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Mechanical and electrical fields of piezoelectric curved sensors
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BASED ON THE THEORY OF ELASTICITY, a comprehensive mathematical model is
developed for a piezoelectric bimorph curved bar which is in a closed electrical cir-
cuit. First, the model is verified by considering an actuator under an initial electric
potential, and the numerical results are compared with those of a related study in
the literature. Then, the model is used to obtain the mechanical and electrical fields
of a bimorph curved sensor subjected to a couple at its free end section. Hence, the
bending that causes the generation of electric potential in the sensor is investigated.
The influence of the applied couple on the mechanical and electrical fields in the
curved sensor is examined, and the results are presented in graphical form.
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1. Introduction

PIEZOELECTRIC MATERIALS ARE USED EXTENSIVELY in microengineering ap-
plications as either actuators or sensors [1]. In reversible sensor behavior, electric
potential is generated in a material that is subjected to a mechanical load (di-
rect effect). However, a piezoelectric material is considered to be actuator since
displacement occurs in response to the application of an initial electric potential
(converse effect) [2]. Generally, the material may be placed on a cantilever [2—4]
or a curved elastic beam [5], depending on the purpose of its use. However, if
a flat piezoelectric material is bonded onto structures that have complex shapes
and uneven surfaces, the sensitivity of the material decreases |2]. Moreover, flat
and curved materials exhibit totally different mechanical and electrical behav-
iors under load [6]. Hence, such behaviors of piezoelectric curved sensors and
actuators should be examined in detail [6].

Bimorph [7-9] and multimorph [10, 11| piezoelectric cantilever sensors and
actuators have been investigated by several researchers. In such investigations,
while the actuators are considered to be subjected to an initial electric potential,
the sensors are under bending moment or shear force. Moreover, mathematical
models to describe the deformation and electrical behaviors also have been devel-
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oped for functionally graded piezoelectric cantilever sensors [12-14] and actua-
tors [13, 15]. In these studies, piezoelectric coefficients are assumed to vary in the
radial direction according to some mathematical functions, such as polynomials,
exponentials, or according to the power laws. On the other hand, there also are
investigations in which curved actuators are taken into consideration. SHI [6]
presented analytical models to describe the bending behavior of both bimorph
and graded curved piezoelectric actuators. Shi assumed that the actuators, which
are poled in the radial direction, are subjected to an electric potential between
the inner and outer surfaces. SHI and ZHANG performed a similar analysis in
which the piezoelectric coefficients are assumed to vary in the radial direction
according to a Taylor series expansion [16] and to a second-order polynomial
[17] for a curved actuator under external electric potential. However, there is no
adequate analysis for a piezoelectric curved sensor subjected to mechanical loads
in the literature. In order to fill this gap in the literature, the aim of the present
work is to investigate the behavior of such a sensor subjected to a couple, which
causes pure bending, as a mechanical load.

The purpose of the present study is to develop an analytical solution for
a piezoelectric bimorph curved bar that is more comprehensive than Shi’s model
[6] and to present numerical results for a bimorph curved sensor under pure bend-
ing. The basic equations of the theory of elasticity for a cylindrical coordinate
system have been used to derive the model [18-21|. First, the model is solved for
a bimorph actuator for which an initial electric potential (closed circuit voltage)
is applied to the outer surface, and the results are compared with those of Shi’s
model [6]. Then, the model is used to obtain the mechanical and electrical fields
of a bimorph curved sensor subjected to a couple at its free end section. The
influences of the applied couple on stresses, displacements, and electric potential
have been investigated.

2. Basic equations

The geometry of the bimorph piezoelectric curved bar is presented in Fig. 1.
The bar is considered in a closed electrical circuit [8, 9]. A cylindrical coordinate
system (r,6,z) is used in the entire analysis. It is assumed that both layers of
the curved bar are polarized along the radial direction r and the direction of
polarization is shown with an arrow in Fig. 1 [22]. It is also presumed that the
two layers of the bar are perfectly joined together. This means that no sliding
occurs on the interface surface between the layers under load. Further, it is as-
sumed that a state of plane stress exists (axial stress components o = 0) and
small deformations are presumed. Here, and in the following equations, script ¢
denotes the first or second layer of the bar (i = I, IT). Because of the cylindrical
symmetry assumption, only radial 4 and circumferential displacements v depend
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direction of polarization

