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1. INTRODUCTION

Composites have revolutionized structural construction. They are extensively used in
aerospace, civil , mechanical and other industries. Present day aerospace vehicles have
composites up to 60% or more of the total material used. More recently, materials which
can give rise to mechanical response when subjected to non-mechanical loads such as PZTs,
magnetostrictive, SMAs, have become available. Such materials may broadly referred to
as functional materials. With the availability of functional materials and the feasibility of
embedding them into or bonding them to composite structures, smart structural concepts are
emerging to be attractive for potential high performance structural applications [1]. A smart
structure may be generally defined as one which has the ability to determine its current state,
decides in a rational manner on a set of actions that would change its state to a more desirable
state and carries out these actions in a controlled manner in a short period of time. With
such features incorporated in a structure by embedding functional materials, it is feasible to
achieve technological advances such as vibration and noise reduction, high pointing accuracy
of antennae, damage detection, damage mitigation etc. [2, 3].

Some magnetic materials (magnetostrictive) show elongation and contraction in the
magnetization direction due to an induced magnetic field. This is called the magnetostriction,
which is due to the switching of a large amount of magnetic domains caused by spontaneous
magnetization, below the Curie point of temperature. These magnetostrictive materials have
the ability to convert magnetic energy into mechanical energy and vice versa. This coupling
between magnetic and mechanical energies represents the transudation capability that allows
a magnetostrictive material to be used in both actuation and sensing devices. Due to
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magnetostriction and its inverse effect (also called Villery effect)[4], magnetostrictive materials
can be used both as an actuator and as well as a sensor.

The theoretical and experimental study of magnetostrictive materials has been the focus
of considerable research for many years. However, only with the recent development of giant
magnetostrictive materials (e.g. Terfenol-D), it is now possible to produce sufficiently large
strains and forces to facilitate the use of these materials in actuators and sensors. This has led
to the application of magnetostrictive materials to such devices as micro-positioners, vibration
controller, sonar projectors and insulators, etc. Magnetostrictive material has found its way
in many structural application such as vibration control, noise control and structural health
monitoring.

Non-contact magnetostrictive strain sensor was explored by Kleinke, et al. [5] and the
study of magnetostrictive particulate actuator was done by Anjanappa, et al. [6]. The use
of this material in smart laminated composites for vibration suppression, is examined by
many researchers. Reddy and Barbosa [7] investigated laminated composite beams and Lee
et al. for composite plate [8] containing magnetostrictive layers modelled as distributed
parameter systems to control the vibration suppression. The effect of material properties,
lamination scheme, and placement of the magnetostrictive layers on vibration suppression were
investigated. Nakamura et. al. [9] developed an active six degrees-of-freedom micro-vibration
control system using giant magnetostrictive actuators. Pelinescu and Balachandran [10]
presented analytical investigations conducted into active control of longitudinal and flexural
vibrations transmitted through a cylindrical strut fitted with piezoelectric and magnetostrictive
actuators. Mahapatra et al. [11] have used this material to suppress all the frequency gear
box noise components for active noise control in helicopter passenger cabin. Fenn et. al. [12]
developed a vibration reduction system for the UH-60A helicopter using magnetostrictive
actuators drive with four trailing edge flaps on each blade. Anjanappa and Bi [13], developed an
integrated model to analyze the vibration suppression capability of a cantilever beam embedded
with magnetostrictive mini actuator using the Euler-Bernoulli beam theory and strain energy
conservation principle. Qian et. al. [14] investigated vibration control for simply supported
laminated composite shells with smart plies acting as sensor and actuator layers through
magnetostrictive actuation. Brennan et. al. [15] demonstrated the practical viability of a non-
intrusive magnetostrictive actuator and sensor for the active control of fluid-waves in a pipe.
Sensing of delamination in composite laminates using embedded magnetostrictive material was
studied by Krishna Murty, et al. [16]. Saida et. al. [17] experimentally demonstrated the use
of this material for structural health monitoring of composite beams.

