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Abstract:

The digitalization of the society in the context of the Internet of Things (IoT) demands a
new generation of sustainable materials and processes to reduce the environmental impact
of technological advances. This work reports on sustainable multifunctional
nanocomposites based on carrageenan and magnetic cobalt ferrite (CoFe;0s-CFO)
nanoparticles, processed by direct-ink-writing and on their applicability as magnetic
actuators. The nanocomposites exhibit a compact morphology with CFO nanoparticles

well distributed within the polymer matrix. The incorporation of CFO nanoparticles
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significantly improves the thermal and mechanical properties of the polymer: the onset
degradation temperature increases 30°C and the Young's modulus increases from 1 MPa
in the pristine polymer to 17 MPa for the composite with 5 wt.% CFO content. CFO
magnetic nanoparticles are also responsible for increasing the dielectric constant of
carrageenan from ~1000 up to ~9000 (10wt.% CFO composite), and for the magnetic
properties, with a maximum magnetization of ~16 emu.g™* and coercive field of ~3.4 kOe
in the 30 wt.% CFO composite. A magnetic actuator has been developed with excellent

maximum displacement.

Keywords: A. Nano composites; A. Polymer matrix composites (PMCs); A. Smart

materials; B. Magnetic properties; E. 3D printing

1. Introduction

The Internet of Things (10T) has the broad vision of interconnecting every single object
within an interactive network [1]. Electronic devices, including radio-frequency
identification (RFIDs), memory devices, power sources, sensors and actuators, together
with the communication and computation technologies, are basis of the 10T. Currently,
the technological development of electronic materials continues focusing on
miniaturization and improved device integration, with lower energy consumption and
smart capabilities [2]. Further, the increasing demand and use of electronic materials
based on rapid economic and social changing scenarios, results in tons of electrical and
electronic waste (e-waste) every year [3]. This waste represents a global challenge to
manage, that has not been properly addressed, the e-waste contamination representing a
huge impact for ecological environment and public health [3]. Printed electronics has the
potential to minimize the amount of excessive chemicals involved in the manufacturing

of specific electronics systems as well as lower energy consumption, allowing also the
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development of electronic solutions based on environmentally friendly materials [4]. One
of the main trends in this scenario is the development of biodegradable electronics based
on natural and/or biodegradable materials. A variety of biodegradable materials have been
used as substrates for printed electronics including leather, silk, hot-pressed cotton-fibre
paper and, in particular, cellulose [6], so a next step needs to include the development of
sustainable printable inks with tailored properties for advanced electronics [7]. This is
interesting not only from an environmental point of view, but also from an economic
perspective, since biodegradable materials typically present lower production costs [8].
Thus, biopolymer and biodegradable polymer have been used to this end based on
environmental friendly printable inks [9]: cellulose for conductive [10] and magnetic [11]
inks, PLLA for conductive inks [12], chitosan with magnetic nanoparticles for resistive
sensor [13] or among others.

Among the different possible biodegradable materials, carrageenan has interesting
features, including low-cost, abundance, water-solubility, non-toxicity and
biodegradability [14-16]. Carrageenan is a natural sulphated and anionic polysaccharide
(carbohydrate), extracted from the multicellular wall of certain species of red algae
seaweeds of the Rhodophyceae family [14, 17], such as Chondrus crispus, Gigartina,
Euchuema and Hypnea. Another interesting properties of this polymer include gelling,
thickening, emulsifying, stabilizing, anticancer, anticoagulant, antihyperlipidemic and
immunomodulatory properties [18]. Furthermore, three main types of carrageenan can be
found: kappa (x), iota (1), and lambda (), with sulfate contents of 20 w/w%, 33 w/w%
and 41 w/w%, respectively [16, 19]. Carrageenan has been traditionally used in the food
industry as fat substitute in milk products as well as in the textile, printing, pharmaceutical
and cosmetic industries [20]. The gels formed by iota-carrageenan are elastic with good

freeze, thaw and healing properties [21]. lota-carrageenan adds chemical stability and



antiviral activity to carrageenan-based devices, making this polysaccharide very
promising for loT-related applications [22, 23]. Carrageenan has a physical aspect of
powder at pure and dry form, with no smell and no taste; it is translucid and when added
into solutions there is no change in the original colour. Further, it has the capability to
create water-retaining hydrogels that can be processed by 3D printing [24].

