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stresses in isotropic multilayer strips subjected to a uniform temperature Accepted 10 October 2021
change is presented. An explicit representation of the effective stiffness
matrix is constructed for any number of layers, which is of central import-
ance in the development of the algorithm. Detailed results are given for h S ’

. . . ) ydration; hygromorph;
bi-, tri-, quadra-,' qumta-f anq septalayer's. Closed-form expressions are multilayer; piezoelectricity:
deduced for multilayer strips with equal thicknesses and equal elastic mod- thermal stress
uli of all layers. The algorithm is extended to piezoelectric multilayers sub-
jected to an electric field, and hygromorph multilayers subjected to a
uniform change of relative moisture. The presented analysis complements
an alternative and more general analysis within the well-known anisotropic
lamination theory.
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1. Introduction

The objective of this article is to provide an explicit matrix algorithm for the determination of
the curvature and internal stresses in a multilayer strip, which consists of #n perfectly bonded iso-
tropic layers with different thermoelastic properties, due to a uniform temperature change
throughout the strip. With an appropriate change of physical variables, the derived algorithm can
also be used to determine the curvature and internal stresses in a piezoelectric multilayer strip
due to an electric field and electrostriction effects of the layers, and in a hygromorphic multilayer
strip due to the change of relative humidity. The presented analysis is based on an extension of
the original bending analysis of bimetalic thermostats by Timoshenko [1], and its subsequent gen-
eralization to thermally loaded trilayer and multilayer thermostats by Vasudevan and Johnson
[2, 3]. It is also an extension of the analysis of multilayer piezoelectric microactuators by DeVoe
and Pisano [4], and the analysis of natural and artificial hygromorphs by Reyssat and Mahadevan
[5], and Holstov et al. [6]. The developed matrix algorithm for the determination of curvature
and internal stresses is appealing due to its simplicity and its explicit form. As such, it comple-
ments the matrix algorithms of the more general analysis of the cross-ply and angle-ply laminates
subjected to in-plane and bending loads and/or temperature and moisture change, which are
based on the anisotropic elasticity and Kirchhoff assumptions for bending of thin plates [7-16].
There have been numerous publications devoted to various aspects of elastic and inelastic ana-
lysis of laminar composites under external mechanical loading, as well as thermal, electric, and
hydration effects. An analysis of a thin composite plate made of piezothermoelastic layers sub-
jected to stationary thermal and electric fields was presented by Tauchert [17]. Various aspects of
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the analysis of interfacial stresses in bimetal thermostats and multilayer thin films were addressed
by Suhir [18-20]. A composite plate containing piezoceramics on both the upper and bottom sur-
faces was considered by Shen and Weng [21]. Wong and Wong [22] studied a printed circuit
board assembly modeled as a trilayer structure subjected to combined temperature and mechan-
ical loadings, taking into account the axial, shear, and flexural deformation of the interconnects.
Tibi et al. [23] presented an analytical and experimental study of the trilayer electro-thermal
actuators for thin and soft robotics. Multilayer piezoelectric elements for energy harvesting appli-
cations have been discussed by Safaei et al. [24]. Thermally induced deformations and stresses,
with an accent on fatigue considerations in the context of electronic packaging design, have been
discussed by Dasgupta [25]; additional design aspects of electronic packaging were addressed in
the handbook edited by Pecht [26]. Thermo-elastic-viscoplastic study of laminate metal-matrix
composites was reported by Avila and Tamma [27], and thermo-elastic-plastic analysis of com-
posite laminated plates under uniform and linearly varying temperature by Sayman and Sayman
[28], and Sayman [29]. The extension of the analysis of small-strain electrostriction to elastic
dielectrics undergoing large deformation was given by Zhao and Suo [30]. The dynamic analysis
of piezothermoelastic laminated plates was presented by Tang and Xu [31]. The edge effects in
multilayered panels integrated with piezoelectric actuator and sensor layers under thermal gradi-
ent loading were studied by Dhanesh and Santosh Kapuria [32]; for the finite element modeling,
see Reddy [33], and for an asymptotic analysis, Cheng and Batra [34]. The hygrothermal analysis
of multilayered composite plates by using finite elements was given by Cinefra et al. [35]. The
study of the swelling induced bending a functionally graded layer in the range of large deform-
ation was recently reported by Shojaeifard, Bayat, and Baghani [36], where the reference to other
related work in this area can be found.

The main contribution of the analysis presented in this article is the matrix algorithm for cal-
culating the curvature and internal stresses in multilayer strips due to thermal loading, piezoelec-
tric effect, or hydration. The development of this algorithm is enabled by the construction of an
explicit representation of the effective stiffness matrix [C] of a multilayer strip. The expressions
for the curvature, axial forces and bending moments in all layers are derived from [C] by the
matrix products with appropriate row and column vectors which account for the geometric and
thermoelastic properties of individual layers. This is described in Section 5 of the article. In the
preceding Sections 2-4, the results are given for a bilayer, trilayer, and quadralayer strip, which
greatly helps the construction of the effective stiffness matrix for a multilayer strip with an arbi-
trary number of layers (). The analysis of a multilayer strip with equal thicknesses of all layers,
and with the modulus of elasticity of each layer taken to be the average of the actual elastic mod-
uli of all layers, is presented in Section 6. The resulting effective stiffness matrix in this case is
dependent only on the number of layers n. The corresponding curvature and stress expressions
are derived. The derived results for thermally loaded strips are then extended to piezoelectric
multilayer strips subjected to electric field, and to hygromorphic multilayer strips subjected to the
change of moisture content.

