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The flexibility of nanoparticle films is a topic of rapidly growing interest in both scientific and engineering researches
due to their numerous potential applications in a broad range of wearable electronics and biomedical devices. This article
presents the elucidation of the properties of nanoparticle films. Here, a flexible film is fabricated based on polyethylene
terephthalate (PET) and magnetic iron oxide at the nanoscale using layer-by-layer technology. The 2D thin flexible film
material can be bent at different angles from 0◦ to 360◦. With an increase in elastic deformation angles, the magnetocaloric
effect of the film gradually increases in the alternating magnetic field. The test results from a vibrating sample magnetometer
and a low-frequency impedance analyzer demonstrate that the film has a good magnetic response and anisotropy. The
magnetocaloric effect and magnetic induction effect are controlled by deformation, providing a new idea for the application
of elastic films. It combines the flexibility of the nanoparticle PET substrate and, in the future, it may be used for skin
adhesion for administration and magnetic stimulation control.

Keywords: nanoparticle film, deformation, magnetic properties, flexible substrates
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1. Introduction
Flexible or stretchable nanoparticle films have been ex-

panding rapidly for many years as they promise mechanical
properties for functional and conformable materials that can be
applied to research fields such as wearable electronic devices
and biomedical devices.[1–6] For example, flexible metallic-
oxide-barrier magnetic tunnel-junction devices applied in the
flexible electronics field exhibit reliable and stable operation
under substantial deformation of the flexible substrates.[7] In-
creasing numbers of applications are based on the stretchabil-
ity and flexibility of substrates used for functional nanomate-
rials. Understanding the mechanical deformation and its effect
on the physical properties, tensile and compressive of strains
of substrates has received significant interest due to their su-
perior properties.[8,9] Furthermore, the composition of the film
surface, with an elastic substrate as the carrier, is also the focus
of research.

Magnetic nanomaterials are important components of
thin films due to their real-world applications, such as mag-
netic sensors, magnetic resonance imaging, and biological and
medical technology.[10–12] In particular, with regard to well-
modified iron oxide nanoparticles, which have good biocom-
patibility and stability,[13–15] the clinical translation of mag-
netic nanoparticles composed of iron-oxide-core nanomateri-
als and a dextran shell has been approved by the FDA for use
as nanodrugs in the human body.[16] The combination of flex-
ible substrates and medicinal magnetic nanoparticles provides
a biomedicine with practical applications for the assembled
nanoparticle films.

In this work, we present a film fabricated using a flexi-
ble PET substrate and Fe3O4 nanoparticles via LBL technol-
ogy. The thin film surface was probed by SEM and atomic
force microscopy (AFM) during or before bending tests to
clearly characterize and identify mechanisms. Due to Raman
spectroscopy and contact angle measurement instrument de-
tection techniques, it is possible to explore the optical proper-
ties and hydrophilicity of the film surface. Then, a 2D flexi-
ble nanoparticle film was bent to different angles from 0◦ to
360◦, and the magnetocaloric effect of the film that gradu-
ally increased in the alternating magnetic field was measured.
The magnetoelastic and magnetic anisotropy properties of the
nanoparticle film were observed experimentally by a vibrat-
ing sample magnetometer and a static magnetic field. Finally,
the conductivity of the film results was measured by a low-
frequency impedance analyzer, which further demonstrated
that an ordered magnetic moment part enhances the conduc-
tivity of the film. The magnetocaloric effect and magnetic in-
duction effect are controlled by deformation, which provides
new applications of biological iron oxide nanoparticles on an
elastic substrate.

2. Results and discussion
Recent developments in experimental techniques have

shown that size and morphology can affect the properties of
nanomaterials[17] Our preliminary work also proved that the
fabrication of microstructures can control the properties of
composite materials containing functional nanoparticles.[18]

Based on this analysis, morphological images of the syn-
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thesized Fe3O4 nanoparticles with transmission electron mi-
croscopy (TEM) are shown in Fig. 1(a). The average statistical
diameter of the individual nanoparticles is about 14 nm. It is
also seen that the nanoparticles, after drying on a silicon wafer,
aggregated into clusters, and the scanning electron microscopy
(SEM) images are shown in Fig. 1(b). In the experiment, the
agglomeration characteristics of nanoparticles were analyzed
by nanoparticle tracking analysis, as shown in Figs. 1(c) and
1(d). From these, it can be seen that the aggregation increases
with the increase in nanoparticle concentration. The average
particle size of nanoparticle agglomeration is 198 nm, and the
solution concentration is 5.61×108 particles/ml. The sponta-
neous aggregation of nanoparticles in solution was conducive
to our further assembly.

