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Abstract

A new electromagnetic energy harvester for harnessing energy from flow induced

vibration is developed. It converts flow energy into electrical energy by fluid flow and

electromagnetic induction. A finite element model for estimation of the generated

voltage of the energy harvester is developed. A prototype of the energy harvester is

fabricated and tested. Experimental results show that an output voltage of 10.2 ppmV is

generated when the excitation pressure oscillates with an amplitude of 254 Pa and a

frequency of about 30 Hz. The values of the generated voltage based on the finite

element computations agree well with the experiments. By detecting the voltage drop

across a matched load, the instantaneous power is determined as 0.4 μW under an

excitation frequency of 30 Hz and a pressure amplitude of 254 Pa in the pressure chamber.
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1. Introduction

In recent years a considerable effort was focused on the development of energy

harvesters or micropower generators. By scavenging energy from the environment,

miniature sensing/actuating devices can be self-powered in order to avoid the

replacement of finite power sources. The development of microsystems located in harsh

environment further demands for low power consumption and almost no maintenance

requirement.

One approach to harvest energy is to convert mechanical energy of ambient

vibration into electrical energy by electromagnetic induction. Electromagnetic harvesters

have been proposed and investigated by many researchers, for example, see [1-13]. It

may be possible to harvest the mechanical energy from the motion of fluid. Sanchez-

Sanz et al. [14] accessed the feasibility of using the unsteady forces generated by the

Kármán street around a micro-prism in the laminar flow regime for energy harvesting.

Holmes et al. [15] reported an axial-flux electromagnetic generator which was integrated

with an axial-flow microturbine to extract power from ambient gas flows. An output

voltage of 1.19 ppV was achieved at a rotation rate of 30,000 rpm of their turbine.

Herrault et al. [16] presented a rotary electromagnetic generator to harvest the mechanical

energy of an air-driven turbine. Allen and Smits [17] used a piezoelectric membrane

placed behind the von Kármán vortex street formed behind a bluff body to harvest energy

from fluid motion. Taylor et al. [18] developed an Eel structure of piezoelectric polymer

to convert mechanical flow energy to electrical power. They have demonstrated a

complete Eel system with a generation and storage system in a wave tank. Tang et al. [19]

designed a flutter-mill to generate electricity by extracting energy from fluid flow. When
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flutter takes place, a flexible plate placed between two parallel magnetic panels generates

an electric potential. These authors utilized the flow-induced vibrations of fluid-structure

interaction system to extract energy from the surrounding fluid flow [20]. The eel

structures of Allen and Smits [17], Taylor et al. [18] and Tang et al. [19] have the

potential to generate power from milli-watts to many watts depending on system size and

flow velocity, but a power-generating eel has not been demonstrated. The devices of

Holmes et al. [15] and Herrault et al. [16] require elaborate techniques for fabrication of

their stator-rotor subcomponents and high rotation speeds for efficient energy harvesting.

A device with simpler structure design and ease of application may be needed to extract

energy from fluid motion.

In this paper, we develop a new energy-harvesting device based on flow-induced

vibration. As illustrated in Fig. 1, a flow channel with a flexible diaphragm is connected

to a flow source. The pressure in the chamber causes the diaphragm to deflect in the

upward direction. As the pressure increases to the maximum, the diaphragm reaches its

highest position. When the pressure drops, the diaphragm moves downward. As the

pressure decreases to the minimum, the diaphragm reaches its lowest position. Thus, by

connecting the energy harvester to an ambient flow source, which is capable of providing

the pressure variation in the pressure chamber, the oscillating movement of the

diaphragm with an attached permanent magnet surrounded by a coil makes the energy

harvesting possible. The focus of this paper is on the investigation of energy extraction

from diaphragm vibration induced by a fluid flowing in a channel. In order to access the

feasibility of the proposed energy harvester, finite element analyses are carried out to

obtain the pressure distribution within the chamber, the deflection of the diaphragm and
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the output voltage of the coil. Fabrication of the energy harvester is described.

Experimental setup to measure the pressure, deflection and output voltage of the device is

reported. The experimental results are compared with the results of the analyses.

