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Abstract

Tonic polymer metal composite (IPMC) actua-
tors have promising applications in robotics and
medicine in a not distance future, which will re-
quire a big knowledge in different fields, such
as, manufacturing, material characterization and
control theory. In this paper, frequency response
of several IPMC actuators, cut from the same
bulk IPMC' sheet with a micro laser etching ma-
chine, is analyzed. Specifically, the objective is to
1) characterize each actuator, i.e., determine how
cutting affects to the parameters of the physical
model of this kind of actuators, and 2) identify a
model for each actuator for control purposes. The
frequency responses have been obtained experimen-
tally in LabVIEW by attaching a couple of gold
electrodes to each IPMC unit and measuring the
tip deflection by means of a laser distance meter.

Keywords: IPMC, actuator, characterization,
model, identification, control, MATLAB.

1 INTRODUCTION

Within a large number of current applications,
ionic polymer metal composite (IPMC) has
started a new revolution in soft robotics, with par-
ticular attention of micro-swimming robots and
soft artificial muscles for medical uses [9].

However, working with such materials involves a
great number of challenges, beginning from fabri-
cation techniques, behaviour characterization, and
performance in control applications. Actually, up
to now, there are not many applications of this
material in microsystems, mostly due to a lack
of production standards. Likewise, only a few of
methods can be found in the specialized litera-
ture for manufacturing. For example, an arbitrar-
ily shaped IPMC bulk-machining method is pro-
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posed in [2, 3], using MEMS technology [11] or
moulding and integrating IPMC actuators into a
soft silicone tube [5]. The most common method
used currently for macro applications is the cla-
ssical chemical and subsequent mechanical cutting
method to fabricate and split an IPMC bulk sheet.
Another concern is the appearance of disturbances
depending on the manufacturing process or the
technology properties, which could generate addi-
tional strains in the material, as well as breaks in
the electrodes after a prolonged actuation period.

With respect to physical models, they starts from
the Poisson, Nerst-Planck equations (PNP) to the
Laplace domain for the time variable, in order
to obtain an actuation and an impedance model
which consider that induced stress is proportional
to charge density [6, 8]. More details about the
physics-based model can be consulted in [1]. For
example, a parameter estimation is reported in [4]
in order to understand how every physical param-
eter affects to the performance.

Given this context, several bulk IPMC sheets have
been manufactured using Na® counteriones in or-
der to balance the electric charge of the anions
attached to the ionomer. A micro laser etching
machine have been used to cut one of the bulk
sheets into smaller actuators. It should be said
this method was chosen for being the fastest and
most careful and available process in a short-term
period.

The objective of this paper is twofold: from the
frequency response of the above-mentioned IPMC
actuators, 1) estimate the parameters of the phy-
sical model of each actuator, i.e., characterize each
actuator in order to determine how cutting affects
to the physical parameters of the model, and 2)
identify a model for the IPMC for control pur-
poses. To obtain the frequency responses experi-
mentally, the procedure reported in [10] was fol-
lowed: an IPMC unit was attached to a couple



of gold electrodes, and the tip deflection was mea-
sured by means of a laser distance meter. It should
be remarked that the final objective of this work
is the construction of a flexible microrobot based
on this technology to be able to swim in a fluid
with similar properties of human blood.

The remainder of this paper is organized as fol-
lows. Section 2 provides more details of IPMC
actuators concerning technology and physical mo-
dels. Section 3 describes the experiments carried
out to obtain the frequency responses of the actu-
ators. Physics characterization and system iden-
tification for control applications are addressed in
Sections 4 and 5, respectively. Section 6 draws the
main conclusions of this paper and future work.

2 IPMC ACTUATORS

This section briefly reviews the current state-of-
the art of IPMC manufacturing technology and
physics-based models, namely, impedance and ac-
tuation models.

