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Abstract

A new electromagnetic energy harvester for harnessing energy from vibration induced by

Kármán vortex street is proposed. It converts flow energy into electrical energy by fluid

flow, vortex shedding from a bluff body and electromagnetic induction. An analytical

design method for the energy harvester is developed. A prototype of the energy harvester

is fabricated and tested. The prototype has a volume of 37.9 cm3. Experimental results

show that an output peak-to-peak voltage of nearly 20 mV in average is generated when

the excitation pressure oscillates with an amplitude of 0.3 kPa and a frequency of about

62 Hz. By detecting the voltage drop across a matched load, the instantaneous power is

determined as 1.77 μW under a pressure fluctuation frequency of 62 Hz and a pressure

amplitude of 0.3 kPa in the Kármán vortex street.
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1. Introduction

Development of wireless sensor networks for industrial process monitoring and

control, machine health monitoring, environment and habitat monitoring, healthcare

applications, home automation, and traffic control demands an economical source of

energy without supply of fuel and replacement of finite power sources. Applications of

wireless sensor networks (WSN) have been limited by battery lifetime and battery size.

As reported by Stoianov et al. [1], the battery life for a WSN monitoring a water

supplying pipeline was consistent with duration of around 50-62 days. In recent years a

considerable effort was focused on the development of energy harvesters or micropower

generators for deployment of battery-less or rechargeable battery powered devices [2-7].

By harvesting energy from the environment, miniature sensing/actuating devices can be

self-powered in order to avoid the replacement of finite power sources. Sources of

energy harvesting can be flowing water [9,10], rain [11], tides [12], wind [13], sunlight

[14], and geothermal heat [15].

It may be possible to harvest the fluidic kinetic energy from the motion of fluid.

The potential to harvest the energy of fluid motion can be achieved by employing a

system that recovers energy from pressure drop, pressure fluctuation, vortex formation in

a fluid flow. Krähenbühl et al. [16] designed an electromagnetic harvester based on a

turbine driven by water pressure drop in throttling valves and turbo expanders in plants

that output a power of 150 W with a rotation speed of 490000 rpm. Their device

comprises a turbine and a permanent generator. A detailed electromagnetic machine

design, rotor dynamics analysis and a thermal design were required to construct their

energy harvester. Holmes et al. [17] reported an axial-flux electromagnetic generator
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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. [18] presented a rotary electromagnetic generator to harvest

the mechanical energy of an air-driven turbine. The devices of Krähenbühl et al. [16],

Holmes et al. [17] and Herrault et al. [18] require elaborate techniques for fabrication of

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

Erturk et al. [19] presented a piezoelectric composite beam to harvest energy from

airflow. Using the self-sustained oscillations of the beam, a maximum output power of

10.7 mW of the piezoaeroelastic system is delivered at an air flow speed of 9.30 m/sec.

Akaydm et al. [13] presented a piezoelectric cantilever beam placed in the wake of a

circular cylinder to harness energy from air flows.  The beam’s vibration was caused by 

the passage of vortices which are formed by vortex shedding from the cylinder. The

beam was resonated and placed at the position with maximum generated output power, 4

μW . Sanchez-Sanz et al. [20] 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. Allen and Smits [9] used a piezoelectric membrane placed behind the

Kármán vortex street formed behind a bluff body to harvest energy from fluid motion.

Taylor et al. [21] 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. [22] designed a

flutter-mill to generate electricity by extracting energy from fluid flow. When 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
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interaction system to extract energy from the surrounding fluid flow [23]. The beam

structure of Erturk et al. [19] and Akaydm et al. [13] can provide an output power of

several micro-watts, which can be scaled up by increasing the beam size and resonance

frequency. The eel structures of Allen and Smits [9], Taylor et al. [21] and Tang et al.

[22] 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. A

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

energy from fluid motion.

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 [2-7,24-32].

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

vibration induced by Kármán vortex street. As illustrated in Fig. 1(a), a flow channel

with a flexible diaphragm is connected to a flow source. A permanent magnet is glued to

a bulge on top of the diaphragm and a coil is placed above the magnet. The pressure

fluctuation due to vortex shedding from a bluff body drives the diaphragm into vibration.

