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Abstract: Modeling and simulation are indispensable when dealing with complex engmeering systems. It makes
it possible to do essential assessment before systems are built, Cantilever, which can help to can alleviate the
need for expensive experiments and it can provide support in all stages of a project from conceptual design,
through commissioning and operation. This study deals with intelligent techmques modeling method for
nonlinear response of uniformly loaded paddle. Two Intelligent techmques had been used (Redial Base
Function Neural Network (RBFNN) and Support Vector Machine (SVM)). Firstly, the stress distributions and
the vertical displacements of the designed cantilevers were simulated through (ANSYS) a nonlinear finite
element program, incremental stages of the nonlinear finite element analysis were generated by using
25 schemes of built paddle Cantilevers with different thickness and vmform distributed loads. The Paddle
Cantilever model has 2 NN; NNI has 5 input nodes representing the uniform distributed load and paddle size,
length, width and thickness, 8 nodes at hidden layer and one output node representing the maximum deflection
response and NN2 has inputs nodes representing maximum deflection and paddle size, length, width and
thickness and one output representing sensitivity (AR/R). The result shows that of the nonlinear response
based upon SVM modeling better than RBFNN on basis of time, accuracy and robustness, particularly when

both has same input and output data.
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INTRODUCTION

Cantilever sensors are the most important electric
machinery in all the fields of industry. Cantilever sensors
are based on relatively well known and simple
transduction principle a simple cantilever beam can be
used as a sensor for bicmedical,
applications. When micro-fabricated
multilayered cantilever beam is exposed to sensing

chemical and
environmental

environment, it bends because of single or a combination
of external forces like electrostatic, electric, magnetic,
mass, nuclear radiation or mere mass. Similarly, it can
bend because of intrinsic stresses generated due to
chemical, physical or thermal means within the upper layer
of cantilever itself.

As recent research efforts advance in several
converging areas of science and technology, cantilever-
based sensors have been proved to be quite versatile and
sensitive devices and have been used mainly in the trace
detection of bio-chemical materials. The cantilever method
of bio-chemical sensing does not require any fluorescence
tagging, therefore gets many attentions (Lang et al., 1999,

Yu et al., 2002). Micromachined silicon cantilever beams
have been applied in fluid flow volume sensing (Vig et al.,
1995; Rong et al., 2006).

In addition, the actual mechamsm for detection of
the cantilever deflections 1s also very important. The
amount of deflections of a cantilever beam can be
detected by several read-out systems, mcluding optical
detection, capacitive detection, tunneling detection and
interferometer detection. The optical level technique and
the piezoresistive method are usually used to detect
cantilever beam deflection. In general, the deflection 1s
caused by its mteraction with measured under
circumstances of stress, a small force and a change of
mass or temperature. However, for more complex
structures, finite element modeling 1s useful to analyze
and optimize these structures.

In this research, an original application of Support
Vector Method (SVM) for nonlinear response for paddle
cantilevers was proposed. We first present the theoretical
mechanical characteristics of silicon cantilever beams,
such as the spring constant, deflection and relative
change in piezoresistivity. An optimal structure is sought
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by using structural analysis and numerical finite element
analysis. The SVM method and most of the results
from this analysis should, however, be directly applicable
to other types of piezoresistive sensors, including
commercially available pressure sensors and accelero-
meters. Second the model is constructed through the use
of the ITS designed by using MATLAB And ANSYS
software.

THEORETICAL MODEL ANALYSIS

In this study, the simple and paddle cantilever
sensors as shown in Fig. 1-2 were modeled using the
static equations of mechanics. To calculate the amount of
deflection at the tip of a cantilever beam, the differential
equation of a cantilever beam for a small deflection is
given by (Abadal et al., 2001):

2
grd y(ZX) M (1)
dx
where:
M = The bending moment
E = Young’s modulus
v (x) = The deflection along the cantilever beam
I = The area moment of the cross section with
respect to the neutral axis of the cantilever
M = Pxwhenasingle force P is applied on the free end

of the cantilever

M = qx*2 under a flowing fluid situation, where, q is
a force element at the position x along the cantilever beam
and 1s proportional to the surface area facing towards the
flowing fluid and drag force. The drag force is
proportional to the fluid density, the drag coefficient of
the cantilever and the flow velocity squared in a turbulent
flow or flow velocity in a laminar flow.