2.1 TECHNOLOGY DESCRIPTION

IPMC units are usually manufactured using
Nafion, a thin ion-exchange layer based on a per-
fluorinated ionomer membrane in a hydrated state
with water as solvent, plated with platinum and
establishing a couple of electrodes on both sur-
faces. The ion-exchange layer is neutralized with
Na™ counteriones in order to balance the electric
charge of the anions attached to the ionomer.

Likewise, IPMC units can be also manufactured
using different types of ionomer membranes, like
Flemion, and using different types of counteri-
ones, like Lit, RbT, K+, Cs™, Tit, Ba™, with
water, ethylene glycol, or glycerol as solvent, and
other organic cations for dry IPMC actuators like
TBAT and TMA™'. When a positive voltage is
applied in one of the electrodes, an ion migration
is produced, moving the hydrated cations and wa-
ter molecules inside the polymer towards to the
opposite surface, as can be seen in Figure 1. This
motion will increase the gradient concentration,
producing electrostatic and osmotic forces inside
the polymer, and forcing the bending as result.

2.2 PHYSICS BASED MODELS

An impedance and actuation IPMC model are ob-
tained following [1], solving the governing par-
tial differential equation (PDE) in the Laplace do-
main, and assuming that the induced stress in pro-
portional to the charge density. As commented,
both models are useful for design and material
characterization, and as showed later, it will al-
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hydrated cations

~L _ polymer backbone

®

Figure 1: Ion motion when a potential difference
is applied. Internal forces are generated inside the
polymer, forcing the bending.

low to understand how parameters affect to the
performance and compare with black-box models.
The electrode surface resistance has been included
in the model through a lumped electrical model.

2.2.1 Governing equations

It is a must to start showing the basic electrostatic
equations:

E=—-V¢

D:HeE (1)
oD

o = F(CT-C7)

where ¢, D, E, k., F', C*, and C~ are the electric
potential field in the polymer, electric displace-
ment, electric field, electric permittivity, Fara-
day’s number, and the cation and anion concen-
tration, respectively. The ion-exchange dynamic
can be described using continuity equation:

+
gy o7

v ot

2)

where J is the ion flux vector inside the polymer
and V - J is the divergence. The ion flux J is
described as:

CTAV
RT

C™F
_ + .=
J d(VC + BT Vo +

VP) +Cto

3)
where d is the ion diffusivity, R is the gas constant,
T is the absolute temperature, P is the pressure,
and AV is the volumetric change. Combining (1)—

(3) and neglecting small terms, a PDE for charge
density p(z, z,t) is obtained:

F2dC-
ke RT

dp 0?p

(1-C AV)p=0 (4)

Reference axis is defined in the central polymer
backbone, being h the distance between the back-
bone and the electrode layer as shown in Figure
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Figure 2: Geometrical definition. Imaged ex-

tracted from [1].

2. It is assumed that the induced stress is propor-
tional to charge density [7]:

(5)

using Laplace transform for p(z, 2, t), the original
PDE (4) becomes into an ODE as shown next:

g = Qpp

9%p
where K = 1‘; i‘f; . A symmetrical charge distri-

bution is assumed around x = 0, thus a solution
for the charge density can be obtained as:

p(x, 2,5) = 2¢2(z, s) sinh(B(s)x) (7)

stK " and ¢, is a generic function

d
which depends on the boundary conditions.

where § =

2.2.2 Impedance model

IPMC actuators can be split in several electrical
units. Figure 3 shows an electrical lumped model,
where expressions relating current and electric po-
tential are given by

Opr 7.
5, — Tyis(as) (8)
is(z,s)

ER (9)

where ¢, i, and ¢, denote the surface current
on the electrodes, the distributed current through
the polymer due to ion motion and the leak-
ing current, respectively. Surface resistance ap-
pears due to the platinum electrodes, generating
a drop voltage along z and x axes. Resistances
ry =11 /W, rg = ry/W and R, = R),/W repre-
sent the impedances for one electrical unit, being
r} and r4 the resistance per unit length Q-m in the
electrodes for z and x axes, and R; representing
the polymer resistance per unit length.

