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Abstract
This thesis proposes a novel air flow sensor based on PZT material which is used to
measure air velocity in an experimental tunnel or indoor ventilation. The work focuses
on designing and verifying the sensor model through finite element analysis (FEA)
simulation using COMSOL Multiphysics software.
This thesis is devoted to developing a sensor model with a focus on a low-velocity range
up to 2 m/s and high sensitivity. The design of the sensor should be robust and reliable
for different flow patterns, temperature, and atmospheric pressure variation. The sensor
model consists of a fixed cylinder which connects with a bilayer cantilever made of PZT
and PDMS material. The laminar flow from the sensor inlet is transformed into the
turbulent flow when passing by the fixed cylinder. This structure of bilayer cantilever is
designed to generate self-induced oscillation on PZT to overcome the charge leakage over
the sensor impedance. Resonance optimization of the sensor structure is investigated to
obtain better SNR and performance by adjusting the dimension of the cantilever.
From the conducted simulation results, the relationship between the dominant frequency
of output voltage generated by PZT and air velocity can be described linearly. In
conclusion, it is shown that proposed sensor has a sensitivity of 0.1 m/s and a range of
0.2 to 2 m/s.
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1. Introduction
Air velocity is usually utilized as a parameter to evaluate weather condition in the weather
forecast. The air flow over a certain value will affect outdoor activity, restrict sailing of
ships even endanger lives. A lot of researches have been conducted to create air velocity
sensors which are used to measure air velocity outside and evaluate the power of air flow.
However, most of these sensors usually focus on the high-velocity range.
There are also many varieties of applications for the low-velocity range in our daily life.
For example, there is usually a ventilation system which contributes to fresh air condition
and the maintaining of thermal sensation in an open office space or an apartment building.
The average satisfaction of indoor velocity for people in open office space is 0.04 m/s in
winter and 0.09 m/s in summer [1]. Infants born prematurely are generally kept in infant
incubators which are special chambers with delicately controlled environment including
air velocity. Its typical value is under 0.3 m/s [2]. In these scenarios, air velocity over
ideal value will cause cool sensation which is bad especially for vulnerable infants. Air
velocity under ideal value may result in low oxygen concentration and bad air condition.
Hence, precise controlling for the air velocity in the ventilation turns out to be very
important for such systems. A good solution to precision controlling is using an air flow
sensor to measure the velocity of air flow from the inlet and make sure it under a
reasonable range or set an alarm. The velocity sensor in these scenarios should have a
high sensitivity in low-velocity range.

1.1 Background
A lot of effort and researches have been carried out to measure air velocity. Due to the
limitation of the technology, the methods initially used just obtain a gross estimation of
air velocity. The first cup anemometer was invented by John Robinson in 1845 [3] as
Figure 1 shown. As the technology advances, more accurate methods with correction
algorithm are brought forward such as hot wire flow sensor. However, these sensors have
one common problem which is they generally focus more on the high-velocity range and
have respectively low sensitivity.
8
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Figure 1. John Robinson’s cup anemometer [4]

In nowadays, material science is gaining more and more attention and many new
materials are discovered or created to sense or collect signals such as piezoelectric
material which is widely used in energy harvesters, actuator and so on. The inherent
reliability and excellent linearity reacting to external force or pressure make piezoelectric
material also suitable for sensing application such as acceleration sensor.
For the lack of attention on low-range and high-sensitivity velocity measurement, this
thesis casts its focus on designing an air flow sensor for these scenarios. PZT is adopted
to make the sensing element for the sensor in the view of the advantages of piezoelectric
material. The thesis work is to propose the air flow sensor geometry, simulate the sensor
model through finite element method (FEM) [5] and give a hypothesis about the
relationship between generated signal and flow velocity, and finally verify the hypothesis.
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1.2 Related work
Many methods to measure flow velocity are brought forward and put into practice since
John Robinson ‘s cup anemometer shown in Figure 1. Different principles are used in
these air flow sensors such as electromagnetic effect, Joule first law and pressure
difference. Three most commonly used air velocity sensors are briefly introduced in this
section. Their pros and cons, and applying scenarios are also discussed.

1.2.1 Rotating Vane Anemometer
Rotating vane anemometer, like Figure 2 shown is the most common and initial device
used to measure wind speed.

Figure 2. Vane Anemometer [6]
This kind of vane anemometers generally has a turbine inside which is connected to an
electronic circuit. When the blades or cups catch the wind, it makes the turbine spin
around. The rotation speed which is calculated by electronic circuit is directly
proportional to wind speed. Some other design has tiny magnets mounted on blades or
cups and a magnetic detector inside. Each time the blades or cups make a rotation, it
triggers the magnetic detector to generate a current pulse. The pulse rate is directly
proportional to wind speed.
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Simplicity is an advantage of this anemometer. Another advantage is temperature or
atmospheric pressure variation can’t affect the measurement results. However, it has a
deficiency in sensitivity. The parameters determining air velocity depends on the
structure of the anemometer such as the numbers of blades. When measuring turbulent
flow, the disordered flow could cause energy dissipation on the blades which would
result in inaccurate measuring results.

