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Wind flow regarded as a renewable energy source is present everywhere in indoor or open environments. A self-sustained flow-sensing
microsystem is especially desirable in future applications of smart home, remote sensing and environmental monitoring. Piezoelectric thin
films are commonly adopted in microenergy harvesters for converting the mechanical strain into an electrical charge based on the
piezoelectric effect. It is also a promising candidate for flow sensors because of its passive nature, that is, the detectable output charge is a
function of flow rate. The aim of this reported work has been to investigate the flow sensing and energy harvesting capabilities of a
flexible piezoelectric Pb(Zr0.52, Ti0.48)O; (PZT) microcantilever under wind flow. A self-sustained flow-sensing microsystem is possible
by integrating the arrays of PZT microcantilevers, which measure the flow rate of ambient wind by one microcantilever and scavenge
wind-flow energy as a power source by the rest.

1. Introduction: There has been a growing demand for the achieved in a way that one microcantilever measures the flow
deployment of autonomous flow-sensing microsystems in rate of ambient wind and the rest of the microcantilevers scav-
various applications such as smart home, remote area sensing enge wind-flow energy as the power to sustain this microsystem.

and environmental monitoring [1-3]. A  self-sustained
flow-sensing microsystem requires a microflow sensor for
sensing and monitoring, a control circuit for processing and
communicating, as well as a self-sustained micropower source
by scavenging energy from environment. Conventional
microflow sensors require electrical power to measure thermal
flux, mechanical strain, Coriolis force or capacitance with
respect to flow velocity by operating thermal heaters, strain
gauges, electromagnetic coils or capacitors [4-8]. Piezoelectric
thin film is a promising candidate for flow sensing because of
its passive nature for detecting output charge as a function of
flow-induced deformation based on the piezoelectric effect.
Hence, the flow-sensing capability of a piezoelectric Pb(Zr0.52,
Ti0.48)0O5; (PZT) microcantilever is characterised in this Letter.
Compared with conventional microflow sensors that have
excitation and detection parts, the proposed piezoelectric-based
one only has a detection part [9]. _
Harvesters from wind flow have been extensively developed topand bottom <.
because wind-flow energy is present everywhere in indoor and electrode.f,,/"
open environments. Besides the well-known approach of wind tur- |
bines [10-12], two types of vibration energy harvesters have been
developed that rely on the drag force of the airflow [13—15] and
the conversion of air motion to air steady oscillation [16—18], re-
spectively. In both types of energy harvesters, piezoelectric thin
film components are commonly adopted for converting kinetic
energy into electricity.
The work reported in this Letter thus aimed to investigate the spacer
flow sensing and energy harvesting capabilities of a flexible
piezoelectric PZT microcantilever from wind flow. The signifi-
cance of this concept is that it does not exhibit the operation

2. Design and fabrication: Fig. 1 shows a schematic illustration of
a piezoelectric PZT microcantilever immersed in a wind flow
perpendicular to the cantilever surface. The PZT microcantilever
consists of a Si beam (2 mm X 1.65 mm X 5 um) coated with three
PZT thin film components (denoted as 1, 2 and 3) and a Si proof
mass (2 mm X 1.65 mm x 0.4 mm) connected at its free end. Each
PZT thin film component has the same dimensions of 1.65 mm
long and 0.6 mm wide. The outer frame of the PZT
microcantilever is attached to a metal package base by a
separating spacer. The top and bottom electrodes of each PZT

PZT thin films
on Si beam

proof ﬁass

bandwidth issue of traditional vibration-based energy harvesters packegetase

[19-21] and does not require an additional electrical energy for a

the excitation part as required in the traditional microflow

sensors. Hence, by integrating the arrays of similar PZT micro- Figure 1 Schematic illustration of a piezoelectric PZT microcantilever
cantilevers, a self-sustained flow-sensing microsystem could be immersed in a wind flow
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Figure 2 Process flow of the PZT microcantilever

thin film component are connected to their bonding pads of the
metal package.

