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Abstract—The pacemaker is a device that is used to treat
different abnormal heart rhythms. It is usually powered using
traditional batteries. These batteries run out of power after about
7 years, necessitating the replacement of either the pacemaker or
its batteries for the patient’s survival. This means that the patient
will need to undergo surgery for the replacement process which
can compromise the patient’s life and increase the probability of
being infected, not to mention the operation cost. To overcome
this problem, energy harvesters can be a safer substitute for
these traditional batteries since they can convert different forms
of energy into electric energy, which can be stored and used when
needed. In this paper, a 2-degree-of-freedom (DOF) piezoelectric
energy harvester from blood flow is designed and modeled. The
harvester is designed as a cut-out beam that is fixed on the
pacemaker lead that passes through the Superior Vena Cava
(SVC). To protect the harvester from being highly distorted by the
blood flow, a plastic barrier is added in front of the harvester from
the vein’s inlet side. The harvester consists of three layers, a PZT-
5A layer sandwiched between two plastic layers. The harvester is
designed to have its first and second natural frequencies between
1Hz and 1.67Hz, the normal frequency range of the human
heartbeat. The harvester harvests up to 3.8V which is considered
satisfying since the pacemaker usually stimulates the heart using
a voltage that ranges from 1V to 10V . This voltage can be used
to power the pacemaker and extend its lifetime. The harvester
was simulated using ANSYS Workbench Software 2020 R2. On
the simulation level, the harvester obtained a maximum output
power of 0.81µW at a load of 2.2MΩ.

Keywords—Finite Element Analysis; Fluid-Solid Interaction;
Piezoelectric; Energy Harvesting; Cut-Out Configuration.

I. INTRODUCTION

It is estimated that each year 1.25 million permanent
pacemakers are implanted worldwide. In 2016, approximately
500,000 permanent pacemakers were implanted in Europe [1].
The pacemaker is an electronic device that is used to treat many
heart rhythm conditions like bradycardia, atrial fibrillation, and
heart failure. It is implanted under the skin in the chest or ab-
domen with leads extending to the sinus of the heart chambers

through the SVC. The pacemakers are powered by a battery
with a lifetime ranging from 5 to 10 years, depending on the
pacemaker’s activity and heart condition [2], [3]. The implanted
pacemaker usually needs to be replaced with a new one during
the patient’s life, which may raise many risks such as infection,
wound discomfort, and bruising [4]. Also, this will cost more
money and time and the used chemical batteries can cause harm
to the environment. To overcome these risks, scientists tried to
develop devices with energy harvesting systems to increase the
pacemaker’s lifetime. Since then, devices have been powered
by batteries, energy harvesters, or both [5], [6].

To scavenge energy from the human body, some concepts
are presented including - but not limited to - electromagnetic,
thermoelectric, piezoelectric, and solar cells.

A. Electromagnetic Concept

Electromagnetic energy harvesting works based on Faraday’s
law of electromagnetic induction [7]. A. Zurbuchen et al.
[8] fixed a spring-mass system on the heart so they could
use its beating vibrations to oscillate the mass. The mass
motion deforms the spring, which rotates a micro-generator that
generates about 80− 90µW . S. H. Kim et al. [9] developed a
tiny rotor with magnets inside coils, including ferrite cores, to
harvest energy from blood flow. This generator harvested about
3.4mW . Pfenniger et al. [10] also used a miniature turbine
generator, which obtained 1 mW. In another work, Pfenniger
et al. [11] used the principle of translating an induction coil in
a magnetic field by winding a coil around an artery, where
the coil expands with the artery’s expansion. This method
harvested about 42nW . Chengbo Hu et al. [12] proposed a
compact magnetic levitation energy harvester with a tunable
natural frequency. This harvester achieved an output power
of 462.1µW at a low frequency of 9.6Hz. Zhang et al.
[13] designed an electromagnetic harvester that utilized ankle
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acceleration. The harvester generated 0.5mW while walking
at a speed of 4km/h. Zhou et al. [14] designed an improved
electromagnetic energy harvester from limb motion. Cai et al.
[15] presented an enhanced electromagnetic energy harvester
to be used with wrist-worn devices and harvests energy from
human motion. Zhao et al. [16] designed an electromagnetic
energy harvester that operates at low frequencies and irregular
human motion. Maharjan et al. [17] proposed a wearable
electromagnetic energy harvester that utilizes human motion
to power smart wearables and monitoring devices.