1.2.2 Hot Wire Method
Hot wire method is a technique based on heat dissipation in fluid field and heat
compensation through metallic Joule effect. The exact origin of hot wire theory [7] is
difficult to ascertain. One famous work is published by King which discusses his
experiments about hot wire.
A hot wire sensor typically consists of two probes with a wire stretched between them as
shown in Figure 3. The hot wire is usually made of a material with high-temperature
coefficients of resistance such as platinum or tungsten and usually connected to a
Wheatstone bridge circuit inside the sensor. The electric current passes through the bridge
circuit and heats the component resistors including the “hot wire”. As air flows over the
exposed “hot wire”, it cools the wire and the resistance of the wire changes with the
temperature which causes an unbalance in Wheatstone bridge. The circuit increases the
current and heats the wire up to restore the temperature balance. Hence, the air velocity
can be described by the current which is used to keep the balance.
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Figure 3. Hot wire sensor
Hot wire sensor has a small time constant due to Joule effect which makes it able to
measure instantaneous velocity. Another advantage is the sensor can be designed in small
size. The main disadvantage is that the hot wire sensor is sensitive to both air velocity and
environmental temperature. Inaccurate measuring results are acquired if air velocity and
environmental temperature change at the same time.

1.2.3 Pitot tube method
In a ventilation system, pressures on the two side of inlet fan are different because of air
velocity. Pitot tube method [8] use the difference between static pressure and total
pressure to evaluate air flow.
The pitot tube consists of the main tube and a small tube inside the main tube. The small
tube has an opening to let in air flow and the main tube has radial sensing holes to remain
static pressure. The velocity pressure from which air velocity can be derived is the
difference between total pressure and static pressure. This method is independent of
temperature effect and has wide measuring range. The disadvantage is it cannot measure
12
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turbulent air flow accurately.

1.3 Motivation and problem formulation
There are serval conventional methods to measure air velocity including rotating vane
method, hot wire temperature compensation method and pressure difference method
which are discussed in the last section. These methods all depend on empirical data to
develop the relationship between measurands and velocity. Calibrations are needed to
measure accurately when operating conditions change such as environmental temperature,
atmospheric pressure or flow patterns. There are also some measuring difficulties which
can’t be overcome through calibrations, for example, hot-wire-based sensor can’t acquire
accurate air velocity regardless how it is calibrated if the velocity and temperature change
at the same time.
The motivation for the thesis is to deal with the problems existing in three conventional
methods which are namely temperature interference, atmospheric pressure interference,
flow pattern influence and empirical dependency.

1.4 Scope
The thesis work aims to propose an air velocity sensor which focuses on the measuring
of low-velocity with high sensitivity using PZT material. However, the current researches
reveal PE material has a short discharge time constant (DTC) which make it unsuitable
for low-frequency applications. Hence, a self-exciting structure for PZT sensing element
is investigated. A hypothesis about the relationship between the electrical signal
generated by PZT material and air velocity is brought forwarded and discussed.
Simulations on COMSOL Multiphysics are set up and run for verification. A conclusion
is drawn based on the hypothesis and simulation results.
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1.5 Concrete objectives
The concrete objectives to be addressed in this thesis are briefly summarized as follow:
•

Investigation of sensor model based on bilayer cantilever structure

•

Creation of sensor model using COMSOL Multiphysics

•

Simulation and verification of 2D model of the sensor based on FEM

•

Optimization for PZT sensing element

•

Analyzing simulation results and deriving the description of air velocity

1.6 Outline
The rest of the thesis is organized as follows: Chapter 2 discusses charge leakage of PE
material and proposes a self-exciting sensor model as a solution. The resonance
optimization for the sensor model is also investigated in this chapter. Chapter 3
demonstrates the configuration and the implementation of the proposed simulation model.
Chapter 4 presents the simulation results based on the configuration of chapter 3. Chapter
5 analyzes and discusses the simulation and gives a final solution after comparison.
Chapter 6 gives a conclusion about the thesis work and chapter 9 presents some
possibilities for future work based on the thesis result.
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2. Model
In this chapter, the drawback of PE material is first discussed. Then the vortex street is
investigated as the solution the drawback. Afterwards, the sensor geometry is proposed
based on the vortex street. Finally, the resonance feature of PZT component in the sensor
model is investigated and a conclusion is presented.
Figure 4 illustrates the 3D model of air flow sensor and the blue part is sensing element
made of PZT. Figure 5 illustrates the working flow of the proposed sensor. Laminar flow
is the input to the sensor and transformed into the turbulent flow when passing a fixed
cylinder. The transformed turbulent flow is at a predictable frequency which depends on
fluid viscosity, flow velocity, and other factors. PE sensing beam immersed in turbulent
flow vibrates at the certain frequency which relates to the frequency. The relationship
between vibrating frequency of sensing beam and the velocity is derived from theoretical
analysis and is verified by FEM simulation in this work. The mechanism behind the
sensor is using frequency analyzer to obtain the vibrating frequency of sensing beam to
determine air velocity.

Figure 4. 3D model of air flow sensor
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Figure 5. Working flow of the sensor

2.1 Charge leakage of PE material
2.1.1 PE effect
Piezoelectricity is originally derived from Greek in which piezo means pressing or
squeezing. Some crystals exhibit piezoelectricity because of its non-centrosymmetry.
Figure 6 depicts the unit cell of lead titanate in which Ti is slightly off the center. If it’s
under a tensile or compressive force, potential difference will establish on opposing sides
of the crystal as Figure 7 depicted. This phenomenon is called Direct Piezoelectric Effect
which is discovered by Jacques and Pierre Curie [9]. This effect is usually used in force
or stress sensor. There is also an inverse effect called Inverse Piezoelectric Effect [10] as
Figure 8 shown. PE material experiences an expansion or contraction when a voltage is
imposed across the material. The deformation caused by inverse piezoelectric effect
makes the material suitable for actuators.
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Figure 7. Direct piezoelectric effect

Figure 8. Inverse piezoelectric effect
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2.1.2 Discharge time constant
PE materials are usually used in sensors to measure instantaneous value such as
acceleration. It’s because the charge generated will eventually leak to zero through
resistance path even though the electrical insulation resistance is quite large. The leakage
typically follows an exponential decay as Figure 9 shown.