In our experiment, a PET-based flexible Fe3O4 nanopar-
ticle film was fabricated using LBL assembly technology, the
process of which is schematically described in the experimen-
tal section. Figure 2(a) shows the finished assembly product
and assembly diagram sketch. The flexible film is mainly com-
posed of an upper layer of nanoparticles Fe3O4 and a lower
layer of polyethylene terephthalate. As shown in Fig. 1(a),
the sample can be bent and deformed at a large angle with-
out damage. To understand the structure composition of the
nanoparticle film, the cross section and surface of the film
were observed by SEM. The cross-sectional view shows that
the thickness of the lower-layer flexible PET material is about
24.12 µm (Fig. 2(b)). The assembly thickness of the upper-
layer nanoparticles is about 391.8 nm, as shown in Fig. 2(c).
Figures 2(c) and 2(b) also show that the nanoparticles can
be tightly attached to the flexible PET substrate after assem-
bly. A photograph and detailed surface characterization of

the fabricated film are shown in Figs. 2(d) and 2(f), respec-
tively. SEM images of films fabricated with an approximately
60-layer assembly are shown in Fig. 2(d), where the surface
of the nanoparticle film appears compact and homogeneous
macroscopically. With the increase in magnification, cluster
particle agglomeration on the assembly surface can be found
in Figs. 2(e) and 2(f). Firstly, the addition of PDDA solvent
can promote dense layer-by-layer bonding between particles;
secondly, it also affects the formation of surface clusters of
particles.

(a) (b)

(c) (d)

Fig. 1. (a) TEM characterization of Fe3O4 nanoparticles (bar: 20 nm).
(b) SEM characterization of Fe3O4 nanoparticles (bar: 200 nm). (c) Nanopar-
ticle tracking analysis of particle size and relative intensity. (d) A 3D plot of
nanoparticle tracking analysis of particle size and relative intensity.

Polyethylene terephthalate

Nanoparticles

(a) (b) (c)

(d) (e) (f)

Fig. 2. (a) The physical object and an assembly diagram of an assembled film. (b) An SEM characterization cross-section of the nanoparticle-
film-based PET (bar: 20 µm). (c) An SEM characterization cross-section of the Fe3O4 nanoparticle (bar: 1 µm). (d) SEM characterization of
the flexible nanoparticle film surface (bar: 100 µm). (e) SEM characterization of the flexible nanoparticle film surface (bar: 10 µm). (f) SEM
characterization of the flexible nanoparticle film surface (bar: 200 nm).

The AFM measurements also confirmed that the mag-
netism of nanoparticles increased with aggregation on the
surface, as shown in Fig. 3(a). Local amplification and the
3D cross-section of the nanoparticle film stereogram indi-

cated that it consisted of clusters of nanoparticles with a
slightly fluctuating surface, averaging about 60 nm, as shown
in Fig. 3(b). The slight undulation of the surface was due to
the coupling of magnetic nanoparticles during self-assembly.
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Raman scattering has led to advancements in the study of the
optical properties of metallic nanoparticles. Here, the PET
substrate and Fe3O4/PET assembled film were detected by
Raman scattering in Fig. 3(c). The assembled films had no
Raman enhancement effects. In Fig. 3(d), the Raman spec-
tra of three random points on the film surface were measured,
from which we can conclude that magnetic nanoparticles are
equidistributed on the surface of the film, and the Fe3O4/PET
assembled film has certain light absorption. The contact angle
measurement instrument detected raw untreated and plasma-

treated PET substrates in Figs. 3(e) and 3(f), respectively. The
contact angles of PET-based films before and after surface
treatment were 45.4◦ and 24.3◦, respectively. This proved that
the elastic film PET substrate has good hydrophilicity after
plasma treatment, and it is more conducive to the assembly
of particles on the surface. In Fig. 3(g), after the particles
were assembled on the film surface, the contact angles be-
came 26.1◦. This indicates that the flexible nanoparticle film
has good hydrophilicity, which can be applied to the surface
of hydrophilic materials in the future.
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Fig. 3. (a) AFM observation amplitude image results of the Fe3O4/PET film surface (bar: 600 nm). (b) A zoomed-in image (bar: 200 nm) and 3D
cross section of the nanoparticle film based on PET. (c) Comparison of Raman detection between the assembled Fe3O4/PET film and PET substrate.
(d) Raman detection of random points on the film surface. (e) The contact angle measurement instrument detecting the PET substrate. (f) The contact
angle measurement instrument detecting the substrate after plasma treatment. (g) The contact angle measurement instrument testing the assembly film.