Analysis of smart structures using magnetostrictive materials are generally performed
using uncoupled models. Uncoupled models are based on the assumption that the magnetic
field within the magnetostrictive material is proportional to the electric coil current times
the number of coil turn per unit length [18]. And due to this assumption, actuation and
sensing equations gets uncoupled. Where, for actuator, strain due to magnetic field (which is
proportional to coil current) is incorporated as the equivalent nodal load in the finite element
model for calculating the block force due to this strain. Thus, using this assumption, analysis of
smart structure are carried out without having smart (magnetic field) degrees of freedom in the
finite element model. Similarly for sensor, where generally coil current is zero, the magnetic flux
density is proportional to mechanical stress, which can be calculated from the finite element
results as a post-processor. This assumption on the magnetic field, leads to the violation of
flux line continuity, which is one of the four Maxwell’s equations in electromagnetism.

Acta Mechanica 2004



COUPLED ANALYSIS OF MAGNETOSTRICTIVE COMPOSITE LAMINATE. 3

In the case of coupled model, it is considered that magnetic flux density and/or strain of
the material are functions of stress and magnetic field, without any additional assumption
on magnetic field. Benbouzid et al. modelled the static [20] and dynamic [21] behavior of
the nonlinear magneto-elastic medium for magneto-static case using finite element method.
Magneto-mechanical coupling was incorporated considering both permeability and elastic
modulus as functions of stress and magnetic field. In reference [22], finite elements were used
for modelling different magnetic circuits with leakage flux of a basic actuator configuration.
However, none has provided a convenient way for analysis of magnetostrictive smart structure
considering coupled magneto-mechanical features. In this work we presented a new finite
element formulation for structures with in-built magnetostrictive patches, that can handle
coupled analysis. Here, both magnetic and mechanical degrees are considered as unknown
degrees of freedom. In the present approach, smart patches are introduced in the laminates to
induce actuation strains and to hence the stress condition. The application of magnetic field to
the actuating patch introduces strain in the embedded magnetostrictive patch. This changes
state of stress in the sensing patch and so magnetic flux density through enclosed magnetic
coil changes, resulting in a voltage across the sensing coil.

This paper is organized as follows. First the variational formulation is illustrated to get the
mass, stiffness and coupling stiffness of the system. The paper is then concluded with some
specific remarks. In this paper a numerical study on 12 layered beam containing two patches,
one acting as an actuator and the other as a sensor has been presented.

2. CONSTITUTIVE MODEL FOR MAGNETOSTRICTIVE MATERIAL

Application of magnetic field causes strain (magnetostriction) in the magnetostrictive material
(Terfenol-D) and hence the stress, which changes magnetic flux density of that material
[23]. The three-dimensional constitutive relationship for magnetostrictive material is generally
written as

{e} = [s""{o} + [T {H} (1)

{B} = [d){o} + [ ){H} (2)

where {¢} and {o} are strain and stress respectively. [S®)] represents elastic compliance
measured at constant {H} and [u(?)] represents the permeability measured at constant stress
{o} . Here [d] is the magneto-mechanical strain coefficient, which provides a measure of the
coupling between the mechanical strain and magnetic field. For ordinary material where the
magneto-mechanical strain coefficient is zero, Equation-1 comes to generalized hooks law and
Equation-2 comes to constitutive equation of magnetic material. In general, [S], [d] and [u] are
nonlinear as they depend upon {¢} and {H}. However, reasonable response estimation can
be obtained by treating them as linear [23]. Hence, in this analysis, we consider the linearized
constitutive relation.

To work with displacement based finite element formulation, above equations were rewritten
as

{0} = [Q{e} — [ {H} (3)
{B} = [el{e} + [ [{H} (4)
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Where [Q] is Elasticity matrix, inverse of compliance matrix [S], [u€] is the permeability
matrix at constant strain and [e] is magneto-mechanical stress coefficient matrix. [e] and [u€]
are related to [Q] through

[e] = [d][Q] ()
(] = (7] = [d)[Q][d] " (6)

For ordinary magnetic materials, where magneto-mechanical strain coefficients are zero,
[1€]=[17], the permeability.

