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Effect of Piezoelectric Patches on the Behavior of
Adhesively Bonded Single Lap Joints
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In order to reduce the influence of the maximum peel and shear stress
concentrations in the adhesive layer, a smart adhesively bonded single lap joint
system was developed by surface bonding of piezoelectric patches onto a typical sin-
gle lap joint. The forces and bending moments at the edges of the developed smart
joint system can be adaptively controlled by adjusting the applied electric field in
the piezoelectric patches, thus reducing the peel and shear stresses concentration
effect in the adhesive layer. In order to verify the effect of surface bonding of piezo-
electric patches in smart single lap adhesive joints, an analytical model based on
shear lag assumptions was developed to evaluate the shear stress distribution and
to predict the peel stress. For this purpose, the beam on elastic foundation (BOEF)
approach in the adhesive layer was used. It was established that the piezoelectric
patched joint could reduce the stress concentrations in the lap joint edges. The
influence of electric field, location, and size of the piezoelectric patches in the single
lap joint was also investigated.
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1. INTRODUCTION

Adhesively bonded joints are essential in the manufacturing and
repair of spacecraft, aircraft, and automotive structures due to their
ability to join dissimilar materials. Adhesive bonding is advantageous,
because the distribution of stresses over a bonded region is less critical
than in other fastening techniques. Also, one can notice an improved
appearance of the products, good sealing, low stress concentration,
and fatigue resistance [1]. More recent stress analysis methods are
based on theoretical elasticity formulation or the finite element
method (FEM). One of the earliest works cited in the literatures is
the work of Goland and Reissner [2]. They assumed the adhesive layer
to be a relatively flexible layer, and obtained a two-dimensional,
elasticity-based analytical solution for assessing the stress distribu-
tion in a lap joint. Adams et al. [3] obtained theoretical stress
distributions from a two-dimensional finite element idealization in
adhesively bonded lap, bevel, and scarf joints between adherends of
high tensile strength carbon fibre reinforced plastic.

In order to reduce the effect of stress concentration in a joint, some
works were carried out theoretically to demonstrate that the stress dis-
tribution in an adhesive layer could be reoriented by adjusting the
adherends thickness, length, andmaterial properties [4–6]. Researchers
have also developed other practical solutions to reduce concentrations of
the shear and peel stresses, by rounding off sharp edges, spew fillets,
and tapering of the adherends [4,5]. In a more recent work, Khalili
et al. [7] investigated numerically the change in the joint strength by
reinforcing the adhesive region in a single lap joint by fibres. They con-
cluded that reinforcing the adhesive region resulted in increasing the
bond strength of the lap joint. Also, da Silva and Adams [8] proposed
a technique to reduce the peel stresses in the composite and to increase
the joint strength at low temperatures by using an internal taper and
adhesive fillet arrangement, provided the adhesive has a high tensile
strength and the thermal stresses are not important.

Obviously, those previous improved methods are traditionally
focused on the mechanical stiffening methods, as mentioned above.
Recently, Cheng and Taheri [9,10] introduced a smart adhesively
bonded joint concept to the traditional adhesively bonded joint by par-
tially integrating piezoelectric ceramic patches as actuators, and
reducing the stress concentration in the adhesive joint system. They
analyzed the peel and shear stresses in the adhesive layer on the basis
of the first-order shear deformation theory (FOST).

More recently, Lee and Kim [11] investigated the symmetric single
lap joint with elastic-perfectly plastic adhesive by an analytical model
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based on shear lag and beam on elastic foundation (BOEF) models.
The model could accurately predict shear stress to within 1% and peel
stress to within 13% for an elastic-perfectly plastic adhesive.

