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 Similarly to a harmonica reed, a piezoelectric MEMS cantilever is self-excited by an airflow. 
An airflow-induced self-excited vibration can be utilized as an energy source for energy-
harvesting devices. In this study, with the aim of reducing the cut-in flow velocity, which is the 
lowest flow velocity required for resonant vibration, a thin MEMS structure with an intentionally 
warped shape was exploited in an energy harvester based on the principle of harmonica reeds. 
By compensating for the residual stresses of PZT and Pt electrode films, the cantilever warpage 
of the harvester structure can be controlled. The thin-film nature and the warped PZT/Si 
laminated MEMS structure enabled energy harvesting from an airflow at low flow velocities. 
Moreover, the cut-in flow velocity of the airflow-induced MEMS harvesting device was very 
low (1.2 m/s, one-tenth of that of a conventional device), and an output power of 3.84 μW was 
obtained at a flow velocity of 3.7 m/s.

1. Introduction

 Our rapidly developing Internet of Things (IoT)-based society requires a large number of 
sensors. For IoT sensors, batteries cannot be adopted as power sources because of the economic 
and environmental costs of replacement and disposal. Hence, energy harvesting technology has 
recently attracted much attention, and many researchers have been devoted to this field during 
the last two decades. Energy can be harvested from various energy sources, such as sunlight, 
thermoelectricity, radio waves, wind, and mechanical vibration. Mechanical vibration is suitable 
for IoT sensors because of its high energy density and ubiquitous nature.(1,2) To obtain electrical 
energy from mechanical vibration, energy conversion mechanisms are employed, such as 
piezoelectric, electromagnetic, and electrostatic mechanisms. A popular vibration harvesting 
strategy is to install a harvesting device on an external vibration source, where the device is 
resonantly vibrated to increase the vibration amplitude and obtain a large output power. 
However, this resonant-type harvester has a major drawback: its resonant frequency should 
equal the vibration frequency of the external vibration.(3) In addition, whereas a large quality (Q) 
factor of vibration is preferred to obtain large output power, it leads to a narrow bandwidth. A 
nonlinear vibration and snap-through structure to widen the bandwidth, a mechanism for 
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resonant frequency tuning, and a damped vibration mechanism based on shock inputs were 
previously investigated.(4–7) Nevertheless, the widespread use of such vibration-type energy-
harvesting devices is hindered by the small number of applications that can generate input 
vibrations with stable frequencies and sufficient amplitudes.
 Self-excited vibration induced by an airflow is also a promising energy harvesting strategy. 
Mechanical resonant vibration can even be excited by a non-oscillatory airflow.(8) There are two 
types of vibration energy harvesters based on self-excitation. First, similarly to in a harmonica 
reed, elastic beams placed on a resonant cavity are self-excited by the pressure fluctuation of an 
airflow.(9–14) Second, vortex-induced vibration (VIV) is used as an excitation source.(15,16) For 
the former case, air pressure in a cavity opens a bendable reed, and the fluctuation of the 
pressure induces self-excited vibration of the reed. For the latter case, vortexes generated behind 
bluff bodies induce self-excited vibrations of the structure. For both cases, the body vibrates at 
its structural resonant frequency. The electrical energy is converted from mechanical vibration 
energy via energy conversion mechanisms such as piezoelectricity. A challenge in flow-induced 
energy harvesting is to reduce the cut-in flow velocity, which is the minimum, flow velocity at 
which self-excitation of the vibrator occurs. In this study, we focus on piezoelectric MEMS 
energy harvesters based on a free reed. Although the mechanism of the self-excited vibration of 
reeds is not completely clear, a mass-damper-spring ramped model has been proposed for the 
numerical calculation of free reeds.(17) In general, harmonica reeds have a warped shape against 
the airflow, and this warpage strongly affects the dynamic behavior of the reeds. Most 
conventional harvesters based on harmonica reeds have a mechanism involving flow-induced 
self-excited oscillations of piezoelectric beams embedded in cavities and exploit bulk 
piezoelectric ceramics or polymers.(9–11) An airflow-based energy harvester, which has a bulky 
rigid structure, requires a high flow velocity to bend the vibration structure. Although MEMS 
energy-harvesting devices have also been reported, it is difficult to obtain a large output power 
and a low cut-in flow velocity.(12–14) To achieve a large output power and a low cut-in flow 
velocity, a piezoelectric MEMS energy-harvesting device having an intentionally warped shape 
and Pb(Zr,Ti)O3 (PZT) thin films with a thickness of 10 μm was microfabricated and evaluated 
in this study. 