Figure 9. Charge decaying curve
DTC is used to describe the generated charge decays 3 dB through sensor resistance.
Equation 2.1 describes the decaying process in algebraic form. V is instantaneous voltage,
𝑉0 represents initial voltage before decay, t represents decaying time and τ denotes DTC
which is the product of equivalent resistance and capacitance of the sensor.
18
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−𝑡

V = 𝑉0 𝑒 𝜏 , τ = RC

(2.1)

As shown in Figure 9, within 10 percent of DTC range, the decaying curve is relatively
linear. In another word, the charge discharged in 1 percent DTC is 1 percent of original
value. As the decay time reaches DTC value, the instantaneous voltage reduces to 37
percent of the original voltage. Generated charges give out at 5 DTC. Hence, DTC of a
sensor made of PE material determines the accuracy of the sensor.
The amount of Generated charges is directly proportional to force exerted on PE material
according to direct PE effect. If the input for is a periodic step function, the output
response is like (b) in Figure 10. The dipping part below zero in (b) is the reverse voltage
formed by leakage charge when input force becomes zero.

(a)

(b)
Figure 10. (a) Input step function, (b) Output response
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2.1.3 Solution to DTC
In the case of the thesis, the input flow is laminar flow which locates at a low-frequency
stage in the frequency spectrum. There will be huge leakage of charges because of the big
DTC. Hence, a method preventing charge leakage needs to be investigated for the PE
material. As a matter of facts, lots of researches have been conducted to prevent charge
leakage which includes improving system impedance to extend DTC and charge
compensation method [12]. The drawback of improving system impedance is it will cause
extra energy dissipation and decrease system efficiency. The compensation method needs
to compensate for the charge leakage before the signal drops to -3dB which adds huge
complexity to the measuring system. Due to the drawbacks of two methods mentioned
above, this work takes another way to design a self-excite structure to increase system
frequency and finally solve the charge leakage problem.

2.2 Vortex street
2.2.1 Vortex street model
In fluid dynamics, repeating swirling vortices appear when a stable laminar flow passes
through a slender body. The shedding of eddies with a predictable frequency from
alternating sides is called von Kármán vortex street [13]. A daily example of this
phenomenon is electric transmitting wire singing in the wind. Figure 11 illustrates the
flow of fluid with slow speed passes through a fixed cylinder in 2D which is a profile of
the vortex street. The red dots in the figure are some tracing particles with mass which
reveal the trajectory the shedding of eddies.

Figure 11. A profile of von Kármán vortex street
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2.2.2 Reynolds number
The developing of the vortex street depends on Reynolds number [14] which is used to
predict flow patterns in different flow situations. The Reynolds number is defined as
below:
𝑅𝑒 =

𝜌𝑢𝐿
𝜇

=

𝐿𝑢
𝑣

(2.2)

Where 𝐿 is the characteristic length and in this case, it presents the diameter of the
cylinder. 𝑢 is the velocity of the fluid with respect to the object. 𝜌 refers to the density
of the fluid. 𝜇 and 𝑣 respectively denote dynamic viscosity and the kinematic viscosity of
the fluid.
According to the work of J. Lienhard [15], vortices first appears in the wake of the
cylinder when Reynolds number reaches 5. It develops into oscillating laminar when its
value is 40. After Reynolds number exceeds 150, Vortex Street is in the transition to
turbulence as shown in Figure 12.
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Figure 12. Regimes of fluid flow across cylinder [15]

2.2.3 Strouhal number
When Reynolds number is over 40, the vortex street is an oscillating shedding at a
predominant frequency. Strouhal number [16] [17] is a dimensionless number which is
usually used as a measure of the predominant shedding frequency. The definition is
𝑆𝑡 =

𝑓𝑠 𝐷
𝑢

(2.3)

Where 𝑓𝑠 is the frequency of vortex shedding, 𝐷 is the diameter of cylinder and 𝑢 denotes
the flow velocity.
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At the same time, Strouhal number mainly depends on Reynolds number. The relationship
between Strouhal number and Reynolds number is depicted in Figure 13. During the
transition from laminar to turbulence (200 < 𝑅𝑒 < 105 ), 𝑆𝑡 is approximately equal to
0.2. For 40 < 𝑅𝑒 < 200, 𝑆𝑡 is defined as [18]:
21

𝑆𝑡 ≈ 0.21(1 − 𝑅𝑒 )

(2.4)

Figure 13. Strouhal number vs. Reynolds number [15]

2.2.4 Lift and Drag forces
Oscillating vortex street shedding induces forces in vertical and horizontal directions
which are respectively lift force and drag force as Figure 14 shown.
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Figure 14. Induced lift and drag forces on cylinder
The lift and drag forces are typically defined as:
𝐹𝐿 =

2
𝜌𝑢𝑚𝑒𝑎𝑛
𝐴𝐶𝐿

𝐹𝐷 =

2
2
𝜌𝑢𝑚𝑒𝑎𝑛
𝐴𝐶𝐷

2

(2.5)

Where 𝐶𝐿 and 𝐶𝐷 are the dimensionless lift and drag coefficients. 𝐴 is the projected area
(product of thickness and diameter of cylinder).
According to [15], lift force occurs at the frequency of vortex street which can be obtained
through calculation with Strouhal number and drag force occurs at twice frequency. A
verifying simulation of vortex street is set up with COMSOL Multiphysics. The mean
value of velocity is 2m/s and the radius of the cylinder is 0.05 m.

Figure 15. Simulation model for vortex street
Figure 16 shows resulting lift and drag forces from simulation in time and frequency
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domain. The simulating lift frequency is close to theoretical vortex street frequency and
drag frequency is twice of that. Lift force in the vertical direction is of more interest for
this thesis.