Thus, in the scope of technological applications, carrageenan has been used for the
development of electrochemical devices [15], primary proton batteries [25], dye-
sensitized solar cells [26] and optical sensors [27].

From all required technologically enabling materials, magnetoactive materials are
particularly interesting since they allow the fabrication of sensors and actuators that can
be wirelessly triggered, very useful for the digitalization of society in topics such as
antennas, magnetic-sensing/actuation and motion-sensing/actuation applications, among
others [28]. Magnetoactive materials are often produced in the form of nanocomposites
by combining magnetic fillers within a polymeric matrix [29], leading also to
magnetoelectric effects when the magnetic materials are combined with electroactive
polymers [5]. Cobalt ferrite (CoFe204-CFO) nanoparticles have been extensively used for
the development of magnetoactive polymer composites due to their low cost, high
chemical stability, high mechanical hardness and strength, high coercivity, wear
anisotropy, high saturation magnetization, high-temperature magnetic order (520 °C),
large magneto crystalline anisotropy constant and high Curie temperature [30-33]. In
addition to carbon nanotubes (CNTS), their magnetic properties are enhanced [34] and
they can also be used as a Cr-VI sensor in water [35].

Furthermore, compared to other magnetic nanoparticles, such as NiFe>O4 or ZnFez0a,

CFO nanoparticles show large magnetization and magnetostriction, low eddy-current



losses and considerable electrical resistance with low dielectric loss [31]. Further, CFO
can be produced by Green Synthesis, in the scope sustainable approaches [36].

Thus, this work reports on the development of magnetoactive nanocomposites by additive
manufacturing based on lota-Carrageenan with embedded cobalt ferrite (CFO)
nanoparticles using water as solvent and processed by 3D printing technique, being
therefore an step forward towards reducing environmental impact when compared with
magnetic sensor based on poly(vinylidene fluoride-trifluoroethylene)/cobalt ferrite
(P(VDF-TrFE)/CFO) [37] or poly(3,4-ethylenedioxythiophene), PEDOT/CFO [38],
while maintaining high performance. The morphological, thermal, mechanical, electrical
and magnetic properties of the developed materials are addressed together with their

implementation into a magnetic actuator.

2. Experimental details
2.1.Materials

lota-Carrageenan was purchased from Alfa Aesar into powder form. Ultrapure water was
obtained from a Milipore-Q system. CoFe2Os (CFO) nanoparticles with 35-55 nm
particle size, were purchased from NanoAmor. The surfactant Triton X-100 (aqueous)

was purchased from Sigma-Aldrich.

2.2.Nanocomposite ink preparation
The manufacturing process of the nanocomposites is represented in Figure 1. The solution
of pure lota-Carrageenan was produced by dissolution of 3 wt.% of the polymer in
ultrapure water at ambient temperature, under magnetic stirring. The mixtures of lota-
carrageenan and CoFe>04 (CFO) nanoparticles (NPs) were produced with concentrations
of 0.5 wt.%, 1 wt.%, 5 wt.%,10 wt.%, 20 wt.% and 30 wt.% CFO NP content with respect
to the carrageenan content. To prepare the composites, first, the surfactant (0.01wt.%)

was added into the ultrapure water (Step 1) to assist NPs dispersion. Then, the



nanoparticles were added, and the dispersion was placed in an ultrasonic bath for 3 hours
(Step 2) to achieve nanoparticle surfactation. Finally, lota-Carrageenan solution was

added and mixed under mechanical stirring for another 3 hours (Step 3).
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Figure 1 — Schematic representation of the preparation of the nanocomposite ink.

2.2.1. Direct-ink printing

The developed ink was transferred to a syringe and isolated with parafilm on the
entrance of the piston and on the entrance of needle with a polymeric stopper. Then, the
syringe was centrifuged at 2500 rpm for 15 minutes in order to remove the bubbles within
the ink. Next, the piston was inserted back into the syringe and placed into the bioprinter
Single Head 3D Bioprinter (3D Cultures). The printing parameters were: needle diameter
of 0.41 mm, space line of 0.51 mm (to avoid overlay of lines on the same plane), printing

speed of 30 mm.s* and extrusion multiplier of 0.008.

2.3. Samples characterization



The morphology of the CFO/Carrageenan nanocomposites was evaluated by Scanning
Electron Microscopy (SEM), NanoSEM — FEI Nova 200 (FEG/SEM)). Before analysis,
the samples were coated by magnetron sputtering with a conductive gold layer (Polaron
SC502 apparatus).

