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ABSTRACT

Implantable and wearable biomedical devices suffer from a limited lifespan of on-board batteries which
require change causing physical discomfort. In order to overcome this, various energy harvesters have
been developed as the human body possesses several types of energy available for scavenging through
appropriately designed energy harvesting devices, while the cardiovascular system in particular repre-
sents a constant reliable source of mechanical energy from vibration. Most conventional energy har-
vesters exploit only a single phenomenon, such piezo- or triboelectricity, thus producing reduced
power density. As an improvement, hybridisation of energy harvesters intends to negate this drawback
by simultaneously scavenging energy by multiple harvesters. In the present work, the reverse electrowet-
ting on dielectric (REWOD) phenomenon is combined with the piezoelectric effect in a proof-of-concept
hybrid harvester for scavenging biomechanical energy from arterial or other type pulsations. A mathe-
matical model of the harvester was developed; and, an investigation using computational fluid dynamics
simulations was carried out using the COMSOL Multiphysics software. The effect of the materials of
piezoelectric film and geometrical features of the harvester on parameters such as the displacement,
the frequency of pulsations and the energy produced were studied. An experimental setup that could
model the time-varying pressures and displacements caused from arterial pulsations was designed and
the characteristics of the produced piezoelectrical energy were analysed. A comparison between exper-
imental and computational data was carried out demonstrating a good agreement. The dependencies
between geometrical parameters and electrical output were determined and recommendations on piezo-
electric materials and design solutions were provided.
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1. Introduction

and long-lasting source of energy. For instance, the continuous glu-
cose monitoring (CGM) biosensor [3] has a needle that penetrates

Continuous monitoring plays a vital role in a timely diagnosis
which prevents a wide range of diseases [1]. In modern medical
practice, this approach is implemented via wearable biosensors
that register any anomalous biomarker deviations [2]. Wearable
electronics require a constant energy supply source which results
in the inevitable use of batteries which does not only influence
dimensions and the overall layout of the sensor, but any time bat-
teries need replacement a gap in the monitoring occurs. Batteries
are quite often used in glucose sensors as they represent a reliable
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skin for data collection which means that any time the battery
needs to be changed, the patient must go through a painful proce-
dure of taking the sensor in and out while punctuating the skin.

A human body possesses a substantial amount of energy
sources that can be utilised to operate low-power electronics [4-
9]. This energy can be harvested by exploiting piezoelectric, tribo-
electric, electromagnetic, electrostatic, biochemical, and solar
nanogenerators (NGs). Yet, a hybridisation of several nanogenera-
tors (NGs) is a recent trend that proves to be a fruitful approach
[10-12].

In the current paper, a novel design concept is introduced which
aims to explore capabilities of an energy harvester that scavenges
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energy from the time-variation of the arterial blood pressure.
Numerous sensing devices [13-15] successfully exploit pulsatile
nature of radial artery for both energy harvesting and monitoring
biomarkers. The in vivo method employed in such devices harvest
energy via piezoelectric films. When a piezoelectric nanogenerator
(PENG) is subjected to external mechanical perturbations, electric-
ity is generated [16]. External stimuli can be paired with the
reverse electrowetting on dielectric (REWOD) phenomenon which
attracted a considerable interest during the last decade [17-20].
When a droplet of conductive liquid is placed between two elec-
trodes, one of which has a dielectric coating, the droplet acts as a
variable capacitor when it is subjected to a periodic mechanical
force. The periodically applied force induces a change in area
where the droplet overlaps with the dielectric coating, and this
causes a variation in the capacitance and forces electric current
to flow to the load. In the current study, a computational investiga-
tion is performed on a prototype harvester which couples these
two energies harvesting principles to obtain a novel REWOD-
PENG energy harvester at a “proof-of-concept” level. Fig. 1 illus-
trates a schematic diagram of the operating concept of the pro-
posed prototype hybrid energy harvester with the potential
positioning on the arm. Our recommendations are based on the
results of a Computational Fluid Dynamics investigation which
was performed using the COMSOL Multiphysics software and mea-
sured data obtained from an appropriately designed experimental
configuration.

