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Dynamic Modeling of an L-Shape PMN-PT Piezo-Based Manipulator

Jingang Yi, Steven Chang, Kee Moon, and Yang Shi

Abstract—1In this paper, we present a modeling scheme of
a cantilever-based L-shape manipulator. The L-shape manip-
ulator is made of (1 — z)Pb(Mg;,3Nb3,3)03-2PbTiO3 (PMN-
PT) single-crystal relaxor ferroelectric material. We first report
the design of a novel cantilever capable of motion in multiple
degrees of freedom. The top and bottom surfaces of the L-shape
cantilever structure are printed with interdigitated electrode
(IDE), which allow the structure to produce both axial and
flexural independently. The dynamic modeling of such a ma-
nipulation structure are discussed and presented. The analytical
modeling results match well with the finite element analysis and
experimental results. The controlled planar manipulator has
potential applications in micro- and nano-applications, such as
nano-indentation.

I. INTRODUCTION

During the last decade, micro-/nano-manipulation have
been extensively studied in robotics and control commu-
nities. For example, the atomic force microscope (AFM)
has been considered one of the platforms to carry out
manipulation and assembly at micro- or nano-scale [1]-[4].
A good review of robotic micro- and nano-manipulation can
be found in [5] and [6].

For manipulation platforms, for example, AFMs, piezo-
electric cantilever beams are the most widely used actuation
mechanisms. Piezoelectric film actuators such as bimorphs
and unimorphs are one of the most widely employed forms
of smart material actuators because of their simple design
and large bending deflection. In the case of a bimorph, one
piezo-film elongates while the other contracts, and produces
a flexural motion. In general, stack-type actuators are used
to obtain a linear (axial) motion. The actuator consists of
a stack of piezoelectric disks and exhibits a high stiffness
motion. The displacement generated by this type of actuator
has the same direction as the direction of polarization electric
field.

A single-crystal relaxor ferroelectric material, such as
PMN-PT (1 —x)Pb(Mg; /3Nby/3)O3-2PbTiO3, is a potential
candidate for new generation actuator and sensor applications
due to their high piezoelectric coefficients [7]. New PMN-PT
piezo-devices have been developed in recent years. For exam-
ple, Hong et al. [8] develop a PMIN-PT-based smart cantilever
structure that is capable of both sensing and actuation. In [9],
interdigitated electrodes (IDE) have been employed to utilize
the high piezoelectric coupling along ds3 direction. It is
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demonstrated that a PMN-PT unimorph with IDE design can
generate both a longitudinal and flexural motion without any
additional passive or active layers [10]. Both the axial and
flexural motions are produced by differentially controlling
the contraction/elongation of the top and bottom IDEs of the
cantilever.

In [11], a PMN-PT unimorph L-shape structure is designed
and fabricated as a multi-degree-of-freedom (MDOF) manip-
ulator. The L-shaped manipulator combines two PMN-PT-
based cantilevers to form one monolithic structure (Fig. 1(c)).
The manipulator has a set of four independent IDEs on
the top and bottom surfaces of each cantilever. Therefore,
the manipulator is capable of motion in four degrees of
freedom. The manipulator design has several advantages
over the conventional cantilever design for micro-/nano-
manipulation. The L-shape manipulator provides motion in
multiple degrees of freedom at the end effector and therefore
enables more complicated manipulation, such as twisting.
Most cantilever-based manipulators, such as those used in
AFM, can only provide flexural motion. Additionally, the
proposed MDOF manipulator is very compact and portable.

The goal of this paper is to develop a mathematical model
for the L-shape manipulator. Several reasons motivate us
to develop such an analytical model. First, we need to
understand the dynamic properties and characteristics of the
manipulation device. Second, we need a mathematical model
of the manipulator to design advanced control systems.
Since the manipulator provides motion in multiple degrees
of freedom, a model-based control system is necessary to
guide the manipulation and assembly actions. In [12], [13],
dynamic analysis of an L-shape frame is studied. Although
the frame motion in [14] is in three-dimensional space, the
results in [14] cannot be applied to our manipulator because
we need to consider both the axial and flexural motions
produced by the L-shape structure.