Fig. 2 shows the process flow. It starts from multilayer deposition
of Pt/Ti/PZT/Pt/Ti/SiO, on a silicon-on-insulator (SOI) wafer with
a 5 um-thick structural Si layer, a 1 pm-thick buried oxide (BOX)
layer and a 400 um-thick handle Si layer. The SOI wafer is firstly
oxidised at 1100°C to form a 1 um-thick thermal oxide layer.
After that, Pt (0.2 pm)/Ti (0.05 um) thin films are deposited as
the bottom electrode layer by DC magnetron sputtering. A 2.5
um-thick PZT thin film is then formed by sol-gel deposition [22].
The PZT thin film has a (100)/(001) preferred orientation which
gives a larger piezoelectric constant compared with (111) oriented
ones [23]. The cross-sectional scanning electron microscope
(SEM) image of the PZT thin film deposited by the sol-gel
process and the X-ray diffraction (XRD) pattern are shown in
Figs. 3a and b, respectively. Then Pt (0.2 um)/Ti (0.05 um) thin
films are deposited as the top electrode layer by DC magnetron
sputtering. Later on, three top electrodes are patterned and etched
using Ar ions through mask 1. The PZT thin films are wet-etched
using a mixture of HF, HNO; and HCI through mask 2. Through
mask 3, bottom electrodes are formed using Ar ions again. Then,
through mask 4 the thermal oxide layer and the structural Si layer
are etched by reactive ion etching using CHF; gas (for SiO,) and
SF¢ (for Si). Finally, the handle Si layer and BOX layer are
etched from the backside to release the PZT microcantilever. A
photograph of the fabricated PZT microcantilever with a whole
chip size of 5.0 mm x 4.2 mm % 0.4 mm is shown in Fig. 1. The
fabricated chip is later on assembled and wire-bonded to a metal
package for the sake of dynamic characterisation.

3. Flow-sensing capability: An air-flow testing system as shown in
Fig. 4 is utilised to characterise the flow-sensing capability. In the
system, a compressed air source is connected to a flow channel
with a diameter of 3.5 mm. The air flow rate in the channel can
be changed by a flow meter to imitate ambient wind flow
of different levels. As the flow rate QO varies from 2 to 9 slm
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Figure 3 Cross-sectional SEM image of the PZT thin film deposited by sol—
gel process and the XRD pattern of the deposited PZT thin film

a Cross-sectional SEM image

b XRD pattern
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Figure 4 Schematic drawing of an air flow testing system

(litre/min), the flow velocity vy can be derived according to vy=
Q/A, where A is the flow area related to the diameter of the flow
channel. To prevent wind scattering, the packaged PZT
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Figure S Output rms voltages of the PZT microcantilever against flow vel-
ocities varying from 3.5 to 15.6 m/s (Fig. 5a) and instantaneous output
waveform at flow velocity of 5.2 m/s and (Figs. 5b and c, respectively)
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Figure 6 Output rms voltage and power against load resistance for excita-
tion frequency of 127 Hz and input acceleration of 1 m/s*

Inset figure shows the outgut rms voltage against excitation frequency at
input acceleration of 1 m/s
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Table 1 Summary of the maximum load rms voltages, optimised power and power densities at different flow velocities regarding a matched load resistance

of 180 kQ2

Flow velocity, m/s 3.5 5.2 6.9 8.7 10.4 12.1 13.8 15.6

PZT thin film component 1 load rms voltage, mV 19.2 24.7 30.5 35.5 38.4 41.2 45.6 48.1
output power, nW 2.1 34 52 7.0 8.2 9.4 11.6 12.9

Three PZT thin films component output power, nW 6.3 10.2 15.6 21.0 24.6 28.2 34.8 38.7
power density, pW/cm?> 4.5 7.5 11.4 15.6 18.3 21.0 25.5 28.5

microcantilever is placed at 10 mm away from the nozzle of the
flow channel. Due to the small chip size, the PZT microcantilever
is almost entirely immersed within the air-flow boundary. The air
flow at the microcantilever is in the transition stage between the
pipe flow and the open channel flow. To verify the flow velocity
during that transition, the finite element modelling (FEM) was
conducted by ANSYS Fluent. From the modelling results, the
flow velocity drops to approximately 95% of that of the channel
(range of 0-25m/s). As a result, all values of flow velocity
plotted in Fig. 5 and Table 1 are the results after considering an
average velocity degrading of 5% during the flow transition.