2. Simulations
2.1. Working principle of the harvester

The conceptual design of the REWOD-PENG harvester under
investigation consists of a 10x10x10 mm domain which is equally
filled with an aquatic solution of LiCl and insulating oil as it is illus-
trated in Fig. 2(a). Both sides of the domain have electrodes coated
with a thin 3 pm parylene-N dielectric material and a 10 nm
hydrophobic layer. This denotes the REWOD part of the design
which is heavily influenced by the Philips electrowetting lens
[21]. The top part of the harvester is made of a membrane that
allows oil to come in and out of the domain. However, in order
to harvest energy, the droplet of LiCl should be allowed to move
in order to cause a change in capacity. A 200 pum PVDF piezoelectric
nanogenerator is placed in the lower part of the harvester and,
when it is pushed upwards by arterial blood pressure, not only
generates energy of its own but at the same time it also transfers
its kinetic energy to the conductive droplet which in turn fluctu-
ates causing a change in the overlap to occur. The overlap is an area
of the dielectric coated electrode that is covered by the droplet at a
given moment of time. It is assumed that a 1 V bias voltage is
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Fig. 1. A schematic diagram of the operating concept of the hybrid energy
harvester.
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applied to both electrodes for the REWOD system to work as it is
shown in Fig. 2(b).

The classic electrowetting on dielectric (EWOD) system modus
operandi is based on the fact that the droplet system energy can be
altered by an application of external voltage [22]. This, in turn,
increases the contact angle (CA) of the droplet with the dielectric
film and changes the capacity. The electrowetting contact angle,
Oew, is governed by the Young-Lippman equation:

COS Opyy = €COS 0, + CareaV? 1)

1
201,
where 6, is the equilibrium contact angle between two fluids, water
and LiCl in the current case, at zero bias, 71, is the surface tension at
the interface between the two fluids or the interfacial energy,
Careal = €€0/dy is the areal capacitance, ¢ and & are the values of per-
mittivity of the dielectric and vacuum permittivity respectively, df
is the dielectric layer thickness and V is the applied potential differ-
ence. The capacitance of the system is given by C = Cypeq /A, where A
is the area of the electrode coated with the dielectric film which is
in contact with the LiCl droplet. The REWOD system, on the other
hand, tends to exploit change in capacitance thus forming a varying
capacitor [23]. Based on equation (1), a CA saturation model can be
extracted which provides a correlation between the value of the
contact angle and the bias voltage as illustrated in Fig. 2c.

The overlap of the REWOD capacitor is determined by the dro-
plet movement inside the domain as it is shown in Fig. 2d. The fluid
movement is governed by the continuity and the momentum
equations of the fluid motion known as the system of Navier-
Stokes equations. By default, COMSOL Multiphysics assumes that
the contact angle is static and thus it does not influence the droplet
behaviour. The accuracy of the model can be increased if a contact
angle hysteresis can be accounted for, thus utilizing a dynamic
contact angle (DCA), 04. The contact angle is influenced by the ve-
locity of the contact line, U, of the fluid-solid interface. If the con-
tact line velocity is greater than zero, then the contact angle is
considered as advancing, 0,. If the velocity is less than zero, the
contact angle is considered as receding, 0,. The relation between
the two cases is that 0, > 0z. The advancing contact angle is
hydrophobic (6, — 0°), while the receding one is hydrophilic
(64 — 180°). The higher the contact line velocity is, the more
hydrophobic its advancing angle becomes, while receding becomes
more hydrophilic.

Several theories on the implementation of the DCA exist [24],
while a significant interest to the DCA model is gathered by the
Kistler’s law [25] that is expressed as:

04 = FulCn +f1' (0c)] (2)

where C, = uU,/04, is the capillary number, p is the dynamic vis-
cosity of the electrolyte, f,f,l (x) is the inverse of Hoffman function
which is given as:

X 0.706
fy= arccos{l — 2tanh {5» 16<W> } } .

Kistler’s law allows the development of a model with increased
accuracy related to the change of the CA and reduces the require-
ment of obtaining empirical data for its behaviour. For a given case,
the Kistler’s law is depicted in Fig. 2e.