The remainder of the paper is organized as follows.
In Section II, we describe the PMN-PT-based manipulator
design. The dynamic models of the L-shape manipulator are
presented in Section III. Then we demonstrate the validity
of the models through a comparison with numerical and
experimental results in Section IV. We conclude the paper
in Section V.

II. PMN-PT MANIPULATOR DESIGN

In this section, we first describe the basic principles for
the PMN-PT cantilever beam actuators and then discuss the
L-shape manipulator design.

Fig. 1(b) shows a schematic diagram of a PMN-PT can-
tilever beam. The IDE electrodes are identical on the top and
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the bottom of a PMN-PT cantilever. A pair of electrode fin-
gers with positive and negative electrode potentials induces
an electric field with a dominant axial component that is
parallel to the poling direction (along the z-axis direction,
that is, high piezoelectric constant ds3 along the 33 direction
shown in Fig. 1(b)). The PMN-PT cantilever in combination
with the IDE design can generate two motions, one in the
axial direction and the other in the flexural direction.

The distribution of electric field is built up strongly
between two IDE fingers on both the top and bottom of the
actuator surfaces. The dominant axial (longitudinal) piezo-
electric component (e.g. high dg3 values) of the PMN-PT ma-
terial causes a primarily axial piezoelectric deformation. The
active fields are responsible for the overall axial deformation.
Fig. 2(a) shows that a 9 V (peak-to-peak) sinusoidal input
voltage (1 Hz) at both IDE electrodes yields about a 0.25-
pm (peak-to-peak) axial displacement [11]. The dimension
of the PMN-PT cantilever actuator is roughly about 10 mm
x 1.5 mm x 110 pum. The prototype of the cantilever is
shown in Fig. 1(a) and is designed and fabricated using the
SDSU and UCI micro-fabrication facilities.

Proof mass (PDMS)

PMN-PT layer
(b) (©)

Fig. 1. (a) A PMN-PT/PDMS cantilever prototype. (b) A schematic of a
single PMN-PT cantilever beam. (c) L-shape manipulator prototype made
of two cantilevers.

Moreover, the PMN-PT film actuator can also provide
a flexural displacement by activating both sides of the
cantilever in opposite directions. The working principle is
similar to that of a piezoelectric bimorph with two imaginary
active layers. The top and bottom IDEs are operated in
opposite modes (contraction/expansion). The resulting effect
will cause the film to bend and thus produce a flexural
motion. Fig. 2(b) shows that a 2 V (peak-to-peak) 1 Hz input
voltage signal at both IDE electrodes yields about a 2-um

flexural displacement with a small-amplitude hysteresis [11].
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Fig. 2. (a) Axial deflection under a sinusoidal input voltage. (b) Flexural

deflection under a sinusoidal input voltage.

The L-shape composite structure shown in Fig. 1(c) con-
sists of two cantilever beams. Due to the simple fabrication
of a PMN-PT cantilever beam, we use two PMN-PT can-
tilever beams to form the L-shape structure. The connection
between these two cantilevers can be considered as rigid.

Since the L-shape structure is made of two separate
cantilever beams, we control each cantilever beam using their
respective top and bottom IDEs and therefore manipulate the
motion of the structure. In the following, we first discuss the
dynamics of the single cantilever beam and then extend to
the L-shape structure.

ITI. DYNAMIC MODELING
A. Single cantilever structure

For the single cantilever PMN-PT structure, we consider
the both axial and flexural vibrational motion. We denote
the size of the PMN-PT cantilever beam as [ (length) x b
(width) x h (height). We set up the coordinate system such
that the z-axis is along the axial direction and the deflection
is within xz-plane. For the fixed inertial frame F,, the unit
vector along x, y, and z-axes are a;, aq, and ag, respectively;
see Fig. 4. We denote the axial displacement and flexural
deflection as u(z,t) and w(x,t), respectively. We obtain the
position vector r(z,t) as