2. Bilayer strip under uniform temperature change

Figure 1 shows a bilayer strip consisting of two perfectly bonded beams of rectangular cross sec-
tion with widths b, and b, and heights h; and h,. The layers are made of isotropic elastic materi-
als with thermoelastic properties (E;,v;,o;, i = 1,2), where E denotes the modulus of elasticity, v
the Poisson ratio of lateral contraction, and o the coefficient of linear thermal expansion. If the
strip is uniformly heated from the initial temperature T, to the final temperature T = T, + AT,
the self-equilibrating state of stress sets up in the strip. For example, if «; > o5, the layer (1) can-
not elongate as it would if it was by itself, because of the constraining effect from the bonded
layer (2) with a lower value of a. As a result, the layer (1) is under a compressive longitudinal
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Figure 1. A bilayer strip of length L, made by two bonded layers of rectangular cross sections of dimensions by x hy and b, x
h,. The moduli of elasticity of two layers are E; and E,, and their coefficients of thermal expansion are o, and o,. The strip is sub-
jected to uniform change of temperature AT. (a) At a distance / away from the two ends of the strip (/ being approximately
equal to the larger side of the cross section of the strip), the layers are under self-equilibrating set of axial forces (N;, N,) and
bending moments (M;, M,). (b) The end of the strip of length /. Its left end is under axial forces (N;, N,) and bending moments
(M4, M), while its right end is traction free. A multidimensional distribution of stress exist between these two ends.

force, N; = —N, while the layer (2) is under a tensile force of the same magnitude. The two
opposite forces in an arbitrary cross section of the strip (away from the ends of the strip
z = *=L/2) constitute a couple of the magnitude N(h; + hy)/2. Thus, in order to achieve a self-
equilibrating state of stress in the cross section of the strip, the two layers must also carry the
internal bending moments M; and M, (Figure la), so that the net bending moment in the cross
section of the strip is identically equal to zero. Because of the presence of moments M; and M,,
the two layers of the strip bend in the vertical plane, remaining bonded at the interface, such that
M, = EiI;/p, and M, = E;I/p,, where p; is the radius of curvature of the longitudinal centroi-
dal axis of the layer (1), and p, = p; — (h; + hy)/2 is the radius of curvature of the longitudinal
centroidal axis of the layer (2). The bending stiffnesses of the layers are E;I; and E,I,, where I; =
bih? /12(i = 1,2). The Euler-Bernoulli assumption is adopted that plane cross-sections of the strip
remain plane and are perpendicular to the curved axis of the strip. Since small deformations of
the strip are considered, the radii of curvature are much larger than the height of the strip h; +
hy, and we adopt the approximation p, = p; = p (p being loosely referred to as the radius of
curvature of the strip), so that the moment-curvature relations are

1 1
M1 = EIII > M2 = E212 . (21)
P P

The net longitudinal force in each cross section of the strip must vanish, N; + N, = 0, while
the condition for the vanishing net moment in the cross section of the strip is

hy+hy
— =
To complete the set of equations for determining the unknown quantities (p, Ny, N>, M1, M5),

one imposes the bonded interface condition which requires that the longitudinal strain along the
interface is the same for both layers, i.e.,

Nl hl
M A N e 23
EA 20 M TEA, T2 23)

M, + M, + N, 0. 2.2)

OClAT+

where A; = b;h;(i = 1,2) are the cross-sectional areas of the layers. The curvature is assumed to
be concave upward (for the opposite, concave downward curvature, the radius p would be for-
mally negative). By substituting N, = —N; into (2.3), we obtain
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Ny =92 (o — o )AT + (b + ) —|, (2.4)
c 2p
where ¢; = E1Ay, ¢ = E;A;, and ¢ =c¢; 4+ ¢;. In an approximate strength-of-materials type of
analysis, we do not require the continuity of the lateral strain along the interface in the direction
within the cross section of the strip, which would require the consideration of Poisson’s ratio of
two layers and multidimensional stress analysis. For long strips, this omission is not significantly
affecting the accuracy of the longitudinal internal stresses, orthogonal to the cross section of the
strip, obtained from a simplified analysis. If the widths of the layers are much larger than their
thicknesses, the plane strain approximation in the direction of the width (away from its ends) has
been adopted in some work, in which case the same analysis applies with the replacement of E;
with E;/(1 —v?) and o; with o;(1 4 v;) [4]. If the width is comparable to the length, a configur-
ation of a thin rectangular plate is obtained with equal biaxial state of stress at the points of each
layer, and two equal curvatures of the deformed (spherical) shape of the plate. In this case E; is
replaced with E;/(1 — v;), while o; remains unchanged [1].
To determine the curvature 1/p, we substitute (2.1) and (2.4) into (2.2). This gives the expres-
sion originally derived (for b; = b,) by Timoshenko (op. cit.), which, for the latter comparison
with thermal loading of multilayer strips, we write as

1 - 2p AT, (2.5)
poq
where
p=cc(h +h)(o —a), q=ack+cic(hy +h), (2.6)
and
ki =EIL, k =EL k=k +k =(h+chl)/12. (2.7)

An equivalent expression for b; # b, was originally given by Chu, Mehregany, and Mullen [37].
The force N; follows by substitution of (2.5) into (2.4),

Oy — 01
4ck + i (hl + h2)2

while the moments M; and M, follow from (2.1) and (2.5) as

N1 = 4C1C2k AT, N2 = —Nl, (28)

M, =k Lok P oar = Zhaa(nt )@ _2a2) AT
i ’ e ) (2.9)
M2 = k2 1 — 2k2 E AT = 2k2C1C2(h1 + hz)(g{l —z(xz)
P 1 4ck + cycy(hy + hy)

Having determined (N;, N,) and (M;, M,), the longitudinal stresses in two layers are deter-
mined from simple beam formulas

v (i=1,2), (2.10)

N M;
0 = — I_

Ai * i
where y; and y, are the vertical coordinates from the centroids of the cross sections of two layers,
measured positive downwards.