The dispersion and distribution of CFO nanoparticles within the carrageenan matrix was
analyzed by Energy Dispersive X-Ray Analysis (EDX) (Hitachi Tabletop Microscope
TM 3000).

Fourier transformed infrared spectroscopy (FTIR) was performed at room temperature in
the attenuated total reflection (ATR) mode with a Jasco FT/IR-4100 system.
Measurements were performed between 600 cm™ and 4000 cm™ using 64 scans with a
resolution of 4 cm™.

Thermal properties of the CFO/Carrageenan nanocomposites were accessed by
Differential Scanning Calorimetry (DSC) and Thermogravimetric Analysis (TGA). DSC
scans were carried out using a Mettler Toledo DSC 822e equipment with a sample robot,
under nitrogen flow of 50 ml/min between 20 °C and 150 °C at 10 °C/min. The samples
weight used in the test was between 6 and 10 mg.

TGA thermograms were obtained with a TGA/SDTA 851e Metter Toledo Apparatus
from 30 °C to 600 °C at a rate of 10 °C/minute with a nitrogen flow rate of 50 ml.min,

The mechanical properties of the CFO/Carrageenan nanocomposites were evaluated at
room temperature under tensile stress with a Linkam Scientific Instruments TST 360 at a
constant deformation of 50 pm.s™.

Dielectric measurements were performed at room temperature with a Quadtech 1920
LCR precision meter. The capacity (C) and tan & were obtained in the frequency range
from 20 Hz to 1 MHz with an applied voltage of 0.5 V. In each film, circular gold

electrodes with 5 mm diameter were deposited onto both sides in the form of a parallel



plate condenser. The real and imaginary part of the dielectric function (¢" and &),

respectively and real part of the conductivity (¢’) were determined through the following

equations:
_cd
€ = So.A (1)
g =tand * &' (2)
and
o' (w) = gowe’ (w) (3)

where C is the capacitance (F), eo is the permittivity of free space, A is the electrode area

(m?), d is the thickness of the samples and w = 27 f is the angular frequency [39].

The magnetic properties of the CFO/Carrageenan composites were measured with a
Micro-Sense EZ7 Vibrating Sample Magnetometer (VSM) from -18 kOe to 18 kOe. The
temperature dependent magnetic response of the CFO/Carrageenan nanocomposite with

30 wt.% was studied at 20, 50, and 100 °C.

2.4.Magnetic actuator development

The magnetic actuator device was produced with the CFO/Carrageenan nanocomposite
with 30 wt.% CFO content.

Hi-Strength 90 spray adhesive from 3M was used for contact bounding between a 52 um
thick commercial poly(vinylidene fluoride) PVDF metalized film from measurement
Specialties, Inc, due to high electro-mechanical conversion effect, and the magnetic

CFO/carrageenan nanocomposite film. The electronic acquisition system was connected



to the electrodes of the PVDF film. Figure 2 shows the schematic representation of the
data acquisition system (Figure 2a) together with images of the actuation set-up (Figure
2b). In Figure 2a, the black film represents the CFO/carrageenan nanocomposite and the
blue film represents the PVDF film with the corresponding conductive electrodes in
white.

Figure 2b) shows the test setup for the magnetic actuator. A NdFeB magnet (N45, 10 mm
diameter, 5 mm thickness, KJ Magnetics) was used for creating the external magnetic
field. The magnet was attached to a solenoid in order to vary the magnetic field frequency
in the frequency range from 0.8 Hz to 2.5 Hz, by controlling the state of the solenoid (On
/Off). The bending tests were performed by moving a NdFeB magnet close to the sample
and registering the bending distance of the tip to the initial position of the sample and the

magnetic field (Hall probe, Hirst magnetic instruments, gm08 Gaussmeter).

a)




Figure 2 — a) Schematic representation of the sample and the electronic acquisition
system. With respect to the sample, the black film represents the CFO/carrageenan
nanocomposite and the blue film represents the PVDF film with the corresponding
conductive electrodes in white b) magnetic actuation through a varying magnetic field

applied by a moving magnet.

