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Abstract: In this paper, a constrained distributed parameter port-Hamiltonian model of
the ionic polymer metal composite actuator is proposed. This model describes the multiscale
structure of the system. Submodels are coupled by boundary multi-scale elements. In order to
preserve the causality of the system, Lagrangian multipliers are introduced to deal with the
coupling between the electro-stress diffusion in the polymer and the flexible beam structure
of the actuator. Finally, a structure-preserving discretization scheme and some appropriate
projections are used to derive an explicit model suitable for simulation. The accuracy of the

model is verified using experimental data.
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1. INTRODUCTION

Tonic polymer metal composites (IPMCs) are electro-
active systems that can be used either as an actuator or
a sensor. Among the diversity of electro-active materials
such as piezoelectric materials, magnetostrictive materials
etc., IPMCs are more and more used in different applica-
tion fields, e.g biomedical applications, bio-manipulation
and micro- or macro-electromechanical systems (Shahin-
poor, 2016) due to their low-cost voltage, large deforma-
tion, wide working frequency ranges and their capability
of working in aqueous environments. IPMCs consist of
a double electrode layer filled with a polyelectrolyte gel.
Cations and solvent molecules migrate toward the cath-
ode when a difference in the electric potential is imposed
across the two terminals of its double electrode layer. As a
consequence, the cathode side swells while the anode side
shrinks, entailing a bending effect to the anode side (Park
et al., 2010). Based on its physical structure and working
principle, various models for IPMCs have been proposed
in the literature, going from the black box model (Xiao
and Bhattacharya, 2001) to models using more physical
insight (Shahinpoor, 2016; Branco et al., 2012).

A powerful tool for the modeling and control of complex
multi-physical nonlinear systems, called port-Hamiltonian
approach, has been introduced and developed in the last
decade (Maschke and van der Schaft, 1992).

The first port-Hamiltonian modeling of IPMC actua-
tors has been proposed in (Nishida et al., 2011). This
model consists in three sub-components which are multi-
scale, and are all described by distributed parameter sys-
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tems interconnected each other using boundary multi-
scale (BMS) coupling elements. By considering the out-
domain variables as uniform (Nishida et al., 2011), the
BMS works as a differential gyrator, which lets the out-
domain variables be multiplied by a characteristic func-
tion, meanwhile, makes the in-domain variables be inte-
grated spatially. However, there exists a conflict of causal-
ity due to the coupling of the mechanical properties of
the gel and the mechanical structure (passive moment
coupling of equation (54) in (Nishida et al., 2011)). To
deal with this conflict, we consider a multiscale model
including Lagrange multiplier to account for these me-
chanical constraints, and numerically simulate the model
more precisely, which includes all coupling relations. The
resulting system of differential algebraic equation (DAE) is
reduced to an ordinary differential equation (ODE) using
coordinates projection.

The present paper is organized as follows. In Section 2
is given the constrained port Hamiltonian model of the
multiscale IPMC. In Section 3, a finite difference method
on staggered grids is applied to discretize the system and
the final model is reduced by using coordinates projection.
Numerical simulation and conclusions are given in Section
4 and 5, respectively.

2. MODELING OF IPMC

The IPMC under investigation (cf. Fig. 1) is of length L,
width b and thickness h. It consists of three sub-systems
at different scales as shown in Fig. 1.

First, an electrical model, which is at a scale of nanometer,
is used to represent the fractal-like structure of the double
electrical layers. The dynamics of the polyelectolyte gel,
at a scale of 100 wm, is described by an electro-stress
diffusion coupling model. At last, the global mechanical
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Fig. 1. IPMC structure and shape (Shahinpoor, 2016).

deformation of IPMC is described by the Timoshenko
beam model, whose scale is centimeter. Both the electrical
system and the electro-stress diffusion system are modeled
locally, whereas the mechanical beam system is modeled
globally. In this section, we present each sub-system and
their coupling through boundary or in domain multiscale
elements.

2.1 FElectrical system

The two electrodes of Fig. 1 are modeled by the distributed
RC circuit. The voltage V is supposed to be uniformly
distributed on the double layers electrodes.
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Fig. 2. Infinite dimension electrical system.

With the idea of (Nishida et al., 2008), (Nishida et al.,
2011), each fractal-like structure (see the red circle in
Fig. 1) is referenced as { in a virtual coordinate. Lg
denotes the length of each fractal-like structure, R; is the
resistance between two adjacent branches of fractal-like
structure, and R, and C5 are the resistive and capacitive
impedance of each branch, respectively (Bao et al., 2002).
Each fractal-like structure is connected to the electro-
active gel through its boundary at £ = 0.