In this case, a turbulence-induced vibration will occur with a
modulated vibration response nearby its resonant frequency [24,
25]. Subsequently, the three PZT thin film components experience
the same strain variations and generate the same amount of electri-
city. In this measurement, only PZT thin film component 1 is con-
nected to a digital signal oscilloscope. Fig. Sa shows the mean,
maximum and minimum rms voltages of the flow sensor (indicated
by error bars) against flow velocity varying from 3.5 to 15.6 m/s. As
can be seen, the output voltage of the flow sensor increases steadily
as the flow velocity increases. This is because the viscous flow
induced dragging force acting on the PZT microcantilever increases
with air flow velocity according to fluid dynamics [26]. By calculat-
ing the slope of the mean rms voltages, the average sensitivity of the
flow sensor is observed as 4.2 mV per unit change of flow velocity.
Figs. 5b and ¢ show the instantaneous voltage waveforms of the
flow sensor at flow velocities of 5.2 and 15.6 m/s, respectively,
while because of the turbulence-induced vibration, there are irregu-
lar oscillation amplitudes and thus voltage spectra at different flow
velocities, but all have similar modulated oscillation responses
nearby its resonant frequency of 127 Hz.

4. Energy harvesting capability: A vibration testing system is
utilised to measure the vibration-driven energy harvesting
capability. The testing setups consist of a vibration shaker, an
amplifier and a dynamic signal analyser. As shown in the most of
Fig. 6, a peak rms voltage of 170 mV is obtained at the resonant
frequency of 127 Hz for an input acceleration of 1 m/s®. Fig. 5
shows the output rms voltages and power against load resistance
at the resonant frequency of 127 Hz and an acceleration of 1 m/
s2. It is observed that when the load resistance reaches 180 kQ,
the output power achieves a maximum value of 74.2 nW. It
means for an operating frequency of 127 Hz, the load resistance
of 180kQ is matched with the internal impedance of the
piezoelectric microcantilever. As can be seen from Figs. 5b and
¢, the turbulence-induced vibration of the microcantilever is
nearby its resonant frequency of 127 Hz at different flow
velocities. Hence, an optimised load resistor of 180kQ is
deployed in the flow testing for characterisation of the
wind-driven energy harvesting capability. For PZT thin film
component 1, the load rms voltages, and the maximum power
delivered to the matched load resistance of 180k€Q are
summarised in Table 1 with respect to flow velocity varying from
3.2 to 14.5 m/s.

The maximum total output power for three PZT thin film com-
ponents is obtained as well, where it is about three times higher
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than that of one PZT thin film component [27]. The corresponding
power densities are derived and shown in Table 1. As can be seen
from the Table, the load rms voltage increases gradually with the
increment of flow velocity. This is in accordance with the results
of flow sensing as shown in Fig. 5. The air flow sensor is tested
under a range of air speeds from 3.2 to 14.5 m/s with the flow
sensing resolution about 4.5 m/s. Such a sensing range corresponds
to wind levels of 3—7 on the Beaufort scale, which cover almost all
the indoor and outdoor wind flow available. The power densities of
4.5-28.5 pW/cm® have been achieved in the above-mentioned wind
flow range. Although such power is actually smaller than the power
derived at an excitation acceleration of 1 m/s%, the proposed wind-
driven energy harvesting approach completely eliminates the oper-
ation bandwidth issue that vibration-driven energy harvesting
mechanism only achieves its maximum output power at its mechan-
ical resonant frequency.

5. Concluding remarks: A wind-driven piezoelectric PZT
microcantilever is characterised in terms of flow sensing and
energy harvesting capability. Since the piezoelectric sensing
mechanism is a passive approach, an efficient autonomous
sensing can be realised in a low power consumption manner.
Meanwhile, unlike the conventional wind turbine, a piezoelectric
MEMS wind-driven energy harvester is much smaller in size and
hence is more suitable for low power autonomous sensors. With
further research effort in microsystem optimisation, a
self-sustained flow-sensing autonomous microsystem for various
applications is possible by employing one PZT microcantilever
for flow sensing and integrating an array of microcantilevers for
providing sufficient power from wind-driven vibrations to
maintain the whole microsystem.
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