When, the x-axis origin is selected at the free end of
the cantilever beam, the boundary conditions are given
by:

x=L ﬂ—o
dx
x=L then y=0

Now, we integrate the differential equation for
cantilever deflection and use the above mentioned
boundary conditions.

dy(x) _
dx

é[sz 12+k, | (2)

Eventually, the deflection of the cantilever beam
when a single force 1s applied at the free end of the
cantilever is given as:
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Fig. 2: Paddle cantilever
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Resistance change can be calculated using the
equation:

(4

AR
_R =G, + O,

where, 0, and o, are the longitudinal and transverse stress
components, 1, and 1, are the longitudinal and transverse
plezoresistance coefficients. In direction of P-type
resistor, Ty 18 more dominant over the other 2 coefficients
T, and m,, Hence, the Eq. 4 can be approximated by:

ﬁ: TEM(GI 7Gt)
R 2

(5)
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From the Eq. 5, we can see that the resistance change
is increased by maximizing the differential stress (o, - 0,).
The relationship between the relative change of the
plezoresistance and the deflection of the Simple cantilever
at the free end is:

AR
L

3RELL
217

(6)

y(@)

The relationship between the relative change of the
piezoresistance and the deflection of the Paddle cantilever
at the free end is:

AR 3nEtL

* P aw @)
Where:
R, AR = The resistance and it’s the change under the
strain
E = The Young’s modulus
LI, w,t = the paddle size, length, width and thickness
of the cantilever paddle, respectively
m = The longitudinal Piezoresistive coefficient of

silicon.
A correction factor, which allows for the
position of the resistors on the cantilever

MATERIALS AND METHODS

From the examples ANN captures the domain
knowledge. ANN can handle contimuous as well as
discrete data and have good generalization capability as
with fuzzy expert systems. An ANN is a computational
model of the brain. They assume that computation is
distributed over several simple units called neurons,
which are interconnected and operate in parallel thus,
known as parallel distributed processing systems or
comnectionist systems. Implicit knowledge 1s built into
a neural network by traimng it. Several types of
ANN  structures and training algorithms have been
proposed.

For effective predicting of paddle cantilever, the
selection of proper mputs and outputs of ANN, structure
of the network and training of it using appropriate
data should be done with utmost care. In the present
study, mputs are selected as umform distributed load,
paddle cantilever size, length, width and thickness.
The NN outputs have been termed as one output
node representing the maximum deflection response
(1500%1 represent the deflection response of load) Fig. 3.

SVM: Support vector machines represent an extension
to nonlinear models of the generalized portrait algorithm
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Fig. 3: NN for paddle cantilever

developed by Vapnik and Lemer (1963). The SVM
algorithm 1s based on the statistical learmng theory and
the Vapmk-Chervonenkis (VC) dimension (Vapruk and
Lerner, 1963).

The statistical learning theory, which describes the
properties of leaming machines that allow them to give
reliable predictions (Cui et al., 2007). Finding an SVM
model with good prediction statistics is a trial-and-error
task. The objective is to maximize the predictions statistics
while keeping the model simple in terms of number of
input descriptors, number of support vectors, pattemns
used for traming and kernel complexity. A popular option
1s the use of SVM scripts in computing environments
such as MATLAB 7.

RBFNN: The basic form of RBF architecture involves
entirely 3 different layers. The input layers is made n, of
source nodes, while the second layer 15 ludden layer of
high enough dimension, which senses a different purpose
from that in a multilayer perception. The output layer
supplies the response of the network to the activation
patterns applied to the mput layer. The tram formation
from the mput layer to hidden 1s nonlinear whereas the
transformation from the hidden from unit to the output

layer is linear.
radbas (n) = e™

This function calculates a layer’s output from its
net input.

Computer modeling: The cantilever beam was modeled
using ANSYS software. Figure 4 is screen snapshot of
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Fig. 4: The structure in its deformed and unreformed
shape after analysis

how ANSYS modeled the paddle cantilever beam.
Modeling begins by choosing an element type, a beam,
truss element, frame, solid, shell, etc. Solid 92 was chosen
as the element type because it was a 3-dimensional
element and had the capability of 6° of- movement at
each node pomt Node locations were entered in
cartesian coordinates and these were used to construct
an area and then a volume. The volume was then
meshed, which fills in node pomts throughout the
entire volume for the finite element analysis. Before a
solution 18 rur, loading of the beam, which mcludes
both constraints and actual loads must be added. In
Fig. 4, the left side 2 ends of paddle cantilever of the
beam were completely restraned m all degrees of
freedom. A gravitational force was applied and then the
solution was mmplemented. Figure 4 shows the structure
in its deformed and unreformed shape after analysis.
The maximum deflection of the beam occurred at the
beam tip.

Using this ANSYS software, the simple and paddle

cantilever were modeled for a series of structures and
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found the sensitivities and also compared with theoretical
calculated sensitivities, this will be covered in detail in
analysis and results syudy.

RESULTS AND DISCUSSION

In piezoresistive cantilever sensors, the main device
parameters are sensitivity of the device and maximum
detectable measure and which is related to the maximum
relative change of the resistance within the fracture
strength of silicon.

ANSYS finite element software has been used as a
tool to model the mechanical properties of the cantilever
firstly. The analysis performed here use only the surface
stress of the cantilever and the depth effects at the
plezoresistive  sensing regions are ignored for
simplification. For the ANSYS siunulation described m this
paper, Young modulus of 1.5x10" Nm ™, Poisson’s ratio
of 0.23 and density of 2.23x10* kg m ™~ for silicon are used.
The finite element mesh is simplified with the element type
of brick and static analysis. All the loads were applied at
the end of the cantilever. The paddle cantilever in this
worl designed and the leg dimensions are 300x30 um in
length and width with a thickness of 2.5 pm, while the
square type paddle of 150>1350 um.