Via plasma surface treatment, the surface of the mate-
rial is etched and made rough, or a dense cross-linked layer
is formed, or oxygen-containing polar groups are introduced
to improve its hydrophilicity. Magnetic nanoparticles are then
assembled on the surface via electrostatic adsorption, making
the particles water-soluble, and the layers are attached to the
surface of the PET material. Consequently, after assembly, the
contact angle increases, indicating excellent water solubility.

Using vibrating sample magnetometer (VSM) detection
in thin films and nanostructures, it is possible to study the
magneto-mechanical coupling of flexible magnetic systems
and to characterize their dynamic magnetic properties.[19] To
study the magnetic properties of Fe3O4/PET nanoparticle film,
the hysteresis loops were measured at room temperature with

a magnetic field applied (as seen in Fig. 4(a)). In the exper-
iment, we observed that the temperature of the film changed
with the bending angle under an alternating magnetic field.
The film consists of PET substrate and magnetic nanoparti-
cles. We noted that the interaction between the PET substrate
and the alternating magnetic field does not generate heat. The
root cause of the heat generation is the interaction between the
magnetic nanoparticles and the alternating magnetic field and
the interaction between the particles themselves. The film is
relatively thin compared to the thickness of the substrate, and
the particle surface characterization indicates that it remains
undamaged, even under deformation of the PET substrate. The
deformation and pressure generated in the particles are not the
direct causes of temperature changes. Instead, they affect the
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interaction area between the alternating magnetic field and the
particles, resulting in significant temperature differences un-
der bending. Upon observation, we found that the nanoparti-
cles were superparamagnetic. This is mainly determined by
the small nanoparticle size, with each nanoparticle being re-
garded as a magnetic moment. The hysteresis loop for the field
applied parallel to the film is relative to the saturation magne-
tization of 75 emu/g. When the field is applied perpendicular
to the film, the saturation magnetization becomes 68 emu/g.
When the applied magnetic field and the film form an angle
of 45◦, the magnetic saturation magnetization of the film be-
comes 63 emu/g. These results demonstrate the anisotropy of

the nanoparticle film as a result of the external applied mag-

netic field after assembly. To further verify our results, we dis-

solved the magnetic particles from the nanoparticle film with

hydrochloric acid and dried them for VSM measurement. As

shown in Fig. 4(b), the saturation magnetization of the par-

ticles was 64 emu/g and did not show any anisotropy. The

results also showed that the assembled film could enhance the

saturation magnetization. This was mainly due to the orderly

arrangement of particles on the surface of the film. This char-

acteristic also provides us with a new idea for the creation of

electronic devices.
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Fig. 4. (a) Hysteresis loops for Fe3O4 nanoparticles measured by a vibrating sample magnetometer. (b) Hysteresis loops for Fe3O4/PET film
obtained under various external magnetic field directions. (c)–(f) SEM characterization of the film surface and local under bending angles of
0◦, 120◦, 240◦ and 360◦, respectively. (g) Magnetothermal measurements of an assembled film with the different bending deformations (0◦,
120◦, 240◦ and 360◦). (h) The magnetoelasticity of the film.

Due to the deformability of PET substrates, the stress de-
formation can be applied to the Fe3O4/PET nanoparticle film
by inward bending. The magnetic properties are sensitive to
the external mechanical stress. Firstly, we characterized the
morphology of the films under stress. SEM characterization