(a)

(b)

(c)
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(d)Revised
Figure 16. Lift and Drag forces of the simulation. a) Lift force in time domain, b) Drag
force in time domain, c) Lift force in frequency domain, d) Drag force in frequency
domain

2.3 Model Geometry
PE material can generate a certain amount of charges which is directly proportional to
applied force. The charges leakage away through material resistance path when a constant
force is subjected. In last part, a vortex street model which can induce alternating lift force
at a predictable frequency is discussed. In this part, a self-exciting PE cantilever structure
based on vortex street is proposed for air flow sensor model.

2.3.1 Geometry
The geometry of proposed sensor model consists of a flow channel, a fixed cylinder, and
a sensing cantilever element. Figure 17 depicts the structure of the model in 2D.
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Figure 17. Model geometry
The flow channel is 18 cm in width and 8 cm in height. The circular domain represents
cylinder in 2D with 1 cm radius and centered at (3, 3.9) in the flow channel. The sensing
element structure is a bilayer cantilever with 8 cm length and 0.2 cm thickness. The upper
layer of the cantilever which has a thickness of 0.15 cm is made of a hyperelastic material
called PDMS and the lower layer is made of PZT-5H which is blue part in Figure 14 and
has a thickness of 0.05 cm.

2.3.2 Boundary conditions
The inlet of air flow is the left boundary of the flow channel and the outlet is the right
boundary. The sensing cantilever is connected firmly to the cylinder which is fixed in the
flow channel to form vortex street.
Air flow is considered as incompressible. The Reynolds number is over 200 even at low
flow velocity because 𝑣, kinematic viscosity, for air around 300 K is very low (about
1.568 × 10−5 𝑚2 /𝑠).
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2.3.3 Fluid-structure interaction
Lift and drag forces induced by incompressible vortex street shedding deform elastic
sensing cantilever and the deformed sensing cantilever also changes the pattern of vortex
street shedding in return. This is called fluid-structure interaction which is discussed in
this part.
The air flow in the channel is described by Navier-Stokes equations [19] for the velocity
field, 𝑣 𝑓 , and the pressure, 𝑝. The describing equations are defined as:
𝜕𝑣 𝑓
𝑓
𝜌
− ∇ ∙ [−𝑝𝐼 + 𝜂(∇𝑣 𝑓 + (∇𝑣 𝑓 )𝑇 )] + 𝜌 𝑓 ((𝑣 𝑓 − 𝑣𝑚 ) ∙ ∇) 𝑣 𝑓 = 𝐹
𝜕𝑡
𝑓

−∇ ∙ 𝑣 𝑓 = 0

(2.6)

𝜌 𝑓 is the density of air at 300K. 𝐹 is the volume force affecting fluid and 𝐼 denotes the
unit diagonal matrix.
The sensing element structure is assumed to be elastic and compressible in the sensor
model. Its responding properties [20] is described by the displacement, 𝑢 𝑠 , and the
velocity field, 𝑣 𝑠 , and the balance equation is defined as:
𝜌𝑠

𝜕𝑣 𝑠
𝜕𝑡

+ 𝜌 𝑠 (∇ ∙ 𝑣 𝑠 )𝑣 𝑠 = 𝑑𝑖𝑣(𝜎 𝑠 ) + 𝜌 𝑠 𝑔

(2.7)

𝜌 𝑠 is the density of the sensing element. 𝑔, 𝜎 𝑠 respectively denotes gravitational
acceleration and the Cauchy stress tensor.
The interaction conditions for the fluid domain and the structure domain can be defined
as:
𝜎𝑓𝑛 = 𝜎 𝑠𝑛
𝑣𝑓 = 𝑣 𝑠

(2.8)

Where 𝑛 is a unit normal vector to the interface. As a matter of fact, the interaction
conditions can be expressed in different ways. For example, it can also be described using
displacements field which is used to couple PE material with the fluid in the thesis.
Lift force of interest acting on the cantilever is defined as:
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(2.9)

Figure 18. Cantilever boundary.
Where 𝑆 denotes the boundary of the cantilever under the exertion of lift force which is
highlighted in blue in Figure 18.

2.4 Resonance frequency analysis
The resonance frequency is usually taken into consideration in a mechanical system. A
vibrating system has a larger amplitude at the system’s resonance frequency than at any
other frequency. To distinguish dominant frequency of lift force induced by predictable
vortex street shedding more easily and get better SNR for the air flow sensor, the thesis
tries to adjust the structure of the sensor to make the resonance frequency in the vicinity
of the shedding frequency.
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2.4.1 Resonance frequency of PE material
When an AC electric field is applied to a PE element, the element deforms cyclically at
the cycling frequency of the field because of inverse PE effect. When adjusting the driving
frequency to the vicinity of mechanical resonance frequency [21] of the element, it
reaches the largest deformation which is widely applied in PE actuator and PE energy
harvester applications.
The frequency response of the element near a certain resonance mode is depicted in
Figure 19. As the driving frequency increases, the impedance decreases and then first
approach a minimum value at a certain frequency. This frequency is the resonance
frequency, 𝑓𝑅 , at which the equivalent impedance in a circuit describing the element is
zero. As the driving frequency further increases, the impedance reaches a maximum. This
frequency is called anti-resonance frequency, 𝑓𝐴 , at which equivalent impedance is very
large.
Generally speaking, as the frequency increase, the element first reaches the resonance
frequency at which the element has the largest deformation and then further approach the
anti-resonance frequency.