The stress state near the traction-free ends of the strip z = *L/2 (Figure la) is multidimen-
sional and cannot be determined in closed form, but away from these ends, by the Saint-Venant’s
principle, expressions (2.10) predict the stress state sufficiently accurately. Note that neither
curvature nor stresses depend on b in the case of a bilayer strip of uniform width (b; = b, = b).
The analytical and numerical analysis of stresses near the ends of thermally loaded strips, particu-
larly shorter strips, which includes the determination of the shear and normal stresses along the
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Figure 2. (a) The normalized curvature p,/p vs. the thickness ratio h,/h;. The normalizing factor is 1/p, = (o1 — o) AT/hy. (b)
The thickness ratio (hy/h;)™““™ which maximizes the curvature 1/p versus the elastic moduli ratio £, /E;.

interface, is of great importance for the study of interface strength and prevention of interface
cracking. The references in this regard, mostly in the context of layered electronic structures,
include Chen and Nelson [38], Chen, Cheng and Gerhardt [39], Suhir [18-20], Suo and
Hutchinson [40], Jiang et al. [41], Xie and Sitaraman [42], and Wen and Basaran [43]. Lee and
Jasiuk [44] investigated the asymptotic behavior of stresses at the interface near the edge of two
semi-infinite bimaterial strips under constant temperature change.

It may be of design interest to determine for which thickness ratio # = hy/h; the radius of
curvature is maximized in the case b, = b,, given the elastic moduli ratio e = E,/E; and thermal
expansion coefficients «; and o,. Applying the stationary condition to (2.5) it readily follows that
this thickness ratio is the positive real root of the quintic polynomial

260 + (4 + 3e)en’ + 8en® + 2en* — 21— 1 =0. (2.11)

For example, if E; = 2E;, the curvature is maximized if the second layer has the thickness
h, = 0.366h,; if E, = E, the thickness is h, = 0.5h;, while h, = h; for E; = 0.2E;. The normal-
ized curvature is plotted versus the thickness ratio h,/h;, for the three selected values of E,/E;,
in Figure 2a. Figure 2b shows the plot of the curvature maximizers (hy/h;)™ """ versus the elas-
tic moduli ratio E,/E;. For each pair of elastic moduli (E;, E,), the corresponding values of ther-
mal expansion (o,a,) are assumed to be given. For bimetallic termostats, the copper/steel or
brass/steel layers are often used. The thermoelastic properties in this case are (Ec, = 117 GPa,
ocy = 1.7 %107 K™Y, (Bprass =97 GPa,  prass = 1.9 x 107> K1), (Egeel = 180  GPa,
Osteel = 1.3 X 107> K1), In the case of copper/steel bimetallic strip (E,/E; = Egtcel/Eca = 1.5385)
it readily follows that maximum curvature is obtained for hge = 0.412 hcy,, while in the case of
brass/steel bimetallic strip (E;/E; = Egteel/Ebrass = 1.8557) the maximum curvature is obtained for
Bsteel = 0.379 hpypass. If the temperature change is AT = 100 K, the corresponding radii of curva-
ture are p = 2,607 hcy and p = 1,686 hyp,,s. If the length of a strip is L, the maximum deflection
in the middle of the strip, relative to the ends of the strip, is V. = L?/8p (ignoring the end
effects). One can also proceed to optimize the value of h, by minimizing the maximum stress in
a bimetallic strip.

3. Trilayer strip

Figure 3 shows a strip made of three bonded layers. Away from their ends, the layers are under
internal forces and moments produced by a uniform temperature change AT throughout the
strip. The governing equations in each cross section of the strip are
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Figure 3. A trilayer strip made of three bonded layers of rectangular cross sections of dimensions by x hy, b, x hy, and b3 x
h3. The moduli of elasticity of three layers are E;, E,, and E,, and their coefficients of thermal expansion are oy, o, and a3. The
strip is subjected to uniform change of temperature AT. Away from the ends of the strip, the layers are under axial forces
(N1, N, N3) and bending moments (M, My, M3), which are self-equilibrating in each cross section of the strip.

N 4+ N, +N; =0, (3.1)
hy + 2hy + h h, + h
M, + M, + M; + N, %ZHNZ 22 0. (3.2)

The interface conditions for equal longitudinal strains between the layers along two interfaces
are

N, h N, h
AT + —— — -+ = AT + — + -2,
AT +—2 M oap NN B

E A, 2p E;A; 2p

where N3 = —(Nj + N,) was used on the right-hand side of the second expression in (3.3). The
moment-curvature relations are

1
Mi=k—, k=EI, (i=123). (3.4)
p
To proceed, it is convenient to cast the analysis in matrix form and, thus, we rewrite (3.3) as
1 1
C1 (%) Nl _ Oy — 0 hl + h2 1
1 ].+1 {Nz}_{dg—dz}AT+{h2+h3 2,0’ (35)
G G G

where ¢; = E;A;(i = 1,2, 3) are the axial stiffnesses of the layers. The matrix

1 1
o C1 C
Dl=17 | 7 (3.6)
G & G

can be viewed as an effective axial compliance matrix of the strip. Its inverse, the effective axial
stiffness matrix, is

1 ale+a) ac
[Cl=[D] == , c=c+c+c. (3.7)
—C1C0 C2C3

Ni| _q Jo—u Jh+h | 1
{Nz}_[c] {OC3—O€2}AT+[C] {h2+h3}2p' (38)
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On the other hand, by substituting (3.4) into (3.2), we obtain

1 1 N
k;+5[h1+2h2+h3 h2+h3].{N2}:O, (3-9)

where k = k; + k, + k3. After using (3.8) in (3.9), this becomes

1 hy + hy 1
k+-|hi+2hy+hs hy,+hs|-|C|- -
e b {58!