In the present work, to analyse the effect of surface bonding of
piezoelectric patches in smart single lap adhesive joint, an analytical
model based on the shear lag assumption was developed to evaluate
the shear stress distribution and the BOEF approach in the adhesive
layer was used to predict the peel stress. The joint was considered to
be a symmetric single lap and the behavior was elastic. The joint
was loaded by in-plane axial tension forces and governing equations
were solved directly using the linear constitutive relationship of the
adhesive. In order to check the validity of the results, they were com-
pared with those reported in [9]. The effect of electric field, size, and
location of piezoelectric patches on the peel and shear stress distribu-
tions was investigated.

2. SMART SINGLE LAP JOINT UNDER THE ACTION OF
COMBINED MECHANICAL AND ELECTRIC LOADS

A smart single lap adhesive joint was developed by surface bonding of
piezoelectric patches onto a typical single lap joint, as shown in Fig. 1.
The forces and bending moments at the edges of the developed smart
joint system can be adaptively controlled by adjusting the applied elec-
tric field in the piezoelectric patches, thus reducing the influence of
the peel and shear stresses concentration in the adhesive layer.

According to the work of Roberts [5] on the influence of joint-edge
loads on the stress concentration, the peel and shear stresses of a

FIGURE 1 Developed smart adhesive bonded single lap joint. 1, 2–Adherends;
3, 4–Piezoelectric patches; 5–Adhesive.
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single lap joint are distributed symmetrically and their peak values at
the joint edges can be reduced by varying the applied load.

By considering the proposed smart single lap joint subjected to an
axial tension force, as shown in Fig. 1, it is assumed that the plane sec-
tion in each adherend remains plane to carry the applied force and
bending moment. By considering the representative segment model
as shown in Fig. 2 and the coordinate system used in Fig. 3, the equi-
librium equations for different parts of the smart single lap joint can
be derived on the basis of assumptions of the classical plate theory
as follows [9]:

D11
@4w1

@x41
� p

@2w1

@x21
¼ 0 0 � x1 � l1;

D12
@4w2

@x42
� p

@2w2

@x22
¼ 0 0 � x2 � l3;

D123
@4w3

@x43
þ
@2Mp3ðx3Þ

@x23
� ðpþN0

p3Þ
@2w3

@x23
¼ 0 0 � x3 � l4

D12
@4w4

@x44
� p

@2w4

@x24
¼ 0 0 � x4 � l5;

D124
@4w5

@x45
þ
@2Mp4ðx5Þ

@x25
� ðpþN0

p4Þ
@2w5

@x25
¼ 0 0 � x5 � l6;

D12
@4w6

@x46
� p

@2w6

@x26
¼ 0 0 � x6 � l7;

D22
@4w7

@x47
� p

@2w7

@x27
¼ 0 0 � x7 � l2;

ð1Þ

where D11, D22, D123, D124, and D12 represent the flexural rigidities of
different segments of the smart joint respectively, as shown in Fig. 3

FIGURE 2 A representative segment model of a beam subjected to combined
bending and axial forces.
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and defined in [9]. p is the in-plane axial tension force applied to the
joint. Moreover d12, d123, and d124 are the neutral planes eccentric
distance of the different parts of the smart joint, and Npi and
Mpi

ði ¼ 3; 4Þ denote the resultant forces and moments induced by the
electric field applied to the ith surface bonded piezoelectric patches [9]:

Npi ¼ �
Z zkþ1

zk

e�31kE3dz Mpi ¼ �
Z zkþ1

zk

e�31kE3zdz; ð2Þ

where e�ijk is the equivalent strain defined by the ratio of dielectric
permittivity to piezoelectric strain coefficient. Further, the joint end
boundary conditions of the smart single lap joint system can be
represented by:

w1 ¼ w1;xx ¼ 0 at x1 ¼ 0

w7 ¼ w7;xx ¼ 0 at x7 ¼ 0

and the continuity conditions between the different parts must be
satisfied as follows:

1. At the boundary x1¼ l1 and x2¼ l3:

w1 ¼ w2; w1;x ¼ �w2;x; D11w1;xx ¼ D12w2;xx þ pðh1=2� d12Þ;
D11w1;xxx � pw1;x ¼ �½D12w2;xxx � pw2;x�;