As shown in Fig. 1(b), the increase of the pressure causes the diaphragm to deflect in the

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

highest position (see Fig. 1(c)). When the pressure drops, the diaphragm moves

downward (see Fig. 1(d)). As the pressure decreases to the minimum, the diaphragm

reaches its lowest position (see Fig. 1(e)). Thus, by connecting the energy harvester to a

flow source, the oscillating movement of the diaphragm with an attached magnet under a

coil makes the energy harvesting possible.
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The novelty of this energy harvesting approach is the installment of the energy

conversion mechanism at the top of the flow channel. This arrangement facilitates the

potential of miniaturization of the device using microfabrication, and avoids the need of

complex device assembling process. The reported works of energy harvesting from

Kármán vortex street [9,21,22] have the eel-like structures placed behind the bluff bodies,

their devices require elaborate multi-layered fabrication rendering them unfeasible using

microfabrication technologies. Regarding micropower generation devices that utilize

axial-flow microturbines [16-18], elaborate techniques for fabrication of their stator-rotor

subcomponents and high rotation speeds are required for efficient energy harvesting.

Compared to the rotary type harvesters, the presented linear-type device suffers from low

power output majorly due to the constraint of energy-conversion efficiency of the

piezoelectric materials. This concept of linear-type energy harvesting from Kármán

vortex street might pave the way to further miniaturization of feasible devices given the

advance of the new nano-structured piezoelectric materials [33].

This paper focuses on the investigation of fluid flow energy extraction by a linear-

type harvester using vortex shedding from a bluff body. In order to access the feasibility

of the proposed energy harvester, analytical analyses are carried out for design of the

device. Fabrication of the energy harvester is described. Experimental setup to measure

the pressure, displacement 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
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Our design of the electromagnetic energy harvester is based on the vibration

induced by vortex shedding from a bluff body. The variation of the liquid pressure in the

channel drives a polydimethylsiloxane (PDMS) flexible diaphragm with an attached

permanent magnet into vibration. The vibration energy is converted to electrical energy

by theFaraday’s law of induction [34,35]. 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 a trapezoidal bluff body placed at the center of the channel, a PDMS

diaphragm bonded to the channel, and a permanent magnet glued to an acrylic bulge on

top of the PDMS diaphragm. The permanent magnet is placed under a conducting coil

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

outer housing. The diaphragm, the magnet and the coil are bounded by a volume of 4 cm

(x - Longitudinal) by 4 cm (y- Transverse) by 1.6 cm (z - Thickness). The dimension of

the flow channel is 5 cm × 1.57 cm × 1.57 cm. The overall volume of the device is 37.9

cm3.

Flow past a bluff body creates an unstable wake in the form of alternating vortices

and induces the periodic pressure variation [36]. The frequency at which the vortices are

shed from the bluff body is made non-dimensional using the free-stream velocity U and

a characteristic length , hence yielding the definition of the Strouhal number, St [37]

 Uf /St  (1)

where f is the frequency of oscillating flow. The shedding from a circular cylinder

immersed in a steady flow occurs in the range 72 10Re10  , where Re is the Reynolds

number, with an average Strouhal number 21.0St  [38].
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2.2 Shape of bluff bodies and location of flexible diaphragm

Among the triangular, trapezoidal, circular, ring-type, and conical cylinders,

Venugopal et al. [39] found out that trapezoidal bluff bodies are the most appropriate

shape in terms of differential pressure amplitude and deviation in Strouhal numbers. For

a trapezoidal bluff body, the Strouhal number is given as [40]

 UfH /St 1 (2)

where 1H is the height of the front side of the trapezoidal cylinder. The front height 1H

and rear height 2H of the trapezoidal cylinder are denoted in Fig. 2(a).

Williamson [41] stated that a vortex grows in strength until a new vortex forms

behind the bluff body, which implies that the point with a maximum velocity fluctuation

is half a wavelength downstream of the bluff body. The location with a maximum

pressure fluctuation can be assumed as the point with maximum velocity fluctuation for

engineering applications. Therefore, the length of the flexible diaphragm can be taken as

a wavelength , which may be approximated by fU / . The diaphragm center is

positioned at a half wavelength downstream the bluff body in this investigation.

An estimation of the pressure amplitude is needed in order to predict the

amplitude of the diaphragm vibration. A nonlinear model of the pressure fluctuation P

may be assumed to have the form [42]

2/1)Re(Re critcP  (3)

where c is a constant and critRe is a critical Reynolds number. This equation is derived

by a linearization of a steady state amplitude solution of a Stuart-Landau nonlinear model

equation for the amplitude of wake oscillations [41].
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2.3 A quasi-static model for the diaphragm

The displacement of the diaphragm can be estimated by a quasi-static model to

describe the kinetics and corresponding output characteristics of the proposed design. A

linear elastic model can be used to simulate the elastic deformation of PDMS diaphragm.