Figure 19. Impedance Vs Frequency
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2.4.2 Resonance optimization for cantilever
Many researchers have conducted lots of work to reveal the relationship between
resonance frequency and dimension of the PE device and use the property to design PE
actuator or energy harvester. Dragan et al [21] investigated Hutchinson’s theory[22] [23]
of vibration for the isotropic elastic disk to predict resonance frequency theoretically and
experimentally. The experimental spectra coincide with theoretical spectra in his work.
Prakash et al [24] proposed a piezoelectric generator based on the unimorph cantilever.
The same structure models with different dimensions varied in thickness, length and
width are carried out to get maximum displacement and voltage output. A composite
model claimed better performance over previously reported micro-generators model. H.
Gulec et al [25] proposed a novel wide-band PE resonance frequency energy harvester
which integrates metal shims of different lengths having different resonance frequencies
with piezoceramic rings in a spiral form.
In the thesis work, resonance optimization is investigated through simulation based on
FEM. Figure 14 is simplified simulation model for resonance investigation. The maximal
theoretical value of lift force in the applied scenario where the thesis face is around 20
Hz. The resonance frequency of the sensor is expected to be close to the theoretical value
to obtain good performance. Unilayer structure models like Figure 21 shown varying in
length and thickness are simulated to find suitable resonance frequency design. Bilayer
structure models like Figure 17 shown are also simulated to compare with Unilayer
structure.

Figure 20. Unilayer structure
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11 sets of simulations with different widths ranging from 3 cm to 13 cm for Unilayer
cantilever model are conducted. Resonance frequencies in the first mode with respect to
different cantilever widths are depicted in Figure 21. The conclusion drawn from the
figure is the resonance frequency in the first mode first decreases dramatically and then
the drop becomes gentle as the width increases.

Figure 21. Width Vs resonance frequency
The thickness of PE layer for both unilayer and bilayer cantilever is also changed from
0.05 cm to 0.15 cm with a step of 0.01 cm and same width of 9 cm in simulations. Figure
22 illustrates resonance frequency response with different thickness in unilayer and
bilayer model. As seen from the figure, resonance frequency increases linearly with the
increment of thickness for both simulated models. Another conclusion drawn from the
simulation is that bilayer cantilever model has slightly lower resonance frequency
response than unilayer one with respect to the same thickness.
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Figure 22. Thickness Vs resonance frequency
In conclusion, with respect to the proposed sensor model, when the width of the cantilever
increases, the resonance frequency of the model decreases. The resonance increases
linearly along with the increment of cantilever thickness for both unilayer and bilayer
models. The bilayer model always has lower resonance frequency than unilayer one in
the condition of the same thickness.

33

Finite Element Analysis of PZT-based Air Flow Sensor
Chuanliang Xie

2017-12-04

3. Simulation implementation
In this chapter, simulation implementation for the sensor model will be discussed starting
with an introduction to FEM and COMSOL Multiphysics software which is used to create
and simulate the sensor model.

3.1 FEM and COMSOL Multiphysics
3.1.1 Finite element method (FEM)
The FEM is a numerical method for solving engineering or mathematical problem such
as structural mechanics, Navier-Stokes equations and so on. The main idea of FEM
divides a large problem into many but finite small elements to simplify the problem. The
following step is combining all elements equations into a global system of equations to
calculate the approximate solutions. This analytical method generally requires boundary
constraint for the solution.
Here is a simple example to show how FEM works. Equation 3.1 is an expression of the
curve in Figure 23. To calculate the area under the curve, the numerical method is
generally calculating the integral of equation 4.1 from -1 to 1 as shown in equation 3.1.

Figure 23. Integral method of area calculation
34

Finite Element Analysis of PZT-based Air Flow Sensor
Chuanliang Xie

2017-12-04

𝑦 = 4𝑥 2 + 2 (−1 < 𝑥 < 1) (3.1)
1

𝐴 = ∫−1(𝑥 2 + 6) 𝑑𝑥

(3.2)

In FEM, it divides the area into many small subdomains and then finds a function to
approximate these subdomains. Finally, it combines the approximate values of
subdomains to evaluate the area. Figure 24 diagrams the FEM and the rectangle columns
represent the elements.

Figure 24. FEM of area calculation
When FEM is used to solve the more complex problem, it uses mesh to discretize the
problem based on different methods of discretization as shown in Figure 25. Other steps
for a solution are similar to the example of area calculation.
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Figure 25. Meshing example for wrench

3.1.2 COMSOL Multiphysics
COMSOL Multiphysics (an acronym for COMmon SOLution) is a FEM simulation
software which provides solutions for different platforms. The product suit covers physics
interfaces of electromagnetics, structural & acoustics, fluid & heat and chemical. It
provides interfaces for users to couple multiple physics according to demands and many
coupled multiphysics modules. Using these physics interfaces, different kinds of studies
can be performed including stationary and time-dependent studies, linear and nonlinear
studies eigenfrequency, modal, and frequency response studies.
COMSOL Multiphysics can be accessed through a flexible graphic user interface (GUI)
or by script programming in Java or MATLAB language. It supports the interfacing with
third-party software such as MATLAB, CAD, and SOLIDWORKS. The newest version
of COMSOL Multiphysics includes an Application Builder which is used to develop
independent domain-specific applications with a simple user interface for distribution.
In the design of air flow sensor, it involves the physics of fluid, solid mechanics,
piezoelectric devices, and electrostatics which COMSOL Multiphysics can couple well.
Hence, this FEM analysis software is chosen for the sensor design.

3.2 Geometry
The geometry of the simulation model consists of a rectangle in white, a circle in yellow
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and a cantilever in blue and red shown in Figure 26. The rectangle is air flow domain
which is 18 cm in width and 8 cm in height and the left side is the inlet boundary of air
flow and the right side is the outlet boundary. The cantilever can be unilayer which is just
made of PZT-5H or bilayer which is made of PZT-5H and PDMS. It has the same
dimensions which are 8 cm in width and 0.2 cm in height for both structures. The results
for both structure simulations are compared in the next chapter. What the cantilever is
connected to firmly is a circle which is used to generate vortex street and has a diameter
of 1 cm. The distance, d, between the inlet boundary and the solid structure has an effect
on the pattern of vortex street shedding and is adjusted for good performance.