0
r(z,t) = (u(x,t) — zaw) a; + w(z,t)as
ko
~ u(z,t)ay +w(z,t)as. (1)
Because deflections are small, we can drop the term Z% in

the above equation. Then the velocity is obtained as
v(z,t) = 4(z,t)a; + w(z,t)as. 2)

We consider the kinetic energy of the system

1
T:E/ mv - vdr, 3)
2 Jo

where m is the mass density per unit length. For potential
energy U, we obtain

1 /! 9w\’ ou\?
U=—- El|— FA| — d 4
2/0 (a;ﬁ) * (ax) 5 @
where FE is the Young’s modulus, I and A are the second
moment of area of the cross-section of the beam, respectively.
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We consider the forces and moments generated by the
input voltage through IDEs. Let V- and Vi be the voltages
applied on the top and bottom IDEs, respectively. Fig. 3(a)
shows the IDE-generated electric fields inside PMN-PT and
Fig. 3(b) shows the schematic of the distribution of axial
strains due to the electric field in the xz plane across
the center of the cantilever beam. We denote the distance
between IDE fingers as hp. The strains generated by V- and
Vg at the top and bottom surfaces of PMN-PT cantilever are

VT($7t)d33’ en(a.t) = VB(x7t)d33’
hF hF

where d33 is the piezoelectric constant along the 33 direction.
Since the IDEs are assumed to be perfect on the PMN-PT
surfaces, we assume that the strain distribution is continuous
along the zz cross-section (see Fig. 3(b)). We denote the
vertical distance between the bottom surface and the neutral
axis as D. Then we have

2o - ©)

D + h €T VT
thus for Vi # Vg, D = ﬁh where we drop the variable
dependencies on = and ¢ for brev1ty We can calculate the
resultant axial force F,, and moment M, around the beam
central line NN’ (Fig. 3(b)) due to the strain distribution
generated by the input voltages on both IDEs.

er(x,t) = &)

z
= e he |
+ — |
h PMN-PT

(b)

Fig. 3. (a) Electric field distribution inside PMN-PT around IDEs and (b)
axial strain distributions due to applied voltages.

Considering the strain distribution in Fig. 3(b) and using
Egs. (5) and (6), we obtain the strain at location z as

6(21) _ 4 e — Z(VT — VB)d33
D+h " hhp '

Thus, we obtain the resultant axial force F,(z,t)
D+h
Ebdssh
Fo(z,t) = / o(2)bdz = 33
D 2hp

where o(z) = FEe(z) is the axial stress at location z.
Similarly, the resultant moment M,, around the center line
NN’ is

(Vr +Vg),(7)

Ebd33h2
12hp

The virtual work done by the axial force and moment is

M, (z,t) = ——(Vp — Vp). 3)

l
5Wm:/ (F) (z,t)0u + M) (z,t)dw) dz. 9)
0
Using the extended Hamilton’s principles [15] and

Egs. (3), (4) and (9), we obtain the equations of the motion
as

2 2

({;? - EAZ— = F/(x,t), (10a)
2 1

%tQ +Elg Y = M (1), (10b)

and boundary conditions
u(0,t) =0, w(0,¢) =0, w'(0,t) =0, u'(I,t) =0, (lla)
Elw®(1,t) =0, EIw®(,t)=0, (11b)

Where we use the notation f(z,t) =
Bzv" for a function f(z,t).

Note that dynamics of the axial and flexural directions are
decoupled from each other. Therefore, we can calculate the
natural frequencies for axial and flexural motion separately.
For axial and flexural motions with the above boundary
conditions, we obtain their respective natural frequencies
as [15]

(2k—1)r | EA f B EI
2 Vmr2 ¥k T RN o
where ¢; = 1.875, co = 4.694, c3 = 7.855, etc.

Comparing wf and w,’: for the rectangular cross-section
cantilever beam with the thickness much less than the width
and length, we find that w,’: < wg. Therefore, the natural
frequencies of the beam follows closely with the flexural
motion for the first few modes.