The continuity equation and the Kirchhoff’s current law

(KCL) yield:

QD) _ dile,) "
ot o¢
where Q(&,t) is the charge density of each capacitor.

By applying the Kirchoff’s voltage law (KVL), one gets :
ov(&,t .
Y 4 Rigiet) =0 2)
o€
Let v(0,t) =V +V,, and i(0,t) = I, where V. corresponds
to the voltage coming from the gel. By defining (Nishida
et al., 2008):

1(6:0) = (6 8) = 2+ ol TR,
6.0 = O/ () Ra00E, /00,
fe =~ 2480,
en(6,0) = — 11 (6,0)/ R (6),

and combining equation (2), equation (1) can be written
on the form !

(1) = (%) ()

<m§:<<mmm@mT>:<w+mqwov_
eog (—er1(0) ena(Le))” (—1 e (Le))"
(3)

Assuming that the impedances are infinite, the current
at the endpoint of each fractal structure is zero, namely
i(Le, t) = ey1(Le) = 0 (Nishida et al., 2011).

2.2 Electro-stress diffusion system

An electro-stress diffusion coupling model is considered to
describe the swelling and shrinking dynamics in the gel
(Nishida et al., 2011). Compared to the diffusion in the
liquid phase of the gel, the deformation of the solid phase
is so fast that it is considered as quasi-static. Consequently,
the mechanical dynamics of the gel is not represented
explicitly, and the radius of curvature of the gel is derived
from the rotational angle of the beam, leading to an
algebraic constraint.

Deformation of the solid phase  This deformation is as-
sumed to be symmetric. The schematic is shown in Fig. 3.
The radius of curvature R(z,t) fluctuates along the z-axis,
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Fig. 3. Deformation of gel in one dimension.

but is assumed to be locally homogeneous (Nishida et al.,
2008), i.e. OR(x,t)/0x = 0 always holds in each z domain.
The displacement of each volume point projected in Carte-
sian coordinate is given by:
(1) z z
Uy = Uy (2,1), Up = =———T, Uy = ———.

R "™~ Ry @
The swelling ratio fs1(z,x,t) of the solid part is defined as
the divergence of the displacement tensor:

fsl(zamvt) =V-u= |:é% (9%/ %} [ux Uy UZ]T
2z ou, (5)
= —_— + .
R(z,t) 0z
According to the hypothesis of symmetric deformation,

the linear formulation about the stress tensor and the
displacement is expressed as:

Ouy, aul 8uj 3uk
_KZ 5U+G 7_72395,{

where K and G are the bulk modulus and the shear
modulus of the gel, respectively, and d;; is the Dirichlet

function. The stresses are average variables in the IPMC.
Further informations on different stresses of IPMC model

1 For the purpose of simplicity, 9/9¢ is denoted as O¢ and the symbol
t is omitted in the following context.



Ning Liu et al. / IFAC PapersOnLine 52-15 (2019) 495-500 497

are available in (Zhu et al., 2012).
As a result, equation (4) and (6) yield the following
expression:

2 2G
Owa(z,2,t) = (K - 3G) fs1(z,x,t) + Rz t)Z’

4 4G7 (7)
0.:(z,2,t) = <K + 3G> fs1(z, 2, t) — mz

Dynamics of the liquid phase Two coupled phenomena
can be distinguished in the liquid phase: electro-osmosis,
and water transport. These coupled phenomena were for-
mulated in the work of (De Gennes et al., 2000), covering
the transport of ions and the solvent:

je = 70—6V1/} - Avp? (8)
Js = —kVp — AV,

where j. and js represent the electric current density and
the water flux density, respectively. o, is the conductance,
A stands for the Onsager’s coupling constant, k& denotes
the Darcy’s permeability, 1 is the electric field, and p
represents the water pressure in the network (De Gennes
et al., 2000).