Provided that a bias voltage of 1 V is applied, a deviation of CA
in response to the contact line velocity due to Kistler law is
observed. U, changes from —0.01 m/s to 0,01 m/s resulting to a
change in CA from 139.94° to 140.04°. Further improvements in
accuracy can be achieved when the CA hysteresis is corrected by
empirical coefficients.
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Fig. 2. (a) Concept of the hybrid harvester. (b) Electrical connections of the harvester. (c) Contact Angle saturation model. (d) Kistler's law DCA with 1 V of bias voltage

applied. (e) Droplet movement in the hybrid harvester.

2.2. Computational model

The Multiphysics problem at hand requires several physical
interfaces coupled together via COMSOL internal functionality.
Fig. 3a shows a two-dimensional representation of a chamber
where the droplet of LiCl is placed on top of the piezoelectric film
and is insulated with the silicon oil. The computational domain
consists of three rectangular domains created using the “Geome-
try” module of COMSOL. Electrodes, dielectric, and hydrophobic
coatings are not modeled explicitly but are included through the
computation of equation (1).

In most microfluidic systems, the Reynolds number is very
small, the flow is laminar and for this reason, the flow behaviour
is simulated using the Laminar Flow and Phase Field interfaces that
are available in the COMSOL Multiphysics software. The Electro-
statics interface is responsible for the calculation of the electric
field generated by the action of the piezoelectric nanogenerator
(PENG) and therefore only the lower domain is selected for this
interface. The piezoelectric domain is allowed to deform due to
the blood pressure which is exerted from its lower side. The Solid
mechanics interface is applied to the PENG domain in order to cal-
culate the deformation caused to the material due to the applica-
tion of the external pressure. As such, both sides of the PENG are
constrained. The assumed arterial blood pressure has the lowest
pressure of 10665 Pa and increases to as high as 15998 Pa with
an average frequency of 70 beats per minute. This information
was used to simulate an idealised sinusoidal signal for the static
pressure time-variation that is applied to the lower boundary of
the PENG.
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During the course of the computation, the applied pressure is
responsible for the deformation of the piezoelectric material which
in turn compresses and deforms the liquid domain. The dynamic
deformation of solid and liquid domains requires that the compu-
tational mesh needs to be generated at every time step in order to
discretise the deformed domains. The type of mesh sequence cho-
sen in the current simulations was “Physics-controlled mesh”
(Fig. 3b), which means that the mesh was generated automatically
by COMSOL Multiphysics to suit all the selected physical interfaces.

The simulations were carried out in a time-varying fashion
using Transient analysis with Phase Initialisation for a total dura-
tion of 5 s with a time step of 0.01 s which means that a total of
500-time steps were used in the analysis. The interpretation of
the computational results is presented in the next section. At every
time step the imposed force applied in the lower face of the
domain causes the deformation of the piezoelectric layer and this
in turn causes the deformation of the interior computational
domain.

3. Results and discussions

A computational analysis was performed in order to study the
effect of various design parameters on the performance of the
energy harvester. Firstly, a baseline case was considered assuming
a 10x10 mm computational domain with a piezoelectric layer of
200 pm thickness. Secondly, the effect of the change of the PENG
material on the output results was investigated. Thirdly, the thick-
ness of the PENG was varied, and its influence was assessed. In the
next study, the effect of the aspect ratio of the computational
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Fig. 3. (a) Computational domain. (b) Generated mesh.
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domain through the increase of its width on the electrical output
was studied. All simulations were carried out for a duration of
5 s out of which the period of the very first second is ignored in
the analysis of the results as during this period a transient process
takes place which is strongly affected by the initial conditions
which were imposed in a rather arbitrary manner. After this initial
period, a repeating pattern is established due to the time-variation
of the applied force on the piezoelectric layer.

The first case that was investigated is the baseline REWOD-
PENG harvester described in the previous section. A time-varying
pressure pulsation was imposed as a boundary condition in the
lower surface of the piezoelectric material to simulate the variation
of blood pressure in an artery. The dynamic behaviour of how the
contact angle varies with time is illustrated in Fig. 4a.