= —(ip(2,8) + ir(2,9))

Total current can be expressed as I(s) = (0, s),
therefore, and using an expression for the electric
potential regarding the applied voltage, an expres-
sion for the global impedance can be obtained as:

_Vi(s) 2\/%
2(s) = I(s)  A(s)tanh(\/B(s)L) (10
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Figure 3: Electrical lumped model of an IPMC
unit. Several electrical units can be attached to
obtain the global response.

with
_ 0(s) n 2W
C 1+740(s)/W R,

A(s)

B(s) = %A(s)

sWkey(s)(s + K)

0(s) = h(sy(s) + K tanh(y(s))

2.2.3 Actuation model

Euler-Bernoulli beam theory is considered for lin-
ear displacement, therefore, bending moment can
be expressed as:
0%w
M =-EI 922
where E is the elastic modulus, I is the second
moment of area, and w is the deflection. Solving
w with w(0,s) = 0 and w’(0,s) = 0 as boundary
conditions, and considering that induced stress is
proportional to charge density, it is possible to
obtain an expression to relate tip deflection with
the applied voltage as follows:

(12)

H(s) = w‘(/L(S;) _
_ L2ayW Kk, (y(s) — tanh(v(s))) 2X(s)
2EI  (y(s)s + K tanh(y(s))) 1+ 7"’29(?)/1)/1/
13

where X (s) is given by:

_ 1 —sech(y/B(s)L) — tanh(\/B(s)L)\/B(s)L

X(s) = B(s)L?

(14)
Additionally, it is necessary to couple a me-

chanical second order system to obtain a reliable

model of the IPMC dynamics for the first vibra-

tion mode, being accurate enough if the band-

width is relatively low:

G(s) = e

—-_— 1
$2 4+ 28wns + w2 (15)



The global dynamics of the system is obtained by
the product of both transfers function, i.e.,

M(s) = H(s)G(s) (16)

2.2.4 Finite-order actuation model

Both impedance and actuation models are useful
to determinate the influence of parameters in per-
formance. In order to compare black-box models
obtained by system identification with theoretical
IPMC response, it is necessary the simplification
of the infinite-order physics-based model H(s),
which includes non-rational terms of s, /B(s),
tanh(s) or sinh(s). These complex parameters can
be reduced into a rational function of s for low fre-
quencies using Taylor series expansion to replace
the hyperbolical functions for their relates. Based
on the regular parameters values, it can be said
that K >> 105 and v(s) >> 10 for low frequen-
cies. Therefore, next statements can be said as
true:

tanh(y(s)) ~ 1

(17)
(e

Expression (13) can be approximated by the prod-
uct of three different rational transfers functions,
ie.,

H(s) =~ Hy(s) = f(s)g(s)X(s) (18)

where, using statements (17) and Taylor series ex-
pansion, functions f(s), g(s) and X(s) can be ex-
pressed as:

2a Kke(v—
f(s) = — Eyga el (19)
_ 2h(ys+K)
g(S) T rhykes(s+K)+h(vs+K) (20)
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Figure 4: First IPMC vibration mode around 10
Hz. Infinite and finite third order model match
for the frequencies of interest.

The mechanical model (15) is already a finite-
order model, therefore, global dynamic can be es-
timated as follows:

M(s) ~ Hy(s)G(s) (22)

As can be seen in Figure 4, a third order Taylor se-
ries expansion is necessary to match both models.
Mismatch appears for lower order expansion. No-
tice that, since this figure presents tip deflection
versus applied voltage, magnitude units are repre-
sented in decibels of mm/V.

3 EXPERIMENTS

This section is devoted to the experiments carried
out to obtain frequency responses of the IPMC
actuators.

3.1 SET-UP

A scheme of the experimental set-up used in this
work to obtain frequency responses of the manu-
factured IPMC actuators is illustrated in Figure
5. As can be seen, it consists of:

e a water tank, used as environment;

e a laser distance meter, to obtain the tip de-
flection of a clamped IPMC actuator;

e a clamp, which was fabricated by 3D printing
technology, using gold electrodes to transmit
the voltage from the supplier to the IPMC
surface;

e a data acquisition USB board of National Ins-
truments (NI), connected to a computer in
which runs LabVIEW, to collect the data;

e an operational amplifier, as power stage to
amplify the voltage coming from the data ac-
quisition board.

