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process: this is what the second law of
thermodynamics states. A reason must
be sought in the irreversible nature of
any thermodynamic transformation. As
consequence, energy is always wasted
in a quantity that strictly depends on the
physical or chemical processes governing
the system and, usually, in the form of
thermal dispersions, mechanical vibrations, and electromagnetic radiations.
Several approaches for reducing energy
losses have been conceived and, nowadays, many energy recovery, harvesting,
and conversion systems are investigated,
many of them being already available on
the market. Energy harvesting is defined
as the process wherein the sources such as
mechanical load, vibrations, temperature
gradients, heat, light, salinity gradients,
and wind are scavenged and converted
to obtain relatively small levels of power
in the nW–mW range.[1] According to
the field of interest, energy-harvesting systems differ in the
working principles and the employed materials, as a direct consequence of the physical effects exploited for the energy conversion. For example, in the industrial, domestic, and automotive
applications, the thermoelectric generators (TEGs) are widely
used, while in the wearable and Internet of Things (IoT) sectors, piezoelectric, pyroelectric and triboelectric devices find
their space.[2] More recently, in order to increase the energy
efficiency and the autonomy level of intelligent robots, harvesting energy from the external environment and internal
subsystems has become fundamental.[3–5] In particular, with the
advent of soft robots, composed of highly compliant materials
similar to those found in living organisms,[6] energy harvesting
from many sources has been explored, mainly for mobility
purposes.[7,8]
Advancements of materials science and cybernetic systems
technology in the field of Smart Fluid Systems (SFS) show that,
compared to conventional robotic systems, colloid-based robots
offer advantages in versatility, adaptability, resiliency, distributed
architecture, and autonomy especially for applications in harsh
environments, both space and terrestrial.[9] Colloidal devices at
the liquid state represent a new paradigm in the field of cybernetic systems, joining the versatility of conventional robotics and
the advantages of soft robotics. Here, energy harvesting, storage,
and management capabilities cover an essential role.[10] For this
purpose, the engineering feasibility of an energy harvesting and
storage system applicable to SFS, named Colloidal EneRgEtic
System (CERES), has been assessed.[10] Colloids are complex
condensed matter agents lying at the boundary between completely homogeneous systems such as solutions and completely
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inductive setup is proposed, suggesting that increasing the fluid temperature a
reduction of FF inductance due to demagnetization effects occurs.
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heterogeneous systems such as suspensions.[9] They are defined
as stable dispersions of nanoparticles (NPs) in a carrier fluid, in
liquid or gaseous form, and they are classified according to the
aggregation state of their components. The employment of colloids for energy harvesting purposes is a relatively new research
field, where the capability of triboelectric[11] and pyroelectric[12]
colloids has been validated for the scopes of converting thermal
energy into electrical power. In particular, magnetic colloids,
such as ferrofluids (FFs), are nanomaterials that present high
magnetic susceptibility[13] and whose flow and energy transport
processes can be influenced and controlled by adjusting the
strength and orientation of an external magnetic field.[14] For
these reasons, FFs are promising materials for in situ sensing,
mobility, energy storage, harvesting, and conversion, giving
the possibility to develop ultralow-power micro harvesters with
very high thermal conductivity and capacity, well suited for
high temperature heat flux applications, such as in oscillating
heat pipes[15] and ThermO-magnetic hydRO-DYNAmic energy
harvesting (TORODYNA) systems.[16]
In this work, we demonstrate an alternative thermoelectricity
generation by means of FFs, whose implications may bring
future developments of cybernetic system, industrial, automotive, and domestic energy harvesters. The FF selected for the
experiments is a light hydrocarbon oil-based suspension of
magnetite (Fe3O4) NPs. Considering the liquid nature of the
colloid, any heat flux coming from different waste heat sources,
can trigger the convection motion of the fluid. Once the fluid
is moving, two different physical effects can be exploited
which are strictly dependent on the dynamics of the colloid:
the electromagnetic induction, thanks to magnetic properties
of FF, and the triboelectrification, considering the electronic
exchange between the colloid and the channel through which
it is moving. Furthermore, since the fluid is heated, it experiences a thermal gradient, both spatial and temporal, that generates charges accumulation on the colloid NPs thanks to its
pyroelectric properties. Since heat fluxes can take different
forms such as solar radiation, hot bodies, and heated fluid
streams, in this work we generalized the heat source and the
consequent motion, governed by natural or Rayleigh–Bénard
convection processes,[17] by using a lab heater and a peristaltic
pump, respectively. In this way, the pump simulates the effect
of a common convective motion at different temperature level
thanks to the heating plate.