% and fV)(x,t) =

k=12,

wy =

B. L-shape cantilever structure

Fig. 4 shows the motion schematic of the L-shape manip-
ulator. Here we assume that the motion of the manipulator
is small compared with its size. We consider an L-shape
structure that consists of two cantilever with length /; and [o,
respectively. We assume that the orientation angle between
the two beams is 90 degrees, namely, they are perpendicular
to each other. Each beam can move independently along
the axial and flexural directions. We set up the coordinate
systems as shown in Fig. 4. For the body-fixed moving frame
Fp along beam #2, the unit vectors along s, y2, and zo-axes
are by, bo, and bs, respectively. For simplicity, we assume
that beam #1 only vibrates or moves in the x7z; plane and
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Beam #1
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Y F,

Fig. 4. A kinematics schematic of the L-shape manipulator.

beam #2 only in the xz2-z2 plane. We also consider a point
mass m; that is attached at the tip of beam #2.

We denote the displacements of beam #: along the x; and
z; axes as u; and w;, © = 1,2, respectively. We also denote
the deflection angle of the tip of beam #1 as « (Fig. 1(c)),

8w1

namely, o = S ‘ . Then the coordinate transformation

Il_l

matrix Cp, from frames Fp to the fixed frame F, can be
obtained as

0 1 0
Cra = cosa 0 sina (12)
sinaa 0 —cosa

Assuming small deflections for both beams, we write the
position vectors r; and ro of the differential elements on
beams #1 and #2, respectively, as

r1 =~ ui(x,t)a; +wi(z,t)as (13)
and
ro ~ wui(ly,t)a; +wi(ly,t)as
+UQ<.’E2,t)b1 + w2($2,t)b3. (14)

We drop the terms z; gw‘ in the above equations due to

«a < 1. Using the transformation matrix C%,, we can write
Eq. (14) into frame F, as

[r1(l1,t) + wa(x2,t) sina) a; + ug(xe, t)ag +
[’Ll)l(ll,t) — (15)

For velocities, we obtain

Iro =

wa(z2,1t) cos al ag.

U1 (z1,t)ar + Wi (z1,t)as, (16)
s & Uy (l1, t)a1 + 9 (1‘2, t)ag +
[Qi}l(lh t) — ’Li)(l‘g, t)} as.
In Eq. (17), we drop the nonlinear terms (e.g. awy) again
due to a small «.

We consider the kinetic energy of the system

Vl(xl,t) =
vo(xo,t) =
(17)

T=T+T,+1T;, (18)

where T; = %fol mivy - vidr;, ¢ = 1,2, and T} =
%mth(Zg,t) - va(la,t). In the above equations, m; is the
mass per unit length for beam #:i. For potential energy V,

we obtain
6 w; 8ui 2
E;I; E;A; | — dx;,
<a > " <6mi> ] !

)

where FE; is the Young’s modulus, I; and A; are the second
area moment of inertia and area for the cross-section of
beam #i, respectively. For the non-conservative work done by
the forces and moments due to the input controlled voltage
through the IDEs, we follow a similar calculation to that of
the single cantilever beam case and obtain

SWhe = Z/ v (@i, t)0u; + M) (@, t)0w;) da;,

where F;(x;,t) and M,;(x;,t) are the resultants force
and moments for the ith beam at location z; and time ¢,
respectively.

Using the extended Hamilton’s principles, we can derive
the dynamic equations for the manipulator as follows.

32’&1 32u1
my 912 144 [“)x% = Fy/m (19a)
82’101 84w1 ’
gt Bl = M, (19b)
82u2 82u2
ma 12 E2A2Tx% = Fyllza (19¢)
. 0w O*w
mo |:’LU1(11, ) 8t22:| EQIQ p) %2 = M;LIQ (19(1)
and boundary conditions
wi(0,4) = 0, wi(0,¢) =0, w,(0,t) =0,
W (0,8) =0, us(0,) =0, wa(0,t) =0, (20a)
uQ(O t)_o wQ(O t)_o Y,U (l17 ): )
wy(lz,t) =0, (20b)
2
mgﬁl(ll, t)d.]?g + mtih(ll, t) + E1A1u’1 (ll, Tf) =0,
0
(20¢)
12
mo [U)l (ll, t) — ’wg] dl’g —+ my [1'[)1(11,1?) — 'lI)Q(lQ, t)]
0
— BLw® (i, 1) =0, (20d)
myiia(lz,t) + B2 Aguy(ly, 1) =0, (20e)
mye [’lDl(ll, t) - ’ng(lg, t)] + EQIQ’U} (12, ) 0. (20f)

