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Abstract: This work demonstrates a method to optimize materials and dimensions of piezoelectric
cantilevers for electronic nose applications via finite element analysis simulations. Here we studied
the optimum piezoelectric cantilever configuration for detection of cadaverine, a biomarker for meat
ageing, to develop a potential electronic nose for the meat industry. The optimized cantilevers were
fabricated, characterized, interfaced using custom-made electronics, and tested by approaching meat
pieces. The results show successful measurements of cadaverine levels for meat pieces with different
ages, hence, have a great potential for applications within the meat industry shelf-life prediction.
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1. Introduction

The meat and fish industries are the most massive resource-needing production within the
food sector. It is the food-related-branch that results in the highest level of CO;, emissions, due to
among others, deforestation for cattle production and overfishing [1]. The research in household
food and drink waste in Europe shows that 32% avoidable waste attributed to not-used in time
because of the date labels were not cited [2]. A market study on Europe’s food wast reports 10%
of avoidable food waste is from meat and fish products, and 10-32% of the wast is due to date
labels [3]. Today, households, restaurants, catering and food stores rely on the printed expiration date,
which based on general prediction curves for meat degradation. For example, the prediction curve
shows that tuna cuts within eight (+/—) 3 days at 5 °C under aerobic conditions. Accordingly, to be on
the safe side, expiration dates are set to five days. The only way to control the actual freshness of meat
products are microbiological tests conducted at external laboratories requiring shipping of samples,
growing and counting bacteria. These tests are carried out seldomly because they are expensive,
time-consuming and do not predict the exact expiration date.

Cadaverine is a volatile biogenic amine providing an exact measure for meat spoilage level.
The amount of cadaverine gas released by the meat sample increases in a predictable way over time,
depending on the type of meat [4-11]. There are cadaverine detection methods available [12,13],
but they all need to be carried out at external laboratories, e.g., measurement of cadaverine levels
using gas chromatography-mass spectrometry [14]. However, the emerging approach of electronic
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nose or electronic tongue in a gas, bio, and chemical sensing can be employed [15-18]. In this regard,
microcantilever-based sensors are widely used for low-level gas sensing, and are a good alternative for
sensing cadaverine. When a cadaverine molecule binds to a microcantilever, it increases the cantilever
beam mass. As a result, it reduces the cantilever beam mechanical resonance frequencies. Therefore,
the presence of a few molecules can be detected by changes in the resonance frequencies as well as
impedance output variations from dynamic actuation of the piezoelectric driven cantilevers [19-21].
The piezoelectric cantilever beam voltage output and the resonance frequency can be optimized
through modeling techniques for improved performance [22]. We have previously conducted studies
about cadaverine binding to functionalised cantilever surfaces [23-25].

In this paper, optimum cantilever dimensions and materials for achieving the highest cadaverine
detection sensitivity, using the previously studied surface binder, are investigated. Studies on
developed cantilevers have shown that the optimum first mode cantilever resonance frequency is in
the range of 10-12 kHz in order to maintain linearity to mass response while keeping the cantilever
area large enough for optimal cadaverine binding sites. Cantilevers with optimized materials were
morphologically characterized by X-ray tomography and ion-beam microscopy, while sensor signal
output characterized by electrical impedance measurements. The cantilevers were tested by measuring
cadaverine levels on meat samples, and it showed promising results.

2. Methods

To optimize the cantilever dimensions regarding a specific resonance frequency, we performed
finite-element method (FEM) simulations, coupled to a bound constraint quadratic optimization
routine. We ran the simulations using a commercial finite-element solver, COMSOL Multiphysics,
for solving the cantilever’s eigenvalue problem to obtain the structure resonance frequency. To further
enhance the study, we implemented the stationary piezoelectric effect, solving the model’s coupled
electrostatics and mechanics problem: applying an electric potential to the piezoelectric material causes
a mechanical deformation.