The green line in Fig. 4a is the static contact angle which is
defined by the Young-Lippman equation (1), and the blue line
shows the time variation of contact angle. It can be compared to
the force which is applied to the PENG (Fig. 5b). The characteristics
of the overall force that PENG transfers to the liquid is not suffi-
cient to severely increase the contact line velocity. This leads to
the conclusion that in such a harvester design, the hysteresis phe-
nomenon only slightly increases the accuracy of the predicted con-
tact angle. The amount of energy harvested from the human body
is represented in Fig. 4(c-d). The simulation of PENG provides
9.61 V root mean square (RMS) open circuit voltage (OCV) varia-
tion of the output voltage (Fig. 4c), while the capacitance varies
from 526 to 528 pF (Fig. 4d). The REWOD energy can be calculated
with the method described by Krupenkin and Taylor [26] and is
illustrated in Fig. 4e. This method describes the REWOD system
as a circuitry with load resistor and varying capacitor where the
change in capacitance and the change in energy are approximated.
The REWOD system can provide a power of up to 25 nW/mm?, pro-
vided that there is a reliable way of supplying the required bias
voltage. The obtained results are comparable to the work pre-
sented by Rusev et al. [27]. The dynamic flow behaviour can be
demonstrated with a plot of the time-varying velocity magnitude
of Fig. 4f where two areas of high velocity exist in the chamber:
one at the bottom where the PENG is pressed and right at the
top. The increase of velocity at the top suggests that this point
may be later exploited for energy harvesting purposes.

The influence of three widely used piezoelectric materials,
PVDF, ZnO and PZT-4, on the electrical output of the REWOD-
PENG harvester were investigated. From the acquired results, it
can be deduced that the initially chosen PVDF film presents the
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highest output ratings in both capacity and piezoelectric voltage
output due to the elasticity of the material and the amount of pres-
sure applied to it from the arteries. ZnO and PZT-4 show very sim-
ilar dynamic behaviour in terms of extracted low electrical output.
Highly elastic piezoelectric materials are a preferred choice for this
system. The influence of a change in the PENG thickness on the
output parameters was also studied. Three different thicknesses
of 100 wm, 200 pum (baseline) and 500 pm were investigated.
The results show that a decrease in thickness to 100 pm leads to
an approximate increase of 6 pF in the maximum capacitance
and a slight increase in its amplitude. On the other hand, increase
in thickness by 300 pwm leads to a decrease in the maximum capac-
itance to 516 pF and severely reduces its amplitude. PENG output
follows the same pattern as decrease in thickness leads to 10.35 V
RMS OCV in output, while increasing the thickness has a detrimen-
tal effect on the output. The results show that a thickness of
200 pm is an optimum compromise between the performance
and the mechanical durability.

Additional studies were carried out and analysed the influence
of the aspect ratio of the chamber by changing its width and main-
taining the same height. The trend that is discerned in the results is
that with an increase in width, the capacity decreases, and the out-
put OCV increases proportionally. Finally, a cylindrical shape
chamber was analysed.

Simulated results suggest that harvested energy can be condi-
tioned in two main ways. In both cases the major obstacle is the
AC nature of the output signal of both NGs which requires rectifi-
cation before the energy can be stored. Energy from REWOD and
PENG can be independently conditioned via respective active rec-
tification [28] and a diode rectifier or a suitable IC, like LTC3588-
1. The drawback of this method is that due to the low output volt-
age produced by the REWOD component, scavenged energy from
the PENG needs to be used for the comparators of the active recti-
fier [29]. Another way of solving this issue is via using the rectified
voltage from PENG to bias REWOD and thus harvesting combined
energy output. In this way active rectification is omitted and a
compact power management unit for the hybrid harvester is
created.

4. Experimental investigation

An experimental setup was designed and built-in order to
approximate the model of the harvester, initially exploiting only
the piezoelectric effect with a plan to expand it to incorporate
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the REWOD process. In this case, a chamber filled with air that was
compressed by a piston thus causing air compression and expan-
sion which periodically actuated the piezoelectric element. The ini-
tial chamber height was 15 mm, and the baseline displacement
amplitude of the piston was 2 mm (Fig. 5a).