2. At the boundary x2¼ 0 and x3¼ l4:

w2 ¼w3; w2;x ¼w3;x; D12w2;xx ¼D123w3;xxþMp3ðxÞþpðd12�d123Þ;

D12w2;xxx�pw2;x ¼� D123w3;xxx þ
@Mp3ðxÞ

@x
�ðpþNp3Þw3;x

� �
;

FIGURE 3 Coordinate system of the smart single lap joint with anti-
symmetric surface bonded piezoelectric patches defined in Ref. [9].
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3. At the boundary x3¼ 0 and x4¼ l5:

w3 ¼w4; w3;x ¼w4;x; D123w3;xxþMp3ðx3Þþpðd12�d123Þ ¼D12w4;xx;

D123w3;xxxþ
@Mp3ðxÞ

@x
�ðpþNp3Þw3;x ¼�ðD12w4;xxx�pw4;xÞ;

4. At the boundary x4¼ 0 and x5¼ l6:

w4 ¼w5; w4;x ¼w5;x; D12w4;xxþpðd124�d12Þ ¼D124w5;xx þMp4ðxÞ;

D12w4;xxx �pw4;x ¼� D124w5;xxx þ
@Mp4ðxÞ

@x
�ðpþNp4Þw5;x

� �
;

5. At the boundary x5¼ 0 and x6¼ l7:

w5 ¼w6; w5;x ¼w6;x; D124w5;xx þMp4ðxÞ ¼D12w6;xx þpðd124 �d12Þ;

D124w5;xxx þ
@Mp4ðxÞ

@x
�ðpþNp4Þw5;x ¼�ðD12w6;xxx �pw6;xÞ;

6. At the boundary x6¼ 0 and x7¼ l2:

w6 ¼ w7; w6;x ¼ w7;x; D12w6;xx ¼ D12w7;xx þ pðh2=2� d12Þ;
D124w6;xxx � pw6;x ¼ �½D22w7;xxx � pw7;x�;

where wi, is the corresponding derivatives of the deflection, w, in each
‘‘i’’ segment w.r.t. the x coordinate.

Obviously, for the governing fourth-order differential equation,
Eq. (1), the general analytical solution can be carried out in the follow-
ing parts [9]:

For the elastic parts—

wiðxiÞ ¼ Ai þ Bixi þ Ci sinh½aixi� þDi cosh½aixi� ði ¼ 1;2; 4; 6; 7Þ ð3aÞ

For the electro-elastic parts—

wiðxiÞ ¼ Ai þ Bixi þ Ci sinh½aixi� þDi cosh½aixi� þw�
i ðxiÞ ði ¼ 3; 5Þ

ð3bÞ

where Ai, Bi, Ci, and Di are unknown constant coefficients, determined
by the boundary conditions. The variable w�

i ðxiÞ denotes the specified
solution due to the piezoelectric coupling effect and is selected based
on the relative governing equations.

After substituting the general analytical solution, Eq. (3), into the
relevant boundary conditions, the coefficients Ai, Bi, Ci, and Di can
be calculated and then the joint-edge applied moments M1 and M2
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and the shearing forces Q1 and Q2 in the smart single lap joint can be
obtained by [9]:

M1 ¼ �D11
@2w1

@x21

����
x1¼l1

; M2 ¼ D22
@2w7

@x27

����
x7¼l2

;

Q1 ¼ ðD11w1;xxx � pw1;xÞjx1¼l1
; Q2 ¼ ðD22w7;xxx � pw7;xÞjx7¼l2

:

ð4Þ

3. MODEL DESCRIPTION

In this section, the shear stress in the adhesive layer on the basis of
the shear lag assumption and the adhesive peel stress on the basis
of the beam on elastic foundation (BOEF) approach were obtained ana-
lytically. The function of the piezoelectric patch is only to supply the
additional required force and moment. The piezoelectric layer was
assumed to be relatively thin in comparison with the adherends.
Therefore, the stiffness contribution from the piezoelectric patches is
relatively small, and may be neglected when analyzing the stress dis-
tribution in the adhesive layer. Here, it is assumed that the piezoelec-
tric patches cover the entire joint surface. Therefore, based on the
above assumption, the stiffness of the adhesive layer between the
piezoelectric layer and the adherends can be assumed to be negligible,
while analyzing the stress distribution in the adhesive layer [9].