2. Materials and Methods

2.1 Design

 The principle of the airflow-induced harvester based on a harmonica reed is as follows. Air 
pressure generated by an airflow bends a cantilever. The deformation of the cantilever opens an 
air gap between the tip and frame of the device. As the cantilever is bent, the air pressure 
decreases and the restoring force of the cantilever increases. This process occurs whenever a 
sufficient airflow is introduced into the device. The air pressure instability, originating from the 
air gap between the movable structure and a fixed wall, causes the mechanical structure to 
oscillate, resulting in a resonant vibration. The air pressure instability depends on the structure’s 
stiffness and shape. The motion equation of the ramped model for a resonantly vibrating reed 
is(18)



Sensors and Materials, Vol. 34, No. 5 (2022) 1881

 2
// ,cp RLmy Dy ky Z y FΓ+ + + =   (1)

where y is the displacement of the reed when an external force F (=Fosinωt) is applied, m is the 
equivalent mass, D is the equivalent damping coefficient, k is the equivalent spring constant, Г is 
the electrical-mechanical conversion factor (equal to the electrical charge generated per 
mechanical displacement), and Zcp//RL is the impedance of the output circuit model (piezoelectric 
capacitor and load resistance connected in parallel). Since the output voltage Vo is

 / / ,o cp RLV Z yΓ=   (2)

the output power Po at the load resistance is 

 ( )2 // .o o cp RLP V y y ZΓ Γ= =   (3)

 Therefore, the output power is proportional to the square of the reed velocity. By solving 
these equations, the output power and tip displacement can be estimated. However, it is difficult 
to predict the input force originating from an unstable pressure fluctuation near the cantilever 
because of the complex fluid–structure interaction.(19) Therefore, the prototype device is 
fabricated and experimentally characterized.
 Similarly to harmonica reeds, the designed device was a simple cantilever with a uniform 
cross section and no proof masses (Fig. 1). To convert mechanical vibration energy into electrical 
energy, piezoelectric thin films were laminated on the substrate. The cantilever of the energy 
harvester was 10 mm long, the same as that of a conventional vibration energy harvester,(20) and 
3 mm wide to ensure a longitudinally warped shape.(21) For piezoelectric vibration energy 
harvesters, the electromechanical coupling factor is proportional to the thickness of the 
piezoelectric layer.(20) Therefore, lead zirconate titanate (PZT) thin films with a thickness of 
10 µm, whose microfabrication we previously reported,(20–23) were adopted as the piezoelectric 
layer of the airflow energy harvesters. Although the optimal thickness of a Si substrate used in a 

Fig. 1. (Color online) Dimensions of the harvesting device.
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conventional vibration energy harvester is 4 µm,(20) the Si substrate thickness was set to 20 µm 
because it would have been difficult to control the warpage and the device would have been very 
fragile if its total thickness was too low. The gaps between the frame and cantilever at the tip and 
side were 150 and 30 µm, respectively. As described in the next section, the cantilever was 
fabricated with a slightly upward warped shape.

2.2 Fabrication process

 The fabrication process is shown in Fig. 2. A silicon-on-insulator wafer with a diameter of 
100 mm and thicknesses of 20, 1, and 500 µm for the active, buried oxide, and handle layers, 
respectively, was thermally oxidized for 280 min to grow a 1-µm-thick SiO2 layer on the surface 
[Fig. 2(a)]. Ti, Pt, SrRuO3, and PZT thin films were sequentially sputtered on the wafer using 
sputtering equipment (CS200-TOKU, ULVAC Inc.), where the SrRuO3/Pt/Ti layers made up the 
bottom electrode for the PZT. The thicknesses of Ti, Pt, and SrRuO3 were 10, 100, and 40 nm, 
respectively, with the Ti used as the adhesion layer between the Pt layer and the substrate, and 
the Pt layer was the main electrode. The SrRuO3, which is electrically conductive, prevented 
interlayer diffusion between the PZT and the electrode metals. A PZT target with a 
Pb(Zr0.52Ti0.48)O3 (morphotropic phase boundary) composition containing 15% excess PbO 
(diameter = 300 mm) was used for sputtering. To obtain a thicker PZT thin film, multistep 
sputtering was used.(23) The PZT layer was formed by alternating four PZT depositions (layer 
thickness = 2.5 μm) with exposure to air at room temperature, resulting in a 10-µm-thick PZT 
film with good piezoelectric characteristics. A Au/Cr [100/20 nm] top electrode was deposited 
using sputtering equipment (JEC-SP360M, JEOL) [Fig. 2(b)], and the sputtering conditions are 