2. Results and Discussion
2.1. Investigation of Inductive, Pyroelectric,
and Triboelectric Phenomena
First, we explored the capability of FF of inducing electromotive force when flowing through an inductive electrode. We
tested three different Fe3O4 volumetric concentrations (2%, 4%,
and 6%) in order to encompass a broader range of Magnetic
Reynolds number, setting the flow speed from 0 to 5 cm s−1,
respectively 0 and 10 arbitrary unit (A.U.). Surprisingly,
Figure 1 shows that, when the concentration of Fe3O4 NPs in
the FF is lower, the recorded potentials and currents are higher
(60 μV and 7 μA) showing an increasing trend as a function
of velocity. The unfavorable magneto-viscous negative effects in
correspondence of the inductive electrode offer an explanation
to the less impacting harvesting efficiency for higher solid volumes. This is the reason why in the following experiments we
exploited FFs with a concentration of Fe3O4 NPs equal to 2%
vol. (referred to as 2% FF). In this case (Figure 1a), the potential increases with the velocity except in correspondence of
6 A.U. when, likely, the transition of boundary layer in the pipe
from laminar to turbulent generates high disturbance that, in
turns, negatively affects the inductive performance of FF. Alternatively, the flow at 6 A.U. could be chocked. Consequently, a
downstream shock wave occurs reducing the inductive performance. In fact, the recorded potential returns and saturates at
the previous value (related to velocity equal to 4 A.U.), even if
the velocity is further increased.
Subsequently we analyzed the potentials and currents generated on the capacitive electrode at different flows velocities in a range far from saturation (we used A.U. so that:
V1 = 0.22 mm s−1, V2 = 0.44 mm s−1, V3 = 0.66 mm s−1,
V5 = 1.1 mm s−1, V10 = 2.2 mm s−1). Figure 2 shows increasing
potentials and currents with increasing speed to a maximum of
about 48 V and 2.8 nA.
Finally, we examined the contribution of the charges displaced by means of the pyroelectric effect when the colloid is
heated and, flowing through the pipe, it comes into contact
with the resistive electrodes. We measured both potentials and
currents as a function of the fluid velocity when the recorded
temperature in the beaker was 60 °C and we compared the
values with the case when the colloid was flowing at room

Figure 1. Comparison between harvested potentials and currents by means of the inductive electrode for ferrofluids (FFs) featuring increasing volume
concentration (2%, 4%, and 6%) of Fe3O4.
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Figure 2. Recorded potential (left) and current (center) on the capacitive electrode versus time and speed (right).

temperature (RT). As expected, increasing the fluid velocity
a more sudden temperature drop occurs and then Figure 3
shows a gradual increase in the recorded potentials and currents. With respect to the RT condition, the electrical outputs
are clearly higher, confirming that a pyroelectric phenomenon is taking place. Considering that at RT the max potential
recorded is about 25 V it is evident how the capacitive electrode
is more performing when exploiting triboelectricity, while the
measured currents up to 22 nA suggest that the resistive electrode is a better option for collecting charges generated by the
pyroelectric effect.
2.2. Estimate of Pyroelectric Coefficient
To quantify the pyroelectric generation occurring in the FF
we estimated the pyroelectric coefficient pI of the same. To do
so, we relied on the electric contact method discussed.[23] This
static method is particularly convenient since it provides a compact formula that allows expressing this coefficient as:
pI =

I p ·C M
Ae · Fh

(1)

where Ip represents the measured pyroelectric current, Ae the
effective electrode area, Cm is the heat capacity of the solid
dT
fraction and Fh = − k
with k thermal conductivity the heat
dx

flux crossing the pipe area. However, since neither uniform/
spatially varying viscous stresses nor electric fields are taken
into account, this does not allow the evaluation of the other
components of pI.
Particular attention must be paid to Ae which indicates that
the area under consideration is not represented by the whole
area of the electrode but rather the one where the particles
release the accumulated charge. Therefore, we need to quantify the particle deformation when in contact with the electrode
(see Figure 4, representing the case for a rigid particle). In our
case, the magnetite NPs are covered by a monolayer of compressible oleic acid (OA) which absorbs part of the impact.
Thus, knowing the particles velocities in proximity to the electrode, we can estimate the impulsive force and account for
the deformation of the OA. At this point, the remaining force
will be the one actually deforming the particles. To do so, we
assume that the OA molecules are completely deformed by the
impact and that a typical OA chain length is loa = 2 nm and
width is woa = 0.5 nm. We know the compression modulus Eoa
of OA which gives the compression force Foa, once multiplied
for the contact area.[24]
The residual force Fr will simply be the difference between
the impulsive force Fi and Foa. The radius a of the deformed
region can be expressed as:
B

ω  ω 2
a=R
R  1.9ω c 

(2)