It is supposed that the liquid goes only in the z direction,
so Vp = Op/0z is the mechanical force. The bulk region
of the gel satisfies the charge neutrality condition, namely
Vje = 0. The incompressibility of poly-electrolyte gel is
also assumed in this work (Yamaue et al., 2005), i.e.:

AG
Rz, )

Thus, the gradient of pressure can be calculated as:

_Op _ 4 )\ Ofa(za,t) 4G
Vp=5- = (K+ 3G> i~ s

So equation (8) can be rewritten as:

P=0zz= <K + §G> fsl(zvxat) - (9)

(10)

. A A2
Js(zaxat) = ;Je + (O’ - k) VP
Ofs1(z,x,t) A
=D 7 1,5 (t 1,P(x,t
2 + Za_e.]l( )+ 4 (‘Ta )a

(11)
with

oo (b2 (0 20 - (- ) 20
(12)

where 17 stands for the characteristics function of domain
z. It distributes the boundary values A\/o.j.(t) and ®(z,t)
as uniform constants into z domain.
In the liquid phase, a swelling ratio fso is also introduced.
It follows the conservation law that:

Ofsa(z,2,t) _8js(z, x,t)
ot N 0z
This equation can then be reformulated in the PHS frame-

work as:
0 02 fsQ

. (13)

Y (-4
fr2 a %

The effort and the boundary variables are:

Oz
€2 fs2 faz _DI% (%
o — —Dl% ) €52 - _fs2 (_%)
fs2 (%)

(15)
Since the solid and liquid phases are strongly mixed with
each other, we have f;1 = fs2 = fs.
As hinted by equation (15), 1z\/ccje(t) and 17®(z,t)
do not appear explicitly in the dynamics, while they
play a role of input in order to match the impermeable
assumption js(+h/2,t) = 0.

Bending moments generated in the gel  According to
(Nishida et al., 2008), the stress o, can be divided into
two parts: the active one o, = (K—2/3G) fs(z, x, t) related
to the active swelling of the gel, and its passive counterpart
op = 2G/R(z,t)z corresponding to the storing energy.
The active stress can generate an active moment M, :

h
2 2
M, (x,t) :/ oa(z, 2, t)bzdz = B, fs(z,x,t)dz,
h
-2

_h
2
(16)
with B,(z) = (K — 2/3G)bz.
Besides, the passive moment M,, comes from the passive
stress oy:

=

2 Gbh3
Mp(.’f,t) = /_}27 Up(Z,$7t)bZdZ = m
Regarding to the mechanical model along x-axis, the
curvature 1/R is related to the angular strain 00/0z of
the IPMC via the geometric relationship:

1 00

R@.) ox

At the initial phase of actuation, the active moment M,
is much larger than the passive moment M, as evident
from the phenomenon of quick bending of IPMC. As the

curvature increases gradually, M, is getting larger than
M,, which makes the IPMC to bend back slowly.

(17)

—0. (18)

Coupling with the electrical system  In light of equa-
tion (11), the interconnection between the electro-stress
diffusion system and the electrical system is through
boundary variables as 1zA/0cje(t), Ofs/0z and I, V. j.
can be related to I by:

Jelt) = 5100,

Given that the two pairs of energy variables 1zA/o.je(t),
0fs/0z and I, V. are of different scales and are defined
in domains z and & respectively, a coupling element BMS
is proposed to realize the interconnection (Nishida et al.,
2011), as represented in Fig. 4.

By crossing the BMS, A/o.j.(t) is multiplied by the
characteristic function 1z, which signifies an integration
in domain z. fs|s, denotes the space integration of dfs/9z
with fsla. = fs(h/2,t) — fs(—=h/2,t). Based on the power
conservation law, fq|s, is transformed into voltage V.(t)
via the gyrator GY:

Vilt) = = 25 0o = - 25 (1) — 1= 5.0)

ob
(20)

(19)
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Fig. 4. Bond graph of the coupling between the domain z
and &.

Coupling with the mechanical system At the macro-
scale, the electro-stress diffusion model connects with the
mechanical model through two bending moments, M, and
M, and the angular velocity 06(z,t)/0t.

2.2.5.1. Coupling through the active moment In view of
the power conservation, an additional term is added into
equation (13) to match the output of active moment:

Ofs(z,z,t) _ ~ 0js(z, 1) . 1ZBG89(33,t)
ot 0z ot
The latter term can be regarded as a diffusion term of
the mass conservation, since the gel consists of multiple
molecules.
The bond graph of this interconnection is similar to the
one in Fig. 4.