(3.10)

NS

[y + 2hs + s h2+h3}-[c].{“1_°‘2}m.

Oy — 03

Upon using (3.7) for the matrix [C] and performing the needed matrix products, the following
expression for the curvature is obtained,

L2 g (3.11)
o q
where
p=alle+a)(h +h) + c(ha + hs)|(n — 02) + csler(hn + ha) + (a1 + 2) (ha + h3)](02 — 23),
(3.12)
q = 4Ck —+ C1 (Cz + C3)(h1 =+ hz)z + C3(C1 =+ Cz)(l’lz —+ h3)2 + 2C163(I’l1 + ]’lz)(hz =+ h3) (313)

Expression (3.11), with p and g defined by (3.12) and (3.13), represents an explicit trilayer strip
generalization of Timoshenko’s expression (2.5) for a thermally loaded bilayer strip. An equiva-
lent expression, in terms of the ratio of two four-by-four determinants, was obtained by
Vasudevan and Johnson [2] by applying the Cramer’s rule to the system of four linear algebraic
equations for four unknowns (Py, P,, P5,1/p).

The forces N; and N, follow by substituting (3.11) into (3.8). This gives

N1 Oy — 01 +I—) (h1 + hz)
=[C]- g AT, (3.14)

N, O(3—Otz+a (hz"r‘hg)

i.e., after using (3.7) for the matrix [C],
_a p p

N, = - {(Cz +c) [062 — 0 +a (h + hz)] +c {“3 — 0 +a (hy + hS)} }AT’ (3.15)

) p p
N, = ?{ —q {062 — o —|—a (h + hz)} +c3 {053 — o +5 (hy + h3)} }AT- (3.16)

The moments follow from (3.4) by using (3.11) and are given by
M; = 2k; g AT, k=ElL (i=123). (3.17)
The stresses in the layers are
o=t e (i=1,2.3), (3.18)

where y;, y,, and y; are the vertical coordinates from the centroids of the cross sections of the
three layers, measured positive downwards.
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If a trilayer is symmetric (E; = E;, oy = a3, h; = h3), it readily follows from (3.12) that p=0,
i.e., there is no curvature and bending stresses in a symmetric strip loaded by uniform tempera-
ture change (1/p =0, M; = 0 for i=1, 2, 3). The normal stress is entirely due to normal forces,
which are, from (3.15) and (3.16),

16 2c16;

N1 = N3 = T (O(l — 062), Nz = c (061 — 062), c= 2C1 +c. (319)

4. Quadralayer strip

For the strip of four bonded layers, the governing equilibrium equations are

Ny + N, + N3+ Ny =0, (4.1)
hy +2(hy +hs) +h hy 4+ 2hs + h hs +h
M, + M, + M + My + N, — ( 22 3) LN, 2 23 LN, 2 : fo0. (42
Since the moment-curvature relations are
1
Mi=k —, ki=ElI, (i=1,234), (4.3)
0
Equation (4.2) can be written in the matrix form as
1 1 Ny 4
k —=—-[h+2hy+hs)+hs hy+2hs+hy hy+h|-Q Noyp, k=) k. (4.4)
p 2 N; i=1
The interface conditions for equal longitudinal strains between the layers along three interfa-
ces, expressed in the matrix form and incorporating the relationship Ny = —(N; + N, + N3), are
f . -
- —— 0
a1 )
1 1 N1 Oy — 01 h1 + hz 1
0 — - . Nz = Oz — 0p AT + ]’lz + ]’l3 2—, (45)
C C3 14
N. Oy — hs +h
] ] 11 3 403 3+ Ny
J— J— J— + J—
| C4 Cq C3 (4]

where ¢; = E;A;(i = 1,2, 3,4). It can be readily shown that the inverse of the axial compliance matrix

[1 1
— —= 0
1 )
1 1
D=0 = - (4.6)
C C3
1 1 1 1
| C4 Cyq C3 Cyq |

is
C1 (C2 —+ C3 + C4) C1 (C3 + C4) C1C4

o1 4
[C] = D] t=2 —C16 ole+ca) |, c= Z Ci. (4.7)
p

—C163 —a(a+6) o

Thus, from (4.5), it follows that
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N 0 — 0o hy + h, 1
Nz = [C] . o3 — 2 AT + [C} . hz + h3 7 . (48)
N3 Olg — U3 h3 + h4 P
By substituting this into the curvature expression (4.4), we obtain
1 SRl AW
k+1[h1+2(h2+h3)+h4 hy+2hs+hy hy+hy]-[Cl-{ hy+hs -
hy +h
T (4.9)
1 o — 0y
:5[h1+2(h2+h3>+h4 h2+2h3+h4 h3+h4}[C] Oy — U3 AT.
O3 — Oy

Consequently, the curvature of a quadralayer strip under uniform temperature change AT is

L2 yr, (4.10)
p 9
where
oy — o2
p:C[h1+2<h2+h3>+h4 h2+2h3—|—h4 h3—|—h4}[C] Oy — 03 ¢, (411)
0z — 0y
hi + hy
q:4kC+C[h1+2(h2+h3)+h4 h2+2h3+h4 h3+h4] [C} h2+l’l3 . (412)
hs + hy

The forces N; and N, follow by substituting (4.10) into (4.8), which gives

N; o — o +§ (h1 + hy)

N b =[d. ocg—aﬁg (ha + hs) \AT. (4.13)
_ p

N; Oty 0€3+q (hs + hs)

The moments and stresses are then obtained from expressions (3.17) and (3.18),
with i = 1,2, 3,4.