Figure 26. Model geometry

3.3 FSI
Air flow comes from the inlet of the rectangle and it will interact with the solid structure
including the circle and the cantilever in Figure 26. This kind of interaction is called fluidstructure interaction in COMSOL and it has a pre-defined interface for it.

3.3.1 FSI interface
The FSI multiphysics interface in COMSOL combines fluid flow with solid mechanics t
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to solve the interaction between the fluid and the solid structure. An arbitrary LagrangianEulerian (ALE) method is used for incorporating the changes of the fluid domain through
Eulerian description and solid mechanics domain formulated by Lagrangian description.
The fluid can be either compressible or incompressible and the regime also has two
choices, laminar or turbulent. The FSI interface is available for 3D, planar 2D and 2D
axisymmetric.
When an FSI interface is selected, several default sub-nodes are added under FSI node
which are fluid properties, linear elastic material (for the solid domain), free deformation
(for the mesh movement), wall (for the fluid), prescribed mesh displacement (for the mesh
movement) and free (for the solid mechanics) [27].

Figure 27. FSI interface example: mesh movement in interacting zone of fluid and solid
domain

3.3.2 FSI configuration
For the implementation, we select FSI under Fluid Flow in Select Physics window. After
the selection of FSI interfaces, several dependent variables for the interface are created
automatically by default. They are some variables generally from velocity field, pressure
field and displacement field which have some components in different dimensions.
The response of the fluid and the solid domain is studied through time-dependent analysis
for the sensor model. In the setting window for Fluid-Structure-interaction, all domains
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are applied, Incompressible flow and Quasi-static selection are selected in this interface.
In the next step of setting the physic boundary conditions, blue domains are selected as
Linear Elastic Material and the remaining domain belongs to Fluid Properties 1 as
depicted in Figure 28. A fixed constraint is applied to the circle domain.

Figure 28. Settings of Physics boundary conditions.
The left and right boundaries of the rectangle are defined as the inlet and outlet of the
air flow. The velocity of inlet air flow is described as below:
𝑈𝑖𝑛𝑙𝑒𝑡 = 𝑈 ∗ 𝑠𝑡𝑒𝑝(𝑡) (3.3)

3.4 Piezoelectric Devices
The air flow induces lift force which is subjected to PZT layer and the PZT layer converts
the mechanical energy into an electrical signal for measurement. In COMSOL, a
multiphysics interface called Piezoelectric Devices is pre-defined to realize this
conversion.

3.4.1 Piezoelectric Devices
The Piezoelectric Device interfaces combine Solid Mechanics which is based on Navier’s
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equations with Electrostatics to formulate PE problems. The Solid Mechanics and
Electrostatics interfaces are automatically created when the Piezoelectric Effect interface
is selected. In addition, Piezoelectric Effect node is also added automatically.
The Solid Mechanics interface is responsible for computing mechanical strain and stress
of PE material. The Electrostatics interface is responsible for strain-charge or stresscharge conversion. The Piezoelectric Effect interface is used to couple the two interfaces
through passing relative permittivity from Piezoelectric Material in the Solid Mechanics
to the Charge conversion, a Piezoelectric node in the Electrostatics. Both the direct and
inverse PE effects can be modeled in Piezoelectric Device interface.

3.4.2 Interface Configuration
To configure Piezoelectric Devices physics, we need to add Piezoelectric Devices
interface in the Select Physics window. COMSOL will automatically create dependent
variables which include variables in displacement field and electrostatic field for
Piezoelectric Devices after selecting the interface.
Piezoelectric Devices interface appears as Solid Mechanics, Electrostatics and
Piezoelectric Effect under Multiphysics node. The solid Mechanics interface shares a
same solid domain with Linear Elastic Material in the FSI interface. It needs to couple
this interface with FSI interface through displacement field which means the independent
variables for displacement field should be in accord with those variables under FSI
interface.
For unilayer cantilever structure, the domains of Linear Elastic Material sub-node under
Solid Mechanics is the circle and the domain of Piezoelectric Material is the whole
cantilever. For bilayer cantilever structure, the domain of Piezoelectric Material is blue
part in Figure 29 and the remaining of solid domains belongs to Linear Elastic Material.
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Figure 29. Piezoelectric Material domain
Another detail should be paid attention to is the coordinate system for piezoelectric
material. In COMSOL, the default polarization direction of PE material is along the Zaxis. Hence, a coordinate system should be configured if the poling direction of PE
element in the geometry is not in accord with Z direction. In this case, “Material XZPlane System” is selected as the coordinate system.
The Electrostatics interface has the same domain with Piezoelectric Material under
Solid Mechanics. The upside and downside of the interface domain are selected as
Ground and Terminal boundaries for visualizing electrical response of PE material.

3.5 Mesh and Study
The mesh for the sensor model is the default setting in COMSOL. The meshing result is
shown in the following figure.
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Figure 30. Meshing of the sensor model
The study of the model is time-dependent and time range is from 0 to 7 second and the
step is 5 ms. In the setting of Time-Dependent Solver under the Solver Configurations,
set the Maximum step for Time Stepping to 5 ms. Add a Fully Coupled solver for
Time-dependent Solver and set the Jacobian update to Once per time step in the setting
of the added Fully Coupled solver.