A

M

Fi1a. 1. Geometry of piezoelectric bimorph curved bar on which electrodes are located on the
surfaces 7 = a and r = b.

on circumferential coordinate # but other quantities are only a function of radial
coordinate r. Furthermore, this assumption requires that the shear stress ng,
the shear strain 'yig, the circumferential component of electric displacement vec-
tor Dé., and circumferential electric field Eg. vanish. The governing constitutive
equations are

(2.1) Elé = Sndé + 513011; + ggqu,,
(2.2) Efn = 5130'2 + 5330':‘, + 933Df,,
(2.3) E} = —g31i0 — 9330, + (33D},

where 53- denote strains, 0’;- are stresses, D! are radial electric displacement vec-
tors, Sj; are the components of the effective elastic compliance, g31; and g33
are piezoelectric coefficients, and (33 is the dielectric permittivity coefficient. It
should be emphasized that, although the piezoelectric coefficients (Type-g) gs1i
are assumed to be different in the two layers, the other coefficients (i.e., S11, Si3,
S33, 933, and (33) are the same in both layers since the dependence of gs1; on the
degree of polling is more pronounced than those of the remaining coefficients [14].
The geometric relations read

ol
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Furthermore, the relationship between the radial electric field E and the electric
potential ¢’ requires
de'

2. Bl =_2"
(27) " dr

The compatibility equation is

d’ey  2dep 1de)
dr2  rdr rdr

Integrating the compatibility relation (2.8) by parts one finds [20]

(2.8)

d . .

(2.9) ar (rep) — e = Ca;,

where Cy; are arbitrary integration constants. The equations of equilibrium for
the principal stresses and electric displacement vectors, in the absence of body
force and body charge, may be expressed as

(2.10) doy | 9= _

0
dr r ’

1d ;
2.11 ——(rD;)=0.
(211) DY)

3. Governing equations

Solution of Eq. (2.11) gives

(3.1) pi= <

r

where C; are constants of integration. Keeping Eq. (2.10) in mind and substi-
tuting Egs. (2.1), (2.2), and (3.1) into Eq. (2.9) give

da; do; ;. Chigss
2 _ Cy ‘
(3.2) St dr; + 3r511d—; + (S11 — S33)0,. = ——+ Ci,
with the solution
, Ch: Oy
(3:3) op = - 1938 2 4 Car 175 4 Cyr 5,

Szzr S — S33

where Cs; and Cy; are new integration constants and

S33
3.4 S =4/==.
(3.4) Vs,
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From Eq. (2.10), the circumferential stress component is obtained as
_ Gy
S11 — Ss3

Equations (2.7), (3.1), (3.3), and (3.5) are put into Eq. (2.3) and then solved to
obtain electric potential ¢ for layer i:

(3.5) Jé — CgiST_l_S + C4Z'ST_1+S.

2
i 933 (9315 + g33)

3.6 = —Cyilnr + =22 | 4+ Cyr-=—r— ot

(3.6) o 1 <C33 533> e —

_s5 (933 — g31:5) (933 + 931:5)
S S

At this point, new integration constants Cs; are introduced. For the derivation

of the radial and circumferential displacements, the formulation in Timoshenko

and Goodier [18] is used. Substituting the expressions above into relation (2.4)

and integrating with respect to r, one obtains

A . -8 _ " A
ui C2z?“(513+533)+03ﬂ‘ (SS13 533)+C4zT (5513-1-533)_1_]@{’
S11—9533 S S

— Cyr + C4ﬂ“s + Cs;.

(3.7)

where f} are functions of § only. Equation (2.5) can be expressed as
o'
00"
Substituting Eqs. (2.1) and (3.7) into Eq. (3.8) and integrating for 6 gives
- S
(3.9) ' = {Cu <g31i - %)
33

-S 148 . 25 I ) ;
r=3Coir'*5S + (O SCM )(S33 — S 511)]}9_/]%0”57

(3.8) sgr —ul =

_l’_

where f4 is a function that depends only on 7. Thus, f! and fi can be obtained
by substituting Eqgs. (3.7) and (3.9) into Eq. (2.6):

Chi(g31:533 — 933513)
S33

(3.10) fi=

(3.11) fy=rDy;.