of the film surface locally under bending angles of 0◦, 120◦,
240◦ and 360◦ is shown in Figs. 4(c)–4(f), respectively. The
curvature radius of the material at different angles was com-
puted by bending a 2 cm long and 1 cm wide particle film
on a PET substrate along its long surface, using the curva-
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ture radius calculation formula 0.02 = Rθ . Here, R denotes
the curvature radius and θ represents the bending angle. The
corresponding curvature radii at 0◦, 120◦, 240◦ and 360◦ can
be obtained, which are 3/π; 3/2π and 1/π , respectively. The
unit of measurement is centimeters. It can be seen from the
figure that the film can bend to a certain angle under the action
of stress. The locally enlarged image shows that the surface
of the film is not damaged due to deformation. The LBL-
assembled films of Fe3O4/PET with different bending degrees
were subjected to an alternating magnetic field of 390 kHz and
the thermogenesis was measured using an optical thermome-
ter. The experimental results are shown in Fig. 4(g). It can be
seen that the thermogenesis of the flexible films was depen-
dent on the bending degree when an alternating magnetic field
was applied. When the film was bent into a cylindrical shape
(360◦) and placed in an alternating magnetic field, the temper-
ature measurement results displayed the largest value. When
the film was placed in an alternating magnetic field without de-
formation (0◦), the temperature measurement results displayed
the smallest value. Here, the energy temperature measurement
curve of the film can be explained by the energy absorption
cross-section theory. The energy absorption cross-section can
be expressed as[20]

σ = 4πωV (αe +αm)/c, (1)

where σ is the cross-sections of absorption, ω is the angle fre-
quency of the alternating magnetic field, V is the volume of
nanoparticles, αe, αm are the imaginary parts of the electric

and magnetic polarizability of the particle, respectively, and
c is the velocity of light in vacuum. When the film deforms
from a plane to a cylinder, the total projected area increases in
the magnetic field. After deformation, the effective projected
area of the film in the magnetic field increases, resulting in
an enhancement of the magnetocaloric effect. Thus, the mag-
netothermogenic effect can be regulated by the projected area
of the deformed film. Our experiment showed that a certain
amount of bending did not hinder the attachment of particles
to the substrate’s surface, as revealed by SEM analysis. How-
ever, we also found that the electrostatic attraction and inter-
action forces between particles were weak, leading to particle
detachment during multiple bending. In the experiment, the
temperature was kept under 50 ◦C,[21] which helped to pre-
vent the substrate from fracturing due to high temperatures.
Careful temperature control is essential when conducting ex-
periments to ensure accurate and reliable results.

Due to the magnetoelasticity of Fe3O4/PET nanoparticle
films, the magnetic properties of these materials can be af-
fected by an external magnetic field. When one end of the
film is fixed, the film will experience bending deformation per-
pendicular to its direction under the influence of the external
magnetic field. The magnetic field was added from 0 mT to
100 mT, and when the magnetic field reached 70 mT, the film
reached its maximum deformation. The results show that the
film has a strong magnetic response, and the deformation of
the film can be controlled by a small magnetic field.
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Fig. 5. The electrical properties of a flexible nanoparticle film bending at 0◦, 120◦, 240◦, and 360◦, respectively. (a) AC impedance of the
assembled films from 40 Hz to 110 MHz without a magnetic field. (b) Phase angles of the assembled films without a magnetic field. (c) AC
impedance of the assembled films with a 20 mT magnetic field. (d) Phase angles of the assembled films with a 20 mT magnetic field.
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Due to the fact that thin films can be used as electromag-
netic devices, the stress experiment of the film showed that the
magnetic properties are mainly affected by the bending during
the damage process;[22] therefore, the electric properties of the
flexible assembled films were explored in the electromagnetic
range from 40 Hz to 110 MHz with an impedance analyzer.
The complex impedance amplitude of the flexible nanoparti-
cle film frequency is plotted in Fig. 5(a). It was found that
the amplitude of the impedance markedly reduced with in-
creased bending of the film from 0◦ to 360◦. Moreover, the
phase angle exhibits a transition from negative to positive val-
ues in Fig. 5(b). This means that the assembled films became
good electrical conductors. The conductivity of the nanoparti-
cle film can be explained due to the enhancement of pathways
for transporting electrons.[23] Because the flexible film is as-
sembled from magnetic nanoparticles and has magnetism, we
considered adding a 20 mT magnetic field and re-measuring
the amplitude and phase angle (Fig. 5(c)). It was also found
that the amplitude of the impedance reduced with an increase
in the bending of the film. The impedance after bending was
significantly reduced compared to that without the magnetic
field. The results indicate that the ordered arrangement of
magnetic moments was truly altered by the external magne-
tization. Thus, the ordered magnetic moment part enhanced
the conductivity of the film. The change in the phase angle
was not obvious in the range of 40–1 × 108 Hz, as seen in
Fig. 5(d), indicating that the external magnetic field weakened
the effect of bending on the conductivity of the flexible film.