Fig. 2. (Color online) Fabrication process flow.
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summarized in Table 1. The Au/Cr was patterned by an iodine-based Au etchant (AURUM 302, 
Kanto Kagaku) and a Cr etchant (SEK-1, Konan Muki Co. Ltd.) based on a perchloric acid/ceric 
ammonium nitrate solution. The PZT was dry-etched by a gas mixture plasma of Cl2, BCl3, and 
CH4, and the top electrode and PZT were sequentially patterned using an identical resist pattern 
[Fig. 2(c)]. The bottom electrodes were dry-etched using a gas mixture plasma of Cl2 and Ar 
[Fig. 2(d)] under the previously reported etching conditions.(24) The top SiO2, Si, and buried SiO2 
were sequentially dry-etched [Fig. 2(e)], where CHF3 gas plasma was used to etch the SiO2. 
Deep reactive ion etching was performed on Si using MUC-21 etching equipment (Sumitomo 
Precision), and the other dry etching processes were conducted using 101iPH etching equipment 
(SAMCO). After wet etching of the bottom SiO2 using buffered hydrofluoric acid, the handle 
layer of Si was etched through. The buried oxide layer underneath the cantilever was sequentially 
etched by dry etching to reduce the residual strain of the cantilever structure [Fig. 2(f)]. Finally, 
Cr with a thickness of 120 nm was sputtered on the back side of the cantilever to compensate for 
the residual tensile stress of the PZT and bottom electrode [Fig. 2(g)]. A photograph of the 
fabricated device is shown in Fig. 3. 

2.3 Poling treatment and stress compensation

 When an electric field is applied to the coercive field of a piezoelectric film (poling 
treatment), randomly distributed domains rotate and align. This poling treatment is essential for 
obtaining good piezoelectric properties. However, this domain rotation macroscopically 

Fig. 3. (Color online) Fabricated harvesting device.

Table 1
Sputtering conditions of the deposited films.

Material RF power 
(W/cm2)

Temperature 
 (°C)

Gas flowrate 
(sccm)

Pressure 
 (Pa)

Top electrode Au 1.27 Room temp. Ar 4 1.0
Cr 2.54 Room temp. Ar 1 0.5

Piezoelectric layer Pb(Zr,Ti)O3 1.41 475 Ar/O2 39/0.5 0.21

Bottom electrode
SrRuO3 6.37 530 Ar/O2 80/20 0.44

Pt 6.37 530 Ar 40 0.44
Ti 6.37 530 Ar 40 0.44

Stress compensation Cr 2.54 Room temp. Ar 1 0.5
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becomes residual stress. Since the initial shape of the airflow harvester can influence the output 
performance, the position of the cantilever tip is important. The tip position of the fabricated 
cantilever relative to the frame was −250 µm. For the same structure without Cr deposition, the 
tip position was 860 µm. In this study, a unipolar sinusoidal wave with a peak-to-peak voltage of 
70 V at a frequency of 100 Hz was applied to the PZT film for 10 min as poling treatment. The 
tip position relative to the frame was changed from −250 to 162 µm and from 860 to 1541 µm for 
the devices with and without the Cr thin film on the back side, respectively. These changes 
correspond to tensile stress of the PZT in the longitudinal direction of 42 MPa. Owing to the 
stress compensation of the Cr sputtering, the cantilever had moderately upward warpage 
similarly to a harmonica reed.

3. Results

3.1	 Characterization	of	PZT	film

 To confirm the piezoelectricity of the PZT thin film, its dielectric and piezoelectric properties 
were evaluated. Using an LCR (inductance–capacitance–resistance) meter, we measured the 
relative permittivity and dielectric tangential loss to be 1240 and 0.03, respectively. The 
capacitance Cp of the cantilever was 33 nF. The displacement of the cantilever tip when voltage 
was applied was measured using a Doppler vibrometer. The frequency profile of the displacement 
of the cantilever tip under a peak-to-peak voltage of 0.4 V is shown in Fig. 4. The resonant 
frequency and quality factor were 241 Hz and 57, respectively. The piezoelectric constant d31 
was estimated under the quasi-static condition at 40 Hz using the relationship between the 
applied voltage and the displacement of the cantilever tip. The measured tip displacement and 
piezoelectric constant are shown in Fig. 5. The piezoelectric constant of around −70 pm/V is 
comparable to that of conventional polycrystalline PZT thin films.(22,23)

Fig. 4. (Color online) Frequency response of 
fabricated harvester when a sinusoidal voltage was 
applied (peak-to-peak voltage of 0.4 V).