B. Thermoelectric Concept

The thermoelectric concept is applied in applications where
there is thermal energy that can then be converted to electric
energy via the seebeck effect [18], [19]. To harvest energy via
this concept, semiconductor thermocouples can be connected in
series or in parallel to form a thermoelectric generator (TEG).
Furthermore, to increase the output power, many sets of ther-
mocouples can be connected to form a thermopile [20], [21].
Ren et al. [22] designed a wearable, stretchable, recyclable TEG
that could generate up to 1V/cm2. Yang et al. [23] designed a
stretchable TEG to harvest energy from the human body heat,
which resulted in an output power of about 0.15mW/cm2.

C. Piezoelectric Concept

The piezoelectric concept is applied by several means
in a huge number of applications as in sensors, micro-
electromechanical systems, microfluidics, etc. [24]–[29]. Ab-
delmageed et al. [30] designed a piezoelectric energy harvester
to be placed inside the SVC and harvests energy from pulsatile
blood flow to power the pacemaker. The harvested power was
equal to 52nW at a load of 45MΩ. Xu et al. [31] designed
a piezoelectric nanogenerator to be attached to the lead of
a pacemaker and harvest energy from the lead movement.
They managed to get an output energy of 6.5µJ . Azimi et
al. [32] implanted a piezoelectric energy harvester in a large
animal, obtaining an output energy of 0.487µJ . Bingwei et al.
[33] developed a Lead Zirconate Titanate (PZT) spring to be
attached to the heart, which resulted in an output voltage of
about 1.5V . Zhang et al. [34] used a flexible Polyvinylidene
fluoride (PVDF) film around the aorta to make use of the
internal pressure, which induced stresses in the PVDF film
and subsequently generated an output power of 681nW . Li
et al. [35] implanted a piezoelectric energy harvester in an
adult Yorkshire swine to directly power a pacemaker, which
resulted in an output current of 15µA. Mahmoud et al. [36]
designed a micro-scale 2-DOF energy harvesting device that
works under low-frequency conditions. The harvester utilized
human motion to generate energy over a wide bandwidth of
1− 10Hz. Qian et al. [37] obtained an output power of 9mW
by embedding a piezoelectric energy harvester into a boot
and using a single-stage force amplifier. They also applied the

same concept with a two-stage force amplifier, which resulted
in an average output power of 34mW [38]. Using a parallel
link topology, Asano et al. [39] incorporated six multi-layered
piezoelectric stack transducers into a sole to produce an average
power of 1.3mW from human stepping. Wen et al. [40] utilized
mechanical energy from human footsteps on a two-directional
piezoelectric stack-based energy harvester, which generated
an average power of 7 − 15µW at an input force of 5.1N .
Gao et al. [41] designed a Macro-Fiber Composite (MFC)
piezoelectric energy harvester from knee motion, which resulted
in an average power of 1.6mW at a speed of 4km/h. Wang et
al. [42] proposed a piezoelectric energy harvester from human
breathing to monitor the respiratory system. L. Dong et al.
[43] proposed a helical-shaped piezoelectric energy harvester
attached to a pacemaker lead to convert cardiac motion into
electrical energy. When tested on a porcine, This resulted in an
output open-circuit peak-to-peak voltage of 0.6V and 0.05V for
bending motion and vibration of the lead, respectively. Naik et
al. [44] proposed a piezoelectric energy harvester embedded in
the shoes, which resulted in an output voltage of 3.2V through
foot tapping. Beyaz et al. [45] proposed a piezoelectric energy
harvester from waist movement. The generated open-circuit
voltage ranged from 1.5V to 1.8V for normal and fast res-
piration processes. Ryu et al. [46] proposed harvesting energy
from talking and saliva swallowing. The harvester generated
an output voltage of 20mV for the first method and 15mV
for the second method. Hajra et al. [47] proposed a flexible
harvester that could harvest energy from clapping, exercising,
and palm and finger tapping, which resulted in (4.9V ; 19.3nA),
(3.8V ; 10nA), (5.8V ; 25nA) and (3.2V ; 17nA), respectively.
Zhou et al. [48] developed an energy harvester from walking,
which generated an output voltage of 6V and had a power
density of up to 1.4µW/cm2. Yin et al. [49] proposed a
piezoelectric energy harvester shoe that utilized the frequency
up-conversion concept to harvest energy from walking.