The electronic acquisition circuit is composed by a charge amplifier connected to the
analog-to-digital converter (ADC) of an Arduino nano (ATMEGA328P). The data is sent
via Universal Serial Bus (USB) where an application developed in Qt 5 plots the actuator

response as shown in Figure 2a), when a magnet is approached to the sample. The charge

amplifier integrates the input current and provides a voltage output proportional to the
force applied to the piezoelectric material [40] via the bending induced by the applied
magnetic field. This circuit reduces the input noise when compared to voltage sensing.
The low-pass filter composed by the resistance R1 (100 kQ) and capacitor C1 (33 nF)
provides immunity to high frequencies and anti-aliasing filtering. The high pass filter,
composed by the resistance R2 (100 MQ) and the capacitor C (1 nF), limits the minimum
input frequency. The reference voltage of 2.5 V provides a positive voltage offset that
centers the output voltage at 2.5 V allowing the signal to be read by the microprocessor

ADC.

3. Results and discussion

3.1.Morphological analysis

The morphology of the CFO/Carrageenan nanocomposites prepared by direct ink writing
is presented in Figure 3. Regardless of the CFO content, a compact morphology of the
carrageenan film is observed, as demonstrated by the representative cross-section images

presented in Figure 3d.
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Figure 3 — SEM surface images of a) neat carrageenan, b) carrageenan composite with

0.5 wt.% CFO content, c) carrageenan with 30 wt.% CFO. SEM cross-section images for

d) carrageenan with 30 wt.% CFO filler content (insert of neat carrageenan).

It is observed that for low filler contents (Figure 3b), the CFO nanoparticles are dispersed
throughout the polymer matrix without detectable agglomeration. This observation is
supported by the image of 0.5 wt.% CFO (figure 3b). For higher CFO content (30 wt.%),
surface and cross-section images Figures 3c and 3), show well distributed agglomerates
of CFO nanoparticles. Considering the different chemical elements that compose the CFO
nanoparticles, Figure 4a-d shows the EDX mapping images for Fe and Co elements from
different CFO/Carrageenan composites (5 wt.% and 30 wt.% CFO). Regardless of the
CFO content in the polymer matrix, these elements are detected in all composites and
confirm the good distribution of the particles within the polymer matrix, though some

well dispersed agglomerates are detected for the samples with higher filler contents, as
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shown in the 30 wt.% of CFO content sample (figure 4b). The same observations are

found for the Co element (Figure 4c-d).

Figure 4 - EDX mapping images for Fe (iron, yellow) for samples with a) 5 wt.% of CFO
and b) 30 wt.% of CFO and for Co (cobalt, blue) for samples with: c) 0.5 wt.% of CFO

and d) 30 wt.% of CFO filler addition.

From SEM and EDX images (Figure 3 and 4), it is thus proven that it is possible to
produce CFO/Carrageenan composites by direct-ink writing with compact microstructure

and good dispersion/distribution of CFO nanoparticles.

3.2.Physical-chemical, thermal and mechanical properties
In order to evaluate the possible interactions between the CFO nanoparticles and the
carrageenan polymer, Figure 5a shows the FTIR-ATR spectra for neat carrageenan and
CFOlcarrageenan nanocomposites with different CFO contents.
In all samples can be observed the typical vibration bands of carrageenan at 805, 1070,
1635 and 3400 cm™ which correspond to the C-O-SOj3 bonds of 3,6-anyhydrogalactose in
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C2 of the galactose unity, C-O bond of 3, 6-anyhydrogalactose, the C=0 asymmetric

stretch/N-H deformation and the OH/NH stretching band, respectively [41, 42].

Regarding the vibration bands of the CFO nanoparticles, only one is slightly detected: the

one around 603 cm, which corresponds to the Fe-O bond [43].

Figure 5b shows the DSC scan for neat carrageenan and the CFO/Carrageenan

composites. An endothermic peak is observed around 100-120 °C, that is related to the

superposition of the two effects: glass transition (Tg) of carrageenan [15, 25] and intrinsic

water removal. A peak shift to high temperatures (106 °C-120°C) is observed for the

nanocomposites with respect to neat carrageenan (100 °C).
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Figure 5 - a) FTIR-ATR spectra, b) DSC scans, ¢) TGA thermograms and d) Stress-
Strain curves for neat carrageenan and the corresponding CFO/Carrageenan

nanocomposites.