The undamped system motion is defined by Equation (1)

Mii +Ku =0, (1)

where M and K are the cantilever beam mass and stiffness matrix, respectively, depending on the
geometric parameters, and u is the displacement vector. Inserting a solution u = ve™, with A = iwy,
for the corresponding eigenvector v and natural frequencies wy € {wy, ..., wy}, for n mode shapes,
Equation (1) becomes an eigenvalue problem of the form:

(A*M +K)v = 0. 2)

We started the cantilever geometry optimization with the layers’ initial geometric
parameters, to investigate the cantilever’s length and width effect on its resonance frequency.
Finally, we investigated the effect of varying various layer thicknesses, while fixing the cantilever
beam length and width. Based on the results obtained, the parameters were tuned to get the desired
frequency, using the following bound-constrained optimization formulation:

min|w; — w(x;)], .

subject to 1b; < x; < ub;,

where w; is desired resonance frequency, w(x;) is cantilever beam eigenfrequency, obtained from
the FEM solution of Equation (2), x; are geometric parameters for i = 0,1,2,3,. . . n, with n
geometric parameters, and Ib; and ub; are the sets of parameter lower and upper bounds, respectively.
To minimize the objective function of Equation (3), we used the gradient-free bound optimization by
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quadratic approximation (BOBYQA) algorithm, recommended for optimizing parameters affecting the
mesh [26].

Figure 1 shows the required layers for a functional dynamically actuated piezoelectric
micro-cantilever sensor. The cantilever body consists of polysilicon buried in layers of silicon oxide
for electrical insulation. The bulk silicon wafer body supports the cantilever. On the cantilever top,
we implemented a piezoelectric layer, in contact with the top and bottom metal electrodes. The whole
system insulated by silicon nitride passivation layer, and metallic contacts (Al/Cu) fabricated—both
for the bottom and top electrodes. These contacts are wire-bonded to a small printed circuit board,
which accommodates the microcantilever chip.

Siox SiNx AlCu
- {

I Piezoelectric layer
[ ] Metal electrode

Si

Figure 1. Piezoelectric cantilever cross-section layout, with the description of material layers.

The COMSOL model was implemented with a fixed ends at the silicon block as mechanical
boundary condition and a ground at the bottom electrode layer for electrostatic simulation.
Then, we simplified it by avoiding the vertical column of aluminium contact and silicon nitride,
which has a negligible effect on the result but introduces high aspect ratio domains. The simplified
model meshed using hexahedra, and quad as discretizing elements. Figure 2 shows the course and the
fine model partitioning whereby longitudinal mesh size used for controlling the result convergence.

Course mesh Fine mesh

Figure 2. Longitudinally controlled partitioning for meshing the cantilever beam to achieve convergence
with the minimum number of elements.

Cantilevers with the desired resonance frequency and a surface area were fabricated at
the cleanroom facilities at the Fraunhofer Institute for Silicon Technology, using conventional
photolithography, layer deposition, lift-off, and etching processes. First, the metal bottom electrodes are
defined by photolithography, followed by metal deposition and lift-off. The recipe involved deposition
of AIN piezoelectric layer by sputtering, top and bottom electrode deposition. The silicon nitride
passivation layer was finally defined and deposited by sputtering. Lastly, the top and bottom etching
of silicon oxide and silicon layers done by chemical etching. The resulting cantilevers morphology
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characterized using a Bruker Skyscan X-ray Nano-tomograph and a Zeiss ORION NanoFab Helium
Ion Microscope. A 4294A Precision Impedance Analyzer was used to test the performance of the
piezoelectric layer, based on the Butterworth Van Dyke model and characterized from the resulting
impedance profile.

3. Results and Discussion

Before getting into the geometric parameters versus resonance frequency investigation, it is
important to observe the simulation convergence for the accurate result. In this regard, we performed
eigenfrequency and electric potential convergence study against the mesh.