2. Design

2.1 Operational principle

Our design of the electromagnetic energy harvester is based on the vibration

induced by liquid flow in channels. The variation of the liquid pressure in the channel

drives a polyester (PE) diaphragm with an attached permanent magnet surrounded by a

fixed coil into vibration. The vibration energy is converted to electrical energy by the

Faraday’s law of induction [7,21,22]. An electromagnetic energy harvester is shown in

Fig. 2(a). Fig. 2(b) is an exploded view of the energy harvester. It consists of a flow

channel with two copper tubes, a PE diaphragm bonded to the channel, and a permanent

magnet glued to the PE diaphragm. The permanent magnet is surrounded by a

conducting coil which is guided around an inner housing. The inner housing of the coil is

fixed by an outer housing.

This harvesting of flow energy via a flow-induced vibration is related to the

response of a flexible diaphragm to an internal flow. The flow is bounded by the flexible

structure and rigid walls. If the diaphragm has small inertia and is flexible enough to be

able to respond rapidly to the fluctuating pressure field set up by the flow, one may

expect that the diaphragm may oscillate with a frequency similar to that observed in the

flow. When the fluctuating pressure is applied on the surface of the diaphragm, the

diaphragm oscillates up and down, which causes the permanent magnet to vibrate at a
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frequency about the same as that of the pressure in the pressure chamber. The relative

movement of the magnet to the coil results in a varying amount of magnetic flux cutting

through the coil.  According to the Faraday’s law of induction, a voltage is induced in the

loop of the coil. For convenience of analysis, finite element models are developed to

estimate the pressure in the pressure chamber, the deflection of the PE diaphragm, and

the voltage generated in the coil.

2.2 Finite element models

In order to analyze the deflection of the PE diaphragm and the voltage generated

in the coil, pressure distribution within the chamber is obtained by finite element analysis.

Three-dimensional flow analyses are carried out using a commercial software Fluent. In

the analysis, a uniform velocity profile at the inlet along the direction of the inlet flow is

applied. No-slip (zero velocity) conditions all along the channel walls are specified. The

fluid is considered incompressible. A gage pressure 518 Pa is applied at the outlet of the

channel due to the couplings with the copper tube. The Reynolds number is calculated in

order to determine if the analysis is in the turbulent region. The Reynolds number of the

flow channel can be determined by

 /Re hVD (1)

where V is the flow velocity at the inlet of the diffuser element of the device, and is

the dynamic viscosity of the water, 310002.1  secPa  . hD is the hydraulic diameter.

The liquid pressure in the chamber drives the PE diaphragm with the attached

permanent magnet into vibration. Due to the symmetry of the geometry and the loading,

the deflection of the diaphragm is analyzed by an axisymmetric model of the diaphragm
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and the attached magnet. Fig. 3(a) shows an axisymmetric slice of the diaphragm with a

radius of 20 mm and a thickness of 100 μm, and the magnet with a radius of 5 mm and a

thickness of 10 mm . A cylindrical coordinate system is also shown in the figure. The

displacement in the r direction at 0r along the line 0z is constrained to represent

the symmetry condition. The displacements in the r and z directions at mm20r are

constrained to represent the clamped boundary condition. A pressure, p , from 0r to

mm20r is applied in the z direction.

In this investigation, the diaphragm and the magnet are assumed to be linear

elastic isotropic materials.  The Young’s modulus,the Poisson’s ratio, and the density of

the PE diaphragm are taken as 2.5 GPa , 0.25, and 1300 3kg/m , respectively. The

Young’s modulus, the Poisson’sratio, and the density of the NdFeB magnet are taken as

41.4 GPa , 0.28, and 8100 3kg/m , respectively. The commercial finite element program

ABAQUS is employed to perform the computations. The first-order element, CAX4IH,

is used for the vibration analyses under the pressure loading. The model is mainly for

initial design and analysis of the vibration amplitude of the diaphragm under oscillating

pressure loadings. Damping effects are neglected in the model.