The liner elastic model is only a first-order approximation for a hyperelastic material like

PDMS [43]. Here, the simple model is used as a guideline for design and analysis of the

PDMS diaphragm. Fig. 3 is a schematic of the diaphragm under the pressure load P due

to the vortex street, the gravitational load W due to the weight of the acrylic and the

magnet, and the magnetic force magF due to the electromechanical coupling. The edges

of the diaphragm are assumed clamped. a , b and h represent the length, width and the

thickness of the diaphragm, respectively. The gravitational load W is assumed

concentrated at the diaphragm center. It is assumed that the pressure load P is uniformly

distributed in order to estimate the spring constant of the device. Using Ritz’s method

[44], the deflection of the diaphragm center w with clamped edges is derived as

)
4

1
4
3

4
3

()
4

1
4
3

4
3

(4 33
4

33
4

abb
a

a
b

D

FW

abb
a

a
b

D

abP
w mag










(4)

where E and are the Young’s modulus and Poisson’s ratio of the diaphragm material,

respectively, and D )1(12/( 23 Eh is the flexural rigidity of the plate. Assuming

small magF , for a differential pressure P and a constant gravitational load W , the

differential deflection of the diaphragm w can be written as
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and the spring constant of the diaphragm k can be approximated as the ratio of total

differential force to the differential deflection
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2.4 Electromagnetic induction

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. The voltage induced in the loop of the coil is

given as [24]

 dlBvV
coull

 (7)

where v is the relative velocity of the coil and the magnet, dl is the vector of each

segment of the coil, coill is the total length of the coil, and B is the magnetic flux density

at each coil segment. Due to the small displacement of the magnet, it can be assumed

that the magnetic flux density B experienced by the coil is nearly constant. Eq. (7)

might be expressed as [29]

vlBV coilavg (8)

where avgB is the average magnetic flux density across the relative displacement range of

the magnet. The magnetic force on the magnet is given by [24]

ilBF coilavgmag  (9)

where i is the current in the coil. Due to the symmetry of the geometry and the

movement of the magnet, an axisymmetric model of the magnet and the coil is

considered. Fig. 4 shows an axisymmetric model of the magnet and the coil. A
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cylindrical coordinate system is shown in the figure. The dimensions of the magnet are

indicated in the figure. The initial distance of the top surface of the magnet from the

bottom of the coil d is 1 mm. The radius R and thickness T of the magnet are 10 mm

and 2 mm, respectively. The coil with N (=400) turns is modeled as strands in a

rectangle made up of many individual insulated turns. The length bL and thickness t of

the rectangle are 12.5 mm and 1 mm, respectively. A uniform current density is assumed

throughout the rectangle. The magnet is made of Nd-Fe-B with a remanent flux density

rB of 1.22 Tesla and a coercive field intensity of 927 kA/m. The magnetic flux density

avgB can be written as [45]

  





















22222 Rd

d
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TdB
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2.5 Lumped model

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

diaphragm oscillates up and down, which causes the magnet to vibrate at a frequency

about the same as that of the pressure in the Kármán vortex street. In order to increase

the voltage output of the energy harvester under the fluctuating pressure loading, the

device should be operated at its resonance frequency. In this investigation, a lumped

model is developed to analyze the dynamic behavior of the harvester. Fig. 5 shows a

lumped model of the device. A proof mass of m is connected to an inertial frame via a

linear spring of stiffness k . Mechanical damping is represented by a dashpot with

damping coefficient c . A force due to the pressure load F applied to the proof mass

makes it translate in the z direction. The magnetic field B due to the magnet is assumed
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constant in time and uniform in proximity to the coil [46]. This movement induces a

voltage at the coil terminals and this energy is delivered to a resistive load LR . i is the

current through LR and the coil. eR and eL are the resistance and self inductance of the

coil, respectively.

Apply Newton’s second law of motion to the mass m

FilBkz
dt
dz

c
dt

zd
m coilavg 2

2

(11)

and the voltage induced at the coil terminals U is

dt
di

LiR
dt
dz

lBU eecoilavg  (12)

The magnetic losses are neglected in the analysis. The transfer function between the

output voltage U and the pressure load F can be expressed as [46]
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where  is the oscillation frequency of the proof mass m , and )( eee LjRZ  is the

electrical impedance of the coil. The transfer function between the displacement zV and

the pressure load F can be expressed as [46]
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The average electrical power ep and mechanical power mp are given as [46]
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The conversion coefficient is defined by me pp /
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Assuming Le RZ  , a second order approximations of the system, Eq. (12), is

given as [46]
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The damped resonance frequency d can be expressed as

nd  21 (19)

where )2/()/)(( 2 kmRlBc Lcoilavg and )/( mkn  is the natural frequency.