3. GENERAL 3-D FINITE ELEMENT FORMULATION

Finite element formulation begins by writing the associated energy in terms of nodal degrees
of freedom by assuming the displacement and magnetic field variation over each element. That
displacement field {U} can be written as

U=< v (7)

where u(x,y, z,t),v(z,y, z,t) and w(x,y, z,t) are the displacement component in z,y and z
direction respectively. These displacements are obtained from element nodal displacements
{U¢(t)}, through the shape function, [Ny (z,y, 2)] as

{U} = [Nu){U°} (8)

To get the strain € in terms of displacement {U}, differential operator [L] on displacement
field {U} are used as

{e} ={eae €y €2 Wz Yo Wy } = [L{U} (9)
Where L is - ~
o 00
0 oy 0
0o 0 Z
L=y o % (10)
0z %y
P
oy ox V]

So using Equation-8 in Equation-9, the strain-nodal displacement relationship can be
written as

{e} = [L{U} = [L][Nv[{U*} = [B{U*} (11)

where [B] matrix is strain-displacement matrix. Similarly Magnetic field {H} can be written
as
H,
H=< H, (12)
H,
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where H,(x,y,2,t), Hy(x,y,2,t) and H,(z,y,z,t) are the magnetic field component in z,y
and z direction respectively. These magnetic fields are obtained from element nodal magnetic
fields { H¢}(t), through the shape function, [Ny (z,y, z)] as

{H} = [Nul{H} (13)

These would lead to the associated stiffness, mass and coupling matrices in terms of nodal
displacements and nodal magnetic fields on minimizing the total energy using Hamilton’s
Principle . The details of these formulations are summarized below.

Strain Energy in magnetostrictive material is

o= g fdon=g [ Qe =g [ oy [ ot
= 5 [UB Uy QIBIU e~ 5 [(BHU) e Nl (o
_ %{Ue}T/[B]T[Q][B]dU{Ue}_%{UE}T/[B]T[Q]T[NHW{HS}
= SN Ko {0 = U ) () (14

where {U°} and {H¢} are nodal mechanical and magnetic degrees of freedom. Kyy is
stiffness matrix for mechanical-mechanical degrees of freedom and Kypg is stiffness matrix
for mechanical-magnetic degrees of freedom.

Kinetic Energy in magnetostrictive material is

T, - 1 / {U}T[pl{U}dvzé [ vl oeyas
= S0 [N () = SO} Mo () (15)

where {U} is velocity vector, p is density of the magnetosrictive material, {U°} are nodal
velocity of mechanical degree of freedom. My is mass matrix for mechanical-magnetic degrees
freedom.

Magnetic Potential Energy in magnetostrictive material is

Vin = 1/BTHdv
= /{ e+ [p)H}Y Hdo
= 5/ Tle]" Hdv + = /HT T Hdv
— 5 [{BU N NaH o+ 5 [ {Nal (YT 0] (N 1o
= SO [ B o) + 1Y [ ) ) o)
- 5{U6}T[KUHHH6}+5{H€}T[KHH]{H6} (16)
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where [Kp ] is stiffness matrix of magnetic-magnetic degrees of freedom, {H¢} is magnetic
nodal degrees of freedom.
Magnetic External Workdone for N turn coil with coil current I is

Wo = IN [{°){H)).d0
~ In / {LY7 (4 {H }dv
= In{L)" / Faimars

— In{l)" / (1] [Ny Jdo {F°)
= {(Fu}"{H%} (17)

where n is coil turn per unit length of coil and A is cross sectional area of the magnetostrictive
material. {. is the direction cosine of the coil axis.

Koo = / B (Q)[Bldv

Kow = / (8] [e]” [Nu)dv

Myy = / N o) [Nuldo (18)
Kyy = / [Ny [e][Bldv = Kyu™

Kny = / Nl [ [Nl

Fy = In{l)" / (1] [Nar)dv

/ V'Udv + / TUdA
= {R}y'{U} (19)

where b is body force. and 7 is surface force, {R}T is equivalent nodal load for external
mechanical forces of the magnetostrictive material.

Mechanical External Workdone is

We

3.1. Adaptive Analysis
Using Hamilton’s Principle 9( fttlz (T — Vo + Vi + Wy + We)dt) = 0 we get the following

governing equation and its associated force boundary conditions.

3.1.1. Uncoupled Model In uncoupled model magnetic field, H is considered independent of
mechanical condition [8] as
H=kI (20)
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Where K, is coil constant. Hence in uncoupled model only mechanical degrees of freedom,
U¢ is unknown. Putting Hamiltonian’s Equation the governing equation related to mechanical
degrees of freedom is

[Muul{U*} + [Kuu{U} = [Kun[{H"} — {R} (21)

Where H. is calculated using Equation-20.

