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ABSTRACT Low-flow air has been attracted many researchers which can be transformed into electric
energy by the piezoelectric materials. A flow amplifier device can be used to increase the performance of
piezoelectric energy harvester excited by low-flow air. The Coanda effect theory has been analyzed based
on the fast-moving air. To analyze the effect of the amplifier device and verify the feasibility of the proposed
cantilevered PVDF energy harvester, we employed finite element simulation to analyze the flow distribution
of the amplified flow air. Then the stress and potential distribution of PVDF film have been analyzed.
A prototype of the cantilevered PVDF energy harvester is tested with different variables such as input air
flow, pressure and cycle time. The test results show that the output voltage increases with increasing input
air flow. The output voltage decreases slightly with increasing input cycle time. The peak voltage decreases
as the distance between the prototype and the excitation source increases. Importantly, the output voltage
for the amplified airflow is about three-times that of the non-amplified air flow. The maximal output voltage
and power are 12.80 V and 19.89 µW at the pressure of 0.2 MPa and a flow rate of 200 L/min, respectively.

INDEX TERMS Coanda effect, PVDF energy harvester, amplified air flow, simple harmonic oscillation.

I. INTRODUCTION
Harvesting energy from the ambient environment has always
been a hot issue and a possible solution against the energy
crisis [1], [2]. Recently, a kind of new energy harvesting
device has attracted more and more attention owing to its
simple design, low cost, reliable robustness, environmentally
friendliness and abundant friction energy sources [3], [4].
A series of great progress have been developed on micro-
power generators with thermoelectric, thermo-photovoltaic,
piezoelectric, and microbial fuel cells [5]–[10]. Some of this
research has been devoted to improving energy harvesting
efficiency, to provide stable energy for self-powered wireless
electronic devices [11]–[13]. This would eliminate the issue
of battery replacement and disposal [14]–[16]. The air kinetic
energy is an abundant and freely available energy source.
Previous researchers have designed effective systems to
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convert ambient air kinetic energy into electricity for wireless
sensors [17]–[20].

The flexibility associated with piezoelectric materials is
very attractive for energy harvesting. These materials possess
more mechanical energy for conversion into electrical energy
and can also withstand large amounts of strain [21]–[23].
Polyvinylidene fluoride (PVDF) is a highly flexible piezo-
electric material that can improve the service life of the
piezoelectric generator [24]. Many studies have explored the
performance of PVDF under different air impact conditions.
Mo et al. presented a comprehensive theoretical model for
predicting the energy generation performance of an energy
harvesting device that used a PVDF circular membrane sub-
ject to pressure fluctuations [25]. Yu et al. presented the
flapping dynamics of a PVDF membrane placed behind a
cylinder. Their harvester was extensively studied in subcriti-
cal and postcritical regimes by changing the distance between
the cylinder and the membrane [26]. Chen et al. proposed a
beating design using PVDF in collaboration with a beating
mechanism [27]. Tang et al. proposed a novel wind energy
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FIGURE 1. Diagrams showing (a) the working principle of flow amplifier
device, and (b) the amplified air flow impact.

harvester using a wind vane and PVDF film to convert the
multidirectional wind energy in the grid into electricity [28].
Eddiai et al. has been researched to provide a framework
to develop an innovative energy-harvesting technology that
collects vibrations from the environment and converts them
into electricity to power a variety of sensors [29]. The low-
flow compressed air condition has always existed in pneu-
matic systems, but this energy is often overlooked andwasted.
Based on the low-flow compressed air energy, an amplifier
device can be designed to harvest air energy composed of
kinetic energy and compressed energy.

The energy collection device of airfoil structure has
been studied in previous papers which is based on Coanda
effect [28]. In this paper, the Coanda effect theory has been
analyzed based on the fast-moving air. To analyze the effect of
the amplifier device and verify the feasibility of the proposed
cantilevered PVDF energy harvester, we employed finite
element simulation to analyze the flow distribution of the
amplified flow air. Then the stress and potential distribution
of PVDF film have been analyzed. A flow amplifier device
is fabricated to amplify low-flow compressed air through
the Coanda effect. A cantilevered PVDF energy harvester is
designed to extract energy from an amplified flow. The aim
of this paper is to enhance the generation performance of a
cantilevered PVDF energy harvester which is impacted by
amplified air flow. The energy harvester consists of a flexible
PVDF, a polyester substrate and a circular baffle without
any other structural components. The test system is built
and the experiments are designed to explore the relationships
between the generated power and the low-flow compressed
air parameters. In short, this primary study shows a promising
scheme for guiding the future development of high-efficiency
piezoelectric harvesters.