Large amplitude vibrations of the device may develop when the vortex shedding is in

resonance with one of its resonance frequencies. The resonance desired for energy

harvesting is likely to occur for the lower modes of vibration. The second order

approximations of the system, Eq. (13), is given as
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Therefore, the displacement amplitude Z can be written as
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In this investigation, the density of the acrylic and neodymium permanent magnet

(NdFeB), composed of neodymium, iron, boron and a few transition metals, are taken as

1400 3kg/m and 8100 3kg/m . Fig. 6 shows the measured engineering stress -

engineering strain curve of the PDMS material. The specimens are prepared following

the ASTM D 882 test standard for thin plastic sheeting. The tensile tests are performed

within 36 hours after the curing of the PDMS material. The Young’s modulus of the

PDMS material is estimated as 6 MPa based on the engineering stress - engineering strain

curve. The Poisson’s ratio and density of the PDMS material are taken as 0.5 and 1670

3m/kg , respectively.

2.6 Analyses

Fig. 7 shows the pressure fluctuation P at the diaphragm center as a function of

2/1)Re(Re crit based on three-dimensional computational fluid dynamics simulations.

The three-dimensional flow analysis is carried out using a commercial software ANSYS

CFX. 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. It is assumed that only the relative

value of pressure is important, and a zero pressure is applied at the outlet of the channel.

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 1HU (22)

where U is the flow velocity at the inlet of the device, is the dynamic viscosity of the

water, 310002.1  secPa  , and 1H is the height of the front side of the trapezoidal
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cylinder. As shown in Fig. 7, a linear fit of the pressure fluctuation at the diaphragm

center is obtained with 09.11c and 1813Re crit . An experimental result is also

shown in the figure. The result is consistent with the linearization of the Stuart-Landau

nonlinear model equation for the amplitude of wake oscillations.

The value of the magnet displacement w under the maximum and minimum

pressure loading of 3.27 and 2.71 kPa, taken from a typical cycle of pressure history of

the experiments, is 56 μm(see Fig. 13(a) and (b)). The simulated w based on Eq. (4)

corresponding to the pressure cycle is 265 μm , which is much greater than the

experimental result. The possible cause for this discrepancy may be the potential issues

with PDMS aging. The aging occurs because of changes in internal structure due to

curing or other processes [47]. The PDMS material acts soft after casting and then

gradually stiffens. Eddington et al. [48] performed accelerated aging experiments of

PDMS and showed that the material undergoes a sharp stiffening initially and tapers off

with prolonged aging. The Young’s modulus is nearly doubled compared to its original

value in their experiments. By increasing the value of the Young’s modulus of the

PDMS material three times, the simulated w is 88 μm , which is close to the

experimental result. The assembly tolerance and alignment error of the device may also

contribute to the discrepancy. With a diaphragm width b of 13 mm instead of 15.17 mm,

the simulated w is 50 μm, a value much closer to the experimental result. The quasi-

static model of the displacement of the magnet can be used for quick evaluation of the

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

The voltage induced in the loop of the coil can be calculated using Eqs. (8) and

(10). A velocity history of the magnet needed in Eq. (8) can be obtained by
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differentiation of a displacement history of the magnet. Fig. 8(a) shows a typical

displacement cycle of the magnet based on the experiments (see Fig. 13 (b)). Fig. 8(b)

shows the induced voltage history in the coil. The value of the peak-to-peak voltage is

nearly 80 ppmV . Compared to the experimental result of nearly 20 ppmV , the simulation

result is much higher. The material properties of the magnet, assembly tolerances and

part misalignment may be the reasons for this discrepancy. If the values of the remanent

flux density rB is decreased to 1 Tesla and the initial gap between the top surface of the

magnet and the bottom of the coil d is increased to 1.4 mm. the simulated peak-to-peak

voltage is 40 mV, which is closer to the experiment.

3. Fabrication, experiments and discussions

3.1 Fabrication

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

prototypes of the energy harvester are fabricated. The PDMS diaphragm is fabricated by

a molding process in an acrylic mold. First, an acrylic mold is carved by a milling

machine (PNC-3100, Roland DGA Co., Japan). Next, the PDMS material is poured over

the mold. The PDMS material is composed of two parts, a curing agent and the polymer.