Figure 3a shows that a 1 k partitions in the longitudinal direction is enough to converge the first
mode resonance frequency. When it comes to the convergence of average potential difference in the
piezoelectric material, more partition, around 2 k, is required, as shown in Figure 3b. For the 2 k
number of partitions, the number of elements for the whole model is 109865, and the mesh average
quality is 0.8969. Hence, the cantilever’s partitioning in a longitudinal direction can converge the
result with the computationally economic resource. After setting the mesh, we proceed to simulate a
stationary study of the cantilever’s piezoelectric deformation by the applied voltage. Table 1 shows the
parameters used for this initial simulation. We applied 3 V to the top electrode and 0 V to the bottom
electrode, sandwiching piezoelectric material, as shown in Figure 4. Figure 5 shows that the cantilever
deformation in pm, and the shape of deformation can give insight into what kind of mode shape can
be excited by this effect.
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Figure 3. (a) Convergence study for the cantilever beam first mode resonance frequency versus the
number of partitioning, showing convergence for less than 2 k number of partition. (b) Convergence
study for the average potential difference in piezoelectric material versus the number of partitioning,
showing convergence around 2 k number of partitioning.

Table 1. Initial parameters used for simulation of stationary study on piezoelectric effect as well as the
effect of width and length on cantilever resonance frequency.

Parameter Value
Cantilever length 1800 pm
Cantilever width 1000 pm

Cantilever body thickness 14 pm
Metal electrode thickness 0.25pm
Piezoelectric layer thickness 1.5pum

Piezoelectric layer material =~ Aluminum Nitride (AIN)
Metal electrode material Gold (Au)
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Figure 4. Distribution of applied electric potential on piezoelectric material to simulate the cantilever
beam deformation.
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Figure 5. An applied electric field on electrodes causing simple bending on cantilever beam due to
piezoelectric effect to compare with cantilever beam resonance frequency mode shapes.

Consequent to the piezoelectric effect stationery study on the cantilever beam, we performed
the model’s eigenfrequency study, aimed at optimizing the dimensions for getting the resonance
frequency in a desirable range. A frequency of 10 kHz as a reference used to solve the first three mode
shapes around the referred frequency. We performed the preliminary simulations to have a view of
the resultant mode shapes. Figure 6 shows the three mode shapes around the reference frequency.
From the shapes, the first mode is similar to the piezoelectric effect’s stationary deformation, implying
that the applied voltage is adequate to excite this mode. Figure 7 shows the corresponding potential
difference for the first mode resonance frequency.

First mode Second mode -

Figure 6. The cantilever beam first three mode shapes for resonance frequency obtained from eigenfrequency
study around 10 kHz. The first mode shape is identical to the cantilever simple bending due to the
piezoelectric effect.
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Figure 7. The piezoelectric material electric potential distribution due to the cantilever beam first mode
resonance frequency.

The first three resonance modes for the optimum resonance frequency output analyzed, but the
first one is the most relevant for this application. Table 2 illustrates how different piezoelectric layers
and electrode materials influence the resulting frequency measurement. In the table, for the electrode
layer simulation, the fixed piezoelectric material is the AIN, while for the piezoelectric material
simulation, the fixed electrode layer is Au. Other aspects such as electrical capacitance losses and
higher needed driving voltage depend on the piezoelectric layer material. Accordingly, aluminium
nitride is the material with the most suitable electrical characteristics. This material also has the highest
resonance frequency response (due to stiffness properties) and is therefore qualified as the material
with the best electrical and mechanical properties.

We proceed to the next step by sweeping the width dimension for a cantilever’s fixed-length
simulating the structure’s eigenfrequency. From the width versus frequency curve in Figure 8a,
the width does not affect the first mode frequency. However, the second mode frequency gradually
decreases with increased width. For the third mode, the trend is similar except for width
from 600-1500 um, where the frequency remains approximately constant. By fixing the width to
1000 pm, a parametric sweep performed on the cantilever’s length, and Figure 8b shows the result.
From Figure 8b, all the three modes frequencies are decreasing with the increase of length. Furthermore,
the cantilever’s optimum length for the desired frequency (10-12 kHz) range highlighted in the pink
colour from 1800-1900 um. From the length sweep, a strong inverse relationship observed between
the length and the frequency up to 2500 pum. From that point on, the change in frequency is minimal.

Table 2. Simulation results using initial parameters for different piezoelectric material and electrode
layer, the first mode result for different materials is in close range with respect to desired frequency.