II. STRUCTURE AND SIMULATION ANALYSIS
Figure 1 shows the working principle of the flow amplifier
device and the diagrammatic drawing of the amplified air
flow impact. Figure 1(a) shows the working principle of
the flow amplifier device. The low-flow compressed air is
provided by a pneumatic system and the compressed air
can through the air voids. As the air voids is small enough,
the compressed air spills into the cylindrical chamber at high
speed. The pressure in the cylindrical chamber decreases
owing to the high-speed air. The ambient air is induced by
the pressure difference; this region of the air flow is hereafter

FIGURE 2. Schematic diagram of turbulent flow around cylindrical
surface.

called induced air. The induced air obviously increases the
flow of the output air, and the output air is thus amplified.
Additionally, some entrained air is induced by the output air
at the exit, but this has only a small influence. Figure 1(b)
shows the amplified airflow impact. When the air impacts the
circle baffle, electricity is produced by the deformation of the
PVDF. A circular baffle has been designed in the harvester to
increase the air impact area.

The basic principle of the Coanda effect is that the friction
resistance on the convex surface will cause pressure differ-
ence on both sides of the fluid, making the pressure attached
to the wall surface less than that on the other side. Under the
action of the pressure difference, the fluid will deflect to the
side in low pressure to achieve a stable flow state adhered
to the wall. There are two necessary conditions for the fluid
with low viscosity such as air to reflect the Coanda effect.
First, the wall surface is required to allow the fluid to adhere,
and it needs to have a certain curvature or be at a certain angle
to the direction of the jet flow in the pipe. Secondly, the jet
nozzle and both sides of the wall surface should have a certain
distance so as to generate a certain pressure difference 1p
on both sides of the fluid. Researchers studied a turbulent jet
flow that flows around the cylindrical surface by adhering to
it. The fluid was an ideal incompressible fluid. The schematic
diagram of its principle is shown in Figure 2.

In nature, the fluid will flow with the curvature of the
wall because of the viscous force. The Coanda effect is
based on the wall attached due to the air viscosity. When
the fluid comes into contact with the surface of the cylinder,
the viscous resistance on the outer surface will make the
fluid to decelerate. The pressure of the fluid on the surface
of the cylinder is ps, while ps is less than the pressure of
the surrounding fluid p∞, which will cause the fluid to flow
around the cylindrical surface by adhering to it. Assum-
ing that the fluid is inviscid in its initial state, we will
obtain the equation by using the Bernoulli equation for fluid
flow:

ps = p∞ −
2ρUb
a

(1)
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In the equation, ρ is the density of the jet fluid, U is the
average speed of the fluid, b is the width of the orifice, a is
the radius of the curved wall. In an inviscid fluid, the value
2ρUb/a is much lower than p∞. However, the actual fluid has
viscosity. The viscosity of the fluid will lead to the decrease
of the flow velocity. The fluid acting on the wall surface will
produce the pressure. This part of pressure gradually decrease
with the decrease of the flow velocity. When ps equals to p∞,
The fluid will break away from the wall surface it used to
adhere to. The pressure distribution when the fluid flows on
the wall surface can be expressed as:(
ps − psurf

)
r

(p− ps) b
=

8 ln
(
1+ 4ym/2

3r

)
[(

1+ 4ym/2
3r

)2
− 1+ 2 ln

(
1+ 4ym/2

3r

)]
(2)

The separation angle can be expressed as:

θsep =
(245− 391b/r)
(1+ 1.125b/r)

(3)

Parameter relations in the Newman model:
ym/2
rθ
= 0.11

(
1+ 1.5

ym/2
r

)
(4)