They are mixed with a volume ratio of 1:10. Before pouring into the mold, the mixture is

degassed under vacuum until no bubbles appear. The PDMS is cured at C80o for 40

minutes. Then, the PDMS is peeled off from the mold.

Fig. 9 shows the assembly steps of the energy harvester. The walls, the top plate

and the bottom plate of the flow channel are manufactured by a milling machine. First,

the walls are glued to the bottom plate. Next, a trapezoidal bluff body is affixed to the
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walls. Then, the top plate of the flow channel with an embedded PDMS diaphragm is

attached to the top surface of the walls. Subsequently, an acrylic bulge is glued to the

center of the PDMS diaphragm, and a magnet is glued to the top surface of the bulge.

Finally, the inner housing with the coil wrapped around its exterior surface is placed

inside the outer housing, which is then glued to the top surface of the acrylic blocks to

complete the assembly steps. The distance between the top surface of the magnet and the

bottom of the coil is 1 mm. Fig. 10 is a photo of an assembled energy harvester. Table 1

lists the dimensions of the prototype and the relevant physical properties.

3.2 Experiments

Fig. 11 is a photo of the experimental apparatus for testing of the fabricated

device. The energy harvester is placed on an optical table for vibration isolation. From

the bottom of a storage tank, an inlet pipe is run down to the inlet of the energy harvester.

The water level in the storage tank is kept constant for a constant pressure

drop through the length of the channel. Using gravity, water is forced into the inlet of the

energy harvester. Tap water is pumped into the storage tank through a pump located in a

recycle tank. An outlet pipe extending between the outlet of the energy harvester and the

recycle tank provides a continuous supply of water. Fig. 12 is a schematic of the

measurement apparatus. The oscillating displacement of the magnet is measured by a

fiberoptic displacement sensor (MTI-2000, MTI Instruments Inc., US). The voltage

induced by the coil is recorded and analyzed by a data acquisition unit (PCI-5114,

National Instruments Co., US). The pressure in the flow channel is measured with a

subminiature pressure sensor (PS-05KC, Kyowa Electronic Instruments Co. Ltd., Japan)
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embedded in the bottom plate of the flow channel, nearly 9 mm behind the bluff body

and opposite to the flexible diaphragm. The pressure sensor is connected to a data

acquisition unit (DBU-120A, Kyowa Electronic Instruments Co. Ltd., Japan).

The experimental results are shown in Fig. 13. Fig. 13(a) shows the pressure

history in the flow channel behind the bluff body, where the pressure oscillates with an

amplitude of nearly 0.3 kPa and a frequency of 62 Hz. The measured displacement

history of the magnet is shown in Fig. 13(b). The measured open circuit voltage induced

by the coil is shown in Fig. 13(c). The output peak-to-peak voltage is nearly 20 mV in

average. The time history of the experimental results are considered typical of the

measurements in a duration of 20 seconds. Figs. 13(d-f) are the power spectral density

corresponding to Figs. 13(a-c), respectively, but are based on series of the measurements

in the duration of 20 seconds. Fast Fourier transform is used to compute the power

spectral density. It can be seen from Figs. 13(d-f) that there is one obvious peak value of

62 Hz. It is evident that the same peak values shown in Figs. 13(d-f) are caused by the

pressure fluctuation in the flow channel. The low frequency noise, below 30 Hz,

observed in Figs. 13(d-f) can be attributed to the fact that the flows of the experimental

setup are always contaminated by ambient noise sources, and the geometry of the bluff body

and the walls of the flow channel are not perfectly symmetric and smooth.

The average free-stream velocity U measured in the experiments is 1.38 m/sec.

The calculated Re is nearly 5855, which is turbulent. The frequency of the pressure

fluctuation is nearly 62 Hz, see Fig. 13(d), at which the vortices are shed from the bluff

body. Using the front height 1H = 4.25 mm (see Fig. 2), the free-stream velocity

U =1.38 m/sec and Equation (2), the corresponding value of St is estimated as 0.19. The
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estimated value of St for a trapezoidal bluff body of the experiments might be reasonable

compared the value, 0.21, reported by White [38].