5. Multilayer strip

The governing equations for a multilayer strip with n bonded layers are straightforward general-
izations of Egs. (4.1)-(4.5). By the same analysis as used for bi-, tri-, and quadralyer strips in

Sections 2-4, it follows that the curvature of the strip under uniform temperature change AT is
1 2
2P AT, (5.1)
P9

where
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o = %
o — %3
n—1 n—1
p=c|mh+2) hithy h+2Y hithe .. hyo+2h, 1 +h, hn_1+hn} [a- : ,
i=2 i=3
Op—2 — Up—1
Op—1 — Uy
(5.2)
hy + hy
hy + hs
n—1 n—1
q=dkc+c|h+2Y hi+hy, h+2) hithy o huot 2k +hy e+ hy | -[Cl- : , (5.3)
i=2 i=3
hn—Z + hn—l
hy_1 +hy,
with ¢; = EA;(i=1,2,..n) and c = Y 1 ¢;.
The axial forces in the first (n — 1) layers are
N, 062—061—1'%7 (hy + h2)
D 4
N, o3 — 0y + g (hy + h3)
=[C]- : AT. (5.4)
_ P
anz Oln—1 Oln—2 + q (hn72 + hnfl)
p
Nn—l Oy — Olp—1 +a (hnfl + hn)
The axial force in the remaining n™ layer is N, = — Y/~ N;. Finally, the moments in the
layers are
Mi = 2k, ‘I—) AT, k,‘ = E,‘L‘, (1 =12,.., 1’1), (55)
q
while the stresses are
N; M, .
o; :XZ—FT; v (i=12,..,n), (5.6)

where y;(i =1,2,...,n) are the vertical coordinates from the centroids of the cross sections of the
layers, measured positive downwards. If all layers are of the same width b, the curvature and
stresses are independent of b, while the forces N; and moments M; scale with b. An alternative
but computationally less appealing expression for the curvature was given in terms of the ratio
of two determinants of the dimension (n+ 1) x (n+ 1) by Vasudevan and Johnson [3], which
was derived by applying the Cramer’s rule to the system of (n + 1) linear algebraic equations for
(n+ 1) unknowns (N1, Ny, ..., N, 1/p).

The effective stiffness matrix [C] appearing in (5.2)-(5.4) is the inverse of the effective compli-
ance matrix
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~ 1 1 -
— —— 0 0 0 0 0
C1 C
1 1
o — - 0 0 0 0
%) 3
1 1
0 0 - —— 0 0 0
3 C4
D =|: : S : : : (5.7)
1 1
0 0 0 0 - 0
Cn—3 Ch—2
1 1
0 0 0 0 0 -
Cn—2 Cn—1
1 1 1 1 1 1 1 1
- - - _ - _ + —
L Cn Cn Cn Cn Cn Cn Cn—1 Cn _

This form of the matrix [D] is similar, but not identical, to the matrix [A] used in the analysis
of piezoelectric cantilever microactuators by DeVoe and Pisano [4].

5.1. Effective stiffness matrix

Based on the derived results for trilayer and quadralayer strips, it can be recognized by inspection that
the diagonal elements of the effective stiffness matrix [C] = [D] " for an arbitrary # are defined by

Ck
Ckk:?Z ¢, k=1,2,.,n—1 (5.8)

The off-diagonal elements above the main diagonal of the matrix are

== ¢ k=12.,n-2 I=k+Lk+2.,n-1 (k<lI), (5.9)

i=I+1

while the off-diagonal elements below the main diagonal are
!
Ck
=—— r k=23.,n—-1, 1=12.,k—1 (I<k). 5.10
Ckl . ;Cl n (I<k) (5.10)
To gain more insight about the structure of the effective stiffness matrix [C] for a multilayer

strip, we list below its explicit form for a quinta-, sexta-, and septalayer strip.
Quintalayer strip:

- 5 -
Clzci Clzci alea+cs) ccs
=2 i=3
5
1| —ea C2ZCi cca+¢5) cacs 5
[C] == i=3 , = Z Ci. (5.11)
“| —aa —ala+a) alates) acs =1
3
—cicr —ale + ) —C4ZC1‘ €4Cs
L i=1 J

Sextalayer strip:
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Septalayer strip:

—G30

—C4Cq

—Cs5C1

—Ce6C1

—C3(1

—C4C

—Cs5C)

6
szci
i=3
—C3(C1 + Cz)
—C4(C1 + Cz)

—C5(C1 + Cz)

7 7
(%) Zci (%) Zci
i=3 i=4
7
C3 ZCI‘
i=4

3
—cs(e1 + ) —C4ZC1'
i=1

—c(e+ )

3
—cs(c1 +¢2) —CSZCi
i—1

3
—C5(C1 + Cz) —66261
i=1

ci(cs+¢c6) cics

e (cs+¢c5) ks
C3(C5 + 66)

C3C6

ca(cs +¢6)  cace

3 4

—Cs E Ci

i=1

C5C6

c1(ce + ¢7)
Cz(Cs + C7)
c3(cs + ¢7)
i=5

cs(ce + ¢7)
Cs(Cs —+ C7)

4
_CSZCI'
i=1
4 5
_56251' _66251'
i=1 i=1

6
5 c= E Cj.
i=1

C1C7

(51%;

C3C7

C4C7

C5C7

CeC7

6. Multilayers with uniform thickness and modulus of elasticity

(5.12)