Figure 3. Recorded potential (left) and current (center) on the resistive electrode when the colloid is heated up to 60 °C. Comparison (right) between
the two situations.
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Figure 4. Representation of the dynamics of a magnetite nanoparticle
(NP, black sphere) functionalized with oleic acid (OA; orange segments)
hitting a Ti electrode.

where the relation with the residual force is accounted for in
the indentation factor ω:

ω=

Fr
2π ·E ·R·ω c

(3)

π cSy 
where R indicates the particles radius, ω c = 
× R the
 2E 
critical indentation and B a material parameter that accounts
for the relation among the yield strength Sy and the young
modulus E according to:
2

  Sy  
B = 0.14 exp 23   
  E 

(4)

Notice that in the computation of the deformation area the
average particle velocity has been taken into account, since the
number of particles hitting the surface per unit of time changes
according to the flow rate, modifying the contact area with the
electrode. The results of this analysis lead to a pyroelectric coefficient of 25.2 ± 0.3 μCm–2 K–1 for the slow flow rates, until
0.44 mm s−1, while we observe a decrease at 2.2 mm s−1 flow
rate giving 15.0 ± 0.2 μCm–2 K–1. A visual representation of
extrapolated data is provided in Figure 5. This can be explained
observing the dynamic of the fluid flowing in the tube: because
of the drag force exerted onto the pipe’s walls, the motion of the
fluid is expected to be Poiseuille-like. Consequently, increasing
the flow rate, FF drag force increases provoking a slowdown of
the fluid close to the pipe walls and leads to an overestimate
in our analysis of the number of particles able to reach the
electrode.

Figure 5. Calculated pyroelectric coefficient versus the flow speed of the
ferrofluid (FF).

2.3. Electronic Conductivity Analysis
To verify that recorded voltages and currents with each setup are
effectively produced from the energy conversion processes and
the equipment employed for the measurements does not induce
any bias, we analyzed the electronic conductivity at RT of the FF
at different concentrations, conducting a polarization tests and an
impedance spectrum analysis. From Figure 6, it is evident that
that the FF behaves as a quasi-ideal capacitor at all concentrations
tested (0.5%, 1%, 2%, 4%, 6%, and 8% vol.) with very high values
of electric resistance (colored boxes in Figure 6), highlighting the
high resistive behavior of FF, slightly decreasing with increasing
concentrations. It is clear that the resistance (real part of impedance) is higher for smaller concentrations, and the reactance
(imaginary part), is higher too. Therefore we justify the choice of
focusing on the higher FF concentration spectrum (>2%).
2.4. Model of Equivalent Circuit
Finally, an equivalent circuit has been modeled on the inductive
electrode data. We provided an impedance spectroscopy analysis

Figure 6. Impedance spectrum analysis at room temperature (RT) of ferrofluid (FF) at different concentrations. Intercepts with x-axis represent the
values of electronic resistance of the material and are indicated in the boxes along with FF solid volumes.
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Figure 7. Bode diagram of impedance associated to: a) empty pipe, b) pipe filled with 2% vol. ferrofluid (FF) at room temperature (RT), and c) pipe
filled with 2% vol. FF at 60 °C. Modulus is highlighted in black, phase in red.

(Agilent E4980A Precision LCR Meter) on three different samples:
empty pipe, 2% vol. FF at RT and heated at 60 °C, both in static
condition (v_FF = 0 m s−1) and in motion. Statistical analysis was
performed on three different measurements for each sample.
At first, we analyzed the electrode impedance contribution
considering the spectroscopy response: it is possible to observe
from the Bode Diagram (Figure 7) that the modulus is described
by an increasing monotone function, with a diphase of 90°.
Thus, the inductive electrode can be modeled as a resistance that
represents the resistive material properties of the wire used as
electrode, in series with an inductance (Figure 8), which represents the solenoidal arrangement of the inductive electrode:
ZEmpty = R Wire + jω LSolenoid

(5)

The equivalent resistance RWire can be evaluated considering
ZEmpty(ω → 0), while the inductance is represented by the slope
of impedance modulus at high frequencies ZEmpty(ω → +∞):
RWire = 34 ± 2 mΩ and LSolenoid = 11.48 ± 0.34 μH (mean value
and standard deviation).
Since the electrode can be modeled as a series of two impedances, it was possible to highlight the FF contribution subtracting the calibration values of impedance to the measurement
performed with a full pipe condition. With this experimental
setup, we were able to measure with statistical relevance (paired
t-test p > 0.01) the variation of internal magnetization due to
the effect of temperature. Also in this case, all the physical
parameters involved in FF behavior are represented by means
of a series inductance. The relative evaluation of inductance is
evaluated as before considering the slope of impedance modulus at high frequencies: LFerrofluid(T = 25 °C) = 1.13 ± 0.01 μH
and LFerrofluid(T = 60 °C) = 1.07 ± 0.01 μH.
Note that the presence of a superparamagnetic fluid subject
to an external permanent magnetic field will increase the whole

inductance due to an increase in relative magnetic permittivity,
and increasing the fluid temperature there will be a reduction
of the FF inductance due to demagnetization effects.