The adhesively bonded symmetric single lap joint with the surface
bonded piezoelectric patches and all relevant geometric parameters is
shown in Figs. 1 and 3. The only externally applied mechanical load is
p. The following assumptions aremade for the symmetric single lap joint:

1. The analysis is based on plane strain conditions;
2. Constant thickness is considered for adherends and adhesive;
3. The distributions of the shear and peel stresses are uniform

through the adhesive thickness (z-direction);
4. Deformation of adherends due to transverse shear is neglected;
5. The behavior of adherends and adhesive is considered to be linear

elastic;
6. The adhesively single lap joint is symmetric and the adherends are

identical in thickness and material.

3.1. Governing Equations

A differential small element, dx, of the joint at any location x is shown
in Fig. 4. The x-direction and z-direction displacements at the
interfaces of the adherends and the adhesive, i.e., at z1¼ 0 and
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z2¼ t2 are defined as u1, w1 and u2, w2, respectively. These interfacial
adhesive-adherends displacements are functions of in-plane axial
force resultants (N1 and N2), internal moment resultants (M1 and
M2), and joint geometry and material parameters (thickness t, modu-
lus E, and bending rigidity, D) of the adherends.

The adhesive shear strain, caxz, is determined from the interface
adjacent horizontal displacements, u1 and u2, and the thickness, ta,
of the adhesive [11]:

caxz ¼
1

ta
ðu1 � u2Þ: ð5Þ

FIGURE 4 Stresses and forces on the differential small element of the joint
system.
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Differentiating Eq. (5) with respect to x, yields:

dcaxz
dx

¼ 1

ta
ðex1 � ex2Þ; ð6Þ

where ex1 and ex2 are the normal strains in the x-direction in the adher-
ends at the adhesive interface. These quantities can be computed from
the in-plane axial force resultants (N1 and N2) and the internal
moment resultants (M1 and M2) based on simple beam theory. Again,
differentiating Eq. (6) with respect to x yields the following
relationship:

d2caxz
dx2

¼ 1

ta

1

E1t1
þ 1

E2t2

� �
þ 1

4

t21
D1

þ t22
D2

� �� �
saxz

þ 1

2ta

t1
D1

Q1 þ
t2
D2

Q2

� �
;

ð7Þ

where saxy is the adhesive shear stress and is related to Ni, Mi, and Qi

via force and moment equilibrium applied to the differential elements
shown in Fig. 4 [11]. Also, Ei and Di in Eq. (7) are the elastic modulus
and bending rigidity of the adherends, respectively. The subscript i
indicates adherends 1 and 2. The sum of the transverse shear force
resultants within the adherends (Q1 and Q2) is zero when the joint
is geometrically and materially symmetric [12]. For symmetric
joints with t1¼ t2, E1¼E2, and D1¼D2, Eq. (7) simplifies to the
following [11]:

d2caxz
dx2

¼ 1

ta

2

E1t1
þ t21
2D1

� �
saxz: ð8Þ

Equation (8) is the governing equation for the shear strain in the
adhesive.

The adhesive peel stress, razz, is determined from a beam on elastic
foundation model by considering the two adherends as beams connec-
ted by a deformable interface. The relative transverse displacements,
~ww, of the adherends are obtained as [12]:

@4 ~ww

@x4
¼ � 1

D1
þ 1

D2

� �
razz; ð9Þ

where razz is the adhesive peel stress. Equation (9) can be written as a
function of adhesive peel strain, eazz, via the following relationship [11]:

eazz ¼
1

ta
ðw1 �w2Þ ¼

~ww

ta
: ð10Þ
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Substituting Eq. (10) into Eq. (9) yields:

@4eazz
@x4

¼ � 1

ta

1

D1
þ 1

D2

� �
razz: ð11Þ

For symmetric joints, Eq. (11) is further simplified to the following
form [11]:

@4eazz
@x4

¼ � 2

taD1
razz: ð12Þ

Equation (12) is the governing equation of the peel strain in the
adhesive.