Figure 5c) shows the TGA thermogram for neat carrageenan and CFO/Carrageenan
composites with different CFO contents. Neat carrageenan shows a first mass loss of
~27% associated to moisture evaporation, that occurs from 14 °C to 114 °C . It is to notice
that the initial mass loss decreases with increasing filler content, which may be related to
water trapping nearby the fillers and/or within the particle agglomerates due to the dipolar
interaction between water molecules and the nanoparticles surface [44]. Thus, the weight
loss form that water can be detected at higher temperatures. The second weight loss
(=28%) occurs from 206 °C to 282 °C and is realted to carrageenan degradation [45].
Around these temperatures the decomposition of Triton X-100 should also happen, but
due to its lower wt.% (< 10%) in the nanocomposites it does not have a significant impact
on the thermogram [46].

Regarding the mechanical properties, figure 5d shows the stress-strain curves for neat
carrageenan and the corresponding CFO/Carrageenan nanocomposites.

The typical mechanical curve of the carrageenan polymer [47] is observed in Figure 5d,
the addition of CFO content improving the mechanical response (tensile strength and
break) of the nanocomposites, the CFO nanoparticles acting as a mechanical
reinforcement [48].

The Young's Modulus for the different CFO/carrageenan composites was evaluated from
the linear regime at 2% of maximum elongation in the elastic region using the tangent
method. It is observed that the Young Modulus does not increase linearly as a function of
the CFO content, the CFO/carrageenan nanocomposite with the highest Young's modulus

and yield strength being the sample with 5 wt.% of CFO (17 and 26 MPa, respectively),
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compared to neat carrageenan (1 MPa and 4 MPa, respectively). For higher CFO contents
(10, 20 and 30 wt.%), the mechanical properties of the composites (Young modulus and
Yield strength) start to decrease, due to the agglomeration of the nanoparticles that act as

defective structures and stress accumulation regions.

3.3.Dielectric properties

The real part of the dielectric constant (¢") and a.c. electrical conductivity (c’) are shown
in figure 6 and allow to determine the effect of CFO content on the carrageenan polymer
matrix and water boundary trapping. It is observed that the addition of CFO nanoparticles
in the carrageenan polymer increases the dielectric properties of the matrix.

For neat carrageenan, and independently of the CFO content in the composites, € (figure
6a) decreases with increasing frequency due to the limited dipolar mobility and
corresponding dipole relaxation process [49].

Furthermore, independently of the frequency, €' increases with increasing CFO content
once the presence of the fillers increases the interfacial and space charge polarization at
the boundary of the fillers and the sample-electrodes interface (Maxwell-Wagner-Sillars

effect) [50].
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Figure 6 - (a) ¢’ and (b) ¢’ as a function of frequency for neat carrageenan and

CFO/carrageenan nanocomposites.

Furthermore, regardless of frequency, it is observed that the addition of CFO
nanoparticles in the carrageenan polymer matrix increases the a.c. electrical conductivity
o' (Figure 6b), which increases with increasing frequency, indicating the contribution of

the interfacial effects to the improvement of the electrical conductivity [51].

3.4.Magnetic properties
The magnetic properties of the CFO/Carrageenan nanocomposites were evaluated after

the magnetic hysteresis loops (Figure 7a) showing the typical ferromagnetic hysteresis

loops of CFO.
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Figure 7 - a) Magnetic hysteresis loops for CFO/carrageenan nanocomposites at room
temperature, b) saturation magnetization, remnant magnetization and coercive field
obtained from the corresponding hysteresis loops. ¢) Hysteresis loops for the 30 wt.%
CFO sample at different temperatures and d) corresponding temperature dependence of

the saturation magnetization, remnant magnetization and coercive field.

It is observed that the magnetic behavior (saturation magnetization and remanence) of
CFOlcarrageenan nanocomposites depends on the CFO content, the hysteresis loops
preserving the original ferromagnetic shape, independently of filler content [52]. Figure
7b shows the saturation magnetization Ms, magnetic field remanence and coercive field
obtained from the magnetic hysteresis loops of figure 7a). The saturation magnetization
and remanence increase with the addition of CFO nanoparticles in the carrageenan
polymer matrix due to the increase of magnetic entities in the nanocomposite [53]. Also,
the coercive field of the nanocomposites increases with CFO fillers addition up to 3.6
kOe at 5 wt.% CFO, remaining practically constant for increasing CFO content.