7
, c:Zci. (5.13)
i=1

An appealing special case for which the results simplify considerably is the case when all layers
have the same width b and the same thickness h; = h, = --- = h, = h/n, where h is the total
height of the strip, and when the moduli of elasticity of individual layers are not very different
from each other (for example, aluminum has E=69 GPa and o; = 2.4 x 107> "C™!, while silver
has E=72GPa and o, = 1.8 x 107> "C™!), so that a homogenization assumption can be adopted
by which all layers have the same modulus of elasticity, which is equal to the average modulus of
elasticity E = (E; + E» + - - - + E,)/n. This is a good simplifying assumption because the differen-
ces in the coefficient of thermal expansion are in this case a dominant driving force for the strip
curvature and the corresponding bending stresses. From (5.8) to (5.10) it then readily follows that
the effective stiffness matrix is
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n—1 n—2 n—-3 n—4 .. 4 3 2 1
-1 n—-2 n—3 n—4 4 3 2 1
-1 -2 n—3 n—4 4 3 2 1
-1 -2 -3 n—4 .. 4 3 2 1
[d:En—bzh [Col,  [Co] = . . . o . . | ,  (6.1)
-1 -2 -3 -4 . —(n—4) 3 2 1
-1 -2 -3  —4 .. —(n—4) —(n-3) 2 1
-1 -2 -3 -4 .. —(n—-4) —(n-3 —(n-2) 1]

where ¢; = Ebh/n(i = 1,2,...,n) and ¢ = Ebh, Furthermore, k; = (Eb/12)(h/n)’ (i=1,2,...,n),
k = (Eb/12)h* /n?, and, from (5.2)-(5.3), we obtain

o —
02 — o3
EZbZhS
Op—2 — Up—1
Ap—1 — Uy
1
1
E**h* 2E*b*h? ,
4=+ IN]- ¢ ¢ ». (6.3)
1
1
A row vector [N] is obtained from
2
N==[n—-1 n—-2 .. 2 1]-[C] (6.4)

n

It turns out that the value of g in (6.3) is independent of #, because, for any value of n, (6.3)
reduces to

q= % E*b? . (6.5)

Thus, by substituting (6.2) and (6.5) into the curvature expression (5.1) it follows that

oy — 0y
Oy — U3
1 6AT
=ty N : . (6.6)
Olp—2 — Op—1
Ap—1 — Uy

After performing the matrix product in (6.4), the row vector [N] for even number of layers n
takes the form
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I’l2 n2 2

-1 — ——1..3n-3) 2(11—2)?1—1], (6.7)

[N]:{n—lz(n—z) 3(n=3) .. -1 % 'Z

while, for odd n,

-9 n“—1 n*—1 n*—-9

[N]—[n—lz(n—z) 3(n—3) .. ..3(n—3)2(n—2)n—1]

4 4 4 4
(6.8)
The terms appearing in the middle part of [N] in (6.7) and (6.8) are obtained from
n’ n n n’* n n
1= (z—1)|n—(z-1)|, ==Z(n-2),
4 2 2 4 2 2
-9 (n-1 n—1 -1 n-1 n—1
= —1])|n— -1/, = n— .
4 2 2 4 2 2
For example, for the values of n = 2,...,10, the row vector [N] is
(1], n=2,
2 2], n=3,
3 4 3], n=4,
4 6 6 4 n=>5,
INN=<¢<[5 8 9 8 5], n=6, (6.9)
[6 10 12 12 10 6, n=7,
7 12 15 16 15 12 7], n=S_,,
[8 14 18 20 20 18 14 8], n=29,
[9 16 21 24 25 24 21 16 9], n=10.
Consequently, for a bilayer strip (1 =2), the curvature is
1 3AT
1_ — ), 6.10
P oh (1 — o) ( )
as in Timoshenko [1], while for trilayer and quadralyer strips
4
1 AT g (OC] — 063), n=73,
= (6.11)
p h |3
3 3o —oa) + (02 —03)], n=4,
as in Vasudevan and Johnson [3]. For quinta, sexta, septa and octalayers, the curvature is
12
— [2(oq —as) + (02 — 04)], n=>5,
25
1
1 AT | & [5(0g — o) + 3(oa — ot5) + (003 — 04)], n==6,
1AL (6.12)
p h |12
o [3(or = 07) + 2(0r2 — 26) + (o3 — 5], n=7,
3
5 [7(0(1 — dg) + 5((12 — 067) + 3(0(3 — 0(6) + (064 — Ots)], n=3_8.

It can be recognized from these expressions that in order to produce the largest (positive)
curvature of the strip, the layers should be sequenced with the values of their thermal expansion
coefficients in the descending order from the bottom to the top of the multilayer strip.
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6.1. Stress expressions

Since bending stiffnesses of all layers are equal to each other, k; = EiI; = (1/12)Eb(h/n)’, the
bending moments in all layers are also equal to each other, and given by

ki EbkW? ,
Mi=—=——F, (i=12,..,n), (6.13)
o 12ndp

with p determined from (6.6). The axial forces follow from (5.4),

h
N, (o —al)AT—i—%
h
N2 (O(3 - 0‘2>AT+%
Ebh .
=7 [Co] - : , (6.14)
h
Ny (otn—y — 0ty2)AT + ”
N._ h
n—1 (ot — 0ty—1)AT + —
np

with [Cy] given in (6.1).
For example, in the case n =3 we obtain

N1 —20(1 + 30(2 — U3

Ebh Ebh?
N2 = 2—7 30(1 — 60(2 + 30(3 AT, M1 = M2 = M3 = 43 ((Zl — OC3)AT. (615)
N3 —oy + 3062 — 20(3

The corresponding stresses at the bottom (y; = —h/6) and the top (y; = h/6) of each layer fol-
low from (5.6),