Note that the adhesive peel strain ðeazzÞ and the adhesive shear
strain ðcaxzÞ are computed from the relative displacements of the adher-
ends [see Eqs. (5) and (10)]. These quantities can be considered as the
nominal (or averaged) values of the peel and shear strains through the
adhesive thickness direction.

3.2. Adhesive Behavior

The constitutive behavior of the adhesive in the elastic region is given
in Eq. (13) [11]. Ea is the Young’s modulus, n is Poisson’s ratio, and Ga

is the shear modulus of the adhesive layer.
All stresses and strains with the superscript a are the adhesive

stresses and strains:

raxx
rayy
razz
sayz
saxz
saxy

8>>>>>><
>>>>>>:

9>>>>>>=
>>>>>>;

¼

0
nEa

ð1�n2Þ e
a
zz

Ea
ð1�n2Þ e

a
zz

0
Gacaxz
0

8>>>>>><
>>>>>>:

9>>>>>>=
>>>>>>;
: ð13Þ

Generally, the adhesive normal stress, raxx, is very small compared
with other adhesive stress components; hence, this stress component
is assumed to be negligible [11]. Note that eaxx is not zero in Eq. (13)
and can be related to the adhesive peel strain, eazz, via the plane strain
assumption:

eaxx ¼ � n
1� n

eazz: ð14Þ

Therefore, the two remaining independent strain components app-
earing in Eq. (13) are the adhesive shear strain, caxz, and the adhesive
peel strain, eazz.
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3.3. Elastic Stress Solution

The governing Eqs. (8) and (12) are written in terms of adhesive peel
and shear strain components (eazz and caxz) using the elastic constitutive
relationships in Eq. (13):

@4eazz
@x4

¼ � 2Ea

D1tað1� n2Þ e
a
zz ð15Þ

d2caxz
dx2

¼ Ga

ta

2

E1t1
þ t21
2D1

� �
caxz: ð16Þ

Equations (15) and (16) are solved for the adhesive peel strain, eazz,
and adhesive shear strain, caxz, respectively, as follows [11]:

eazzðxÞ ¼ C1 cos bx cosh bxþ C2 sin bx sinh bx ð17Þ

caxzðxÞ ¼ 2C3 cosh kx; ð18Þ

where

b ¼ 1ffiffiffi
2

p 2Ea

D1tað1� n2Þ

� �1=4
ð19Þ

and

k ¼ Ga

ta

2

E1t1
þ t21
2D1

� �� �1=2
: ð20Þ

Note that Eqs. (17) and (18) account for the solutions being sym-
metric about x¼ 0. C1, C2, and C3 in Eqs. (17) and (18) are constants
and can be obtained from the boundary conditions at the right end
of adherend 1 at x¼ c (obtained in Section 3 by Eq. (10) for peel
strain, eazz):

d2eazz
dx2

����
x¼c

¼ M1ðcÞ
D1ta

ð21Þ

d3eazz
dx3

����
x¼c

¼ Q1ðcÞ
D1ta

ð22Þ

and by Eq. (6) for shear strain, caxz:

dcaxz
dx

����
x¼c

¼ 2M1ðcÞ
t1ta

1

E1t1
þ t21
4D1

� �
: ð23Þ
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The above boundary conditions are applied to Eqs. (17) and (18) using
Eqs. (3) and (4) to determine C1, C2, and C3:

C1 ¼
M1ðcÞ½cos bc sinh bc� sin bc cosh bc� �Q1ðcÞ½cos bc cosh bc�

D1tab
3½sin 2bcþ sinh 2bc�

ð24Þ

C2 ¼ M1ðcÞ½cos bc sinh bcþ sin bc cosh bc� �Q1ðcÞ½sin bc sinh bc�
D1tab

3½sin 2bcþ sinh 2bc�
ð25Þ

C3 ¼ M1ðcÞ
ktat1 sinh kc

1

E1t1
þ t21
4D1

� �
: ð26Þ

Therefore, the adhesive peel and shear stress elastic solutions are
written as [11]:

razzðxÞ ¼
Ea

ð1� n2Þ ðC1 cos bx cosh bxþ C2 sin bx sinh bxÞ ð27Þ

saxzðxÞ ¼ 2C3Ga cosh kx: ð28Þ

Using Eqs. (24)–(26) and substituting in Eqs. (27) and (28), the elastic
adhesive stresses are obtained and are valid within the domain of
�c� x� c.

4. RESULTS AND DISCUSSION

4.1. Verification of the Model

In order to check the validity of the results of the present analysis,
they are compared with those obtained in [9] in Figs. 5 and 6. Refer-
ence [9] used the first order shear deformation theory to model and
analyze the smart single lap joint. However, the present analysis
was on the basis of the shear lag assumption for shear stresses and
on the basis of the beam on elastic foundation (BOEF) approach for
the adhesive peel stress. Here, two types of piezoelectric patches are
discussed: one is the common piezoelectric patch with a fully covered
single-polar electrode, and the other one is a bimorph piezoelectric
patch with a partly covered bipolar electrode [9]. The following
material properties and geometry parameters are used for the adher-
ends, adhesive, and piezoelectric ceramics [9]—

Adherends: E1 ¼ E2 ¼ 7:5� 1010 N=m2; n1 ¼ n2 ¼ 0:25
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Adhesive: Ea ¼ 7:5� 109 N=m2; na ¼ 0:33

Piezoelectric: Ep ¼ 8:4� 1010N=m2; n3 ¼ 0:22; d31 ¼�310� 1012m=V;

l1 ¼ 0:5m; l2 ¼ 0:5m; 2l¼ 0:3m; ha ¼ 0:5mm:

Also, the thicknesses of both adherends are set to be 40mm and the
piezoelectric layer is taken as 1mm. The mechanical load p, applied
to the joint is 37500N.

Figures 5 and 6 represent the effect of the applied electric field of
bimorph piezoelectric patches having a constant length, and zero dis-
tance from the joint edge, on the peel and shear stresses of the
adhesive layer. It can be seen that the maximum peel and shear stres-
ses in the joint edges can be reduced by increasing the applied positive
electric field, while the applied negative electric field can conversely
increase the maximum peel and shear stresses. The maximum differ-
ence between the present analysis and Ref [9]. is less than 10% for
both peel and shear stresses. This discrepancy for peel stress is near
the edges and for shear stress is at the edges.

FIGURE 5 Influence of applied electric field of piezoelectric patches (with
bipolar electrodes) on the peel stress in the adhesive layer. Mechanical load,
p¼ 37500N.
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4.2. Adhesive Joint with Piezoelectric Patches of Bipolar
Electrodes

4.2.1. Effect of Patch Electric Field
Figures 7 and 8 show the influence of the applied electric field of piezo-
electric patches with bipolar electrodes on the peel and shear stresses
in the adhesive layer [the patch length (2 cm) and location (0 cm from
the joint edges) is fixed]. Themechanical loadwas p¼ 37500N for all the
cases. By increasing the applied electric field (from �400 to 400 kV=m):

. The peel and shear stresses in the joint edges are reduced by about
87%.

. The region of zero peel and shear stresses in the adhesive layer is
wider.

. Variations of peel and shear stresses with the electric field along the
overlap length are linear.

. In the case of peel stress, the rate of decrease (slope) of negative
(compressive) stress is less than the rate of decrease (slope) of posi-
tive (tensile) stress as the applied electric field increases.