During measurement of the electrical properties of thin
films, the imaginary part of impedance and the phase angle
change from negative to positive as the frequency increases.
As shown in Figs. 5(b) and 5(d), the rapid increase in fre-
quency occurs around 9× 107 Hz. This may be due to the
frequency reaching a threshold of the particle thin film, which
then enhances its electrical properties. The conductivity of the
film is significantly enhanced due to an increase in paths for
transporting electrons. As a result, the film demonstrates high
electrical conductivity.

3. Conclusion and perspectives
In summary, we fabricated a magnetoelastic nanoparticle

Fe3O4 film on flexible PET substrates and observed a signif-
icant discrepancy in magnetocaloric effects upon deformation
of the film. The measurement results showed that the film
had magnetic anisotropy, and the assembled film had a mag-
netic enhancement effect. The contact angle and Raman re-
sults showed that the film’s surface had excellent hydrophilic-
ity and light absorption. With the noticeable change in de-
formation impedance, the film demonstrated a better magnetic
response and electromagnetic characteristics. We believe that

this nanoparticle film will be favorable for the development of
biomedical materials with flexible magnetism.

Appendix A: Experimental details
A1. Magnetic nanoparticle synthesis

In the experiment, iron oxide nanoparticles were synthe-
sized using the coprecipitation method. Firstly, N(CH3)4OH
was added to a mixture of FeCl2·4H2O and FeCl3·6H2O (in
a molar ratio of 1:2), which had been dissolved in ultra-pure
water in an alkaline environment. Then, ammonium hydrox-
ide was slowly added to the mixed solution. The solution was
heated to 70–80 ◦C for half an hour with stirring at 500 rpm
during this process. Secondly, polydextrose sorbitol carboxyl
methyl ether was dissolved in moderate ultra-pure water and
added to the reaction flask. After heating for 0.5 h, the col-
loidal suspension was magnetically separated and washed with
ultra-pure water three times. The whole synthesis process was
conducted in a nitrogen atmosphere. After cooling to room
temperature, the nanoparticles were washed twice with ultra-
pure water to remove any redundant impurities. Finally, the
products were collected via magnetic separation and dispersed
in water. The temperature experiment was conducted in a low-
preparation environment.

A2. Film assembly

The nanoparticle films were assembled layer-by-layer us-
ing a self-assembly method. Firstly, a piece of elastic trans-
parent material, polyethylene terephthalate (PET), was cut to
a size of 3 mm×5 mm. The material was plasma-treated
to remove organic pollutants and oxides from the object’s
surface. Then, the elastic film was dipped into a 20 wt%
poly-dimethyldiallyl ammonium (PDDA) chloride solution for
15 min. Next, the film was dried using a stream of nitrogen gas
after washing with ultra-pure water. Then, the PET film was
dipped into a Fe3O4 colloidal suspension for 15 min. The PET
film with nanoparticles on the surface was then dried using a
stream of nitrogen gas after washing with ultra-pure water. A
multi-layered film of nanoparticles could be fabricated by re-
peating this process. In the experiment, 60 layers were assem-
bled. Magnetothermal measurements were then taken.

In the magnetic thermal measurement section, the mag-
netic nanoparticle PET film was subjected to an alternating
magnetic field for measurement of bending-dependent mag-
netothermogenesis. The film was bent 0◦, 120◦, 240◦, and
360◦ respectively. The measurement process in the experi-
ments continued for 15 min and the temperature was recorded
by an optical fiber sensor and data recorder. Transmission
electron microscopy (TEM) was performed using a JEM-2100
(Japan) system. Scanning electron microscopy (SEM) was
carried out using a Zeiss Supra 40 Gemini (Germany) system.
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The thermogenesis of magnetic hydrogel was measured us-
ing a fiber spectrometer (FISO UMI 8, Canada) and a ther-
mal imager (Fluke, TI32). The magnetization of the sam-
ples was measured using VSM (model 7407, Lake Shore Cry-
otronics, Inc., USA). The electrical properties of the flexi-
ble nanoparticle film were measured using an impedance an-
alyzer (Agilent 4294A, China). Morphological characteriza-
tion was performed using atomic force microscopy (AFM,
5500AFM/STM, China).
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