Resonance Frequency in kHz

Material
1st Mode 2nd Mode 3rd Mode
AIN 12.422 39.498 63.899
Piezoelectric Material PZT-5H 11.148 36.43 58.811
ZnO 11.562 37.275 60.667
Au 12.422 39.498 63.899
Electrode laver Mo 12.368 39.151 65.46
y Cu 12.134 37.946 62.039
Al 12.395 38.841 62.898

After establishing the width and length effect on the cantilever beam resonance frequency, the next
step is to simulate for the various layer thicknesses. For this simulation, a cantilever length of 1500 pm
and a width of 1100 um considered for comparison purposes with the fabricated cantilever. In Figure 9a,
the first mode frequency plotted for a fixed cantilever thickness of 14 um and an electrode thickness of
0.2 um. From the figure, the layer thickness is directly proportional to the frequency. Out of four layers,
the piezoelectric layer shows a strong effect, around 1.5 kHz for change of thickness from 0.5 um to
1.2 um, compared to others. Aluminium contact has the least effect of around 0.33 kHz change for a
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thickness from 0.2 pum to 1 pum change. For the same change of thickness, silicon nitride and silicon
oxide layers has slightly above 0.5 kHz in the first mode. From this plot, we can deduce that having a
constant and precise thickness of layers, particularly for piezoelectric material, affect the outcome of
the cantilever beam resonance frequency.
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Figure 8. (a) Resonance frequencies versus cantilever beam width, showing the width does not affect
the first mode between 500-7000 pm. (b) Resonance frequencies versus cantilever beam length, showing
the length has a strong effect between 1000-2000 pm.
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Figure 9. (a) Different layers thickness versus the cantilever beam first mode resonance frequency,
showing the layers thickness linear effect on the frequency. (b) Cantilever beam thickness versus
the cantilever beam first mode resonance frequency, showing the beam thickness linear effect on
the frequency.

Taking the lowest value of the layer thickness from Figure 9a, since the desired frequency range is
closer at lower thickness values, the cantilever thickness’s effect on the first mode resonance frequency
simulated. The plot in Figure 9b shows that the cantilever thickness is directly proportional to the
first mode frequency, and 8 to 10.5 um thickness shows the desired frequency range. The cantilever’s
thickness shows a substantial effect on the first mode frequency, implying the importance of having
controlled value for optimum frequency range. From the above result, cantilever length, piezoelectric
material thickness, and cantilever thickness have a significant influence in obtaining optimum
frequency range. For having the desired range of frequency, the cantilever beam length lower than
1800 pm, piezoelectric material thickness and cantilever thickness should be in the lower end of the
simulation range.

Using the input from the previous investigations to define the bounds of geometric parameters,
we proceed to the cantiliver beam geometry optimization. First, we optimized the model for the desired
frequency of 11 kHz using the different layers thicknesses default values from Table 1. The controlling
variables of width = [500 pm, 1500 pm] and length = [1000 pm, 2000 pm] used to minimize the objective
function in Equation (3). The optimization gave the width of 1087.4 ym and the length of 1890.8 pm.
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The corresponding frequency for optimized geometric parameters is 11.002 kHz. Finally, we optimized
the whole geometric parameters for the desired frequency, and the result listed in the Table 3. For the
optimized thickness of different layers, the optimum length significantly lowered compared to the
default values. From the result we can deduce that controlling the thicknesses of layers is essential to
define the optimum cantilever beam length. Hence, the appropriate cantilever beam length dimension
can be determined for a given thicknesses of layers during fabrication process to obtain optimum
resonance frequency.

Table 3. Optimization result for the cantilever beam geometric parameters using BOBYQA algorithm.