The measured relative changes of the resistance
versus the deflection of the cantilevers are shown m Fig.
5 for the designed cantilever paddles. The symbols are the
calculated results and the solid lines are the fitted results
by using the derived formulae. The slopes of the lines are
the sensitivities of the cantilever devices.

To train ANN models with the results above of the
finite element analyses,
required; first the entire traiming data file was randomly
divided into training and testing data sets. About 90% of
the data 1350 patterns, were used to train the different
network architectures where remaining 150 patterns were

network architecture was

used for testing to verify the prediction ability of each
trained NN model.

Table 1 the output of NN1, which shows comparison
sample of maximum deflection for a set of paddle
cantilever sensors has been calculated by SVM, RBFNN
and FEM techmques. The Young’s modulus E coefficient
of silicon is taken as 1.5x10" N m ™ in our design.

From the analysis of the results in Table 1, it is
observed that the accuracy of the SVM and RBFNN
method was slightly superior when compared to the FEM
techniques on account of Mean Average Error (MAE).

Figure 6 shows a plot of finite element maximum
deflections compare with corresponding SVM and ANN
prediction.
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Table 1: Output NN1 Max. deflection for a set of paddle cantilever sensors and dimensions (10~¢ m)

Vertical Vertical Vertical
L 1 t w Ksp Nm™) deflec. FEM deflec. RBFNN  deflec. 8WVM Error WM Frror RBFNN
200 100 2.5 25 1.8310 5.822 5.933 5.875 0.0530 0.1110
250 100 2.5 25 0.9380 3.721 3.848 3.798 0.0770 0.1270
300 100 2.5 25 0.5425 2.562 2.695 2.546 0.0160 0.1330
350 100 2.5 25 0.3417 1.926 1.993 1.965 0.0390 0.0670
300 150 2.5 30 0.6510 2.599 2.695 2.658 0.0590 0.0960
350 150 2.5 30 0.4100 1.901 1.993 1.954 0.0530 0.0920
400 150 2.5 30 0.2747 1.492 1.533 1.487 0.0050 0.0410
450 150 2.5 30 0.1929 1.197 1.215 1.173 0.0240 0.0180
400 200 2.5 40 0.3662 1.487 1.533 1.518 0.0310 0.0460
450 200 2.5 40 0.2572 1.197 1.215 1.182 0.0150 0.0180
500 200 2.5 40 0.1875 1.001 0.987 1.001 0.0000 0.0140
550 100 2.5 40 0.1409 0.795 0.818 0.785 0.0100 0.0230
AME 0.031833 0.0655
Max. error 0.0770 0.1330
Table 2: Qutput NN2 sensitivity (AR/R) for a set of paddle cantilever sensors
Output Stu Sin St Error Error
L 1 t w NNI110%m FEM RBFNN SVM SVM RBFNN
200 100 2.5 25 From Table 1 6.63 6.75 6.676 0.0460 0.12000
250 100 2.5 25 4.12 4.18 4.142 0.0220 0.06000
300 100 2.5 25 2.72 2.87 2.656 0.0640 0.15000
350 100 2.5 25 1.98 2.09 1.885 0.0950 0.11000
300 150 2.5 30 2.97 3.04 2.938 0.0320 0.07000
350 150 2.5 30 212 2.17 2.149 0.0290 0.05000
400 150 2.5 30 1.58 1.63 1.618 0.0380 0.05000
450 150 2.5 30 1.21 1.28 1.232 0.0220 0.07000
400 200 2.5 40 1.63 1.71 1.658 0.0280 0.08000
450 200 2.5 40 1.28 1.32 1.265 0.0150 0.04000
500 200 2.5 40 0.987 1.05 0.995 0.0080 0.06300
550 100 2.5 40 0.79 0.86 0.778 0.0120 0.07000
AME 0.03425 0.07775
Max. error 0.0950 0.15000
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CONCLUSION

Fig. 5: The relative change of the resistance versus the
deflection of the cantilever paddles-1 (1=100,
w=25t=2:5 um)

Table 2 the output of NN2, which shows comparison
sample of sensitivity (AR/R) for a set of paddle cantilever
sensors has been calculated by SVM, RBFNN and FEM
techniques.
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In the present study, the Support Vector Machine
(SVM) and Radial Basis Function (RBFNN) has been
explored for predicting nonlinear response of umformly
loaded paddle cantilever. The simulation data from
ANSYS software has been used for training and testing.
The simulation results show that SVM can be very
successively used for reduction of the effort and time
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required determining the load-deflection response of
paddle cantilever as the FE methods usually deal with
only a single problem for each run. This means that it can
solve many problems that have mathematical and time
difficulties. Modeling and simulation are indispensable
when dealing with complex engineering systems. It makes
1t possible to do essential assessment before systems are
built, it can alleviate the need for expensive experiments
and it can provide support in all stages of a project from
conceptual design, through commissioning and operation.
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