D. Pyroelectric Concept

There is a subclass of piezoelectric materials known as
the pyroelectric materials. These materials change their po-
larization in response to a constant temperature change [50],
[51]. Mahanty et al. [52] designed a pyroelectric harvester
that could obtain an energy density of 34µW.cm−2. Li et al.
[53] designed a harvester that combined pyroelectric, solar,
and thermal interfaces, which resulted in an energy density of
21.3mW.m−2.

E. Triboelectric Concept

Triboelectricity is like piezoelectricity but depends on friction
instead of deformation. It is possible to harvest energy by
combining both concepts as in [54]–[57]. H. Ouyang et al. [58]
proposed a symbiotic cardiac pacemaker that utilized energy
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harvested from cardiac motion by a triboelectric nanogenerator.
The resulting output energy was equal to 0.495µJ .

F. Solar Concept

Solar energy can be converted into electric energy by the
photovoltaic effect [59]. A. Haeberlin et al. [60] developed a
pacemaker powered by solar cells. It was tested in a pig in
direct sunlight, shadow, and indoors. The solar cells obtained an
output power of 1963µW/cm2, 206µW/cm2, and 4µW/cm2,
respectively. Bereuter et al. [61] tested the pacemaker with the
solar cell system on volunteers, resulting in an output power of
67µW recorded over a year.

The previous studies can be divided into two categories: 1)
External power sources such as solar energy, and 2) Mechanical
energy generated from some internal organs such as the heart
and arteries. The drawback of solar energy is that it works only
during daytime. The second category is widely used, as in [5],
[62]–[66], since it depends on the movement of human body
parts and organs such as the eyelid, hands, limbs, and abdomen,
etc. [67]–[70]. Also, Several studies have shown how promising
biomechanical energy harvesting methods can be [71], [72].

Usually, the harvester is designed to work at a single fre-
quency, which means that it does not take into consideration
the frequency ranges of the organs. For example, the heartbeat
frequency has a range of 60− 100beatsperminute(bpm), i.e.
1− 1.67Hz.

In this paper, a study of a 2-DOF energy harvester from
blood flow inside the SVC is presented. The choice of the SVC
drew inspiration from the fact that the pacemaker leads usually
pass through it, so the implantation process of the harvester
will not require extra surgery. The study includes the selection
procedure of the harvester parameters, modeling, and simulation
of the harvesting system.

II. HARVESTER MODEL

The proposed harvester is a 2-DOF harvester designed based
on the cut-out beam configuration shown in Fig. 1. In this
configuration, there are two masses, the primary mass (m1)
and the secondary mass (m2). Also, there are two beams, the
primary and secondary beams. The primary beam is divided
into two halves, and each half has a stiffness k1/2, while
the secondary beam is cut into the primary beam and has a
stiffness k2. The cut-out configuration is chosen over other
configurations because it provides a compact design and can
easily fit inside the SVC without needing extra space, unlike
the L-shaped configuration and other configurations that may
need to be relatively long to be able to properly operate at
low frequencies. The 2-DOF is preferred over the Single-
Degree-of-Freedom (SDOF) since it can capture the frequency
spectrum of human heartbeat instead of just considering a single
frequency. For the harvester to operate effectively within the

human heartbeat frequency range (60−100bpm), the harvester’s
natural frequencies must lie within this range so it can achieve
the highest deformations and hence the highest output voltage.
The harvester’s design approach draws inspiration from the
PVDF vibration sensor (LDT0-028K). This sensor consists of
three layers, a PVDF film sandwiched between two layers of
plastic (MYLAR). In the proposed harvester, we have a PZT-5A
layer sandwiched between two plastic (PET) layers. The reason
for using these plastic layers is to isolate the harvester from the
surrounding fluid domain and give it protection and flexibility.
The PZT-5A material is chosen over PVDF since it has a higher
piezoelectric coefficient, which results in a significantly higher
generated voltage for the same applied stress. This will make
the harvester more efficient for this application because the
blood flow tends to be slow and cannot cause high stress.
The PET material has been selected for its resilience and
biocompatibility.