Parameter Bound (Ib and ub) Optimised Result

Cantilever length [1000 pm, 2000 pm] 1508.9 pm

Cantilever width [500 pm, 1500 pm] 1004.5 pm
Cantilever body thickness [8 um, 22 pm] 8um

Piezoelectric layer thickness [0.5um, 1.5 pm] 0.866 pm

Silicon oxide layer thickness [0.2ppm, 1 pm)] 0.733 pm
Aluminium contact layer thickness [0.2pm, 1 pm] 1pm

Silicon nitride layer thickness [0.2pm, 1 pm)] 0.4245 pm

For this application a cantilever batch with reasonable resonance frequencies (between 10 and
12 kHz) produced. Figure 10a is the cantilever chip picture accommodated on a printed circuit
board with an electrical connection to the top and bottom electrode, while Figure 10b shows how the
cantilever is attached to a custom-made impedance analyzer, which actuates and reads the feedback
signal from the piezoelectric layer. Figure 10c shows the parts assembled into a hand-held electronic
nose, which can measure the amount of cadaverine emitted from the piece of meat. The corresponding
custom driving circuit details and the device can be found in reference [27].

Wi
Y

1R

. \

.

x
',,/'rf "

’

R

Figure 10. (a) Fabricated cantilever. (b) Cantilever attached to custom-made impedance analyzer and
(c) Cantilever on a hand-held electronic nose.

The fabricated cantilevers resonance frequencies are measured with the impedance analyzer and
found to be 10.18 kHz, which is comparable with the values obtained for the cantilever thickness range
of 8 to 10.5 um. The cantilevers response to mass added was measured by applying different masses to
the cantilever and measuring the resultant resonant frequency (see Figure 11). The resonance frequency
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found to reduce linearly by 3.8 kHz per mg added. Then the cantilevers were functionalized with a
cadaverine binder, as described in a previous work [23-25] and exposed to tuna pieces [27]. Figure 12
shows the shift in resonance frequency when exposed to tuna pieces with different ages. As seen in the
figure, the resonance frequency shift (and therefore cadaverine concentration) is increasing as expected,
based on cadaverine concentration for fish at different age [7,8]. Notice that small shifts down to
0.2 kHz are successfully measured with this electronic nose, demonstrating high sensitivity for gas
sensing. Detail description about our sensitivity studies found in [25]. This measurement demonstrates
that the cantilevers optimized resonance frequencies work very well for cadaverine detection.

— cantilever 7(11.4 kHz Resonance Frequency)

4
L15x10 — cantilever 5(9.96 kHz Resonance Frequency)

— cantilever 2(9.91 kHz Resonance Frequency)
L1x10*

1.05x10*

1x10*

0.95x10*

0.9x10*

Resonanace frequency in kHz

0 0.005 0.01 0.015 0.02 0.025
Mass added in mg

Figure 11. Change in resonance frequency with mass added to three different cantilevers.
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Figure 12. The shift in resonance frequency when exposed to tuna pieces with different ages, the error
bars denote the shift in standard deviation.

Finally, the cantilevers morphology characterized, using ion-beam microscopy and X-ray nano
tomography. Figure 13 shows both cross-section (He-ion microscopy image) and top view (X-ray
image). One can observe a good layer homogeneity and expected dimensions. Cadaverine residues
are observed binding on top of the cantilever.
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Figure 13. (a) Ion-beam microscopy image of cantilever cross-section, showing the different material
layer thicknesses. (b) X-ray nanotomography top view of the cantilever, showing the material
dimensions. Cadaverine spots can be observed in both images.

4. Conclusions

Expiration date determination of meat and fish products by producers are done in an indirect
way, which, due to safety margin implementation, lead to a significant waste of these products through
the value chain. Here, an electronic nose presented which can determine the concentration of a meat
ageing biomarker (cadaverine) whereby offering producers a more direct way to determine expiration
date, adding less safety margin and therefore, reducing waste. Optimum dimensions calculated for a
piezoelectric cantilever via finite element analysis simulations. As a result, the cantilever beam length
showed significant effect on the cantilever resonance frequency in combination with the cantilever
and piezoelectric material thickness. During the fabrication process, having the minimum cantilever
beam and piezoelectric material thickness could result in delivering the desired frequency range
for lower cantilever length. In future work, we will calibrate the sensor output data with known
cadaverine levels for a different types of meat and correlate that with the bacterial count, determining
safe cadaverine threshold for consumption, which can be obtained by the sensor.
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