+ Ds; cos + Ds;sinf,

Here, Dy;, Do;, and Dg; are constants of integrations. Hence,

i 933513 (S13 + S33) _g(SS13 — S33)
12 =Cy = T T i "
(3.12) wu'=0C <931 [ >+C2T 51— Sus + Cs3r 5
+ C4Z~TSM + Doy;cos 6 + Ds;sin 6,

(313) vi=r (Dlz + 021(9) — Dy; sin @ + D3; cos 6.
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4. Solution for a bimorph piezoelectric curved sensor

To obtain a solution for the bimorph piezoelectric curved sensor, 16 unknown
constants (i.e., Cj; and Dy;, where i = 1,2; j = 1,...,5; k = 1,2,3) should
be calculated by using boundary and interface conditions. First, the following
interface (mechanical and electrical) conditions are taken into account (for details
see [6]):

I II
(4.1) Dyl = Dyl
o I o 17
(4.2) e =& =0,
a0 r=c,0=75 a0 r=c,0=%
to obtain
(4.3) Cni=Ci2=0Ch,
(4.4) Do1 = Doy =0,
Besides, as the interface conditions of the displacement components are used
I _ T
(45) u ‘r:c =u ‘r:c’
I _ . II
(4'6) v "r:c =v ’r:c’
the following relations are achived:
(4.7) D1y = D12 = Dy,
(4.8) D3y = D33 = Ds.
(4.9) Co1 = Cp = Cs.

Furthermore, Eq. (4.5) also leads to the equality below [6]:

_g (88513 =S SSi3+ S
s (9513 = 853) | o 5 (9513 + Sgs)
S S
_g(8S813 =S SS13+ 5,
59813 = S33) | o 5 (5%1s + S5)
S S
Hence, the number of undetermined constants has been decreased to 10 (i.e.,
Ci, Cj;, and Dy, where i = 1,2; j = 3,4,5; k = 1, 3). For the determination of
these constants, Eq. (4.10) and the following nine non-redundant boundary and
interface conditions are used:

(4.10) Cigs311 + Cs1c

= (19312 + Csac

(4.11) o', _, =0,
(4.12) o' _, =0,
(4.13) ol =0,
(4.14) o],y =0,
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(4.15) e = @' —c

(4.16) Ot lee = o7l

(4.17) ul‘r:cﬂ:g =0,

(4.18) vl \r:w:% =0,
c b

(4.19) /aérdr + /aélrdr =—M.
a p

It should be noted that a necessary condition of

Y b
(4.20) /agdr +/ oldr =0,

a

is automatically satisfied. Also note that the unknown constants are determined

numerically.

5. Numerical results

In this section, first, the numerical results of the model for a curved actuator
are verified by comparison with the results of Shi’s study [6]. Then, the results of
the model for the curved sensor are presented in graphical form. In all numerical
results, we select the inner surface radius as a = 16 mm, the outer surface radius
as b = 17.32 mm, and the interface radius as ¢ = 16.66 mm (see Fig. 1) so
that our results could be compared with Shi’s results [6]. Furthermore, PZT-4
is considered to be a piezoelectric material in the treatment; then, the elastic

coefficients are
S = 1.082 x 107! m?/N,
Si3 = —2 x 1072 m?/N,
Ss3 = 8.28 x 1072 m?/N,
piezoelectric coefficients are
g311 = —12 x 1073 m?/C,
g312 = 12 x 1073 m?/C,
g33 = 2.6 x 1072 m?/C,

and dielectric coefficient is (33 = 86.92 x 10° m/F [23].
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5.1. Verification of the model

To verify the model, it is solved for a bimorph piezoelectric actuator, and
the results are compared with those of Shi’s solution [6]. To do so, the boundary
conditions (4.12) and (4.19) are changed with

(a) (b)
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Fia. 2. Comparison of the response variables in the curved actuator obtained from the
present study and those of Shi’s solution [1]. The bar is subjected to excitation by a closed
circuit electrical voltage (Vo = 100 V), then, ¢'|,—o = 0 and ¢'|,— = V.
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(5.1)

(5.2)

¢11‘r=b = ‘/0’

b
/aérdr—i—/ oplrdr =0,
c

C

a

while the other mechanical and electrical conditions remain the same as those in
Section 4. Here, Vj denotes an initial electric potential (closed circuit voltage)
applied to the outer surface of the bar. Hence, the piezoelectric bar behaves as
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Fia. 3. Distributions of: a) radial stress, b) circumferential stress, c¢) displacements (at
6 = 0), d) electric potential in the radial coordinate r of the sensor on which ¢'|,—, = 0 and