FIGURE 6 Influence of applied electric field of piezoelectric patches (with
bipolar electrodes) on the shear stress in the adhesive layer. Mechanical load,
p¼ 37500N.
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FIGURE 7 Influence of the applied electric field of piezoelectric patches
(bipolar electrodes) on the peel stress in the adhesive layer. Mechanical load,
p¼ 37500N; (a) left view, (b) isometric view.
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4.2.2. Effect of Patch Length
The size effect of the bonded piezoelectric patches with bipolar elec-

trodes, in terms of length of the patch, on the peel and shear stresses is

FIGURE 8 Influence of the applied electric field of piezoelectric patches
(bipolar electrodes) on the shear stress in the adhesive layer. Mechanical load,
p¼ 37500N; (a) left view, (b) isometric view.
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shown in Figs. 9 and 10, respectively. These figures reveal that by
increasing the length of the patches at a constant electric field
(100kV=m) and a fixed location (0 cm from the joint edges), the peel

FIGURE 9 Effect of the patch length of the surface bonded piezoelectric
patches (bipolar electrodes) subjected to a constant electric field (E3¼
100kV=m) and a fixed location (0 cm from the joint edges) on the peel stress;
(a) left view, (b) isometric view.
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FIGURE 10 Effect of patch length of the surface bonded piezoelectric patches
(bipolar electrodes) subjected to a constant electric field (E3¼ 100kV=m) and a
fixed location (0 cm from the joint edges) on the shear stress; (a) left view, (b)
isometric view.
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and shear stresses in the joint edges are increased (by about 36%).
Also, in the peel stress, the rate of increase (slope) of negative (com-
pressive) stress is much smaller than the rate of increase (slope) of
positive (tensile) stress. By increasing the patch length, the variation
of positive (tensile) peel stress as well as that of the shear stress are
nonlinear. However, by increasing the patch length, the variation of
negative (compressive) peel stress is almost linear.

4.2.3. Effect of Patch Location
Figures 11 and 12 show the influence of the bonding location of the

piezoelectric patches with bipolar electrodes [maintaining a constant
electric field (100 kV=m) and a fixed length (2 cm)] on the peel and
shear stresses, respectively. From these figures, it can be concluded
that the change of location of the patches does not have any effect
on the peel and shear stresses.

4.3. Piezoelectric Patches with Single-Polar Electrodes

The same analysis as that presented above was done to investigate the
effect of single-polar piezoelectric patches on adhesive joints.
Figures 13 and 14 represent the influence of the applied electric field
of the piezoelectric patches with single-polar electrodes on peel and
shear stresses in the adhesive layer [the patch length (2 cm) and
location (0 cm from the joint edges) is fixed]. The results obtained indi-
cate that the maximum peel and shear stresses in the joint edges
increase (about 35%) by increasing the applied electric field, unlike
the case of bipolar electrodes piezo patches (see Figs. 7 and 8). It
means that to reduce the peel and shear stresses in the adhesive layer,
a negative electric field must be applied to single-polar electrode piezo-
electric patches. Also, it can be clearly seen that the peel and shear
stresses can be reduced more significantly by a bimorph piezoelectric
layer than by the commonly used single-polar piezoelectric layer.