Laser refraction coming from glass and water is
fixed with LabVIEW through the implementation
of corrective factors provided by the laser supplier.
The voltmeter and the ammeter are used to mea-
sure the voltage and the applied current, respec-
tively, sent to the program in order to collect the
data for future researches.

As commented, several IPMC samples have been
manufactured. All the samples have the same
base geometry, with four actuators per sample and
every of them with different widths. The pictures
of two samples are shown in Figures 6a and 6b,
while dimensions for every sample are shown in
Table 1. Figures 7a and 7b show real images of



voltmeter

laser distance meter

NI USB BOARD

PC

Figure 5: Experimental set-up used to experiment
with different IPMC actuators.

a sample pointed by the laser during the experi-
ments. Note that some bubbles can be seen be-
tween the electrodes and the surface due to water
electrolysis when more than 2 V are applied.

(a) IPMC5 sample (referred to as sample 2 in
the experiments).

the experiments).

Figure 6: Pictures of two IPMC samples. Images
provided by Andres Hunt.

3.2 FREQUENCY ANALYSIS

A total amount of six samples have been tested.
Experiments are based in applying sine waves
varying the frequency and measuring tip deflec-
tion. Frequency spectra is obtained after analy-
sis of the time response, estimating the ampli-
tude and phase difference between the applied sine
wave and the first harmonic of the IPMC tip mo-
tion. Experimental data are plotted in Figure 8.
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(a) IPMC sample pointed by the laser dis-
tance meter. Narrower actuator is tested in
that case.

(b) Zoom of IPMC sample pointed by the
laser distance meter. Bubbles in the upper
connection appears when more than 2 V are
applied, inducing water electrolysis inside the
polymer.

Figure 7: Pictures of the experimental set-up.

Table 1: Dimensions for one IPMC sample (they
are the same for all the samples).

IPMC actuator Length (mm) Width (mm) Thickness (mm)
Actuator 1 15.0 4.0 0.25
Actuator 2 15.0 2.0 0.25
Actuator 3 15.0 1.0 0.25
Actuator 4 15.0 0.5 0.25

Here, several experimental responses of actuators
with the same geometry are shown, each of them
belonging to different IPMC samples. As can be
seen, there are differences mostly in the gain of the
system, even though all them come from the same
patch. That promotes robust control techniques
for future modelling and control design. Parame-
ter ag can be shifted to fix the drawback between
samples.

4 PHYSICAL
CHARACTERIZATION

This section gives the results obtained for the phy-
sical characterization of IPMCs.

The fitting process consists of minimizing the error
between the experimental data and the response
of the theoretical model by using fminsearch and
fminbnd MATLAB functions. Initial values (be-
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Figure 8: Frequency response of 6 different sam-

ples, all of them with the same geometry. Length
15 mm, width 4 mm and thickness 0.25 mm.

Table 2: Initial values of physical parameters

T E Wn

300 K 154 MPa 75.4 rad/s
3 I R

0.18 0.125 mm 0.37 Om?
d C (e7))

3.48 x 107 m?/s 1068 mol/m? -40

K, rh r

507 x 107" F/m  9.99 x 107 Qm 64 Om

fore fitting) of key physical parameters are given
in Table 2. Only some values are varied in the fi-
tting procedure, most of them limited to the 50%
of its initial value; the remainder parameters are
fixed. Table 3 shows the values of the key param-
eters after fitting. Note that aq allows to fit the
gain of the system even if the model is not accu-
rate enough.