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

output of the device are performed. A matched load can be connected to the device to

maximize output power. The internal electrical resistance of the device is measured by a

LCR meter (WK 4235, Wayne Kerr Electronics, Ltd., UK). The instantaneous power P~

can be expressed as

R
V

P ~
)~2(~ 2

 (23)

where R~ is the resistance value of the matched load and V~ is the root-mean-square value

of the voltage drop across the matched load. By connecting the matched load of 38  to

the device and detecting the voltage drop across the matched load, 5.8 rmsmV , the

instantaneous power is determined as 1.77 μW . For application of power generation, the

conversion coefficient should be close to 1. Using Eq. (17), the conversion coefficient

of the device is determined as 0.48 with the damping coefficient 01.0c and 38LR

in Eq. (17). Note that with the damping coefficient varied in the range from 0 to 0.05, the

conversion coefficient varies from 0.51 to 0.41. Here, a typical value of the damping

coefficient is selected for the calculation of a representative conversion coefficient. The

energy conversion efficiency of this method, 0.48, is slightly lower than those of an

electromagnetic system, 0.51, and a piezoelectric system, 0.52, with similar dimensions

[46]. A scaled-up device may provide a higher conversion coefficient and render it more

applicable to the purpose of large-scale energy harvesting. With the dimensions of the
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coil and magnet scaled up by a factor of one hundred, the conversion coefficient is

calculated as 0.85, which is much larger than that of the device.

Most energy harvesting devices based on piezoelectric effects have focused on

single-frequency ambient energy, i.e. resonance-based energy harvesting [49]. When the

ambient excitation is at a single frequency, the design of the energy harvesting device can

be tailored to the ambient frequency available. In this investigation, the device is

operated at 62 Hz, which is near its natural frequency )/( mkn  of 60 Hz, determined

by the second order approximation of the device. 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. [17] and Herrault et al. [18] 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 [19] has proved to be feasible by

simulation and hydrodynamic testing, but a power-generating eel is not demonstrated.

Taylor et al. [21] 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 energy harvester, the dimensions of the device can be decreased for

construction of a miniaturized system to harvest energy from vibration induced by

Kármán vortex street.
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4. Conclusions

An electromagnetic energy harvester based on flow induced vibration is

developed. The energy is harvested from Kármán vortex street behind a bluff body in a

water flow. The pressure oscillation due to the Kármán vortex street in the flow channel

of the harvester results in a periodical displacement of the magnet placed under a coil and

therefore the voltage generation. An analytical design method is developed for quick

evaluation of the effects of device dimensions, pressure loads and material properties on

the performance of the energy harvester. Prototypes of the energy harvester are

fabricated and tested. The generated voltage and instantaneous power of the device are

approximately 20 ppmV and 1.77 μW , respectively, when the pressure oscillates with an

amplitude of nearly 0.3 kPa and a frequency of about 62 Hz. Sources of pressure

fluctuation of Kármán vortex street can be geophysical flows (ocean or river currents), air

flow in tire cavities, or fluid flow in machinery. The periodic vortex shedding behind a

bluff body immersed in a steady stream causes a pressure oscillation in the stream.
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Table 1. Dimensions of the prototype and relevant physical properties

Property/dimension

Flow channel Effective dimension (mm) 50 × 15.7 × 15.7

Trapezoidal bluff body Front height 1H (mm) 4.25

Rear height 2H (mm) 1

PDMS Dimension (mm) 30 × 15.7 × 1

Density ( -3mkg ) 1670

Young’s modulus E (MPa) 18

Poisson’s ratio  0.5

Magnet Density ( -3mkg ) 8100

Remanent flux density rB (Tesla) 1.22

Radius R (mm) 10

Thickness T 2

Acrylic Dimension (mm) 8 × 8 × 10

Density ( -3mkg ) 1400

Coil Turns N 400

Resistance eR () 36.78

Inductance eL ( mH ) 5.29

Total length coill (m) 34.56
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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 schematic of the diaphragm under the loads P , W and magF .
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Fig. 4. An axisymmetric model of the magnet and coil.
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Fig. 5. A lumped model.
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Fig. 6. Measured stress-strain curve of the PDMS material.
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Fig. 7. Pressure fluctuation P as a function of 2/1)Re(Re crit .
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Fig. 8. (a) A typical displacement history of the magnet. (b) Output voltage history.
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Fig. 9. Assembly steps of the energy harvester.
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Fig. 10. Assembled energy harvester.
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Fig. 11. A photo of the experimental setup.
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Fig. 12. A schematic of the measurement apparatus.



40

Fig. 13. Experimental results. (a) Pressure variation in the flow channel. (b)
Displacement of the magnet. (c) Induced voltage of the coil. (d-f) Power spectral density
corresponding to (a-c).