Figures 15 and 16 show the size influence of the bonded piezoelec-
tric patches with single-polar electrodes on peel and shear stresses.
According to these figures, by increasing the patch length [maintain-
ing a constant electric field (100 kV=m) and a fixed location (0 cm from
the joint edges)], the peel and shear stresses at the joint edges increase
(about 25%). A similar conclusion is obtained for bipolar electrodes
piezoelectric patches, but the effect is larger. Also, similar to the
bipolar electrodes of the piezoelectric patches, the rate of increase
(slope) of negative (compressive) stress in peel stress is less than
the rate of increase (slope) of positive (tensile) stress. By increasing
the patch length, the variation of positive (tensile) peel stress and that
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FIGURE 11 Effect of the bonding location of the surface bonded piezoelec-
tric patches (bipolar electrodes) for a constant electric field E3¼ 100 kV=m
and a constant patch length (2 cm) on the peel stress; (a) left view, (b)
isometric view.
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FIGURE 12 Effect of the bonding location of the surface bonded piezoelectric
patches (bipolar electrodes) for a constant electric field E3¼ 100kV=m and a
constant patch length (2 cm) on the shear stress; (a) left view, (b) isometric
view.
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FIGURE 13 Influence of the applied electric field of piezoelectric patches
(single-polar electrodes) on the peel stress in the adhesive layer. Mechanical
load, p¼ 37500N; (a) left view, (b) isometric view.
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FIGURE 14 Influence of the applied electric field of piezoelectric patches
(single-polar electrodes) on the shear stress in the adhesive layer. Mechanical
load, p¼ 37500N; (a) left view, (b) isometric view.
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FIGURE 15 Effect of length of the surface bonded piezoelectric patches
(single-polar electrodes) for a constant electric field E3¼ 100kV=m and a
fixed location (0 cm from the joint edges) on the peel stress; (a) left view,
(b) isometric view.
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FIGURE 16 Effect of length of the surface bonded piezoelectric patches
(single-polar electrodes) for a constant electric field E3¼ 100kV=m and a
fixed location (0 cm from the joint edges) on the shear stress; (a) left view,
(b) isometric view.

Effect of Piezoelectric Patches on Adhesively Single Lap Joints 625

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
2
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



FIGURE 17 Effect of the bonding location of the surface bonded piezoelectric
patches (single-polar electrodes) for a constant electric field E3¼ 100kV=m
and a constant patch length (2 cm) on the peel stress; (a) left view, (b) isometric
view.
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FIGURE 18 Effect of the bonding location of the surface bonded piezoelectric
patches (single-polar electrodes) for a constant electric field E3¼ 100kV=m
and a constant patch length (2 cm) on the shear stress; (a) left view,
(b) isometric view.

Effect of Piezoelectric Patches on Adhesively Single Lap Joints 627

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
9
:
3
2
 
2
1
 
J
a
n
u
a
r
y
 
2
0
1
1



of the shear stress are nonlinear. However, by increasing the patch
length, the variation of negative (compressive) peel stress is almost
linear. The effect of bipolar and single-polar piezoelectric patches are
almost similar.

The bonding location influence of the piezoelectric patches with
single-polar electrodes on the peel and shear stresses, maintaining a
constant electric field (100kV=m) and a fixed length (2 cm) for the
patches, are shown in Figs. 17 and 18. These figures show that
changes in the location of the patches have only a minimal effect on
peel and shear stresses of the joint. By increasing the distance from
the joint edges and towards the centre of the joint, with a constant
electric field and a constant patch length, the peel and shear stresses
do not significantly decrease (about 4%).

5. CONCLUSIONS

Using the advantages of piezoelectric patches, a smart adhesively
bonded single lap joint system was set up. In order to investigate
the influence of the surface-bonded piezoelectric patches, the shear
lag assumption and the beam on elastic foundation (BOEF) approach
was employed to establish a detailed theoretical analytical model for
evaluating the peel and shear stress distributions. Both single and
bipolar piezoelectric patches were considered and the effect of electric
field, patch length, and patch location from the joint edges were
investigated.

It was demonstrated that by adjusting the applied electric field of
the piezoelectric patches, one could adaptively control the joint-edge
peel and shear stresses. Also, the results show that the peel and shear
stresses change nonlinearly by increasing the patch length. However,
the variation of peel and shear stresses with variation of location of the
patches from the joint edges is not significant.

The present analytical model results indicate that appropriate
piezoelectric patches (i.e.,, bimorph piezoelectric) can be used to effec-
tively reduce the concentration of peel and shear stresses in the
adhesive layer, thereby improving the performance of the joint.
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