The experimental setup consisted of the chamber that had a
piezoelectric disc (diameter of 20 mm) and a piston that moved
upwards and downwards causing pressure variations. The piston
was connected to a DC motor via a connecting rod which trans-
formed the rotation of the shaft to linear motion. Each revolution
per minute corresponds to a beat per minute (BPM). BPMs were
monitored via a tachometer which read optical signal from a
reflective tape that was placed on one of the counterweights. The
electrical output was measured using an oscilloscope. A simplified
form of the setup is presented in Fig. 5b.

The instruments that were used in the experimental setup
(Fig. 5¢) included a Tektronix 2024C oscilloscope, a 9300-HTK ser-
ies tachometer from Trumeter and a Farnell LS30-10 power supply.
A subminiature 951D series DC motor running at 145 rpm was
used to actuate the piston movement. The selected piezoelectric
disc was a Murata piezoelectric buzzer (the diaphragm has a diam-
eter of 20 mm and the ceramics surface 15 mm).

For the manufacturing of the parts used in the experimental
setup, a natural Ultrafuse® PET was used and all parts were manu-
factured using a Ultimaker S5 3D printer. The speed of the motor
was regulated by changing the power supply voltage. The speed
changed from 60 BPMs, which corresponds to ~ 2.1 V, up to 150
BPMs (which corresponds to ~ 5.1 V) with a step of 10 BPMs. Thus,
each measurement campaign consisted of recording 10 signals,
each corresponding to the respective value of BPM. This process
was repeated for 8 times for each value of the parameter under
investigation. The obtained spectra of signals were then averaged
and plotted using Matlab. Maximum voltage outputs of the
obtained spectra of each value of BPM were plotted in a separate
graph.

In the experiment, the displacement amplitude (the distance
travelled by the piston) and the height of the chamber were varied.
A set of 4 counterweights and 4 moving rods were designed. In

order to vary piston amplitude, the crank radius was changed from
1 mm to 4 mm with 1 mm step (Fig. 5d). To vary piston chamber
height, a set of rods with different length were manufactured vary-
ing the baseline height from 13 mm to 16 mm with a 1 mm step
(Fig. 5e).

A study of the displacement amplitude was conducted (Fig. 6a-
d). The chamber height was constant 15 mm. The results showed
an anticipated increase in the output voltage due to increase in
actuation frequency. Consequently, the most effective use of the
piezoelectric disk can be found at 150 BPM. The variation of the
amplitude shows that the longer the piston travel distance is, the
higher values of voltage can be observed. The maximum value
was 87.29 mV at 4 mm of the displacement amplitude at a speed
of 150 BPM (Fig. 6d) and the lowest voltage was 3.55 mV at a dis-
placement amplitude of 1 mm at a speed of 60 BPM (Fig. 6a). A plot
of maximum values for each frequency shows a clear increasing
trend for the voltage output with both amplitude and frequency
(Fig. 6e).

Similarly, the same method was applied to the study of the
effect of the chamber height (Fig. 7a-d). The displacement ampli-
tude was constant and equal to 2 mm. However, the final compar-
ison results are quite close to each other, and the largest value can
be attributed to the initial chamber height of 15 mm at 150 BPM
and this value is equal to 41.26 mV while the lowest value was
3.04 mV and corresponded to 13 mm height at 60 BPM. Overall,
the baseline height of 15 mm showed good results throughout
the whole frequency range (Fig. 7b) whereas the 16 mm height
seemed to show the lowest increase in output with increasing fre-
quency (Fig. 7a). A plot of maximum values shows an increasing
trend in output voltage with frequency, however the change in
the height does not have a substantial effect on output voltage
(Fig. 7e). In order to further investigate the process, a computa-
tional analysis was undertaken with the computational domain
(Fig. 8a) featuring a matching geometry to the one of experimental
setup was designed. It consists of a chamber filled with air where
at the bottom of the chamber a brass disc with PZT-5H piezoelec-
tric material is placed (Fig. 8b). The chamber is 17 mm in diameter
and 15 mm in height. The top right side of the chamber features an
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air gap which accounts for the non-ideal sealing of the chamber. Its
baseline value is 1% of the piston diameter. The movement of the
piston is simulated through an Arbitrary Lagrangian Eulerian
method (also known as moving mesh) to simulate the moving
boundary. Since the investigated geometry is cylindrical, the com-
putational domain is made axisymmetric. The computational mesh