From the magnetic hysteresis loops of Figure 7a, the effective concentration of
nanoparticles within the polymer matrix is calculated (Table 1), taking into consideration

the saturation magnetization of CFO NPs (60 emu-g?) [54] and equation 4 [55]:
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saturation magnetization (film)

%CFO =

100, (4)

saturation magnetization of CFO NPs

Table 1 — Calculated effective CFO filler content within the samples, calculated after

Equation 4.
Sample Saturation magnetization (emu/g) at | Effective wt.% CFO at
wt.% CFO 20°C+0.1 20°C +0.1
0.5 0.30 0.5
1 0.70 1.2
5 3.0 5.0
10 3.7 6.2
20 11.4 19.0
30 16.3 27.2

Table 1 shows that the effective wt.% of CFO is similar to the wt.% added to the polymer,
except for the CFO/Carrageenan nanocomposite with 10 wt.% of NPs due to possible
irregular distribution on the CFO nanoparticles for such concentration.

Figure 7c) shows the magnetic behavior of the CFO/carrageenan nanocomposite with 30
wt.% CFO content at three different temperatures (20, 50 and 100°C) where the magnetic
hysteresis loops are found not to present a strong dependence of temperature variation.
The magnetic saturation, remnant magnetization and coercive field slightly decrease with
increasing temperature due to the thermally induced increase of the nanoparticles internal

energy [52].
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3.5. Magnetic actuator application

Considering the excellent magnetic properties of CFO/carrageenan nanocomposites, a
multifunctional magnetic actuator has been manufactured and its response is represented
in Figure 8. It is noticed that the coupling of the magnetic carrageenan-based actuator to
piezoelectric films, allows to demonstrate sensing and energy harvesting capabilities. The
device was produced with CFO/carrageenan nanocomposites with 30 wt.% of CFO, based
on the larger magnetic response.

Figure 8 shows the amplified and filtered voltage response of the magnetic actuator when

the NdFeB magnet approaches the multilayer system at 4 frequencies: 2.5, 1.5 1.2 and

0.8 Hz.
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Figure 8 — a) Response of the magnetic actuator coupled to the piezoelectric film to the
NdFeB magnet approach at 2,5 Hz, 1,5 Hz, 1,8 Hz, and 0,8 Hz. b) Actuation capability
of the CFO/carrageenan-based device as a function of the magnetic field under static

conditions.

The approximation of the magnet to the magnetoactive layer enables a bending movement

of the multilayer system. The designed actuator, coupling the magnetic and piezoelectric
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film, enables a voltage variation in the electrodes of the piezoelectric film, related to the
magnetically activated bending of the magnetoactive carrageenan film. The electronic
circuit translates that voltage variation as an increase in the maximum voltage of 0.5 V at
0.8 Hz (sensitivity of 8.3 V.T™). Figure 8a also shows that for lower frequencies the
sensor achieves a higher amplitude that for higher frequencies, indicative of the low
frequency response of the multilayer system (see video in Supporting Information).

Figure 8b represents the actuation capability of the device as a function of the induced
magnetic field by moving the magnet closer to the sample from when the sample starts to
react to the external magnetic field (at a field of 40 mT) and decreasing the distance to
the sample until a maximum deformation was achieved. Due to the presence of the
ferromagnetic CFO on the polymer matrix, the composite film is attracted to the magnetic
field, being this attraction higher for higher magnetic fields. Based on the data presented

in Fig. 8b, the bending of the samples corresponds to 104 mm. T,

4. Conclusions

Magnetoactive cobalt ferrite CoFe,O4-CFO/Carrageenan nanocomposites were prepared
using water as a solvent and processed by direct-ink-writing with different filler contents
up to 30 wt.%.

A compact morphology is obtained for all films as well as a good dispersion of CFO
nanoparticles in the carrageenan polymer matrix. The vibration bands of the carrageenan
polymer were found to be independent of the CFO wt.%. Thermal and mechanical
properties are both improved by the incorporation of the CFO nanoparticles in the
carrageenan polymer matrix.

The dielectric and magnetic properties are also improved with the addition of CFO NPs,

the dielectric constant increasing from ~1000 for the pristine polymer to ~9000 for the
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10wt.% composite and a maximum magnetic response of =16 emu.g? saturation
magnetization and =3.4 kOe coercive field were obtained for the polymer composites
with 30wt.% filler content.

The functional response of the CFO/Carrageenan nanocomposites as magnetically active
actuator were demonstrated in a multifunctional device capable of self-sensing actuation
by binding to a piezoelectric polymer in a multilayer system, opening a new route to the

development of environmentally friendlier loT-related materials.
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