In order to compute the output voltage of the proposed energy harvester and to

examine its feasibility, two-dimensional axisymmetric finite element analyses are carried

out. The dimensions of the energy harvester are indicated in Fig. 2. Due to the symmetry

of the geometry and the loading, an axisymmetric model is considered. Fig. 3(b) shows

an axisymmetric model of the magnet and the coil. A cylindrical coordinate system is

shown in the figure. The dimensions of the magnet are indicated in the figure. The

distance of the bottom surface of the magnet from the bottom of the coil is represented by
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d . The material of background region indicated by the dashed rectangle is assigned to

be air with a relative permeability of 1. The coil with 400 turns is model as strands in a

rectangle made up of many individual insulated turns. A uniform current density is

assumed throughout the rectangle. The magnetic vector potential is assumed to be zero at

infinity, which suggests the model is isolated from other sources of magnetic fields. The

magnet is made of Nd-Fe-B with a remanent flux density of 1.22 Tesla and a coercive

field intensity of 927 kA/m.

Ansoft’s Maxwell 2D magnetostatic field simulator is utilized to compute the 

static magnetic field arising from the magnet. Fig. 4(a) is a mesh of the axisymmetric

model of the magnet and coil. The magnet is moved in the z direction based on a given

history of the magnet displacement in order to calculate the rate of change of the flux .

The induced voltage V in the coil is given by the Faraday’s law of induction

dt
d

V


 (2)

In the analyses, the displacement history of the magnet is taken as the deflection

history of the diaphragm by assuming a rigid connection between the magnet and the

diaphragm. The simplified static model presented here is mainly for initial design and

analysis of the voltage generated by the energy harvester. Magnetic losses are neglected

in the model [23,24]. It is intended for quick evaluation of the effects of the device

geometry, structure dimensions and material properties on the device performance. Here,

we focus on the static analysis of the energy harvester for its potential applications in

low-frequency environment.
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2.3 Analyses

With the excitation frequency of 30 Hz, the experimental maximum and average

values of flow velocity at the inlet, V , are 74 and 52 cm/sec, respectively, and the

calculated Re are nearly 2467 and 1733, respectively. The pressure distributions of the

flow channel at the maximum and average values of flow velocity at the inlet are

obtained based on the laminar model of Fluent. The deviation of the pressure in the

chamber along the symmetry axis are less than 0.2% for both cases, which is quite

uniform. The maximum and the mean pressures at the center of the PE diaphragm are

805 Pa and 668 Pa at the maximum and average flow velocity at the inlet, respectively.

The peak and average value of the deflection of the diaphragm under the pressure

loading with a mean pressure of 668 Pa and an amplitude of 137 Pa are 425 μm and 355

μm, respectively, based on the axisymmetric finite element analyses. The deflections of

the diaphragm with the attached magnet under the pressure loadings may be large enough

to provide the voltage output of the energy harvester. The dynamic analyses of the

vibration of the diaphragm under the pressure loadings are intended for quick evaluation

of the effects of the structure dimensions and material properties on the device

performance. The simulated peak and average value of the deflection of the diaphragm

agree with the experimental results, which are 443 μm and 358 μm, respectively. Note

that the experimental inlet velocities of the flow channel are the input of the Flent

analyses, and the simulated pressures of the Fluent analyses are the input of the deflection

analyses based on the Abaqus computations.

In order to predict the output voltage of the energy harvester, finite element

analyses are carried out based on an experimental deflection history of the PE diaphragm
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as shown in Fig. 5(a). The value of the distance d is taken as 58 μm, which is obtained

by subtracting the initial distance between the bottom of the magnet and the bottom of the

coil, 300 μm, from the mean of the deflection of the magnet, 358 μm, since the initial

position of the bottom of the magnet is 300 μm lower than that of the bottom of the fixed

coil. Fig. 4(b) shows the distribution of the magnetic flux lines for d = 58 μm. Fig. 5(b)

shows the magnetic flux history cutting through the coil using Ansoft’s Maxewell 2D

software. Fig. 5(c) shows the induced voltage history in the coil using Eq. (2). The

voltage oscillates with an amplitude of nearly 11 mV. The static analysis for the energy

harvester can be used for low frequency applications. The simplified model for

estimation of the voltage generated in the coil is only used for the feasibility study of the

proposed energy harvesting device.