Fig. 1. Schematic Diagram for the Cut-Out Beam Configuration [74]

III. HARVESTER DESIGN PROCEDURE

This section presents the selection process for the har-
vester parameters based on the human heartbeat frequency
range. Since the harvester is to be placed inside the SVC,
its dimensions must be carefully chosen to avoid causing any
blockage to the blood flow. The harvester is secured to the
pacemaker lead, allowing them to be implanted in a single
surgery instead of separate surgeries. Abdelmageed et al. [75]
proposed and applied this concept to an SDOF harvester. The
SVC has a canonical shape with a diameter that ranges from
18mm at the inlet to 22mm at the outlet [76], [77]. To select
the harvester dimensions properly making sure that it will
not cause blockage to the blood flow, a catheter that passes
through the SVC is taken as a reference. This catheter is the
hemodialysis catheter which is a permanent catheter with a
diameter ranging from dmin = 5.1mm to dmax = 5.3mm
[78], [79]. This is equivalent to a maximum cross-section area
of ACatheter = π ∗ (dmax/2)

2 resulting in a total blockage of
about 22.06mm2. So, the cross-section area of the harvester
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and the pacemaker lead shouldn’t exceed this value to avoid
blood flow blockage by the harvester-lead system. The smallest
pacemaker lead diameter equals 1.4mm [80], considering the
triple-chambered pacemaker, which is equivalent to a cross-
section area of ALead = 3 ∗ π ∗ (dLead/2)

2
= 4.6mm2. Based

on the previous calculations, the allowable cross-section area
for the harvester equals 17.4mm2.

A study was conducted to determine the effect of different
parameters on the natural frequencies of a cantilever beam. Ini-
tially, an SDOF cantilever beam was built in ANSYS using the
following preliminary selected parameters: 8.5mm ∗ 0.9mm ∗
(0.052mm, 0.028mm, 0.125mm). The last three dimensions
are equal to the thicknesses of the three layers of the sensor.
The length of 8.5mm was chosen as the maximum allowable
length for the harvester, assuming that the harvester is to be
placed in the middle of the SVC.

As shown in Fig. 2, changing the Length from 8.5mm to
2mm led to a significant drop in the beam’s natural frequency.
In Fig. 3, the width was changed from 0.9mm to 0.5mm re-
sulting in a slightly increasing natural frequency. In Fig. 4, one
Mylar layer thickness was changed gradually from 0.125mm
to 0.0025mm leading to a decreasing natural frequency.

Fig. 2. Resonance Variation with Beam Length

Fig. 3. Resonance Variation with Beam width

Based on the previous analysis, the dimensions
of the 2-DoF harvester are 8.5mm ∗ 2mm ∗
(0.005mm, 0.0025mm, 0.005mm). According to Zayed
et al. [81], The length of the secondary beam l2 should be
l2 ≤ 2/3l1 for the harvester to act as a 2-DOF system not
two separate SDOF beams. So, the secondary beam length
is to be 5.5mm. The 2mm width is divided as follows:
W1/2 = W2 = 0.4mm, with the space between each two
beams equal 0.4mm too. These dimensions still do not give
the device the required natural frequencies, but they decrease
its natural frequencies by a remarkable value.

Fig. 4. Resonance Variation with Beam Thickness

To further decrease them, two methods can be considered.
The first method is to add holes to the harvester’s body, which
will decrease the beams’ stiffness and hence reduce the natural
frequencies. This method is not recommended in our case
since adding holes increases the harvester’s weakness and still
cannot provide very low natural frequencies. Since the mass is
inversely proportional to the natural frequency of a beam, the
second method is to add tip masses. The tip masses were tuned
and added as distributed masses on the beams’ tips. The values
of the masses are equal to 6.2 ∗ 10−5kg and 3.4 ∗ 10−5kg for
the primary and the secondary beams, respectively. The cross-
section area of the harvester is equal to 9.9548 ∗ 10−6mm2,
shown in Fig. 5.

Fig. 5. Two Degrees of Freedom Harvester Model
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Table I shows the parameters of the harvester obtained
from this study. It lists the thicknesses of the PET and PZT
layers, the lengths and widths of the primary and secondary
beams, the space between the primary and secondary beams,
and the tip masses of the primary and secondary beams. Fig.
6 illustrates the design procedure of the energy harvester.
It outlines the simulation process using ANSYS Workbench,
which includes modal analysis to study the harvester’s natural
frequencies, blood flow modeling, mechanical part modeling of
the pacemaker lead, the barrier, and the harvester, and harmonic
analysis to calculate the harvester’s output voltage.