is generated with “Fine” settings and the air gap channel is con-
structed with Mapped distribution which has 16 elements in its
width and 128 elements in its height (Fig. 8c).

The influence of the air gap was studied by changing its size
from 1% to 3% of the piston diameter. The results showed that with
the increase of the gap, the output voltage starts to decrease signif-
icantly. In particular, even a slight increase in the gap’s size from
1% to 1.25%, leads to an almost half output voltage. Yet, if the
increase continues, it has a reduced effect after 1.75%. Owing that
the exact value of this gap is unknown, its size can be increased or
decreased to match the results of the experiment.

The results of the modeling show that the increasing trend of
the output voltage as the frequency increases, is the same to that
experienced during the experiment. Fig. 9 shows a comparison
between the results for the case of 2 mm amplitude variation.
The decrease of the output voltage on certain frequencies is attrib-
uted to spectral leakage which is inherent to the FFT analysis
method. The mismatch between the results can be to the uncer-
tainty about the air gap size. Comparing the simulated and exper-
imental signals at 150 BPM, it can be estimated that the real airgap
value is about 1.2% of the piston diameter.
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Amplitude Spectra of piezoelectric chamber with 2 mm amplitude variation
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Fig. 9. Comparison between computational and experimental results from the
study on the influence of the air gap size.

Pressure contours of the computational domain were plotted at
2s,2.24 5, 2.5 s and 2.76 s for the case of 60 BPM frequency and
2 mm amplitude variation (Fig. 10). Figures show that second order
processes, such as vortices, are taking place in the chamber during
the time when the piston is in its highest and lowest positions,
which is seen from the direction of velocity vectors. The pressure
varies almost symmetrically between cycles when the piston
moves up (Fig. 10b), and down, (Fig. 10c), presenting a maximum
of 88.5 Pa and a minimum of —88.5 Pa. Immediately after 2.76 s
(Fig. 10d), the next cycle commences which repeats the same pro-
cesses (Fig. 10a). The obtained plots also capture the electric poten-
tial distribution inside the piezoelectric material and the
distribution appears to be divided by a parabola that goes from
the bottom right corner to the top left corner.

5. Conclusions

In this research paper a “proof-of-concept” REWOD-PENG
energy harvester that exploits the pulsatile nature of arteries is
proposed. A computational multiphysics model of a conceptual
design of the harvester was formulated and subsequently it was
used in the development of the mathematical modelling. The COM-
SOL Multiphysics software was successfully utilised and demon-
strated the feasibility of the proposed energy harvesting
approach. The calculation of the contact angle is very crucial for
the accurate quantification of the contribution of the REWOD phe-
nomenon on the generated energy as compared to the piezoelectric
affect. Different geometries were simulated and based on the
obtained results a number of engineering recommendations for
the REWOD-PENG harvester are proposed. The baseline design that
was studied, produced up to 9.61 V RMS OCV from the PENG and

mm
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the capacitance of the REWOD harvester varied from 526 pF to
528 pF. The PENG from PVDF exhibited the best results in terms
of both electric output and elasticity, especially if it is represented
by a thin film (<= 200 pm). The simulation showed that the width
of the hybrid microfluidic platform should be kept at an optimum
level as with its increase, REWOD performance characteristics
deteriorate, whereas the PENG output increases. An experimental
setup was designed and built-in order to investigate the behaviour
of the PENG harvester demonstrating an increased output voltage
with increasing frequency. The experimental investigation and
results were supported by a parallel computational analysis which
aimed towards a better understanding of the process involved. The
clearance gap between the piston and the cylinder proved to have a
significant inverse influence on the voltage output.
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