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Abstract

This paper reports on our investigation of the influence
of the piezoelectric to substrate thickness ratio on the
output voltage and resonance frequency of a
rectangular unimorph sensor. The results show that the
sensitivity of the sensor is degraded for high values of
thickness ratio beyond 1.0. Too small values of
thickness ratio below 0.2 will result in low sensitivity
due to high capacitance of the unimorph bender. In
addition a comparison of aluminium and structural
steel as substrates to PZT-5H piezoelectric material
was also investigated. The findings are a useful guide to
design engineers enabling the selection of appropriate
material and geometry for a rectangular sensor
depending on whether the primary design goal is large
deflection, voltage or resonance frequency.
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1. Introduction

Piezoelectric materials have found use in a wide
range of electromechanical systems as either actuators
or sensors. A piezoelectric material produces a voltage
when a mechanical force or pressure is applied on the
material. This is called the direct piezoelectric effect
and it is the one employed in sensors [1-3]. On the other
hand, if a voltage is applied to the piezoelectric
material, the material is mechanically deformed. This is
called the indirect piezoelectric effect and is employed
in actuation systems [1,4-7]. A typical piezoelectric
device is a unimorph cantilever structure where a
piezoelectric ceramic is bonded to a metal substrate [1-
7]. Numerical modelling and computer simulations are
becoming indispensable tools in design and
optimization of sensor and actuator systems [8,9].
Central to these tasks is the understanding and
estimation of the influence of different geometrical
parameters in the performance of a device. In this work,
the effect of the piezoelectric to substrate thickness
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ratio on the performance of a unimorph sensor is
studied using the FEM software, COMSOL
Multiphysics® (version 4.3) [10]. COMSOL is very
effective FEM software and simulation results in the
software have excellent agreement with experimental
observations [10-12]. PZT-5H was chosen as the active
piezoelectric material since it is one of the most
commonly used material for sensors because of its high
sensitivity [1-6]. Aluminium and structural metals were
chosen as the substrates in this study since they are the
materials often used by designers [1,3,5].

2. Simulation Experiments and Methods

The FEM study employed the piezoelectric material
interface (pzd) which combines the piezoelectricity and
mechanics modules. The material properties used in the
study are shown in Table 1. The properties were
obtained from the COMSOL material library.

Table 1. Material properties used in the study

PZT-5H Aluminium | Structural
Steel

Young 62 70 200
Modulus
(GPa)
Poisson - 0.33 0.33
ratio
Density 7500 7850 2700
(kg/m®)
Elastic C11= Cp =126,
constants C1»=80.5,
(GPa) C13=Cy3= 126, - -

C33 = 117,

Cqa = 23.3,

Cs5 = Ceg = 23,
piezoelectric | es; = e4 =17,
stress €13=€x3= 17, - -
constants e33=23.3,
(CIm?
Dielectric €11= &y =1704
constants €33 = 1433 - -

The geometry of the unimorph device was drawn
using the in-built CAD tools in COMSOL. Both 2D and
3D analysis were performed. One end of the unimorph
device was clamped along its width and the other end
was left free. In order to pole the piezoelectric layer
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along thickness direction, two electrodes were defined
at the top and bottom of the PZT-5H layer using the
electrostatic boundary conditions. The upper and lower
face of PZT layer were selected as floating and ground
potentials respectively, while all other faces of
piezoelectric layer were kept as zero charge [13].

The standard meshing tool was used with the mesh
setting at physics — controlled mesh and element size
set to “finer”. Figure 1 shows the meshed geometry of
the device under study where a total 2509 tetrahedral
elements and 988 triangular elements were used. The
width of the device was set to 2 mm while the length
was set to 10 mm throughout the simulations. The
thickness of the substrate material (t;) was fixed at 1
mm while the thickness of the piezoelectric material (t,)
was varied from 0.1 to 2 mm.

etal Substrate

Clamped 0‘50 fi}
End

Figure 1. 3D Geometry of unimorph sensor
3. Results and Discussion

3.1 Voltage and tip displacement under a body
load

The first study was a parametric analysis of the effect of
piezoelectric thickness on both the open circuit voltage
output and the tip displacement of the sensor. This was
performed with a total body load of 1000 N/m?. Figures
2 and 3 show the results of the effect of piezoelectric
thickness on the voltage output of the sensor using
aluminium and structural steel substrates. These results
show that for a fixed substrate thickness, there is
generally an increase in output voltage. However, this
increase is not linear for the thickness ratio beyond 0.5.
Beyond thickness ratio of 0.5, there is a monotonic
increase in the voltage output. Figures 2 and 3 show
that the sensor employing aluminium substrate has no
marked increase in voltage output beyond a thickness
ratio of 1.5. In fact, any increase in thickness ratio
beyond 1.5 lead to a decrease in voltage output. When
structural steel is employed, the sensor device exhibit
no drastic saturation of the output voltage compared to
the case where aluminium is used (see Figure 3).
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Figure 2. Variation of voltage output with piezoelectric
thickness using aluminium substrate
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Figure 3. Variation of voltage output with piezoelectric
thickness using structural steel substrate

The effect of tip displacement of the beam to a body
load of 1000 N/m® was investigated. The results are
shown in Figures 4 and 5.