3. Fabrication, experiments and discussions

3.1 Fabrication

In order to verify the effectiveness of the proposed energy harvesting device, a

prototype of the energy harvester is fabricated. Fig. 6 shows the fabrication steps. First,

a flow channel is carved from a block of acrylic by a milling machine (PNC-3100,

Roland DGA Co., Japan). Next, the inlet and outlet of the flow channel are prepared by

drilling holes in the front and back ends of the flow channel block. Subsequently, a PE

diaphragm of 100 μm in thickness is glued to the flow channel by an epoxy adhesive

(3M, DP460) cured at a temperature of 60 C for 3 hours. Two copper tubes are fastened

into the inlet and outlet hole, respectively. Next, the magnet is glued to the PE

diaphragm. Finally, the inner housing with the coil wrapped around its exterior surface is
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placed inside the outer housing, which is then glued to the top surface of the flow channel

block to complete the assembly steps. The initial distance between the top surface of the

PE diaphragm and the bottom of the coil is 300 μm. Fig. 7(a) and (b) are photos of the

flow channel with the magnet glued to it and an assembled energy harvester, respectively.

4.2 Experiments

Fig. 8 is a schematic of the experimental apparatus for testing of the fabricated

device. The energy harvester is placed on a platform of a tank. Tap water is pumped into

the inlet of the energy harvester through a pulse pump to provide a periodic pressure in

the pressure chamber of the energy harvester. The oscillating deflection of the PE

diaphragm is measured by a Philtec D6 fiberoptic displacement sensor. The induced

voltage of the coil is filtered by a Stanford SR560 preamplifier and is recorded and

analyzed by a data acquisition unit (PCI-5114, National Instruments Co., US). Fig. 9 is a

photo of a close-up view of the experimental apparatus. The experimental results are

shown in Fig. 10. Fig. 10(a) shows the pressure history in the pressure chamber, where

the mean pressure and the pressure difference minmax PP  within the pressure chamber is

684 and 508 Pa, respectively. The pressure is measured with a subminiature pressure

sensor (PS-05KC, Kyowa Electronic Instruments Co. Ltd., Japan) embedded in the

pressure chamber. The pressure sensor is connected to a data acquisition unit (DBU-

120A, Kyowa Electronic Instruments Co. Ltd., Japan). The measured deflection history

of the PE diaphragm is shown in Fig. 10(b). The diaphragm is oscillated about a

deflected position of 358 μmwith an amplitude of nearly 85 μm. The output voltage of

the coil is shown in Fig. 10(c). The output peak-to-peak voltage for an oscillation
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amplitude of 254 Pa and an excitation frequency of 30 Hz of the pressure in the pressure

chamber is nearly 10 mV. The experimental results do not show transient responses

since they are recorded at steady state vibration.

The measured voltages generated by several values of the pressure difference in

the pressure chamber are shown in Fig. 11. The simulation results are also shown in the

figure. The output voltages based on the model and the experiment increase nearly

linearly with the pressure difference in the pressure chamber. The slope of the nearly

linear curve of the simulated data is close to that of the experimental data. This indicates

that the model provides a relatively accurate prediction of the induced voltage of the coil.

The output voltages of the experiments are slightly lower than those based on the model.

This might be due to the magnetic losses neglected in the model and the misalignment

during the assembly process of the device. The model can be effective as a design tool to

determine the size and excitation pressure level necessary to provide the desired voltage

generation.

In order to evaluate the harvesting system, experiments on the electrical power

output of the device are performed. The internal electrical resistance of the device is

measured by a LCR meter (WK 4235, Wayne Kerr Electronics, Ltd., UK). A matched

load of 25  to maximize output power is connected to the device. By detecting the

voltage drop across the matched load, the instantaneous power is determined as 0.4 μW

under an excitation frequency of 30 Hz and a pressure amplitude of 254 Pa in the

pressure chamber.

In this investigation, the device is operated at its first resonance frequency. The

measured resonance frequency of the device is 30 Hz, which is the excitation frequency
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used throughout the investigation. Most resonance-based energy harvesting devices have

focused on single-frequency ambient energy [25]. When the ambient excitation is at a

single frequency, the design of the energy harvesting device can be tailored to the

ambient frequency available. For random and broadband ambient flow sources, the

device may not be robust. To account for the variations in the excitation frequency, a

device with an array of structures with various resonance frequencies can be utilized [26].