3.1.2. Coupled Model Unlike Uncoupled model, in coupled model mechanical and magnetic
degree’s of freedom is consider as unknown. Hence Hamiltonian’s principle gives following

Equations.
Myy 0] fU* L [Kvo —Kuu] [US _ [-R (22)
0 0| | He Kygy Kpp | |HC Fu
Note that generalized stiffness matrix is not symmetric matrix. Both the equations, sensing and

actuation are coupled through the off-diagonal, sub-matrix of the stiffness matrix. Expanding
Equation-22, we get

[Myu){U°} + [Kuo{U®} — [Kun){H®} = —R (23)

and

[Kun) ' {U} + [Kuul{H} = {Fu}"
or {H} = [Kpn) "{{Fu}" — [Kun) {U}} (24)

Substituting {H¢} from Equation-(24) in Equation-(23) we get

[Myul{U°} + [Kuo*{U} = {F*} (25)
Where
[Kuv*] = [[Kvul+ [KualKunl ™ [Kun]')
{(F*} = [Kuul[Kpn) {Fu}—{R} (26)

Here all the stiffnesses can be calculated from Equation-(18).

3.2. Sensor Open Clircuit Voltage

After determining the mechanical and magnetic degrees of freedom, sensor open circuit voltage
can be post process in both coupled and uncoupled model. The sensor coil current is considered
equal to zero. Using Faraday’s law, open circuit voltage V in the sensing coil can be calculated
from magnetic flux passing through the sensing patch.

3.2.1. Coupled Model Magnetic flux density is obtained from nodal magnetic field, which is
obtained from finite element analysis. Thus open circuit voltage in the sensor can be calculated

Acta Mechanica 2004



8 D. P. GHOSH, S. GOPALAKRISHNAN

Vo= N [ g da = —n i [ S
= ni g [ = —n (T [Nl )
= ([ 0 Nl (K] (Kol (07}

= {FU}T{US} (27)

where N is total coil turn and n, is coil turn per unit length of the sensing patch. I, is the
direction cosine of coil axis and {U®} is nodal velocity. {F,}7 is

{F}" :ns{lc}T/{u”[NH]}dv [Kun] ™ [Kun]" (28)

8.2.2. Uncoupled Model In uncoupled model, nodal magnetic field is zero as per Equation-
20 with zero sensor coil current. To get open circuit voltage according to uncoupled model,
magnetic flux density can be expressed in term of strain from sensing equation as

B = [d{o} = [d)[Q{e} = [el{e} = [][B{U"} (29)

Now using Faraday’s law, open circuit voltage of the sensor can be calculated as

Vo= _N, / %[d]{a}.dA = n{l)T / %[d}{a}dv
= i [l = —n (i 5 [(ElBI{OY
(R0} (30

And {F,}T for uncoupled model is

(F)T = —n{1}7 / (€][Bldv (31)

4. Numerical Examples

Here we considered two examples - first is 1-D rod model to demonstrate the effect of coupling
on the over all response. The next example explores the use of this material in composite beam
using first order shear deformation theory.

4.1. One Dimensional Azial Element

To demonstrate the effect of coupling, the above 3-D Equations-(23,24) is reduced to simple
1-D model with mechanical displacement field (u,v,w) as

u(z,y, z,t) = u(z); v=0; w=0 (32)
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and magnetic field H as
Hy(z,y,2,t) = H(z); Hy(z,y,2,t) =0; H.(2,y,2t)=0 (33)

for a magnetostrictive rod of length L, cross sectional area A, modulus of Elasticity F,
magneto-mechanical strain coeflicient d and constant stress permeability . For finite element
formulation, we use the conventional interpolation function that is, uw(z) = ag + a1, which
gives the two shape functions as Ny = [1 —z/L] and No = [x/L]. Hence displacement field can
be written as

u(z) = N1(z)ug + No(x)usg H(xz) = Ni(x)Hy 4+ No(x)Hy (34)