The sensor device employing an aluminium substrate
showed a high displacement compared to the one
employing structural steel. This may be expected since
aluminium is less stiff compared to structural steel.
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Figure 4. Variation of tip displacement with piezoelectric
thickness using aluminium substrate
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Figure 5. Variation of tip displacement with piezoelectric

thickness using structural steel substrate

3.2 Sensitivity

The voltage sensitivity of a cantilever sensor can be
defined as the voltage output per unit force applied at
the tip of the sensor. With a tip force of 1 N, the
sensitivity of the unimorph sensor as a function of the
thickness ratio was studied and the results are shown in
Figure 6. The voltage sensitivity is very much
dependent on the thickness ratio as shown in Figure 6.
Aluminium substrate results in a higher sensitivity of
over 30 V/N compared to structural steel with around
25 VIN. For both substrates, the results show that there
exist an optimum thickness ratio for optimum
sensitivity and going beyond optimum will result in loss
of sensitivity. For aluminium substrate the optimum
thickness ratio is around 0.5 while for steel its about
0.7. However, structural steel shows a higher sensitivity
at thickness ratios beyond 1.2 compared to the
aluminium substrate.
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Figure 6. Voltage sensitivity comparison

To explain the relationship between the voltage
sensitivity and the thickness ratio, one needs to
understand that the voltage output of a piezoelectric
material is a function of its capacitance. If the
piezoelectric layer is very thin, there is very high
capacitance (C) and low charge (Q). Thus fromV =

Q/C, the voltage output is low. The other extreme is
when the piezoelectric material is very thick, such that
the deflection of the beam is significantly reduced and
hence very little charge is generated. Hence, the
optimum voltage is obtained at values of the thickness
ratio between these two extremes. The result can also
be interpreted in the context of the effect of substrate
material on the dielectric constants of the unimorph
device. The dielectric constants of unimorph benders
decrease monotonically with the thickness ratio [14-
17]. The use of a stiffer elastic substrate leads to lower
dielectric constant. A decrease in dielectric constant
implies decrease in the electromechanical coupling, Kks;.
Thus the use of steel substrate will result in lower
sensitivity compared to less stiff material aluminium.
Another sensitivity figure of merit is the deflection
sensitivity, which is hereby defined as the ratio of
absolute tip deflection per unit force. The sensitivity of
the unimorph sensor to tip deflection is shown in Figure
7. Generally the deflection sensitivity decreases with
increase in thickness ratio. As observed earlier, the
higher elastic compliancy of aluminium will lead to a
higher deflection sensitivity of a sensor employing
aluminium substrate compared to steel [14,17].
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Figure 7. Deflection sensitivity comparison

The performance of the unimorph sensor is generally
degraded for very large values of the thickness ratio. If
the thickness ratio is large so that the neutral axis of the
composite beam lies in the piezoelectric material, then
charge cancellation may happen and this reduces the
sensitivity of the sensor [14,17,18]. In order to ensure
the neutral axis remains in the substrate material, the
thickness ratios were set to 0.5 and 1.0 for the substrate
materials under study. All other geometrical parameters
were maintained as they were in the previous
simulations and the tip force was set to 1 N. The results
showing the performance of the sensor for the two
substrate materials are summarised in Table 2.

Table 2. Effect of thickness ration performance for
aluminium and structural steel substrates

Aluminium Structural Steel
Thickness ratio 0.5 1.0 0.5 1.0
tpts
Deflection 7.246 3.078 4.176 1.921
amplitude (um)
Voltage 31.542 | 25.461 | 24.257 | 24.280
V)
E-field norm 3.393 2.214 2.587 1.862
(x10°V/m)
Von Mises 1.806 1.112 1.818 1.090
Stress
(x10” N/m?)

Table 2 shows that the sensor employing the aluminium
substrate has high tip deflection amplitude relative to
the sensor employing structural steel. It also has a
higher voltage output per unit force. However, the
sensor employing structural steel has a very good
stability over the thickness ratio range from 0.5 to 1.0
as demonstrated by the voltage output of about 24.3 V.
To choose between aluminium and structural steel
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substrates, the designer also needs to be informed by
the environmental conditions where the sensor will be
deployed. For operation in high deflection
environments, steel may be the ideal choice since it will
result in a sensor with adequate sensitivity while
offering high durability. Use of aluminium substrate
may result in a sensor with higher voltage sensitivity
but aluminium has a disadvantage of having a low
fatigue stress tolerance compared to steel. The values of
the von Mises stress in Table 2 show that the strain
transfer from substrate to piezoelectric layer decreases
with the increase thickness ratio.

3.2 Effect on first resonance frequency

Sensors based on piezoelectric materials are the most
suitable for applications under time dependent
mechanical excitations [1,12]. When the mechanical
frequency of the sensor matches that of the excitation
signal (i.e. resonance), the sensitivity of the sensor is
optimum. Figure 8 shows the effect of thickness ratio
on the first resonance frequency of the unimorph
sensor. For thickness ratio below 1.0, the steel and
aluminium substrate based sensors have the same value
of first resonance frequency for the same geometry.
However, for any thickness ratio beyond 1.0, the sensor
employing steel exhibits a higher resonance frequency.
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Figure 8. Effect of thickness ratio on first resonance
frequency

4. Conclusions

The effect of thickness ratio on the performance of
unimorph  was studied using the COMSOL
Multiphysics® FEM  software.  Generally, the
performance of the sensor is degraded for high values
of thickness ratio beyond 1.0. Too small values of
thickness ratio below 0.2 will result in low sensitivity
due to high capacitance of the unimorph bender. Thus,

2681


www.ijert.org

the results show that there exist an optimum value of
thickness ratio for a given substrate material. The
results of the study show the use of aluminium as a
substrate result in a sensor with sensitivity of above 30
VIN for thickness ratio of 0.5 and the sensitivity
reduces to about 25 V/m at a thickness ratio of 1.0. The
sensor employing structural steel demonstrated a
sensitivity of about 24 V/N at thickness ratios of 0.5
and 1.0. For applications requiring high resonance
frequency, structural steel substrate is more applicable
than aluminium when thickness ratios around 1.0 are
used. The choice of substrate type and substrate ratio is
important in optimizing the sensor geometry and hence
the performance of the sensor for a specific application.
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