The other possible route to account for the random ambient flow sources is to minimize

the mechanical damping or maximize the electromechanical coupling of the device [25].

A structure with multiple resonant frequencies may also be considered for energy

harvesting from random vibrations with multiple resonant peaks, for example a

segmented composite beam with embedded piezoelectric layers [27].

In order to generate the pressure fluctuation in the channel, a pulse pump is used

to pump tap water into the flow channel in the laboratory environment. Energy can be

harvested from unsteady geophysical flows (ocean or river currents). The developed

model for estimation of the generated voltage, which is verified by the experiments

carried out in this investigation, can be used for quick estimation of the design parameters

on the performance of the energy harvester.

Compared to other researchers’ work to extract energy from flow-induced

vibrations of fluid-structure interaction system, the presented design might be simpler in

its structure and fabrication, since the devices of Holmes et al. [15] and Herrault et al. [16]

consist of stator-rotor subcomponents, which need elaborate fabrication steps, and a high

rotation speed may be needed for efficient energy harvesting. The eel structure of Allen

and Smits [17] has proved to be feasible by simulation and hydrodynamic testing, but a
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power-generating eel is not demonstrated. Taylor et al. [18] have demonstrated an eel

structure with a power generation and storage system in a wave tank. The length, width

and thickness of their eel are 9.5", 3", and 0.15 mm, respectively. The challenge to

design and deploy a miniaturized eel-like system remains. Although the output power of

our device is relatively low, given the structure design of the flow channel and the

piezoelectric film, the dimensions of the device can be decreased for construction of a

miniaturized system to harvest energy from flow motion by solid-fluid interaction.

4. Conclusions

An electromagnetic energy harvester is developed. The energy is harvested from

flow induced vibration. The pressure oscillation in the pressure chamber of the harvester

results in a periodical deflection of the PE diaphragm and therefore the voltage induction

in the coil surrounding a permanent magnet which is glued to the PE diaphragm. Finite

element models of the device are developed for quick evaluation of effects of device

dimensions, pressure loads and material properties on the performance of the energy

harvester. A prototype of the energy harvester is fabricated and tested. The

measurements conducted in various pressure differences in the pressure chamber of the

device show that the maximum output voltage is approximately 11 ppmV , when the

excitation pressure oscillates with an amplitude of 254 Pa and a frequency of about 30 Hz.

The solutions of the generated voltage based on the finite element computations agree

well with the experiments. By detecting the voltage drop across a matched load, the

instantaneous power is determined as 0.4 μW under an excitation frequency of 30 Hz

and a pressure amplitude of 254 Pa in the pressure chamber.
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Sources of flow induced vibration can be unsteady geophysical flows (ocean or

river currents). The periodic vortex shedding behind a blunt body immersed in a steady

stream causes a pressure oscillation in the stream. This regular, periodic shedding can be

integrated into the flow channel of the proposed device to scavenge the flow energy.
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Fig. 1. Operation of an electromagnetic energy harvester.
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Fig. 2. (a) An assembled energy harvester. (b) Components of the energy harvester.
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Fig. 3. (a) An axisymmetric model of the diaphragm and the magnet. (b) An
axisymmetric model of the magnet and coil.
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Fig. 4. (a) A mesh of an axisymmetric model of the magnet and coil. (b) Magnetic flux
lines along which the magnetic flux density is directed.
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Fig. 5. (a) A typical deflection history of the PE diaphragm. (b) History of magnetic flux
cutting through the coil. (c) Output peak-to-peak voltage history.
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Fig. 6. Assembly steps of the energy harvester.
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Fig. 7. (a) Flow channel with the magnet glued to it. (b) Assembled energy harvester.
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Fig. 8. Schematic of the experimental apparatus.
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Fig. 9. Close-up view of the experimental apparatus.
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Fig. 10. Experimental results. (a) Pressure history in the pressure chamber. (b)
Deflection history of the center of the PE diaphragm. (c) Output voltage history.
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Fig. 11. Output voltage as a function of the pressure difference in the pressure chamber.