3.6 Resonance Optimization
The simulation model can be set up through above sections in this chapter. The resonance
frequency is also invested in the thesis work to get good and reasonable performance.
According to the conclusion drawn in Chapter 3.4.2, we adjust the width of the cantilever
for different resonance frequencies and verify whether the models with resonance
frequencies close to the frequency of lift force has better performance than others.
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4. Simulation result
4.1 Simulation Setup
The simulation models for this thesis are created, studied and post-analyzed in COMSOL
Multiphysics version 5.2 which is running on Windows 10.

4.2 Unilayer Cantilever vs. Bilayer Cantilever
In this section results for the sensor models with unilayer cantilever and bilayer cantilever
structure are compared. These two models have the same fluid domain (18*8 cm) and
their solid structures are located in the same position. Total dimensions of two types of
the cantilevers are the same (9*0.2cm) but the difference is that bilayer cantilever consists
of two layers, PDMS layer of 0.15 thickness and PZT-5H layer with 0.05 thickness.

(a)

(b)

(c)

(d)
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(e)

(f)

Figure 31. Terminal voltage in time domain, (a) bilayer, velocity = 0.2 m/s; (b) unilayer,
velocity = 0.2 m/s; (c) bilayer, velocity = 1 m/s; (d) unilayer, velocity = 0.1 m/s; (e)
bilayer, velocity = 2 m/s; (f) unilayer, velocity = 2 m/s;
In Figure 31, a and b, c and d, e and f depict output voltage for bilayer and unilayer
structures with the same velocity. Output voltage oscillates because of the alternating lift
force which is induced by vortex shedding.

(a)

(b)
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(c)

(d)

(e)

(f)

Figure 32. Terminal voltage in frequency spectrum, (a) bilayer, velocity = 0.2 m/s; (b)
unilayer, velocity = 0.2 m/s; (c) bilayer, velocity = 1 m/s; (d) unilayer, velocity = 0.1
m/s; (e) bilayer, velocity = 2 m/s; (f) unilayer, velocity = 2 m/s;
Figure 32 depicts the same output result in frequency spectrum. According to Equation
3.3 and dimension parameters for this model, the theoretical frequency of vortex street is
10𝑣 Hz. The dominant frequencies of bilayer cantilever in a, c and e are close to
theoretical frequencies, 2Hz, 10Hz and 20 Hz which property the bilayer cantilever
doesn’t have.
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Velocity

Theoretical

Dominant

Having 𝒇𝒕

Having 2 𝒇𝒕

(m/s)

frequency, 𝒇𝒕

frequency, 𝒇𝒅

component (Appro)

component (Appro)

Bilayer

Unilayer

Bilayer

Unilayer

Bilayer

Unilayer

0.2

2

1.75

✗

✔

✗

✗

✗

0.3

3

2.5

5

✔

✔

✔

✔

0.4

4

3.5

7

✔

✔

✔

✔

0.5

5

9

8.5

✔

✔

✔

✔

0.6

6

5.5

5

✔

✔

✔

✔

0.7

7

6.5

12

✔

✔

✔

✔

0.8

8

7.5

14.5

✔

✔

✔

✔

0.9

9

8.5

16.5

✔

✔

✔

✔

1.0

10

9.5

18.5

✔

✔

✔

✔

1.1

11

10.5

20.5

✔

✔

✔

✔

1.2

12

11.5

22.5

✔

✔

✔

✔

1.3

13

12.5

24.5

✔

✔

✔

✔

1.4

14

13.5

4

✔

✔

✔

✔

1.5

15

14.5

4.5

✔

✔

✔

✔

1.6

16

15.5

4.5

✔

✗

✔

✗

1.7

17

16.5

5.5

✔

✔

✔

✔

1.8

18

17.5

5.5

✔

✔

✔

✔

1.9

19

18.5

6

✔

✗

✔

✗

2.0

20

19.5

6

✔

✗

✔

✗

Table 1. Frequency responses for both cantilever structures at different velocities
In table 1 bilayer cantilever’s dominant frequency components are always close to the
theoretical frequency of lift force (except for the velocity of 0.5 m/s) which means we can
determine the velocity of air flow through analyzing frequency spectrum of the output
voltage. At the velocity of 0.5 m/s, the dominant frequency is 9 Hz which is around twice
the theoretical frequency and it also has frequency component which is around theoretical
value. Fortunately, the bilayer cantilever has both approximated 𝑓𝑡 and twice 𝑓𝑡
component at almost all velocity. Hence, it’s feasible to determine air velocity based on
frequency spectrum analysis.
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4.3 Resonance optimization
In this section three models with different cantilever widths namely, 6 cm, 8 cm, and 10
cm are compared to find the resonance influence on performance. Table 2 list the
resonance frequencies of different cantilevers computed by COMSOL.
Width (cm)

6

8

10

𝒇𝑹 (Hz)

68.74

38.68

24.76

Table 2. Resonance frequency
The theoretical frequency of lift force has a maximal value of 20 Hz at the velocity of 2
m/s. The cantilever of 10 cm width is closest to maximal theoretical frequency.