Where w7, us are the element nodal displacement and H;, Hy are nodal magnetic fields. So
both mechanical and magnetic shape function are considered as

x x
Nol = INu) = [1-F 7] (35)
Using Equation-11, the strain-displacement matrix can be written as
_ [ 1 1
B=|—-— —
I L] (36)
Where strain € = g—:. The stiffness matrices can be calculated from Equation-18 as
Erenp 111 AE] 1 -1
k = A LNE|—— —|de=—
I N L A e e
L 1
_ -1 Tz _ AdE | -1 -1
ko a] A/O { % ] dE {1 : L} dv="-| 7 (38)
L T Tu"ALn [ 1
— e[t 2% _ tpAmn
{Fg} = [nA/O,u [1 T L} dx 5 { 1 } (39)
L
1-2 x ALpc | 2 1
_ Llyfl1=2 = =
b = A L3l g et ]21] o
Lt 1 1]
[F,] = —nsAEd/ [ 1L] dx = —nsAEd [ 1 (41)
0L T |

4.1.1. Uncoupled Analysis For static uncoupled analysis corresponding equations are
AE[ 1 -1 u | AdE[ -1 -1 H | [ R (42)
L | -1 1 g 2 11 Hy | | R

Where H; = Hy = nl as per Equation-20 considering k. = n.

e Keeping mechanically fixed boundary condition, u; = us = 0 the blocked force in the

support is
Ry =—Ry, = AdEH, = AdEIn (43)
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e For mechanically free boundary condition, where Ry = Ry = 0 (u; = 0 to remove rigid
body displacement).
ug = Ldnl (44)

e For sensor with tensile force F' and zero coil current (I = 0), where —R; = Ry = F
(u1 = 0 to remove rigid body displacement).

FL dEuy  dF
F

Stress 0 = 7 which satisfies equilibrium equation.

4.1.2. Coupled Analysis For static coupled analysis corresponding equations are

A7E 1 -1 Uy . AdFE -1 -1 H1 o Rl (46)
L -1 1 (15) 2 1 1 H2 - R2
AdE | -1 1 Uy ALpc [ 2 1 Hy | Ip?ALn | 1 (47)
2 —1 1 (15} 6 1 2 H2 B 2 1

e Keeping mechanically fixed boundary condition, u; = ue = 0, the nodal magnetic field
is "

Hy = Hy = In'— (48)
/,Le

which is less than the generally considered value (In) for uncoupled model. Similarly
the blocked force in the support is

Ry = —Ry = AdEH, = AdEInf:—e (49)

which is less than the value generally considered (AdEIn).
e For mechanically free boundary condition, where R; = Ry = 0 (u; = 0 to remove rigid
body displacement).

Stress 0 = E — EdH = 0 which satisfies equilibrium equation of free rod at
mechanically free boundary condition.

e For sensor with tensile force F' and zero coil current (I = 0), where —R; = Ry = F
(u1 = 0 to remove rigid body displacement).
Fd FLu*

— Uy =
Auc AFEu°

Stress o = % which satisfies equilibrium equation.

_Fd_

Hy = H, = 1

B=Hu’ = —do (51)

So It is clear that due to coupling, magnetic field and hence blocked force of a mechanically
fixed rod is less than the value generally considered in uncoupled model. The ratio between
these two values is calculated for terfenol-D rod taking data from Terfenol-D manual.
Considering d=15E-9 m/amp, E=30GPa and constant stress relative permeability 10 for

ZU = 0.46, which is around 50% of the value generally considered.
However, for any other material if ;¢ > d?FE then u® = p¢ and uncoupled and coupled model
will give similar result. But for giant magnetostrictive materials like Terfenol-D, the effect of
coupling stiffness matrix is considerable.

magnetostrictive material,
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4.2. Cantilever Composite Beam

In this example, a cantilever beam modelled with the formulated elements having cross coupling
stiffness is used to demonstrate the concept. Mechanical displacement fields are considered as

u(z,y,z,t) = ul(x,t) + 202 (x,t)
v(z,y,2,t) = 0 (52)
w(z,y,z,t) = w(z,t)

where u, v, w are the components of mechanical displacement at location (z, v, z) in X, Y and
Z direction respectively. v’ and w? are the displacement components in mid plane of the
composite beam. #? is the angular rotation of the mid plane about X axis. Magnetic fields are