TABLE I. THE HARVESTER’S PARAMETERS

Parameter Value
PET Layer Thickness 0.005 mm
PZT Layer Thickness 0.0025 mm

Primary Beam Length(L1) 8.5 mm
Secondary Beam Length(L2) 5.5 mm
Primary Beam Width(W1/2) 0.4 mm
Secondary Beam Width(W2) 0.4 mm

Space between the Primary and the Secondary Beams 0.4 mm
Primary Mass(m1) 6.2 ∗ 10−5kg

Secondary Mass(m2) 3.4 ∗ 10−5kg

IV. SIMULATION

In this section, a simulation using ANSYS Workbench is
carried out to investigate the performance of the harvester with
the selected parameters. The simulation process is divided into
the following parts:

• Modal Analysis: to study the harvester’s natural frequen-
cies.

• Blood Flow Modeling: to model the fluid part.
• Mechanical part Modeling: to model the Pacemaker Lead,

the Barrier, and the harvester.
• Harmonic Analysis: to calculate the output voltage of the

harvester.

A. Modal Analysis

In this part, the design process of a 2-DoF harvester, with
its two natural frequencies tuned to be between 1Hz and
1.67Hz, is explained. The harvester should be able to generate
reasonable energy along this frequency range. So, it should
have its first natural frequency close to 1.1Hz and its second
natural frequency close to 1.6Hz to work effectively. The
beams’ dimensions were chosen based on the analysis done
in the previous section. Then a mesh sensitivity analysis was
performed to select the most suitable mesh element size. The
mesh size was changed from 0.05mm to 0.5mm. Element
sizes above 0.2mm failed to generate any result, and there
was no abrupt change in the frequencies with the element sizes
less than or equal to 0.2mm. To overcome this issue, we had
to consider other factors such as the elements’ Skewness and
Aspect ratio. After studying these factors, an element size of

0.06mm was chosen and the capture curvature feature was
activated resulting in a skewness of 0.76 and an aspect ratio of
about 42. These values were considered acceptable since they
provide a reasonable calculation time. The natural frequencies
of the harvester at this stage were equal to 25.72Hz and
55.3878Hz.

Fig. 6. Energy Harvester Design Procedure
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The next step was to tune the tip masses to make the
above values drop to the desired frequency values of about
1.1Hz and 1.6Hz. The higher the masses, the lower the natural
frequencies. Also, we need to make sure that the added masses
do not cause excessive loading on the beams. This will be
proven via the stress analysis in the mechanical part simulation
IV-D. By tuning the masses, we were able to obtain a harvester
with natural frequencies equal to 1.1076Hz and 1.5196Hz,
which are close enough to the frequencies stated earlier, as
shown in Fig. 7 and Fig. 8, respectively.

Fig. 7. First Natural Frequency

Fig. 8. Second Natural Frequency

B. Blood Flow Modeling

The fluid domain was modeled as a cone with the SVC
dimensions mentioned in Section III. At first, mesh sensitivity
analysis was performed to select a suitable mesh element size.
The element size was changed gradually from 2mm to 0.2mm,
and the change in the area-weighted pressure at the Fluid-Solid
Interaction (FSI) region was observed. At last, an element size
of 1mm was chosen based on an error of 10% in the variation
of the pressure with the mesh element size. The 10% error
was considered acceptable to maintain reasonable calculation
time. To capture the features of the region in concern, the FSI
region, the capture curvature and capture proximity features
were activated to provide finer mesh around this region.

To model the fluid domain, ANSYS fluent was used. In
fluent, the mesh was converted to a polyhedral mesh, as shown
in Fig. 9, to reduce the number of elements and improve their
quality. The final number of elements was equal to 313644
elements.

Fig. 9. Fluid Domain Polyhedral Mesh

According to Abdelmageed et al. [61], [75], the pulsatile
blood flow inside the SVC can be represented by piecewise
functions for the inlet velocity and the outlet pressure as follows
Table II and III:

TABLE II. INLET VELOCITY PIECEWISE FUNCTION

Start End Function
0 0.5 −0.5 cos(3πt) + 0.5
0.5 0.85 −0.25 cos(6πt+ 0.5π) + 0.5
0.85 1 −0.5 cos(3πt+ π) + 0.5

TABLE III. OUTLET PRESSURE PIECEWISE FUNCTION

Start End Function
0 0.09 0.4 cos(5.5πt) + 0.6

0.09 0.18 0.1 cos(22πt+ 0.5π) + 0.6
0.18 0.5 0.125 cos(4.4πt− 22π/5.1) + 0.6
0.5 0.8 0.3246 cos(3.52πt+ 5.5π/3) + 0.4
0.8 1 0.45 cos(5πt+ 5π) + 0.526
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The piecewise functions result in the profiles shown in Fig.
10 and Fig. 11, for the velocity and pressure respectively.