To compute the natural frequencies of the L-shape struc-
ture, we first define the following non-dimensional vari-
ables [14].

i l
R T A
i mi mily 1
m;l2w? m;ltw?
A= i D N — j=1,2. 21
ur EZAZ ) w1 Ezlz ) 1 ) ( )
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Assuming a separable solution wu;(x;,t) = [;U;(()ed™?,
wi(wi, t) = LW(¢)e?™t, i = 1,2, then Egs. (19) become

U/ +X2,U; =0, (22a)
Wi =L =0, (22b)
1
Wi A, (Wg - LW1(1)> = 0. (22¢)
And boundary conditions (20) become
U1(0) =0, Wi(0) =0, Wi(0) =0,
W(0) =0, Uy(0) =0, (23a)
W5(0) =0, UL(0)=0, U,0) =0,
Wi'(1) =0, W3(1)=0, (23b)
Ul — A2 (ML + M;)Uy (1) =0, (23¢)
1
ML, ) - (@) déa+
0
N M Wi (1) — LW (D] + WP (1) =0, (23d)
M,
U3(1) = 577 U2(1) =0, (23e)
M,
A;*UQM—I; Wi(1) — LW (1) - WP (1) =0. (230

Since the motion equations in the axial and flexural
directions are decoupled, we consider one direction at a time
and then compare the calculated natural frequencies etc. like
in the single cantilever beam case. The general solutions
for (22b) and (22c) are, respectively,

W1(<1) = Bl Sin(Awlcl) =+ B2 COS(AuﬂCl) +
Bs Sinh()\wIC1) + By COSh(/\wlcl),
Wa(G2) = Cysin(Aw2l2) + Cacos(Aw2l2) +

1
Cssinh(Ayala) + Cy cosh(Ay22) + Ewl(l)v

where B; and C;, i = 1,2, 3, 4, are coefficients to be deter-
mined by the boundary conditions. We define the coefficient
vector q = [B; By C; Oy C4)T € R®. Using boundary
conditions (23b), (23c), (23d), and (23f), we obtain the
following matrix equations for q.

Aq=0, (24)
where A € R%* is given as
Ann An 0 0 0
A1 Az 0 L L
A=10 0 Says +Shag, Cago —Chag. |, (25)
Ay Agp Aus Agg Ags
0 0 A53 A54 A55
where we denote sy,, = sin(Awi), cr,; = €08(Awi),

shy,,; = sinh(Ayi), chy,, = cosh(Ay;), ¢ = 1,2, and
A11 = SAuw1 + Sh)\

A21 = S)\wl — Sh,\

wi

wl?

A1z = ¢y, +chy
Ao =cy,, — chy

wl?

wl? wl)?

Ay = Crpr T Ch)\wlv Age = — (8)\11)1 - Sh)\wl) ’
ML)\,
Ays = Aw2 - (2 — Cay2z — Chsz) + Aw1 M (S)‘w27
Aw
sha,,), A= ]\4132)\715,\“Z + Aw1 Miex,s
w2

AUJ
Ays = ML2A—15hW + Aw1 Mychy
2

w

w2

Awa M,
Asz = |—(cxy, + Cha,,) + A;Lt (Sxua — Shaua) | »
A ;QMt /\u2Mt
Agy = SApe T Q;WL Chpas Ass = Sh}w2 + }WL Ch)\wz.

