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Abstract: Using piezoelectric patches, the stress concentration around a hole on a
plate under tension is reduced and controlled. For this purpose, two placements for
piezoelectric patches around the hole are investigated. First, the piezoelectric
patches are located at top/bottom of the hole with compression induced strain. This
location controls the stress concentration directly. Then piezoelectric patches are
located at left/right of the hole with tension induced strains to control the stress
flow in plate and reduce the stress concentration indirectly. The result sprung from
the above conditions is presented for host plate and piezoelectric patches, and by
comparing the mentioned results, the advantages of locating the piezoelectric
patches to control the stress flow in the host plate is investigated. Based on the
related results, locating piezoelectric patches at left/right of the hole can affect the
stress flow around the hole and control the stress concentration factor indirectly.
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1 INTRODUCTION

There have been many developments on high-
performance structures known as smart structures in the
recent years via using piezoelectric materials. The
researchers have investigated on many subjects such as
control the buckling, crack, vibration, shape and stress
in structures. Rao and Singh proposed that by
employing some piezoelectric actuators on a column,
the critical load for buckling increases [1]. Wang
worked on control and increase the buckling load of a
column by attaching tow piezoelectric actuators on the
surface of column [2]. Making precise attempts, he
obtained the best position and voltage to achieve the
maximum  buckling load. Sridharan and Kim
investigated on piezoelectric control of stiffened panels
subjected to interactive buckling [3].

Repair of a notched beam with piezoelectric patch
subjected to dynamic loading was studied
experimentally by Wu and Wang [4]. They did set a
piezoelectric patch near the notch as a sensor to
monitor the stress concentration by measuring the
output charge, and a piezoelectric patch around the
notch as an actuator to reduce the stress concentration
by induced prospered voltage. The repair of cracked
beam under external load with piezoelectric patches is
investigated by Wang et al. mathematically and
numerically [5], [6]. Platz et al. presented an approach
to evaluate the crack propagation reduction in
aluminum panels by piezoelectric patches [7]. They
discussed on proper placement and voltage to reduce
the crack propagation in the panel. Li et al. worked on
vibration control and plate modelling coupled with
piezoelectric patch [8].

Based on the maximizing dissipation energy and
through using genetic algorithm, the optimization
placement of piezoelectric patches in a flexible smart
structure is investigated by Zhang et al. [9]. A semi-
analytical solution for a plate with piezoelectric patches
subjected to static and dynamic loads is presented by
Qing et al. [10]. Umesh and Ganguli worked on
vibration and shape control of a smart composite plate
with matrix cracks. Mehrabian and Yousefi-Koma
presented a novel technique to control the vibration of a
flexible fin as a smart structure with optimum
placement of piezoelectric patches as actuators [11].
Zhang et al. developed a coupled electro-mechanical
analysis for an elastic substrate with piezoelectric
bounded [12], [13].

Using genetic algorithm, Silva et al. studied the shape
control of a plate bounded with piezoelectric patches
[14]. They investigated on optimum required voltages
for piezoelectric patches so that the pre-defined shape
of the plate is achieved. Sensharma et al. worked on
reducing the stress concentration around a hole using
applied induced strains such as piezoelectric patches
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[15], [16]. They proposed that piezoelectric patches and
shape memory alloys may be used to induced strains in
smart structures and control the stress and strain
concentration factor. Kang et al. investigated the
topology optimization for shape control of a plate
bounded with piezoelectric patches [17], [18]. They
used the error between desired and actuated shape as
the objective function, and the best position for
piezoelectric patch is presented via inducing the
required voltages.

Sun et al. presented some methods to achieve the
piezoelectric actuators pattern to control the shape of
smart structures [19-21]. They controlled the voltage of
piezoelectric to find the best pattern in which the
desired predefined shape of a plate is achieved by the
induced voltage. Jin et al. studied several simplification
methods to control the shape of repetitive structures
[22]. They used their method to find the optimal control
voltage for shape of the structures. Nguyen et al.
obtained a new evolutionary algorithm to control the
shape of various smart composite plates with active
piezoelectric actuators [23], [24]. They used linear least
square method to find the applied voltage for control
the shape of the composite plate. Shah et al. used
piezoelectric  actuators to reduce the stress
concentration factor around a hole [25].

The present paper is focused on the location of
piezoelectric patches around a hole on a plate to reduce
the stress concentration factor (SCF). The plate is under
tension and the piezoelectric patches are bounded on
the top/bottom and left/right of the plate symmetrically.
By considering the value of stresses in the plate and
piezoelectric patches, the best position for piezoelectric
actuators are obtained.