Hy(z,y,2,t) = HY(z,t)
Hy(xvyvzﬂt) = 0 (53)
Hz(z7y7 Z)t) = 0

where H;, H, and H, are the component of magnetic fields at location (z,y,2) in X, ¥ and Z
direction respectively. Hmop is X directional magnetic field at mid plane of the magnetostrictive
patch. So magnetic field along the thickness direction within the particular layer is considered
as constant. In matrix notation Equation-52 can be written as

U 1 0 —=z u? -
{U} = v =10 0 O w® 3 =[N, J{U} (54)
w 01 0 6°
For finite element formulation, displacement and magnetic fields are discretise as
u®(z) = Nyi(z)u; + No(z)us w’(z) = Ny(x)w; + No(z)ws
0°(z) = N1(z)61 + No(x)0s H(x) = Ni(z)Hy + N2(x)H (55)

Where w1, us, wy, ws, 01, 05 are the element nodal displacements, slopes and Hy, Ho are nodal
magnetic fields. Equation-55 can be written in matrix form as

{U} = [Nul{U*} {H} = [Na{H} (56)
Where nodal displacement vector, {U°} is
{Ue} = {U,l w1 01 Ug W2 92}T (57)
mechanical and magnetic shape functions are

i Ny 0 0 N, 0 0
Ng]=|0 N, 0 0 N 0 [Ng] = [N1 N2 (58)
0 0 N, 0 0 N,

where
x x
) =[1-F] =7 (59)
To formulate mechanical shape function, mechanical displacement {U} can be written as
{U} = NG| [N [{U*} = [Nu]{U*} (60)
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where mechanical shape function Ny is

N1 0 —ZN1 N2 0 _ZNQ
[Nyl = [0 0 0 0 0 0 (61)
0 M 0 0 Ny 0

The strain displacement matrix B can be written from Equation-11 as follows

Nl,m 0 ZNl,x NQ,:L’ 0 ZN2,1:
0 0 0 0 0 0
0 0 0 0 0 0
0 NL@ Nl 0 NZ,I N2
0 0 0 0 0 0

From Equation-18 stiffness matrices and mass matrix can be computed. For simplification
above strain-displacement matrix can be divided for axial, bending and shear parts of the
energy as [B] = [Ba] + z[Bb] + [Bs] respectively. Where Ba, Bb, Bs are as follows.

-1 0 010 0
0 00 00O
Ba:loooooo (63
Li o 00000
0 00 0O0 O
| 0 00 0 0 O]
[0 0 -1 0 0 1]
00 0 000
Bb:loooooo (64
Lioo o 000
00 0 000
|00 0 00 0]
[0 0 0 0 0 0]
0 0 0 0 0 0
Bs:loo 0 0 0 0 (65)
Lio o 0 00 0
0 -1 L—-x 0 1 x
0 0 0 00 0|
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From Equation-18, stiffness matrix Ky can be written as

Kuu /[B}T[Q][B]dv=/[[3a]+Z[Bb}+[BSHT[Q]HBGHZ[Bb]HBS]]dv

[ B (@)Badv +2 [ (B @)(Bslde
+ / B [Q[Bsldv + 2 / 2[Ba]”[Q][BYdv
+2 / 2[Bs]"[Q][Bb]dv + / 22| Bb)" [Q][Bb]dv

= [K§y]+ [Kgu] + K] + IKgy] + K] + (K] (66)

To avoid shear locking, [K}7,] matrix is reduce integrated. These matrices are

A, 00 —A,; 0 0
O 00 0 00
SO O 00 0 00 .
UL A, 000 A, 0 0
O 00 0 00
0 00 0 00,
0o 2 L 0 -2 L ]
2 0 —2 0
As| L 0 0 -L 0 0
Kas - - 68
Kl =57 0 -2 —-L 0 2 -IL (68)
2 0 0 2 0 0
L 0 0 —-L 0 0 |
0 0 0 0 0 0
0 1)L 12 0 —1/L 1/2
0 1/2 L/4 0 —1/2 L/4
Kes 1 — A 69
Kl =Ass | 0 0O 0 0 0 (69)
0 —1/L —1/2 0 1/L —1/2
0 1/2 L/4 0 —1/2 L/4
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o 0 -1 0 0 1
0 0 0 0 0 O
o By -1 0 0 1 0 0
B =71 0 0 1 0 o0 -1 (70)
0 0 0 0 0 O
1 0 0 -10 0 |
[0 0 0 0 0 0 ]
0 0 -1 0 0 1
W B |0 -1 -L o0 1 0
[KUbU]:T 0 0 0 0 0 0 (71)
0 O 1 0 0 -1
01 0 0 -1 L |
000 0 0 0 0 ]
00 0 00 O
I
00 0 00 O
(00 -1 00 1
Where A;j, B;j, D;; are
[A; By Dyl = / Qull = 2)dA (73)