(21)

2.2.5.2. Coupling through the passive moment  As for the
coupling via the passive moment M)y, it is supposed to
make the connection with ®(t), since both the gel model
and the beam model have the same curvature, 1/R(t) and
06/0x. Because ® is a flow source for this electro-stress
diffusion system and M, is the output of this system, a
Lagrangian multiplier Ar, is proposed here to deal with
the causality, as shown in Fig. 5. where A = B, with

Q 1725c(t)| 8fs
dz ’ 9z
/. 3
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Fig. 5. Bond graph of the coupling through M,, M, and

06 /0t.
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The relations between ® and My, and f;|s, and 06/0t are
expressed as follows:

My(z,t) = ®(x,t)B,,
00(x,t)

o _1[1‘8(9«“75) fs(—hxtﬂ (22)

With the Lagrangian Ay, = ®, equation (22) is rewritten

(5.)0 = (%) - (i)

fslo- (23)
(1 By) <—809> = fslo- — B @207

ot P at

which reveals that the arrow of the Lagrangian multiplier
in the bond graph Fig. 5 is an effort source with zero
flow. This ensures the power conservation. Accordingly,
equation (15) changes to:

(5)-( ) () (75
(b) - (P CA) P ),

2.8 Mechanical system

(24)

The mechanical deformation of IPMC can be represented
by a classic Timoshenko beam with x € [0, L]. The dy-
namics equation is reformulated under port Hamiltonian

framework as (Villegas, 2007):

x3(x,t) 0 0 0 —1 e3(z,t) 0
0 | za(z,t) 9 0 0 O e4(z,t) 0 M
at \zs(z,t)] — |0 0 0 &, es(z,t) 1o ewts
z6(x,t) 1 0 9z O es(x,t) 1
(25)
where z3(x,t) = dpw(z,t) — 0(x,t),
zq(x,t) = pA( VOww(,t), x5(x,t) = 0,0(x,t),x6(x, 1) =
pl(2)0:0(x,t), e = GA(x x3(x,t), eq = pAl(z)m(x t),

es = EI(x)zs(x,t), e pl(m) xe(x,t).
The distributed bending moment comes from the electro-
stress diffusion system, and reads:

Mgy = M, + M,
2005),

(26)

According to (Le Gorrec et al., the boundary

variables are calculated as:

for\ _ [ (ea(0) es(L) es(0) es(L))"
(6&) - ((—63(0) eq(L) —e5(0) eg(L))T> ' (27)

2.4 Global system

The above three subsystems can be connected to a global
system, which is expressed as:

A 08 0 0000 0 e
fr % 0 0 0 0 0 0 0 ert
fo 00 00,0 0 0 —1zBa es
Fra 000, 0000 0 era
511 00 0 000 0 -1 ey | TAV
fa 00 0 0800 0 s
fs 00 0000O0O0 & es
fo 0 0int 0 1 08, 0 e6
— —
7 7 M

(28)
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where int = [, Bq(-)dz, A1 = (00 —(9:12) 000 0 B,)",

with h h
Ale = ey <2) —eg (2) — Bpes = 0. (29)

Note that the operator 0,17 equals to zeros when multi-
plied by a variable outside the z domain (e.g. Ar), while
equals to the difference at the boundary when multi-
plied by a variable belongs to its domain (e.g. 0.1zes =
—ea(h/2) + ex(—h/2)).

Suppose the parameters Cy, K, A, p, E, and I are homo-
geneous, the Hamiltonian of this system is:

H(t) = %/m Egzdgdz+;/z/zf§dzdx

w5 [ (amster + 255+ prasey + 200
) (30)

3. DISCRETIZATION AND MODEL REDUCTION

In order to preserve the geometric structure of the overall
PHS, the finite difference method on staggered grids
(Trenchant et al., 2018) is employed to discretize each
scale of the distributed parameter model of the system.
The principle of this method is to approximate effort and
flow variables on different grids in order to preserve the
power balances. A particular care has to be paid on the
boundary conditions and to interconnexions between two
different scales. In a second instance a projection is used
in order to get rid of the Lagrangian multipliers.

3.1 Multiscale discretization

Considering the fact that we have a multi-scale model,
& and z are local coordinates while x is the global co-
ordinate, which leads to the assumption that for each
point in z, there is one corresponding & and z. Hence,
there will be N, (= N¢ X N) elements for the electrical
system, Ny (= N, x Np) ones for the electro-stress diffu-
sion system, and N, elements for the mechanical system.
For a sake of conciseness the discretization method is not
detailed here. It yields the final dimensional model below:

Zig4 MDT P 0O 0 0 0 e1q
T2q P P 0 0 0 Dagg €aqd
E3q | _ 0 o o -bDf o -DE e3q
:'E4d o 0 0 D6 0 0 0 €4d
L5q 0 0o o o o0 -Df esd
Ted 0 D26 Dgs 0 Dg 0 e6d
~—— ———
zq Jr eq
— M 0
My (DT LraM - I) g21 + g22
0 0
+ 0 Vv + 0 >‘Ld7
0 0
0 diag(Bp)
B ge
(31)
and the constraint equation
T
9o €a = 0. (32)
1,1 Ne, N\ T 1,1 N.,N\T
Wherel’ld:(Q’ - QNe b) ,932d:(fs’ R 7b) ,
N\ T NAT
T3d = (m§x3b) » Tad = (»"U};"'%b) y Tod =

499

(21 - xé\’b)T, z6a = (2§ - xévb)T, ea = Lqra, Lq =

blockdiag (1/C2,1,GA,1/(pA), EI,1/(pI)) of proper di-
mension, L1 = diag(—1/R1), Lyo = diag(—Rs2), Ly3 =
diag(—D'), M1 = 27(g21 + g22)9" Ln, M2 = (T +
D1L1 DY Ly3) ' DLy, Pr = ﬁMzg?

Py = DI L;3Dy— 2 My (DT LyaMs + T)g(gar + g2)7
Py = M\DY(T — L.oMyDT). D; with i € {1,26,6,63)
and g with k € {21,22} are matrices depending on the
discretization steps and systems parameters.

8.2 Elimination of Lagrangian multipliers

In this section the DAE (31) together with (32) will be
reduced to an ODE, in order to perform the simulation and
apply control strategies afterwards. The proposed method
is based on the idea of coordinate projection as in (Wu
et al., 2014). Given

S
M = _ ,
((gcT g9e) " tgt >
where S satisfies: S - g. = 0.
Now define X1 = (214 ¥2q T34 T4da xsd)T, X2 = T6d,

(X1 %) = M (X1 X7,
T
B = (_MzT (My(DTLysMy — )" 00 0) and By =

0. Equation (31) is multiplied by the matrix M, and
becomes:

XY 2 Mg M Trgmt (A1) 4 (MBl) v+ (0) ALa
X5 —_————— Xo 0 I
J L

T d
(33)
Meanwhile, equation (32) can be rewritten as:
g MT Ly <)~(1> =0 (39)
—— X2

c

It is implied from equation (33) that X; does not depend
on ALg. Hence the second line of equation (33) is substi-
tuted by equation (34), reforming a descriptor system as
follows:

10 )Lﬁ (T Jie Lai1 Laie X M By

(0 0) (Xz) B ( Je ) (-Z/d21 £d22> <X2> +( 0 )V
(35)

4. SIMULATION

In this section, the proposed model will be verified by com-
paring the simulation with the experimental results. The
simulation carries out with an IPMC actuator of dimension
45mm (in length)x5mm (in width)x0.2mm (in height),
which contains the tetraethyl-ammonium ion TEA™T, and
whose total resistance and capacitance equal to 23.6178 €2
and 0.0635 F, respectively. Mechanical parameters of this
IPMC are illustrated in table 1. With a voltage 1V applied,
the deformation of the endpoint of the IPMC strip and the
output current are shown in Fig. 6. From Fig. 6, one can
observe the simulation reproduces the same behaviors of
the experimental results.

5. CONCLUSION

In this article, a detailed IPMC model is characterized
under the port-Hamiltonian framework, and its dynamic
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Table 1. Parameters values

Par. Value Unit Par. Value Unit

ol 1.633 x 10° kg/m3 Y 16.6 x 1077 m2/(Vs)
E2 | 9x107 Pa oe 3.274 x 1073 1/(22m)
v 3 0.3 1 D’ 1.375 x 10711 | m?/s

k 8.53 x 107 | m3s/kg

! Material density.

2 Young’s modulus.

3 Poisson ratio.

[

Time (seconds) Time (soconds)

Fig. 6. Displacement of the endpoint of the IPMC and
current.

performance is investigated numerically. The Lagrangian
multiplier method is used to model the geometric con-
straints between the gel and the beam. The global system
forms a stokes-Dirac structure, that guarantees the energy
preservation. This system is later discretized by means of
the finite difference method on staggered grids. Thus, the
model can be reduced into a descriptor port-Hamiltonian
form with the elimination of the Lagrangian multiplier.
Finally, the proposed model has been validated by the
experimental measurements. The ongoing work is to deal
with the modeling of the 2-D tubular IPMC actuator. Also,
the passivity based control design for the IPMC actuator
would be investigated under the port-Hamiltonian frame-
work in the future.
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