2 PROBLEM DEFINITION

A thin rectangular plate, (0.2 meter length, 0.1 meter
width and 1 milimeter thickness) with a 20 mm
diameter circular hole under uniaxial tensile loading
P=1Mpa Was used throughout this study. The plate is

made of aluminium with Poisson’s ratio v =0.3 and
Young’s modulus E =200GPa, The rectangular
piezoelectric patches with 10mm length, 5Smm width,
and 0.2 mm thickness made of PZT-4 are used in the
current work as actuators. The material properties of
piezoelectric patches are listed in table 1,
where,C;;,d;and K, are elastic, piezoelectric and

dielectric  constants of piezoelectric  material
respectively. Two positions for piezoelectric patches
are considered. First, the piezoelectric patches are
located at the top and bottom of the hole in the high
stress concentration area. In this condition, the
piezoelectric patches induced compression strains to
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control and reduce the stress concentration factor
around the hole directly. In the second condition, the
piezoelectric patches are located at the right and left of
the hole in the low stress concentration area and by
inducing tension strains, the stress concentration factor
is reduced indirectly. In this location, the piezoelectric
patches must be in the expansion and induced positive
strains to affect the stress flow lines and reduce the
stress concentration factors. A Python code was
developed to simulate above conditions applying the
Abaqus software. The aforementioned conditions and
problem definition are shown in figure 1.

Table 1 Material property of PZT-4
Poisson Ratio=0.3
Elastic Constants (GPa)

C11 CZZ C33
139 139 115
ClZ C13 C23
74 74 74
lom Css Ces
25.6 25.6 25.6
Piezoelectric Constants (C/m?)
day dsp dss
-5.2 -5.2 15.08
dos dis
12.71 12.71
Dielectric Constants (C*/Nm?)
kll k22 k33
6.75x107 6.75x107 5.87x107

Piezoelectric patch
‘B —u (a)

Base plate

Piezoelectric patch

Base plate

Fig. 1 Piezoelectric patches at (a) left/right (b) top/bottom of
the hole

To validate the results, consider a plate without any
piezoelectric patches. The stress concentration factor
around the hole is obtained 3.115 from Python and FE
code and is located at the top and bottom of the hole.
The geometry ratio for plate and hole is r/d =0.2
and the stress concentration factor goes along with
those reported in the previous publication [26].

3 PIEZOELECTRIC PATCH AT TOP/BOTTOM OF
HOLE

Let us consider as the first location that the
piezoelectric patches are put at the top and bottom of
the hole on both sides of the plate. The patches induced
negative strains in the host plate at top and bottom of
the hole. The voltage of piezoelectric patches is
increased and the stress concentration factor is written
respectively. Figure 2 shows the changes in stress
concentration factor in the host plate and piezoelectric
patches. In this figure, “S” is the stress at high stress
concentration area and S, is the average stress in the

plate. Obviously, SCF decreases in plate and the stress
in the piezoelectric patches enhances when the induced
voltages increases. Being desirable for plate, this
condition is, however, undesirable for piezoelectric
patches.

S/ Save

5 i i
-15 -10 -5 0
Voltage

Fig. 2 Stress concentration factor reduction (piezoelectric
patches at top/bottom of the hole)

Figure 3 shows the stress in X direction around the
hole. It may be seen that increase of the voltage entails
enhancement of the stress in high stress concentration
area, and of course a change of the location of
maximum stress concentration factor from top and
bottom of the hole to a point in about 20 degree. This
means that locating the patches at high stress
concentration area may reduce the stress at these
points, but for a safe reduction, the stress concentration
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in some other points of the host plate needs to be taken
into account.

Sx/Save
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Fig. 3  Distribution of Sx along the circumference of the
hole for top/bottom location of patches
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Fig. 4  Distribution of Sx along the X axis of plate for
top/bottom location of patches
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Fig.5  Distribution of Sx in piezoelectric patches for
top/bottom location of hole
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Figure 4 shows the stress in X direction along the Y
axis on plates. This figure demonstrates that induced
strains affect less at points far from the piezoelectric
patch, and that the piezoelectric patches affect the
stress in points near the induced strain areas.

Figure 5 shows the stress along the piezoelectric
patches. It may be seen easily that a rise in the voltage
can increase the stress in the piezoelectric patches and
the points with maximum stress in the patches located
at top/bottom of the hole.