In the equation, θ is the separation angle, b is the width of
the jet opening, a is the radius of curvature. The main factor
of the Coanda effect is the change of velocity of which flows
in the contact surface. There aremany factors affect the veloc-
ity of contact surface fluid. This paper mainly discusses the
influence of flow state and pressure distribution on Coanda
effect. We could know from the mathematical expression Re
equal to ρvd/η of Reynolds number and the effect of flow
state on Coanda effect is essentially the effect of Reynolds
number on the layer adhered to the wall. When the fluid is in
the turbulent flow state, the thickness of the layer adhered to
the wall can be increased, and the thicker layer will make the
turbulent fluid more difficult to detach from the wall surface
than laminar fluid. In the process of fluid flow, the pressure
gradient affects the critical Reynolds number, and the change
of the pressure gradient in the flow direction will significantly
affect the flow state of the attached wall layer. The positive
pressure gradient is favorable for the fluid to adhere to the
wall and is not easy to produce the shedding phenomenon.
The adverse pressure gradient is easy to cause fluid shedding.
Brandt laminar wall equation reflects the effect of pressure
gradient on fluid adhesion.

∂ux
∂x
+
∂uy
∂y
= 0 (5)

∂ux
∂t
+ ux

∂ux
∂x
+ uy

∂uy
∂y
= −

1
ρ

∂p
∂x
+
u
ρ

∂2ux
∂y2

(6)

The above equation satisfies the following conditions

y = 0, ux = uy = 0 (7)

y = ∞, u = u (x) (8)

FIGURE 3. Model dimensions and flow distribution. (a) Primary
dimensions of the amplifier device, (b) flow distribution of the induced
amplified flow air, (c) flow distribution of the external air flow, and
(d) pressure distribution at the circular baffle surface at different
distances.

The equation (9) can be described based on the
equation (7),

µ

(
∂u
∂y

)
y=0
=
dp
dx

(9)

In the reverse pressure gradient region,

dp
dx
> 0,

(
∂2u
∂y2

)
y=0

> 0 (10)

To analyze the effect of the amplifier device and verify
the feasibility of the proposed cantilevered PVDF energy
harvester, we employed finite element simulation to analyze
the flow distribution of the amplified flow air, as shown in
the model in Figure 3. The lengths of H1, H2, H3 and H4 are
5.7 cm, 1.5 cm, 4.5 cm and 1.5 cm, respectively. The diameter
D of the cylindrical chamber is 1.5 cm. In Figure 3(b), there
are two areas named ‘‘air increased area’’ and ‘‘air assembled
area’’. The simulation results show that the output air is
amplified by the amplifier device. Figure 3(c) shows the flow
distribution of the external air flow when the circular baffle
is placed at 1 cm from air exit. The maximum flow speed is
266 m/s when the distance is 1 cm. Figure 3(d) shows the
pressure distribution on the circular baffle surface at different
distances. The center of the circular baffle has the highest
pressure, and the edge of the circular baffle has the smallest
pressure. The pressure shows a downward trend from the
center to the edge of the circular baffle. The distance of 1
cm has the largest impact force of nearly 60 kPa. According
to the simulation result, the baffle should be fixed at 1.0 cm.

After completing the simulation analysis of the exter-
nal and internal flow field distribution in the air amplifier,
the pressure field distribution on the surface of the circular
spoiler was obtained. Based on that, the stress and potential
distributions of PVDF thin film piezoelectric captors are
calculated. When the PVDF thin film piezoelectric energy
capture device is fixed 1 cm away from the end of the air
amplifier, the pressure load acting on the circular spoiler
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FIGURE 4. The electro-mechanical analysis of the piezoelectric energy
capture device. (a) The mesh generation of the device, (b) stress
distribution of the device and the impact of pressure on the (c) stress and
(d) voltage.

FIGURE 5. Real photo of circular spoiler piezoelectric energy capture
device.

is 60 kPa. Figure 4 shows the stress and potential distribution
of PVDF film piezoelectric energy captor under this pressure
load. According to the flow field environment, the electrical
simulation analysis is carried out. Then we used the Comsol
analyze the electro-mechanical of it with the analysis result of
Fluent. Figure 4(a) shows the mesh generation of the device
and the stress distribution is shown in Figure 4(b) when a
6.0×104 Pa pressure act on the device. The impact of pressure
on the stress and voltage are illustrated in Figure 4(c) and (d),
respectively, they are decreasing with the pressure decrease.