Fig. 10. Inlet Velocity Profile

Fig. 11. Outlet Pressure Profile

The blood flow is a Transient laminar flow with the following
material properties in Table IV:

TABLE IV. BLOOD PROPERTIES [82]
Property Value

Density (kg/m3) 1060
Viscosity (kg/m.s) Carreau

Time Constant, Lambda (s) 0.3568
Zero Shear Viscosity (kg/m3) 0.056

Infinite Shear Viscosity (kg/m3) 0.0035

After defining the fluid and the flow properties, the equations
of the flow conditions were inserted as User Defined Functions
- UDFs - in fluent as follows Table V:
TABLE V. UDFS INSERTED IN ANSYS FLUENT FOR INLET VELOCITY AND OUTLET

PRESSURE THROUGH THE SVC
Parameter Function

V1 (−0.5 ∗ cos(3 ∗ PI ∗ t/1[s]) + 0.5) ∗ 1[m/s]
V2 (−0.25 ∗ cos(6 ∗ PI ∗ t/1[s] + 0.5 ∗ PI) + 0.5) ∗ 1[m/s]
V3 (−0.5 ∗ cos(3 ∗ PI ∗ t/1[s] + PI) + 0.5) ∗ 1[m/s]
P1 (0.4 ∗ cos(5.5 ∗ PI ∗ t/1[s]) + 0.6) ∗ 1[Pa]
P2 (0.1 ∗ cos(22 ∗ PI ∗ t/1[s] + 0.5 ∗ PI) + 0.6) ∗ 1[Pa]
P3 (0.125∗cos(4.4∗PI ∗ t/1[s]−22∗PI/5.1)+0.6)∗1[Pa]
P4 (0.3246∗cos(3.52∗PI∗t/1[s]+5.5∗PI/3)+0.4)∗1[Pa]
P5 (0.45 ∗ cos(5 ∗ PI ∗ t/1[s]− 5 ∗ PI) + 0.526) ∗ 1[Pa]

The last step was to initialize and run the simulation. After
the fluid part simulation was done in ANSYS Fluent, the pres-
sure in the FSI region was exported into ANSYS Mechanical to

determine whether the harvester is strong enough to bear this
pressure. This resulted in a highly distorted structure, which
means that the harvester was too weak to bear the flow pressure
directly. To reduce the flow pressure on the harvester to an
acceptable value, a barrier was added in front of the harvester.
It was placed parallel to the harvester from the SVC inlet side.
It is made of PET and has the same outer dimensions as the
harvester with a thickness equal to 0.1mm. Fig. 12 shows the
generated mesh around the FSI region after adding the barrier.
At last, the fluid domain was modeled, and the pressure at the
FSI region at different timesteps was exported. This pressure
was fed to mechanical analysis to study the deformations and
stresses on the harvester.

Fig. 12. Mesh Around the FSI Region

Fluent simulation was run with a step size of 0.01s for the
1second duration of one cycle of the flow, and the pressure on
the FSI region was exported each 0.05s and fed into mechanical
and harmonic analysis. Fig. 13, Fig. 14, Fig. 15 and Fig.
16 show how the velocity and pressure contours look like at
different timesteps.

Fig. 13. Velocity Contour at 0.4s

C. Harmonic Analysis

In this part, the pressure induced on the FSI zone due to
the fluid flow was exported every 0.05s. This pressure was fed
into the harmonic analysis to calculate the respective stresses
and voltages on a frequency range of 0.1− 2Hz. The process
of calculating the voltage frequency response in ANSYS takes
too much time. To reduce the calculation time, the stress was
calculated and plotted at each pressure and then the stress
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values at both natural frequencies were plotted versus time for
a duration of 1s, which is the time of one flow cycle.