(5} 30(2 — 30(3 01 —40(1 + 30(2 =+ o3

EAT EAT
() = T 50(1 — 60(2 + o3 p, () = T o — 60(2 + 50(3 . (616)
03 bott oy + 30(2 — 40(3 03 top —30(1 + 30(2

The stress discontinuities at two interfaces are
Ugmt — Ut10p = EAT(OQ — 062), O.l3)0tt — O'tZOP = EAT(O(Z — (Zg). (617)

Recalling that in the case of a bilayer strip the stress discontinuity at the interface is o5°" —
o\® = EAT(o; — o), we recognize that the stress discontinuities at (n — 1) interfaces of a multi-
layer strip with n layers are

1

o0 — 0P = EAT(04 — wi41),  (i=1,2,..n—1). (6.18)

Thus, the stress discontinuity at the interface between two layers depends only on the differ-
ence of the thermal expansion coefficients of the two neighboring layers (and EAT), independ-
ently of the values of the thermal expansion coefficients of other layers. Physically, this could
have been recognized from the outset, because, in the case of uniform modulus of elasticity, there
cannot be any stress discontinuity across the interface between two layers of equal thermal expan-
sion coefficient, regardless of the values of thermal expansion coefficients in other layers.
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7. Piezoelectric multilayers subjected to electric field

The analysis presented for thermally loaded multilayer strips and the derived results can be read-
ily extended to piezoelectric multilayers subjected to electric field. In this case, the longitudinal
thermal strain in the i layer ei’zthermal = o;AT is replaced with piezoelectric strain ;)" = d;€;,
where d; stands for the transverse piezoelectric coupling coefficient for the strain in the z direc-
tion due to the electric field &£; applied across the thickness of the layer i in the y direction (com-
monly denoted in the literature as d’, or di,). The negative value of d; indicates contraction. If a
layer is not piezoelectric, the coefficient d; for that layer is equal to zero. Also, if some layers in
the strip are conductors, their static electric field is zero. The electric field in the ith layer can be
expressed in terms of the applied voltage (voltage drop across the entire multilayer strip, AV) as
g = AVi_ % AV, = & AV, 7.1)
hi Zj:l hi/x; Ej:l hi/x;

where k; is the dielectric constant of the i layer. Thus, the piezoelectric strain becomes
d,‘ / K

O

Zj:l hj/ Kj

Consequently, the curvature of a piezoelectric multilayer strip can be determined from an
expression analogous to (5.1),

ei,piezo =d& =BAV, B, = (7.2)

2 =

1 2

L N (7.3)
P q

i.e., by replacing AT in (5.1) by AV, and the column vector of the differences of thermal expan-

sion coefficients o; in the expression (5.2) for p by the column vector of the differences of piezo-

electric parameters f3;, as shown below

O — 03 B — B,
Oy — U3 BZ - ﬁ3
: — : (7.4)
Op—2 — Op—1 ﬁn—z - ﬁn—l
Op—1 — Oy Bu1 — B

The stiffness matrix [C] remains the same as given in Section 5 for a thermally loaded multi-
layer strip, as well as the row vector containing the heights of the layers. Furthermore, the param-
eter q appearing in (7.1) is the same for both the thermally loaded multilayer strip and the
piezoelectric multilayer strip under electric field. This analysis of curvature and resulting stresses
in a piezoelectric multilayer strip due to applied voltage generalizes the analysis of DeVoe and
Pisano [4], who assumed that d;; is the same for all piezoelectric layers, which may be of interest
for the design of piezoactuators and energy harvesting devices, and for other MEMS applications.

For example, for a bilayer strip with piezoelectric layer (1) and metallic layer (2), the curvature
is

1 o 2C1C2(h1 + hz)dl AV

_ =7 7.5
p 4ck + C1C2(h1 + h2)2 hl ( )

as in DeVoe and Pisano [4], and, for b; = b,, Smits and Choi [45]. For a quadralayer strip with
its second layer being piezoelectric (d; = ds = dy = 0), from (5.2) the parameter p becomes

p= ﬁzCz[Cz(l’lz + 2]’13 + ]’l4) + C3(h2 + h3) — (1 (hl + I’lz)} (76)

If the average modulus of elasticity (E) is used for all layers of the same width b, (7.6) simpli-
fies to
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p = PoE202hy (2 + 2 — B2 + hyhy + 3hyhy — hyhy). (7.7)

Furthermore, if all layers are of the same thickness, equal to h/4, (7.7) reduces to p =
B,E*b*h*/16. Thus, since in this case, from (6.5), the parameter g = E?b*h’/3, the curvature
(7.3) becomes

dz/Kz
S hi/x

This result also follows directly from the piezoelectric analogue of the second expression in
(6.11) by replacing there AT with AV, a, with f8,, and oy, o3 and oy with zero. If the layers 1, 3,

and 4 are conductors, then their dielectric constants are infinite, the parameter §, = d,/h,, and
(7.8) reduces to

LS
> 2

= (7.8)

1 3d,
; =0 AV. (7.9)
For a piezoelectric layer with d, = —5 pC/N (for ZnO film, the reported value in the literature
for ds; is —4.7 pC/N), from (7.9) it follows that in order to produce the radius of curvature p =
5% 10° h the applied voltage needs to be AV =1 V for the strip of thickness h =4 u m, and
AV =1 kV for the strip of thickness h=4mm. If d, = —100 pC/N (for PZT film, the reported
value of ds; is —105pC/N), the applied voltage AV =1 V would produce the radius of curvature
p ~ 2.5 x 10* h for the strip of thickness 4 = 4 u m, while AV = 1 kV would be needed to pro-
duce the curvature p &~ 2.5 x 10* h for the strip of thickness h =4 mm. The negative values of p
indicate that the curvature is concave downward, as expected because the piezoelectric layer is
placed in the lower part of the strip and the utilized values of d3; are negative.