4 PIEZOELECTRIC PATCH AT RIGHT/LEFT OF
HOLE

As the second location, consider that the piezoelectric
patches are set at the left and right of the hole in both
sides of the host plate. The main idea is that if the
piezoelectric patches located at the left and right of the
hole, expanded and induced positive strains to the host
plate, the stress flow turns into smooth, resulting in a
reduction in the stress concentration. By implementing
this idea, it is observed that bearing the desired effect,
the new location of piezoelectric patches reduces the
stress concentration factor.
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Fig. 6  Stress concentration factor reduction (piezoelectric
patches at left/right of the hole)

Figure 6 shows the effect of increasing the voltage on
stress concentration in host plate and piezoelectric
patches. According to the mentioned figure, by
increasing the voltage, the stress at top and bottom of
the hole is decreased while the stress in piezoelectric
patches is enhanced in compression zone. Figure 7
shows the stress in Y direction around the hole. It can
be observed that by increasing the voltage, the stress in
host plate under the patches location is increased.
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Fig. 7  Distribution of Sy along the circumference of the
hole for left/right location of patches
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Fig. 8  Distribution of Sy in piezoelectric patches for
left/right location of patches
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Fig. 9  Comparison of the stress around the hole regarding
placements of piezoelectric patches at left/right and
top/bottom of the hole

Figure 8 shows the stress in Y direction for
piezoelectric patches. Respecting the figure, if the
piezoelectric patches are set at left/right of the hole and
the piezoelectric patches are induced positive strain to
the host plate, the negative stress in piezoelectric is
produced and increased by the voltage rise.

5 RESULTS AND DISCUSSIONS

To select the best location for piezoelectric patches
around the hole, let us consider figures 2 and 6
simultaneously within the figure 9. This figure shows
the effect of increasing the voltage on stress in host
plate and piezoelectric patches for locating the
piezoelectric patches at top/bottom and left/right
locations around the hole. Obviously, for top/bottom
location of patches, when no voltage is induced to
patches, the stress concentration is about 2.5 and this
reduction in stress concentration factor occurs because
of reinforcement effect of patches. A rise to the induced
voltage, however, leads to a linear increase in
piezoelectric patches. So this placement for
piezoelectric patches is not desirable.

On the contrary, setting the piezoelectric patches at the
left/right of the hole makes them free from any
reinforcement effect. However, by increasing the
voltage, the stress in host plate is decreased while it
gets increased in piezoelectric patches in compression.
According to this fact that piezoelectric materials are
strong in compression versus tension, it can be
suggested that by selecting appropriate material for
piezoelectric patches, setting them at proper placement,
and considering adequate voltage to control the stress
flow in a plate, the stress concentration factor may be
reduced and controlled.

6 CONCLUSION

This paper investigates two placements for
piezoelectric patches, in order to reduce the stress
concentration factor in a plate under tension with a hole
by applying induced strains with piezoelectric patches.
The first location of patches is top/bottom and the
second is left/right of the hole. The results indicate that
locating piezoelectric patches at top/bottom of the hole,
and inducing contraction strain, the stress in the host
plate is decreased while it is increased in the
piezoelectric patches. This placement for piezoelectric
patches, therefore, is not suitable. In the second
location, the piezoelectric patches are embedded at
left/right of the hole in host plate and expansion strains
induced to control the stress flow in the plate. In this
condition, the stress concentration factor in the host
plate is reduced while it is increased in piezoelectric
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patches in compression values. According to the fact
that piezoelectric materials are strong in compression
versus tension, it is suggested that through applying

appropriate

voltage, material and location of

piezoelectric patches, the stress concentration factor in
the plate may be reduced and controlled.

REFERENCES

[1]

(2]

3]

[4]

[5]

[6]

[7]

(8]

(9]

[10]

[11]

[12]

Rao, G. V., and Singh, G., “A smart structures concept
for the buckling load enhancement of columns”, Smart
Materials and Structures, Vol. 10, 2001, pp. 843.
Wang, Q., “On buckling of column structures with a
pair of piezoelectric layers”, Engineering Structures,
Vol. 24, 2002, pp. 199-205.

Sridharan, S., and Kim, S., “Piezo-electric control of
stiffened panels subject to interactive buckling”,
International Journal of Solids and Structures, Vol. 46,
2009, pp. 1527-1538.

Wu, N., and Wang, Q., “An experimental study on the
repair of a notched beam subjected to dynamic loading
with piezoelectric patches”, Smart Materials and
Structures, Vol. 20, 2011, pp. 115023.

Wang, Q., Quek, S. T., and Liew, K. M., “On the
repair of a cracked beam with a piezoelectric patch”,
Smart Materials and Structures, Vol. 11, 2002, pp.
404.

Wang, Q., Duan, W. H., and Quek, S. T., “Repair of
notched beam under dynamic load using piezoelectric
patch”, International Journal of Mechanical Sciences,
Vol. 46, 2004, pp. 1517-1533.