3. Conclusions
In conclusion, results suggest that FFs behave as both a triboelectric and a pyroelectric material. While the capacitive electrode
is more efficient for accumulating charges developed by triboelectricity up to 48 V, the resistive one is essential to collect, in
direct contact with the FF, the charges displaced by pyroelectric
phenomena up to 22 nA. In comparison, induction effects have
better performances for extracting currents of three orders of
magnitude higher while the induced electromotive force is of six
orders of magnitude lower. FF magnetic properties are moreover
appealing especially in robotic applications when they can be
exploited for controlling the fluid dynamics in order to optimize
energetic system but also for developing mobility system, similarly to what already happens in biomedical nano/micro robotics.

4. Experimental Section
In order to characterize the energy harvesting capabilities of the FF, we
set the motion of EMG 901 oil-based FF (Ferrotec) through a fluorinated
ethylene propylene (FEP) pipe, chosen because of its triboelectric
properties[18] which define it as a negative element in the triboelectric
series.[19,20] Since hydrocarbon oils tend to charge positively in presence of
electronegative elements, FEP is the perfect candidate for characterizing the
triboelectric effect of the FFs.[21] A peristaltic pump (Ismatec MCP) was used
to generate a tunable motion through a FEP pipe with an inner diameter
(ID) and outer diameter (OD) of 10 and 12 mm, respectively. The Ismatec
MCP provides a rotor system that allows pipes with a maximum internal
diameter of 3.2 mm. This permits to generate at the maximum rotational

Figure 8. Equivalent circuit model of ferrofluid (FF) using inductive electrode. The gray part represents the electrode contribute by means of internal
wire resistance and geometrical solenoidal arrangement. The light red describes the physical parameters associated to static FF, as function of concentration, temperature, and external permanent magnetic field.
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Figure 9. Rendering of the experiment.
speed a flow rate of 100 mL min−1 for each channel, up to eight channels.
A silicone pipe with internal and external diameters of 3.2 and 4 mm,
respectively, was coupled with the rotor system of the peristaltic pump;
then, a series of intermediate pipes and adapters allowed connecting the
testing pipe. The accumulation system consists of an aluminum capacitive
electrode (ID = 12 mm, OD = 28 mm, length = 9 mm) anchored externally
to the FEP pipe in single electrode mode (SEM) configuration,[22] in order
to collect the charges developed by triboelectricity in the pipe. VOC and ISC
measurements were conducted respectively by means of SourceMeterKeithley 2635A and Keithley 4200-SCS coupled with a Keithley 4225-RPM
Remote Amplifier (Tektronix). On the other hand, to explore the FF’s
ability of inducing electromotive forces we installed an oxygen free copper
(OFC) inductive electrode wrapping the FEP pipe (100 mm long and
2.5 mm in diameter) with 40 windings around the pipe, coupled with a
stack of 7 AlNiCo5 permanent magnets with the aim of magnetizing the
colloid locally. The coil was connected to the SourceMeter-Keithley 2635A
to perform an VOC measurement, to the Semiconductor characterization
system Keithley 4200-SCS coupled with a low-noise amplifier Keithley
4225-RPM for measuring the ISC, and to the impedancemeter Agilent
E4980A for an impedence analysis. Finally, to evaluate the pyroelectric
phenomena occurring on the Fe3O4 NPs, we immersed a titanium resistive
electrode (SigmaAldrich, purity 99.98%, width = 5 mm, length = 30 mm,
thickness = 0.2 mm, surface area = 300 mm2), in the pipe to harvest the
charges generated in the fluid because of the temperature gradient. As
reference electrode an identical electrode was immersed in the reservoir.
VOC and ISC measurements were conducted, respectively, by means of two
SourceMeter-Keithley 2635A. All the instruments were connected to a PC
with LabVIEW 2019 software (National Instruments). Figure 9 shows an
overview of the global setup, where we represented the three different
electrodes together with the peristaltic pump, the heater, the FEP pipe,
and the FF reservoir. We measured the energy harvesting response as
a function of a broad spectrum of fluid velocities, up to 3 cm s−1, while
applying two heating conditions, RT and heating at 60 °C, with the aim
of analyzing the effect of different heat fluxes and thermofluid dynamic
conditions on the colloid.
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