Similarly Mass matrix can be evaluate from Equation-15 as

2.[0 O —2.[1 IO 0 _Il
0 2, 0 0 Iy 0
L —2[0 0 2]2 —Il 0 I2
[Myu] = — (74)
6 Iy 0o -, 2I, 0 =2

0 Iy 0 0 2Iy 0

-, 0 I, -2, 0 2@

Where Iy, I, I> are the mass, first moment of mass and second moment of mass per unit length
of the beam as

I I 12]=/p[1 z 2*]dA (75)
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Considering [e] matrix for beam element as
e]=[ez 0 0 0 0 O] (76)

Coupling stiffness matrix, K gy can be calculated from Equation-14 as

uwﬂzéle%()%lflo 6?1 (77)
—ein 0 ey ey 0 —epy
Where €, and e, are

) ehl= [enlt 2Jaa (79)
Similarly Ky g matrix can be written from Equation-18 as

[Knn) = L?NO [ ? ; ] (79)

Where 0 is
)= [ weaa (30)

Fg matrix can be written as

[Fu] = [1 1] (81)
{F,}T matrix can be written as
{Fv}T =n [ 6(1)1 0 *6%1 *6(1)1 0 6%1 ] (82)

Numerical simulation is carried out by considering a unidirectional laminated composite beam
of total thickness 1.8mm as shown in Figure-1. Length and width of the beam is 500mm
and 50mm respectively. The beam is made of 12 layers with thickness of each layer being
0.15 mm. A numerical study on 12 layered beam containing two patches, one acting as an
actuator and the other as a sensor has been presented. Numerical results have been given for
a fixed position of sensor and actuator combination. Position of sensor is fixed at 9" layer
from bottom of the beam and near the support of the beam, whether the position of actuator
is fixed at 1% layer from bottom of the beam and 425 mm apart from support. Size of the
actuator is 50mmX50mm with 0.15mm thickness and size of the sensor is 50mmX50mm with
0.3mm thickness. Elastic modulus of composite is 181 GPa and 10.3 GPa in parallel (E;) and
perpendicular (Es) direction of fiber. Poison ratio (v), density (p) and shear modulus (Gi2)
of composite is 0.0, 1.6 gm/c.c. and 28 GPa respectively. Elastic modulus (F,,), poison ratio
(Vm), shear modulus (G,,) and density (p,,) of magnetostrictive material is 30 GPa, 0.0, 23
GPa and 9.25 gm/c.c. respectively. Magneto-mechanical coupling coefficient is 15E-09 m/amp.
Relative permeability pu, is the ratio of permeability of the material and permeability of air.
Permeability at vacuum or air is 400 = nano-Henry/m. Constant stress relative permeability
of magnetostrictive material has been considered as 10. Number of coil turn in sensor (V) and
actuator is 1000.
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4.2.1. Static Analysis The effect of coupling of magnetostrictive material in composite beam
for static actuation is analyzed with 1 Amp DC actuation coil current in the absence of sensor.
It is observed that tip deflection for coupled analysis is 0.511mm, where as for uncoupled
analysis 0.541mm. The ratio between these two is 1.06. As the thickness of the actuator is less
compare to the thickness of the composite beam the effective increase of stiffness in the global
stiffness matrix due to coupling is less. Increasing the thickness of actuator the effect on the
ratio of coupled and uncoupled static tip deflection is shown in the Table-I. And here it is
observed that the effect of coupling is increasing as the thickness of the actuator is increasing.