Simulation results show that the design of air amplifier is
reasonable, and the air amplifier as shown in Figure 5 (a)
was selected. The jet orifice diameter of the air amplifier
is 15 mm, so that the jet fluid of the air amplifier can be
more fully impacted on the circular spoiler. According to
the size of the air amplifier jet port, the size of the selected
PVDF film is 23.5× 10× 0.028 mm3, and its dynamic resis-
tance can be measured through the analysis of the impedance
tester. A round spoiler with a diameter of 15 mm is bonded
to the top of the PVDF film to increase the wind area of

FIGURE 6. Experimental setup of the cantilevered PVDF energy harvester.

the piezoelectric energy capture. The structure is shown in
Figure 5(b). The width of the overlap between the PVDF film
and the spoiler was 2mm, and the thickness of the colloid was
0.8 mm. The diameter of the air amplifier jet port is 15 mm,
and the diameter of the internal channel is 13 mm, which can
increase the flow rate of the air supply flow by more than 4
times.

III. EXPERIMENTAL SYSTEM
The experimental setup of the cantilevered PVDF energy
harvester is shown in Figure 6. The test system consists of a
pressure regulating valve (IR3020-04 SMC Japan), a revers-
ing valve (VQ7-8-FG SMC Japan), a throttle valve (AS2052F
SMC Japan), a flow sensor (PFA751-04 SMC Japan), a pres-
sure sensor (PSE560-01 SMC Japan), and the prototype.
The output voltage is monitored via a four-channel spec-
trum analyzer (MDO4054B-3 Tektronix USA) using a probe
(TPP0500 Tektronix USA). The low-flow compressed air is
transferred from the pressure regulating valve to the reversing
valve through the tube. When the air flows into the throttle
valve, the air flow can be adjusted. In this system, the volume
flow is tested using the flow sensor and the pressure is tested
via the pressure sensor. An enlarged view of the cantilevered
PVDF energy harvester and flow amplifier device is inset
in Figure 6. The cantilevered PVDF energy harvester consists
of a flexible PVDF (Measurement Specialties, Hampton, VA,
USA), a polyester substrate and a circular baffle.

The energy harvester is impacted by a stable air flow.
In the test, the pressure and flow are adjusted by regulating
the pressure and throttle, respectively. There are two other
parameters in the test system, namely distance and cycle.
Experiments are carried out to investigate the characteristic
of the proposed prototype under various parameters in the test
system.

IV. RESULTS AND DISCUSSION
Figure 7 shows the peak voltage of the harvester in differ-
ent cycles and pressures. Figure 7(a) shows the test results
for the peak voltage of the harvester at 200 L/min and
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FIGURE 7. Peak voltages from the harvester in (a) different cycles, and
(b) different pressures in different flows.

0.2 MPa. Different distance between the baffle and flow
amplified device has been selected by 1, 3, 5, 7 cm. The
maximum peak voltage is 25.07 V at 1.0 cm and 0.2 MPa
for a cycle time of 1.5 s. All of the data points are mea-
sured more than twenty times and the mean voltages are
plotted along with appropriate error bars, within the error
allowed.

Figure 7(a) indicates that the peak voltage decreases with
increasing cycles. In that case, the peak voltage must be
influenced by the gas velocity. However, while the cycles are
increased, the velocity in the air pipe decreases when the flow
is fixed. As a result, the peak voltage is also reduced. The
relationships between the various air pressures and peak volt-
ages are investigated as shown in Fig.7 (b). The experimental
parameters are 0.2 MPa, 1 cm, and cycle of 1.5 s. To inves-
tigate the effect of the air flow on the performance of the
harvester, different flows of 50 L/min, 100 L/min, 150 L/min
and 200 L/min are used to amplify the different increased
air flows. The peak voltage increases with increasing flow.
As the input pressure increases, the peak voltage decreases
and the curves indicate that the peak voltages also decrease
slowly. A maximum peak voltage of 24.53 V was achieved at
200 L/min for the smallest cycle time.

The air amplifier can absorb air at the back end to increase
the flow rate. The output voltage is small when blocking the
end of air for test. Figure 8 shows the relationship between
the flow and the peak voltage under the cycle of 1.5 s, 1 cm,
and 0.2 MPa. The peak voltage for the amplified air flow is
shown in the amplified flow curve. The peak voltage for the
low-flow compressed air is shown in the non-amplified flow

FIGURE 8. The relationship between the flow and the peak voltage.

FIGURE 9. Change in voltage for a cycle time of (a) 1.5 sand (b) 3.5 s.

curve. The pressure has previously been defined as 0.2 MPa
with a higher peak voltage. The cycle time is set at 1.5 s and
the distance is set at 1.0 cm. The peak voltage increases when
the flow increases. The maximum peak voltage is 24.53 V at
200 L/min.