Fig. 14. Velocity Contour at 0.95s

Fig. 15. Pressure Contour at 0.4s

Fig. 16. Pressure Contour at 0.95s

For piezoelectric materials, the output voltage value depends
on the stress applied on the piezoelectric beam. So, the stress-
time plots shown in Fig. 17 can be used as a reference for
how the voltage profile will look like at each natural frequency
during the 1s duration. As illustrated below in Fig. 17 the stress
is maximum at 0.95s and 0.4s at the first and the second natural
frequencies, respectively.

Fig. 17. Stress Vs. Time at The First and The Second Natural Frequency

D. Mechanical Part Modeling

In this part, the flow pressure, at 0.95s and 0.4s, that caused
the highest stress at the beams’ natural frequencies at the FSI
region according to the harmonic analysis, was fed into ANSYS
structural analysis to make sure that the resulting stresses on
the harvester are within the allowable limits for the lead beam,
i.e. the PET layers. The simulation was run with 0.01s timestep
size. The large deflection feature was activated, and the Direct
solver was chosen as it can handle nonlinear solutions, i.e. large
deformations, better. The resulting defections at 0.4s and 0.95s
are shown in Fig. 18 and Fig. 20, respectively. Also, It was
found that the equivalent von mises stress is equal to 14MPa
at 0.4s and 20MPa at 0.95s as shown in Fig. 19 and Fig. 21,
respectively. According to [83], these values are less than the
maximum allowable stress for the PET material which has a
lower limit of 22MPa.

Fig. 18. Resulting Deformation at 0.4s

Fig. 19. Resulting Stress at 0.4s
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Fig. 20. Resulting Deformation at 0.95s

Fig. 21. Resulting Stress at 0.95s

V. RESULTS AND DISCUSSION

In this section, the results of the simulation process are pre-
sented and discussed. As concluded from the previous section,
the maximum stress occurred at 0.95s and 0.4s for the first
and the second natural frequencies, respectively. This resulted
in maximum voltage generation at these timesteps. Fig. 22
shows that the maximum voltage generated are V f1,0.95s

max =3.8V ,
and V f2,0.4s

max =0.7V at the corresponding natural frequencies.
The natural frequencies extracted from harmonic analysis are
f1=1.1287 Hz and f2=1.5484 Hz, which are close to the
frequencies calculated by modal analysis of 1.1076Hz and
1.5196Hz. This difference will not affect the harvester’s per-
formance since the obtained frequencies are still very close
to the boundaries that were set at the beginning, which are
f1 = 1.1Hz and f2 = 1.6Hz.

This difference can be caused by the fact that modal analysis
calculates the natural frequencies based on the structure’s me-
chanical properties, unlike harmonic analysis which considers
external loads in the form of periodic functions, making a forced
response. Also, this analysis is very sensitive to the loading
condition, and therefore the response of the structure at different
excitation frequencies, more so near the natural frequencies,
can vary by orders of magnitude. The generated voltage values
change depending on the stress applied as mentioned in Section
IV-C. For example, at 1s, Vf 1=3.38V , Vf 2=0.63V .

The following equations can be used to calculate the power
generated by the harvester [74], [84], [85]:

C =
KT ϵ0A

t
(1)

Zp =
1

2πfC
(2)

Vl =
VocRl

|Zp +Rl|
(3)

Pl =
|Voc|2Rl

2|Zp +Rl|2
(4)

Where C is the Capacitance of the Piezo Element, KT

is the Relative Dielectric Constant (KT = 1800), ϵ0 is the
Permittivity of Free Space (ϵ0 = 8.854 ∗ 10−12F/m), A is the
Surface Area of the Piezo Element (A = 9.9548∗10−6m), t is
the Thickness of the Piezo Element (t = 0.0025∗10−3m), Zp is
the Piezoelectric Impedance, f is the Operating Frequency, Voc
is the Open Circuit Voltage generated by the Piezo Element,
Rl is the Impedance of the load connected to the harvester,
Vl is the Output (Load) Voltage and Pl is the Output (Load)
Power. The output power and voltage were calculated over two
different ranges for the load impedance.

The first range is from 100KΩ to 1GΩ as shown in Fig.
23 and Fig. 24, while the second range is associated with the
pacemaker impedance, shown in Fig. 25 and Fig. 26, and ranges
from 500Ω to 900Ω as mentioned in the pacemaker datasheet
provided by Medtronic [86].

Table VI shows the maximum load Voltage and load power
over both ranges at the first and second natural frequencies of
the harvester.