4.2.2. Time Domain Analysis To observe the effects of coupling terms of magnetostrictive
material in dynamic analysis, time domain analysis is carried out with both low and high
frequency actuation for the same cantilever composite beam. Here structure is actuated
through time domain signal with actuation current I of 1 Amp at 50 Hz and 5kHz frequency.
Actuation history for bkHz signal is shown in Figure-2 with its frequency contents. Direct
transient dynamic analysis has been done in 200 time steps to calculate open circuit voltage
of the sensor and beam tip velocity in each time steps. Each time step is 50 mili-second and 5
micro-second for 50 Hz and 5kHz actuation respectively.

Figure-3 and Figure-4 shows the tip velocity of the cantilever beam for 50 Hz and 5kHz
respectively. It is showing that unlike the static analysis, the effect of coupling in dynamic
analysis is negligible. Moreover for high frequency actuation where effect of stiffness matrix is
less than mass matrix, the effect of coupling is not observed.

Similar effect is observed in open circuit voltage in the sensor. Figure-5 and Figure-6 shows
the open circuit voltage in the sensor for 50 Hz and 5kHz actuation respectively.

The effect of coupling on the thickness of the actuator with 50 Hz actuation frequency is
shown in Figure-7 and Figure-8 and for tip velocity of the beam Figure-9 and Figure-10 for
open circuit voltages.

Figure-11 and Figure-12 show the longitudinal magnetic field history and stress history
along the length of the sensor respectively. According to uncoupled model magnetic field in
the sensor is zero as current in sensor coil is zero. And as the stress along the sensor is different,
according to uncoupled model magnetic flux in the different cross section along the length of
the sensor will be different which is failing flux line continuity (Maxwell Equation V.B = 0).

5. CONCLUSIONS

This study is mainly intended for the exploration of smart composite structures using a new
FE formulation with magnetostrictive sensor and actuator considering their linear, coupled
constitutive relationships. Coupled model is studied without assuming any direct relationship
of magnetic field unlike uncoupled model. Here, elastic modulus, permeability and magneto-
mechanical strain coefficient is considered as constant matrix. Actuation and sensing both
has been done using actuation and sensing coil arrangement. Mechanical displacement and
magnetic fields are considered as mechanical degrees freedoms and smart degrees of freedoms
respectively for finite element formulation. Thus both sensor and actuator coil properties can
be incorporated inside the finite element formulation. Through numerical simulation it has
been shown that coupling stiffness matrix should be considered for the characterization of
magnetostrictive rod. To demonstrate the concept, static and time domain analysis has been
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performed for a 12 layer composite cantilever beam with magnetostrictive sensor and actuator
considering smart degrees of freedom in the finite element analysis. It has been observed that
the effect of coupling in static analysis is around 6%. and increasing with the thickness of
the actuator. To observed the effect of coupling in the dynamic analysis both coupled and
uncoupled analysis is carried out. It has been shown that the effect of coupling in dynamic
analysis is less than static analysis. Specially for higher frequency actuation, the effect of
coupling is negligible. If the thickness of the actuator increase the effect of coupling in the
dynamic analysis also increase.
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Table I. Vertical Displacement of Cantilever Tip
Thickness | Coupled | Uncoupled | Ratio
0.15mm 0.511mm | 0.541mm 1.06
0.30mm | 0.989mm | 1.097mm 1.10
0.45mm 1.380mm | 1.582mm 1.14
0.60mm 1.586mm | 1.864mm 1.16

i)

ACTUATOR SENSOR

Figure 1. Laminated Beam With Actuator and Sensor.
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Figure 3. Tip Velocity for Coupled and Uncoupled analysis with for 50 Hz Actuation.
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Figure 4. Tip Velocity for Coupled and Uncoupled analysis with 5kHz Actuation.
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Figure 5. Open Circuit Voltage for Coupled and Uncoupled analysis with 50Hz Actuation.
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Figure 6. Open Circuit Voltage for Coupled and Uncoupled analysis with 5kHz Actuation.
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Figure 7. Cantilever Tip Velocity for Coupled and Uncoupled analysis with 0.3mm Actuator Thickness.
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Figure 8. Cantilever Tip Velocity for Coupled and Uncoupled analysis with 0.6mm Actuator Thickness.
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Figure 9. Open Circuit Voltage for Coupled and Uncoupled analysis with 0.3mm Actuator Thickness.
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Figure 10. Open Circuit Voltage for Coupled and Uncoupled analysis with 0.6mm Actuator Thickness.
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