(a)
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(b)

(c)
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Figure 33. Frequency spectrum of output voltage at 1 m/s, (a) width is 6 cm, (b) width is
8 cm, (c) width is 10 cm
Figure 33 depicts frequency spectra of output voltages for the three cantilevers. On the
one hand, dominant frequency in (a) which represents the cantilever model having a
resonance frequency of 68.74 Hz is 12 Hz. Dominant frequency in (b) which represent
the cantilever model having a resonance frequency of 38.68 Hz is 9.5 Hz and Dominant
frequency in (c) representing the left cantilever is 7.5 Hz. As the resonance frequency of
cantilever model increases, the dominant frequency in frequency spectra also increase.
On the other hand, the Fourier coefficient for dominant frequency in frequency spectrum
differs when the model has different resonance frequencies. The model with lower
resonance frequency has a dominant frequency with higher Fourier coefficient as revealed
by Figure 33.
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5. Analysis and discussion
In the last chapter, simulation results for models with unilayer cantilever, bilayer
cantilever, and different resonance frequencies are presented in both time and frequency
domains. In the time domain, output voltage curves for both unilayer and bilayer
cantilever structure oscillate with certain frequencies. The reason is when the laminar
flow passes through the cylinder, it transforms into the vortex street which induces
alternating lift force with predictable frequency.
Frequency analysis also has been conducted to obtain frequency spectra for both the
unilayer cantilever model and the bilayer cantilever model. The dominant frequencies of
bilayer cantilever model at different velocities are regular and close to theoretical
frequencies except for 0.5 m/s. For the measurement of velocity at 0.5 m/s, a second
dominant frequency which is close to theoretical value is used to replace first dominant
frequency. This makes velocity measurable through frequency analysis using bilayer
cantilever over the whole range.
For unilayer cantilever model, the dominant frequencies are regular which are twice of
theoretical value when inlet velocity is less than 1.4 m/s. After that, the relationship
between dominant frequency and velocity is not obvious which makes the model unable
to measure the velocity for wide range by frequency analysis. Compared with bilayer
cantilever, its Fourier coefficients of dominant frequencies are usually lower than bilayer
structure. It means the bilayer structure has better SNR than the unilayer structure. Hence,
the bilayer cantilever structure is adopted as the sensing part in the sensor.
According to Equation 2.3, the theoretical frequency of vortex street for this sensor
dimension in the thesis is equal to the velocity multiplied by a factor of 10. Hence, the
maximal value of theoretical frequency is 20 Hz for the velocity range. The simulation
results shown in Chapter 4.3 reveal that the model with resonance frequency close to the
theoretical frequency has better SNR than others. However, the model with 8 cm
cantilever has the dominant frequency which is closest to the theoretical value.
The final sensor model for the thesis is the one with the sensing component of bilayer
structure and 8 cm width which is a trade-off between the sensor size and the SNR. The
50

Finite Element Analysis of PZT-based Air Flow Sensor
Chuanliang Xie

2017-12-04

the relationship between input velocity and frequency response is illustrated in Figure 34.

Figure 34. Frequency response
This sensor model has a sensitivity of 0.1 m/s and a measuring range of 0.2 to 2 m/s. The
velocity of 0.1 m/s cannot be measured by the model because vortex street cannot form
at a low air velocity.
To discuss this work’s application, it might be used in ventilation of office building or
scientific clean room where the air condition needs delicate control. Combined with other
sensors like temperature or humidity sensor, it can make indoor environment fresh and
inside people comfortable.
In an ethical aspect, this sensor itself is harmless and will not endanger people in most
cases. In spite of this, PZT material is an intermetallic compound of lead which is a heavy
metal and has toxic effects on the environment and people if it’s not handled carefully.
The compound of lead also has the same property. However, there is no substitute for
PZT in the scientific and industrial field. In this case, the sensor has an enclosure, as
Figure 5 shown, to prevent PZT from exposing directly to the environment. In the future,
the alternative lead-free piezoelectric material is expected to replace PZT in this sensor.
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6. Conclusion
The purpose of the thesis is to propose an air velocity sensor focusing on low-velocity.
The development of PE material draws the attention of author to use PZT material for air
velocity measurement. Its linear response to the application of force or pressure and
independence of environmental factors make it suitable.
The sensor model is created and verified in COMSOL Multiphysics using FEA. The
geometry consists of a fixed cylinder and a bilayer cantilever with one end clamped on
the cylinder and the other end free. The fixed cylinder is used to generate vortex street
and its theoretical frequency is investigated which is equal to the value of the velocity
multiplied by a factor of 10. The effects of cantilever dimensions on resonance frequency
are explored and the conclusion is applicable beyond this thesis. The implemented
configurations of this model are elaborated in Chapter3. This thesis work also compares
two cantilever structures, unilayer, and bilayer. The dominant frequency of output voltage
for bilayer cantilever which is made of PZT and PDMS is linear to inlet velocity. It makes
the measurement of air velocity convenient by this property. The unilayer structure has
the similar property in a limited range from 0.2 m/s to 1.5 m/s. The effects of resonance
frequency on frequency spectra of output voltage are also investigated. The resonance
frequency close to theoretical value has better SNR through the comparison. From the
presented results, final sensor model has good SNR and reasonable size.
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7. Future work
The thesis provides the theory and feasibility analysis of the proposed air velocity sensor
and it’s expected to implement the sensor based on this work in the future.
The PZT layer in the cantilever structure generates a weak electric signal in charge form
at low velocity. Charges of different signs accumulate on the opposite side of PZT layer
which can be regarded as a capacitive element because of its high impedance. Hence, a
charge amplifier is needed to amplify charge signal to the measurable range for
implementation. A frequency analyzer is needed to analyze frequency spectrum of the
amplified signal to determine air velocity.
PE material is widely used in “seismic” energy harvester to harvest electrical energy
converted from mechanical vibration. The proposed sensor model self-induces vibration
on PZT layer and the oscillating electric signal is generated as energy harvester does.
Hence, it’s worth taking further investigation on energy harvesting and self-powering for
the sensor.
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8. Terminology
FEM

Finite Element Method

FEA

Finite Element Analysis

PE

Piezoelectric

FSI

Fluid-Structure Interaction

DTC

Discharge Time Constant

PDMS

Polydimethylsiloxane

PZT

Lead Zirconate Titanate

SNR

Signal Noise Ratio

AC

Alternating Current

GUI

Graphic User Interface
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