To have non-trivial solutions, we have det A = 0 and the
natural frequencies need to satisfy

— 2M L*Ay2Fcg1Fego + 2M LA, Fog1 Feg1 +

2M N1 N2 (M — M) (Sw2 — 8hwa)Cuw2ChwsFesi+
IM? L3N 1 Fes1 Fera + ML yi Ao (M + M)

(Cwa 4 Chuwa)Fest + 2M M L* M1 Ao [2Cuw2chua—

(cw2 + chw2)|Fest + MLy A2 (M — M) [(cw2—
chw2)Sw2shws — (Cw2 + Chwg)cwgchwg]chl =0, (26)

where

Fcfi =1+ CwiChwi7 chi = SwiChwi - CwiShwi7

Fcri = swiChwi + CwiShwi- (27)

In the single beam natural frequencies equations given
in (27), the subscripts “c”, “f”, “s”, and “r” represent
clamped, free, supported, and roller ends [13], respectively.

IV. EXPERIMENTAL RESULTS

We fabricated and tested a PMN-PT based single can-
tilever (Fig. 1(a)) and an L-shape manipulator with IDEs
(Fig. 1(c)) using the SDSU and UCI micro-fabrication fa-
cilities. Experimental results for the single cantilever and L-
shape manipulator are shown in Fig. 5.

Fig. 5(a) shows the tip displacement response of a single
cantilever beam with a tip proof mass under a step exci-
tation (magnitude of 24 ym) at the base. Fig. 5(b) shows
the frequency response of the L-shape structure. We carry
out numerical computations for the natural frequencies and
mode shapes for the L-shape structure using a finite element
analysis (FEA) method. We list the comparison results in
Table I for the first three natural frequencies.

For the L-shape manipulator, we use the same geometry
cantilever beams. No proof mass has been mounted on the
tip. Therefore, we have

Mt:O, L:L M:L /\wlz)\wQZIA

and the natural frequency by (26) becomes
—3 — 8cos(\) cosh A — cos(2X) — cosh(2)) —

3 cosh(2)) cos(2X) = 0. (28)
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Fig. 5. (a) The tip displacement of a cantilever beam/mass system under
a step input at the base. (b) Frequency response (magnitude) plot for the
L-shape manipulator prototype.

TABLE I
COMPARISONS OF FIRST THREE NATURAL FREQUENCIES (IN HZ)

Modes Ist 2nd 3rd
Analytical 191 665 2155
FEA 195 636 2136
Experiments 210 560 2290

Solving the above equation numerically gives

A1 =1.2165, Ag =2.2686, X3 =4.0832, ---.

The natural frequencies (in Hz) given by the flexural motion

are then
1 /n\? JEI
T = 5_\ 7 ) -:172a"'7
“ 27r(l> m "

where | ;=1 =I5, F := F1 = E5, and m := m1 = ms.
For the prototype shown in Fig. 2(b), [ = 12 mm, b = 1.5
mm, h = 120 um, E = 105 GPa, p = 7900 kg/m3. The first
three natural frequencies are then

w1 =191 Hz, ws =665Hz, w3 = 2155 Hz.

For the L-shape structure, the analysis matches very well
with the FEA results. We find that the natural frequencies
of the first three modes (in Table I) match our analysis

and FEA results. As shown in Fig. 5(b), we also observe
a 60 Hz disturbance, which partially obscures the first mode
in the experiments. We are currently investigating these
experimental issues.

V. CONCLUSION

A modeling analysis of an L-shape manipulator using
PMN-PT ferroelectric material and IDE electrodes is pre-
sented. The end effector of the L-shape design is capable
of motion in multiple degrees of freedom (MDOF). The
capability for MDOF motion is due to the IDE layout
on the top and bottom surfaces of the structure as well
as the properties of the PMN-PT material itself. We built
a mathematical model to capture the dynamics between
the input voltages and the deflections of the manipulator.
We calculated and compared the natural frequencies of the
manipulator prototype with FEA and experimental results,
and found that they are consistent. The modeling scheme
provides a mathematical foundation for manipulator control.
Development and implementation of model-based manipula-
tor control systems are currently ongoing research.
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