Platz, R., Stapp, C., and Hanselka, H., “Statistical
approach to evaluating active reduction of crack
propagation in aluminum panels with piezoelectric
actuator patches”, Smart Materials and Structures,
Vol. 20, 2011, pp. 085009.

Li, Y. Y., Cheng, L., and Li, P., “Modeling and
vibration control of a plate coupled with piezoelectric
material”, Composite Structures, Vol. 62, 2003, pp.
155-162.

Zhang, H., Lennox, B., Goulding, P. R., and Leung, A.
Y. T., “A float-encoded genetic algorithm technique
for integrated optimization of piezoelectric actuator
and sensor placement and feedback gains”, Smart
Materials and Structures, VVol. 9, 2000, pp. 552.

Qing, G., Qiu, J., and Liu, Y., “A semi-analytical
solution for static and dynamic analysis of plates with
piezoelectric patches”, International Journal of Solids
and Structures, Vol. 43, 2006, pp. 1388-1403.
Mehrabian, A. R., and Yousefi-Koma, A., “A novel
technique for optimal placement of piezoelectric
actuators on smart structures”, Journal of the Franklin
Institute, Vol. 348, 2011, pp. 12-23.

Zhang, J., Zhang, B., and Fan, J., “A coupled
electromechanical analysis of a piezoelectric layer
bonded to an elastic substrate: Part I, development of
governing equations”, International Journal of Solids
and Structures, Vol. 40, 2003, pp. 6781-6797.

© 2013 IAU, Majlesi Branch

[13]

[14]

[15]

[16]

(17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

Zhang, B., Zhang, J., and Fan, J., “A coupled
electromechanical analysis of a piezoelectric layer
bonded to an elastic substrate: Part I, numerical
solution and applications”, International Journal of
Solids and Structures, vol. 40, 2003, pp. 6799-6812.
Silva, S. D. M., Ribeiro, R., Rodrigues, J. D., Vaz, M.
A. P, and Monteiro, J. M., “The application of genetic
algorithms for shape control with piezoelectric
patches-an experimental comparison”, Smart Materials
and Structures, Vol. 13, 2004, pp. 220.

Sensharma, P. K., Palantera, M. J., and Haftka, R. T.,
“Stress reduction in an isotropic plate with a hole by
applied induced strains”, Journal of Intelligent
Material Systems and Structures, Vol. 4, 1993, pp.
509-518.

Sensharma, P. K., and Haftka, R. T., “Limits of stress
reduction in a plate with a hole using piezoelectric
actuators”, Journal of Intelligent Material Systems and
Structures, Vol. 7, 1996, pp. 363-371.

Kang, Z., Wang, X. and Luo, Z., “Topology
optimization for static shape control of piezoelectric
plates with penalization on intermediate actuation
voltage”, Journal of Mechanical Design, Vol. 134,
2012, pp. 051006.

Kang, K., and Tong, L., “Topology optimization-
based distribution design of actuation voltage in static
shape control of plates”, Computers & Structures, Vol.
86, 2008, pp. 1885-1893.

Sun, D., and Tong, L., “Design optimization of
piezoelectric actuator patterns for static shape control
of smart plates”, Smart Materials and Structures, Vol.
14, 2005. pp. 1353.

Sun, D., Tong, L., and Wang, D., “An incremental
algorithm for static shape control of smart structures
with nonlinear piezoelectric actuators”, International
Journal of Solids and Structures, Vol. 41, 2004, pp.
2277-2292.

Sun, D., and Tong, L., “Static shape control of
structures using nonlinear piezoelectric actuators with
energy constraints”, Smart Materials and Structures,
Vol. 13, 2004, pp. 1059.

Jin, D., Sun, D., Chen, D., Wang, D., and Tong, L.,
“Static shape control of repetitive structures integrated
with piezoelectric actuators”, Smart Materials and
Structures, Vol. 14, 2005, pp. 1410.

Nguyen, Q., and Tong, L., “Voltage and evolutionary
piezoelectric actuator design optimisation for static
shape control of smart plate structures”, Materials &
Design, Vol. 28, 2007, pp. 387-399.

Nguyen, Q., Tong, L., and Gu, Y., “Evolutionary
piezoelectric actuators design optimisation for static
shape control of smart plates”, Computer Methods in
Applied Mechanics and Engineering, Vol. 197, 2007,
pp. 47-60.

Shah, D. K., Joshi, S. P., and Chan, W. S., “Stress
concentration reduction in a plate with a hole using
piezoceramic layers”, Smart Materials and Structures,
Vol. 3, 1994, pp. 302.

Walter, D. F. P., and Pilkey, D., “Peterson's Stress
Concentration  Factors”, John Wiley & Sons
Publication, USA, 2008.