Figure 8 indicates that the peak voltage for amplified air
is approximately three-times that of the non-amplified air.
It indicates that amplified flow can improve the power output
effectively.

For test conditions fixed at 0.2 MPa, 200 L/min and 1 cm,
Figure 9 shows the change in voltage with time for a cycle
time of (a) 1.5 s and (b) 3.5 s. The whole process of power
generation can be divided into three stages: forced oscilla-
tion, turbulence, and simple harmonic oscillation. The PVDF
deforms when the air flow impacts on the circular baffle. The
PVDF undergoes forced oscillation until it becomes stable in
the equilibrium position. When the PVDF is in the equilib-
rium position, it enters the turbulence stage. After the turbu-
lence stage, the PVDF enters simple harmonic oscillation.

In Figure 9, the air pressure is continuously supplied for
1.5 and 3.5 seconds. The time of simple harmonic oscillation
is 0.30 s which is no air impact. The time of simple harmonic
oscillation depends on the characteristics of the PVDF energy
harvester. The amplitude of the turbulent section is very
small. As a result, the output voltages are almost zero. Thus,
we can speculate that the power output is getting smaller as
the cycle time is increased.
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FIGURE 10. Graphs showing (a) peak voltage and (b) power output
versus load resistance for cycle times of 1.5 s.

FIGURE 11. Root means square (RMS) voltage and effective power versus
load resistance using cycle times of 1.5 s, a process pressure of 0.2 MPa
and a flow rate of 200 L/min.

Figure 10(a) shows the peak voltage versus load resistance
for a cycle time of 1.5 s. The peak voltage increases with
increasing external resistance for a given flow rate, while the
peak voltage output across the load increases with increasing
of the flow rate. The maximum peak voltage achieved is
12.80 V across 9 M� resistors at 0.2 MPa and 200 L/min
for the smallest cycle time (1.5 s). Figure 10(b) shows the
power output versus load resistance for a cycle time of 1.5 s.
The optimal instantaneous power output is 19.89µWthrough
a 7 M� resistor at 0.2 MPa and 200 L/min for a cycle time
of 1.5 s.

The root means square (RMS) voltage is excited for a
cycle time of 1.5 s, as shown in Figure 11. The conditions
of these curves are tested using the above excitation distance
of 1 cm, a process pressure of 0.2 MPa and a flow rate of
200 L/min. The RMS voltage and the effective power against
the external load resistance are measured, and it is found
that the RMS voltage increases with the increasing of load

resistance. The maximal RMS voltage is 0.54 V across a
resistance of 9 M�. The optimal effective power is 39.97 nW
through a resistance of 5 M�. At the same time, according to
the size of the selected PVDF film, the energy density of the
energy harvester can be obtained to be 6.0 µW/cm3.

V. CONCLUSION
In conclusion, this paper presented a method by which the
power output of a PVDF energy harvester is improved by
amplified air flow. The Coanda effect is used to amplify the
air flow. The Coanda effect theory has been analyzed based
on the fast-moving air. To analyze the effect of the amplifier
device and verify the feasibility of the proposed cantilevered
PVDF energy harvester, we employed finite element simu-
lation to analyze the flow distribution of the amplified flow
air. Then the stress and potential distribution of PVDF film
have been analyzed. The flow distributions depending on the
positions of baffle when the amplified flow impacts on it.
A PVDF energy harvester which is impacted by amplified
air flow is fabricated and tested. The maximum peak voltage
reaches 12.80 V across a 9 M� resistor at 200 L/min and
0.2 MPa for a cycle time of 1.5 s. The optimal instantaneous
power output is 19.89µWthrough a 7M� resistor at 0.2MPa
and 200 L/min for a cycle time of 1.5 s. The relationship
between flow speed and voltage is an important index. This
will be tested in detail in future work.

Importantly, the output voltage for the amplified air flow
increased to about three-times that for non-amplified flow.
Thus, the low-flow compressed air in the pneumatic sys-
tem has great potential despite the power output is slightly
lower. In short, this primary study shows a promising scheme
for guiding the future design. This paper mainly analyzes
the influence of Coanda effect on piezoelectric patch. Thus,
the original structure is selected to research the performance
of power generation. We will optimize the structure design in
the following work.
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