¢ |,—p = 0 for M = 1 Nm.
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an actuator, not a sensor. The numerical results of our model for the actuator
and those of Shi’s model [6] are compared in Fig. 2. Distributions of the radial
and circumferential stresses in the radial coordinate and the displacements (at
r = ¢ = 16.66 mm) in the circumferential coordinate of the bimorph curved
actuator are plotted in Figs. 2a—2c, respectively, for V3 = 100 V. Furthermore,
the changes in the radial and circumferential displacements at r = ¢ = 16.66 mm
with increasing initial electric potential Vj (up to 100 V) are plotted in Fig. 2d.
In each figure, the dots represent Shi’s results [6], and the solid lines represent
our model. The comparisons show that the solution provided by the present
model agrees perfectly with that of Shi’s model [6].

5.2. Results for the bimorph piezoelectric curved sensor

As discussed in the previous sections, as couple M is applied to the free end of
the piezoelectric bar (see Fig. 1), it behaves as a sensor and produces electricity.
The distributions of radial stress, circumferential stress, radial displacement,
circumferential displacement, and electric potential on the radial coordinate of
the curved sensor (with the dimensions given above) for M = 1 Nm are presented

radial and circumferential displacements (um)

0 0.2 0.4 0.6 0.8 1 1.2 14 1.6

circumferential coordinate & (rad)

Fic. 4. Change in radial and circumferential displacements in the circumferential direction 6
at r = ¢ = 0.01666 m of the sensor for M =1 Nm.
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in Figs. 3a through 3d, respectively. It is important to remember that the electric
potential is a function only of r but not 6 (see Eq. (3.6)), and the distribution in
the radial direction in Fig. 3d proves that an electrical potential difference, which
may be called close circuit electrical voltage, occurs in the sensor in the radial
direction under the specified load. In Fig. 3c, the displacement components are
calculated for § = 0, which is the free end of the sensor. Under the same load,
the changes in the radial and circumferential displacements in circumferential
direction # at constant interface radius (r = ¢ = 0.01666 m) are plotted in Fig. 4.
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Fia. 5. Distributions of: a) radial stress, b) circumferential stress, c¢) displacements (at
9 = 0), and d) electric potential in the radial coordinate of the sensor on which ¢’|,—, =0
and ¢H|T=b =0 for M =10 Nm.
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Fia. 6. Change in the maximum absolute value of the electric potential (V') generated across
the bar a < r < b on which ¢I|,~:a =0 and ¢>H|r:b =0, as M increases.

As seen in the figure, these infinitesimal deformation components decrease as 6
approaches 7/2, and they are equal to zero at the fixed end of the sensor (see also
Fig. 1). The response variables for M = 10 Nm are presented in Fig. 5. It should
be emphasized that, while the maximum absolute value of the electric potential
generated in the sensor is around 3.96 V, which occurs on » = 0.01698 m for
M =1 Nm (see Fig. 3d), it is around 39.6 V at the same radial coordinate but
for M = 10 Nm (see Fig. 5d). These results indicate that, when the couple is
increased tenfold, the response variables also increase by the same rate. This
observation proves that a linear relationship exists between the couple and the
response variables. To simulate this relationship, the change in the maximum
absolute value of the electric potential across the bar a < r < b with increasing
M is presented in Fig. 6.

6. Concluding remarks

Based on the theory of elasticity, an analytical model is presented for the
mechanical and electrical fields of a piezoelectric bimorph curved bar which is in
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a closed electrical circuit. The bar is considered first as an actuator by selecting
the appropriate boundary conditions, and the accuracy of our model is verified
by comparing our results with the results obtained Shi’s model [6]. Hence, the
boundary conditions are set to obtain a distribution of stresses, displacements,
and electric potential in a bimorph curved sensor subjected to a couple at its
free end, and numerical results are obtained for PZT-4. The results show that
the electric potential generated in the sensor increased at the same rate as the
applied moment. The model may be used for any curved actuators and sensors,
depending on the boundary conditions with different dimensions. Hence, the
model and the results may serve as a basis for producers who use piezoelectric
materials bonded to complex structures with curved surfaces.
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