8. Hygromorphic multilayers under uniform change of hydration

The theory of hygrothermoelasticity is discussed by Sih et al. [46]. A comprehensive hygrothermal
laminate analysis can be found in Herakovich [8], Tsai and Hahn [14], and Vasiliev and
Morozov [15]. For a hygromorphic multilayer strip with different coefficients of hygroexpansion
(ys) in different layers, subjected to uniform change of the moisture content (hydration change,
AH) in the entire strip, the hygromorphic strain in the i layer is e — 7;,AH. For a dry state,
the parameter H=0, while for a fully hydrated state H= 1. Consequently, all results derived for a
thermally loaded multilayer strip from Sections 2 to 6 apply in this case by replacing AT with
AH, and o; with y;. For example, the curvature of a trilayer strip, with equal widths of all layers,
is, from (3.11) to (3.13),

1 - 2p AH, (8.1)
P q
where
p = E\m[(Exhy + Eshs)(hy + hy) + Eshs(hy + hs)| (v — 72) 82)
+ Eshs[Erhy(hy + ho) + (Erhy + Exhy) (hy + B3)] (v, — 73)s ’
1
9=3 (Ethy + Exhy + Eshs)(Eih3 + Exh3 + Eshd) + Evhy (Eshy + Eshs) (hy + hy)? 83)

+ Eshs(Eyhy + Exhy)(hy + hs)? + 2E hyEshs(hy + hy) (hy + hs).

The forces, moments, and stresses in the layers follow from the analogues of (5.4)-(5.6).
If the outer layers are of the same material (E; = E; # E,, 7, =73 # 7,), and h; = h,, the
objective may be to determine the thickness ratio h3;/h, which maximizes the curvature 1/p, for
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Figure 4 (a) The normalized curvature p,/p vs. the thickness ratio hs /h,. The normalizing factor is 1/p, = (y, — 73)AH/h;. (b)

The thickness ratio (h3 /hy)™™““" which maximizes the curvature 1/p versus the elastic moduli ratio £3/E,.

given values of (E;, E,), (y;,7,), and h; = h,. From (8.1) to (8.3), it follows that in this case the
expression for the normalized curvature is
Po Ge(n* +n—2) 1 (n—73)AH

Po— , — =20 (34
P 1+2203 +32 + 20+ 7))+t +4> + 1812 +28n + 1) p, hy (84)

where e = E;/E, and 1 = h3/h,. Applying the stationary condition to (8.4), it follows that the
thickness ratio e = h3/h, which maximizes the curvature is the positive real root of the quintic
polynomial

2% + (4 + 7e)en* + 8en® — 2e(11 + 17e)n* — 2(1 + 265 + 37¢*) — (1 + 22e + 57¢*) = 0.  (8.5)

The normalized curvature is plotted versus the thickness ratio h;/h,, for the three selected val-
ues of E3/E,, in Figure 4a. If hy; = h,, the trilayer strip is symmetric and the curvature is equal
to zero. Figure 4b shows the plot of the curvature maximizers (hs/hy)™ """ versus the elastic
moduli ratio E;/E,.

Other design considerations may be of interest. For example, in the study of the hydration-
induced deformation of the pine cone by Quan et al. [47], the material and geometric parameters
are such that h; = h; and y, = y,, while E; < (Ej, E;). In this case, the curvature expressions
become approximately, but very accurately,

1 12(3 —73)AH 1+hy/h e:&
p h 12(1 + by /1 )* + (1 +e) /e’ E

Using the numerical values from the cited reference (ibid.), h; = hs = 1.5 mm, h, = 0.8 mm,
E; =0.86 GPa, E; = 0.09 GPa, E; =4.53 GPa, y, =7y, =0.2, y; = 0.06, expression (8.6) gives
1/p = 48.14 AH (m™'). If the hydration change from the reference state is AH = 0.2, the radius
of curvature is p = 103.85 mm. The expressions (8.1)-(8.3) give p = 102.6 mm. The correspond-
ing normal forces and bending moments, per common width b of the layers, from expressions of
the form (3.15)-(3.17), are {Nj,N,,N3}/b={-587, —1.13,7.00} (N/mm), and
{My, My, M5} /b = {2.36, 0.037,12.42} (N).

(8.6)

9. Conclusions

An explicit matrix algorithm for calculating the curvature and internal stresses in isotropic multi-
layer strips subjected to a uniform temperature change is developed and presented. Of central
importance in the development of this algorithm is the explicit representation of the effective
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stiffness matrix [C], for any number of layers n. Detailed results are given for bi-, tri-, quadra-,
quinta-, and septalayers. Closed-form expressions for curvature and stresses are deduced for the
multilayer strips with equal thicknesses and equal elastic moduli of all layers. The derived results,
of interest for structural mechanics applications including the study of thermally-induced buck-
ling, complements the more general and well-known analysis of anisotropic lamination theory.
The obtained results for thermally loaded multilayer strips are extended to piezoelectric multi-
layers under applied voltage, and hygromorphic multilayers subjected to a uniform change of
moisture content, which are of interest for the design of piezoelectric and hygromorphic actuators
and other devices of MEMS and bioengineering technology, and they may also be of interest for
the analysis of magnetostrictive thin films exhibiting large magnetostriction [48-56].

An alternative appealing approach to the analysis of isotropic multilayer strips, in the spirit of
the present work, is to develop recursive formulas by which the curvature and stresses in a multi-
layer strip with n layers are expressed in terms of the curvature and stresses in a multilayer strip
with #n—1 layers. The development of such formulas is presented in our accompanying art-
icle [57].
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