Fig. 5. (Color online) Tip displacement versus 
applied voltage under quasi-static conditions (40 Hz). 
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3.2	 Energy	harvesting	from	airflow

 The experimental setup for power generation from an airflow is depicted in Fig. 6. An 
airflow generated by a fan passed through a duct with inner dimensions of 20 × 20 × 60 cm3 
length to a metal net where the device was fixed. The flowrate at the device was measured using 
an anemometer. The top and bottom electrodes were connected to a load resistor and oscilloscope 
in parallel, and the output power was calculated from the measured voltage and resistance. The 
vibration frequency of the harvester became resonant due to airflow-induced self-excitation. The 
optimum load resistance was estimated to be 20.1 kΩ from the resonant frequency and 
capacitance of the PZT (= 1/ω0Cpzt).(18,20) The relationship between the output power and load 
resistance was then measured at a flow velocity of 3.3 m/s to obtain the optimum load resistance 
(Fig. 7). A peak output power of 3.5 µW was obtained at a load resistance of 22 kΩ, in good 
agreement with the estimation. The flowrate dependence of the output power was measured 
under the load resistance of 22 kΩ (Fig. 8). Even when the flow velocity was very low, the 
harvesting device oscillated resonantly. The cut-in flowrate was 1.2 m/s. The power density per 
unit device area, including the Si frame, was 3.97 µW/cm2, which is sufficient to power several 

Fig. 7. (Color online) Load resistance dependences 
of output voltage and power at flowrate of 3.3 m/s.

Fig. 8. (Color online) Flow velocity dependence of 
output power. 

Fig. 6. (Color online) Experimental setup for energy harvesting from airflow.
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sensors and peripheral circuits. These results are for the harvester with a Cr thin film on the back 
side of the cantilever. For the devices without the Cr film, self-excited oscillation did not occur 
below a flow velocity of 3.9 m/s. Larger warpage can increase the cut-in velocity. In addition, 
devices that were mounted upside down in the experimental setup did not vibrate. These results 
indicate that the warpage of the cantilever should be controlled to enable power generation at a 
low flow velocity.

4. Discussion

 A comparison of the performances of energy harvesters based on harmonica reeds is given in 
Table 2, in which the sizes do not include the resonant cavities and frames. The bulk harvesters 
can generate a large output power. These devices can replace small wind turbines in a large wind 
velocity range. However, these bulk harvesters require a high flow velocity for power generation. 
A high flow velocity is also required for conventional MEMS harvesters. The conventional 
MEMS harvesters in Refs. 12 and 13 employ a proof mass to generate power not only from an 
airflow but also from excitation due to acceleration. The proof mass may reduce the stability of 
the air pressure near the device. The instability of the pressure near the sensitive gap region 
between the frame and tip can affect the cut-in flow velocity. A rigid proof mass located on the 
cantilever tip can increase the cut-in flow velocity. The harvester in Ref. 14 had no frame but 
was located parallel to the airflow. This device was almost a VIV-type harvester. The 
intentionally fabricated warped shape and the gap between the device and the frame in this study 
reduced the cut-in flow velocity. Even at a very low flow velocity, a relatively large output power 
was obtained with the proposed device, which was attributed to the thick PZT thin film. The 
effect of the in-plane gap and out-of-plane opening between the cantilever tip and the frame 
should be investigated to enable a comparison of devices with different flow velocity sensitivities 
and to further improve the device performance. Moreover, analysis of the fluid–structure 
coupling near the cantilever can enable precise prediction of the device performance.

5. Conclusions

 We designed a novel airflow-induced MEMS energy-harvesting device based on the principle 
of a harmonica reed with the aim of reducing the cut-in flow velocity. The cut-in flow velocity 

Table 2
Comparison of devices for harvesting energy from airflow.

Ref No. Type Output power 
(µW)

Flow velocity 
(m/s)

Cut-in flow 
velocity (m/s)

Size (mm)
L × W × t

Power density 
(µW/mm3)

9 Bulk 880 12.9 6.45     58 × 16 × 0.3 3.16
10 Bulk 4000 9 2.8   200 × 15 × 0.8 1.67
11 Bulk 6300 12 9   100 × 20 × 0.2 15.75
12 MEMS 0.0033 15.6 3.9       3 × 0.3 × 0.008 0.458
13 MEMS 0.0387 15.6 3.2    3.3 × 2 × 0.4 0.015
14 MEMS 2.27 16.3 13.1     10 × 8 × 0.51 0.9
This work MEMS 3.84 3.7 1.2     10 × 3 × 0.03 4.27
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was reduced by controlling the upward warpage of the PZT/Si cantilever of the device by 
sputtering a Cr thin film on the back side of the cantilever. After poling treatment, the position of 
the cantilever tip relative to the frame was 162 µm. This controlled warpage reduced the cut-in 
velocity of the harvesting device to 1.2 m/s, which is the lowest value reported to the authors’ 
knowledge. The thick PZT film in the device, deposited by multistep sputtering, generated a 
relatively large output power of 3.84 µW from an airflow with a low velocity of 3.7 m/s.
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