it can be observed how the ferromagnetic nanoparticles tend to agglomerate,
forming particles of up to 0.47 pm.

3.3. Scanning laser confocal microscopy technique (CLSM)

The data obtained from the laser scanning confocal microscope are shown in Figure 6, where,
in addition to observing the distribution of ferromagnetic nanoparticles within the polymeric
matrix, the distance between the particles can be determined through the response to the applied
intensity. Likewise, it is possible to count the size of the particles present and their quantity in the
sample being evaluated.

In Fig. 6(a), several intensity peaks are observed due to the position of the nanoparticles within
the polymeric matrix of sample P1, which contains 0.5 % ferromagnetic nanoparticles. It can be
seen that these intensities are approximately spaced every 50 um, and the width of these peaks
also reveals that the nanoparticle clusters do not exceed 18 um. In Fig. 6(b), a quantitative analysis
was performed on the number and size of particles distributed within material P1, highlighting
that there are 240 ferro-magnetic particles with sizes ranging from 0.001 um to 5 pm, followed
by approximately 100 particles with sizes between 5 um and 10 um, which are the most abundant
sizes within the sample.

In Fig. 6(c), several intensity peaks are observed due to the position of the nanoparticles within
the polymeric matrix of sample P2, which contains 0.7 % ferromagnetic nanoparticles. It can be
seen that, unlike sample P1, these intensities are spaced between approximately 30 um and 40 pum,
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and the width of these peaks also changes, being wider above 25 um, indicating that the
nanoparticle clusters are thicker due to the increased nanoparticle percentage. In Fig. 6(d), it is
shown that the majority of particles present in material P2 have sizes between 0.001 um and 5 pm.

s?/‘ ¥

; i — \®, - ——

¢) The P2 sample is shown d) The P1 sample is shown.
Fig. 5. Morphological characterization of samples P1, P2 and P3

and observation of ferromagnetic nanoparticles

Finally, in Fig. 6(e), the intensity peaks indicating the position of the nanoparticles within the
polymeric matrix of sample P3, which contains 1 % ferromagnetic nanoparticles, can be observed.
A very wide peak is noticeable, exceeding 50 um, which is attributed to the aggregation of
ferromagnetic nanoparticles forming a cluster, in contrast to the other peaks that have narrower
thicknesses of less than 20 pm. In Fig. 6(f), it is evident that the majority of particles present in
material P3 are between 0.001 um and 5 um in size.

Ferromagnetic nanoparticles are known to have a nanoscale size, confocal microscopy assays
show values below 5 um, possibly due to agglomerations between the nanoparticles.

4. Discussion

Through the composite material development process, a magnetic field was generated for the
orientation of the ferromagnetic nanoparticles. This procedure was carried out based on studies
conducted by Leungpuangkaew S. and Amornkitbamrung L., where a magnetic field was created,
and through this, the particles tended to organize within a benzoxazine resin matrix of biological
origin [17]. Or as in the study conducted by Wang Y. and Zhao Z., where hexagonal boron nitride
powders were used in a polymer matrix, resulting in the particles being oriented and controlled
through the application of a magnetic field [18].

The piezoresistivity tests revealed that the composites reinforced with ferromagnetic
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nanoparticles (materials P1, P2, and P3) exhibited a significant improvement in piezoresistive
response when subjected to mechanical compression compared to the PO material (without
reinforcement). Specifically, material P3 (1 % ferromagnetic nano-particles) started recording
data at a compression load of 100 N, demonstrating an efficient piezoresistive response compared
to material PO. This confirms that the reinforcement with ferromagnetic nanoparticles, due to their
organization within the polymer matrix, causes the material to show no piezoresistive response
when no load is applied. However, as the mechanical load increases, this material generates a
piezo-resistive response.
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Fig. 6. Morphological analysis and particle distribution in polymeric matrices of samples P1, P2 and P3

In the study conducted by Noor H., Hanif M. [22], a series of nanocomposites containing iron
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oxide nanoparticles were prepared using the direct dispersion technique. SEM images revealed an
uneven dispersion of the nanoparticles within the polymer matrix. The frequency-dependent
dielectric properties showed that dielectric parameters, such as the dielectric constant, tangent
loss, and AC conductivity, improved due to the incorporation of nanoparticles. These fabricated
nanocomposites, which exhibit enhanced electrical and magnetic properties, can be used in the
field of magnetoelectronic devices.

The SEM micrographs in the present study provided a detailed view of the internal structure
of the composite materials. Images of materials P1, P2, and P3 showed clusters of ferromagnetic
nanoparticles within the polymer matrix, indicating optimal dispersion, considering the shaping
technique of these materials. However, some agglomerations of these nanoparticles were
observed, reaching sizes above 5 um. In the study conducted by Chaudhari D., Panda G. [23],
scanning electron micrographs of ferromagnetic particles revealed agglomerations of these
particles reaching dimensions above 40 um. The magnetic orientation technique and the size of
the nanoparticles contribute to a better alignment and accommodation within the polymer matrix.

As for the methodology used by Zarchi, M., Shahgholi, M., it is adaptable to the present study
since the proposed method is suitable for solving the zero sample problem because it uses the
transferable indices with various spaces and distributions based on the processing feature bank
and the source multi-target strategy and the transfer of predefined features between source and
multi-target domains with many spaces and distributions [24, 25].

5. Conclusions

This work demonstrated that the use of ferromagnetic nanoparticles magnetically oriented in
a flexible resin matrix significantly improves the sensitivity and conductivity of the sensor under
compression. Samples with a higher concentration of nanoparticles, particularly P3, exhibited
optimized electrical conductivity. It was observed that the magnetic orientation of the
nanoparticles during the manufacturing process was crucial for improving the electrical
conductivity of the sensor under compression, especially in samples with higher nanoparticle
content, such as those with 0.7 % and 1 % by weight.

Additionally, it was found that sensors with less than 0.5 % by weight of ferro-magnetic
nanoparticles exhibited insulating behavior. The tests showed that samples with a higher
percentage of nanoparticles responded better electrically to compression, particularly the sample
with 1 % ferromagnetic nanoparticles, which showed a decrease in electrical insulation from
76.7 GOhm to 44.5 GOhm, indicating optimal performance within a compression load range of
28 N to 733 N. On the other hand, morphological characterization through scanning electron
microscopy (SEM) revealed a uniform distribution and proper orientation of the nanoparticles
within the matrix, which enhanced the material’s ability to adapt to electrical changes under
pressure.

This work demonstrates the effectiveness of the composite material molding method through
the orientation of ferromagnetic nanoparticles within a polymer resin matrix using a magnetic
field. According to the electrical response of the developed material when exposed to a
compression load, it indicates a sensor sensitivity of no more than 733 N. The P3 sensor’s
piezoresistive sensitivity is primarily observed between 28 N and 733 N of compressive load. This
suggests that outside this range, the sensor loses accuracy or stops responding adequately, limiting
its application in very low- or very high-load environments. This material molding method serves
as a foundation for future studies focused on stereolithography for sensor printing using resin and
photocuring, enabling the control of the orientation of ferromagnetic nanoparticles. Ultimately,
the use of flexible resins doped with magnetically oriented nanoparticles represents a significant
advancement in the development of piezoresistive sensors, opening new possibilities in detection
technology.
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