TABLE VI. MAXIMUM LOAD VOLTAGE AND POWER OVER BOTH RANGES

Impedance Range Parameter Value Rl

100KΩ to 1GΩ

V f1
l 3.7916V 1GΩ

V f2
l 0.6989V 1GΩ

P f1
l 0.81µW 2.2MΩ

P f2
l 37.82nW 1.6MΩ

500Ω to 900Ω

V f1
l 0.0015V 900Ω

V f2
l 0.39mV 900Ω

P f1
l 1.3nW 900Ω

P f2
l 0.084nW 900Ω
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Fig. 22. Maximum Voltage Generated by The Harvester

Fig. 23. Output Voltage over the First Range

Fig. 24. Output Power over the First Range

Table VII presents a comparative analysis of the energy
harvesters in previous studies and the proposed harvester.
The comparison was done based on the harvesting concept,
implantation region, harvested power, and whether or not the
implantation process requires a separate surgery.

Fig. 25. Output Voltage over the Second Range

Fig. 26. Output Power over the Second Range

The pacemaker requires energy of about 15µJ [87], and the
maximum power that can be generated by the harvester is equal

to 0.81µJ/s. This will take the harvester about
15

0.81
= 18.5s

to generate the energy required to power the pacemaker. On
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the other hand, the 0.81µJ/s will increase the lifespan of the

pacemaker by about
0.81 ∗ 100%

15
= 5.4%.

TABLE VII. COMPARISON BETWEEN THE PROPOSED HARVESTER AND THE
HARVESTERS IN LITERATURE

Concept/
Source

Author Generated
Power

Implantation
Region

S.S.1

Mechanical
Energy

Zurbuchen et
al. [8]

80− 90µW outer heart
surface

Yes

Electromagnet Pfenniger et
al. [10]

1mW internal tho-
racic artery

Yes

Piezoelectric Bingwei et
al. [33]

1.5V outer heart
surface

Yes

Piezoelectric Zhang et al.
[34]

681nW ascending
aorta

Yes

Solar Energy Bereuter et
al. [61]

67µW arm Yes

Piezoelectric/
Blood Flow

Proposed
Harvester

0.81µW
at 2.2MΩ,
1.3nW at
900Ω

superior
vena cava

No

Though the harvester did not obtain the maximum power,
the concept is simple and doesn’t need extra surgery for
implementation. Furthermore, the proposed harvester has a
very small thickness, which makes it easier to deform and
hence more sensitive to the blood flow conditions. Also, the
generated power can be enhanced by studying the integration
of multiple harvesters on the lead. Though the harvesters in the
literature provide higher output power, they do not take into
consideration the frequency spectrum of the human heartbeat.
Also, as mentioned before, they need a separate surgery to be
implanted inside the human body.

VI. CONCLUSION

In this paper, a 2-DOF Piezoelectric energy harvester from
blood flow using the PVDF vibration sensor design and the
cut-out beam configuration was designed to power implanted
devices, most specifically pacemakers, instead of traditional
chemical batteries. The Harvester was modeled using ANSYS
software. The proposed arrangement consists of the pacemaker
lead with the harvester fixed on it. This arrangement is placed
inside the SVC with the hemodialysis catheter taken as a
reference for determining the limitations on the proposed sys-
tem’s dimensions. A plastic barrier was placed in front of the
harvester to reduce the flow pressure on the harvester. The
proposed harvester has a total area of 9.9548 ∗ 10−6mm2. The
catheter’s cross-section area is equal to 22.06mm2, and the
barrier-lead cross-section area is equal to 19.1789mm2. The
simulation resulted in a generated voltage of V f1,0.95s

max 3.8V olts,
and V f2,0.4s

max =0.7V olt. Also, the maximum output power ob-
tained is equal to P f1,2.2MΩ

l =0.81µW .

VII. FUTURE WORK

• A micro-scale harvester with the same design should be tested
in an artificial test rig that has the same conditions as the
SVC.

• The design can be optimized to generate higher voltage to
power more than one device.

• A study on multiple harvesters distributed on the pacemaker
lead can be performed to generate higher voltage.

• In the proposed model, the vein and the pacemaker lead were
assumed to be fixed, which is not the real case. So, as an
improvement, the stability and movement conditions of the
vein and the pacemaker lead can be taken into consideration
for more realistic modeling of the system.

• The flexibility of the lead and the harvester materials can
be studied to optimize materials selection and, consequently,
enhance the output.
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