The results after fitting for one IPMC sample can
be observed in Figure 9. Here the model is fitted to
the bigger sample (4 mm width). Experimentally
frequency response is influenced by width. Never-
theless, and analysing equation (13) carefully, it
is seen that theoretically IPMC does not depend
on this variable. A Smaller width will produce a
smaller moment generation, therefore, since stiff-
ness decreases also linearly with width, net dy-
namic should not be affected.

The same phenomenon appears in Figure 10 af-
ter testing and fitting a second sample. In this
case, it is more evident that there is some depen-
dency between the width and tip displacement.
All the experiments keep the same results for all

Table 3: Values of physical parameters after fitting

d C (%)

3.07 x 1071 m? /s 941.94 mol/m?®  -155
K. 5 )
447x 107" F/m 881 x 1075 Qm 56.44 Q
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—Physics based model
Sample1 - 4mm Width
~Sample1 - 2mm Width
~—Sample1 - 1mm Width
. |- Sample1 - 0.5mm Width

Magnitude dB [mm/V]

Phase [deg]

-400
107!

1[;0

Frequency [Hz]
Figure 9: Comparison of experimental and
physics-based model frequency responses for ac-
tuators of sample 1 (widths of 4 mm, 2 mm, 1
mm and 0.5 mm).

the samples. Changes in damping, ion diffusivity,
or even the appearance of some non linear effects
due to the manufacturing process could explain
the unmatching between experimental and theo-
retical responses.

[—Physics based model
Sample1 - 4mm Width

[ |+ Samplet - 2mm Width

- Samplet - 1mm Width

- Samplet - 0.5mm Width|

Phase [deg] Magnitude dB [mm/V]

-400

107 100 10!

Frequency [Hz]
Figure 10: Comparison of experimental and
physics-based model frequency responses for ac-
tuators of sample 2 (widths of 4 mm, 2 mm, 1
mm and 0.5 mm).

As commented, physics-based model can be used
to determinate which parameters affect to the
actuator performance. More specifically in that
case, the model can be used to determinate which
parameter has been modified during the cutting
process between actuators of the same sample. For
example, as shown in Figure 11, an increment in
the value of parameter ro will decrease the gain of
the system. This undesirable effect, together with
others, could explain this phenomenon. Neverthe-
less, this issue will be studied in future works.

5 IDENTIFICATION FOR
CONTROL

This section presents several black-box models
identified from the above-mentioned experimental
frequency responses for control purposes. In this
work, System Identification toolbox of MATLAB
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Figure 11: Effect of an increment in parameter 2
on experimental frequency responses for actuators
of sample 2 (widths of 4 mm, 2 mm, 1 mm and
0.5 mm).

was used to obtain the models.

At first glance, the global dynamics of the actua-
tors is approximated by a transfer function with
4 poles and 1 zero. The results are represented
in Figure 12. However, as can be observed, expe-
rimental and model responses do not match per-
fectly. Mismatch can be seen through s—plane in
Figure 13. In that case, the poles of the model
are not close enough to those of the physics based
model. Therefore, it can be stated that the identi-
fied model can fit the resonance point, but it can
not match the complete experimental frequency
response.

If the number of poles and zeros increases, a be-
tter fitting can be obtained, as shown in Figure 14
for a model with 5 poles and 2 zeros. It is pos-
sible to obtain the percent of adjustment using
ident MATLAB tool. In that case, an adjustment
of 92.57% is obtained between model and the ex-
perimental data. Poles are shown in Figure 15.
Additional black-box models have been used for
other samples as shown in Figure 16 for sample 1,
ratifying the models with at least 5 poles and 2 ze-
ros should be used for modelling IPMC actuators.
In this case, the adjustment between experimental
and model responses is of 92.96%.

6 CONCLUSIONS

This paper has analyzed the frequency responses
of several IPMC actuators, cut from the same bulk
IPMC sheet with a micro laser etching machine,
in order to: 1) characterize each actuator, i.e., de-
termine how cutting affects to the parameters of
the physical model of this kind of actuators, and
2) identify a model for each actuator for control
purposes. The frequency responses were obtained
experimentally in LabVIEW by attaching a couple
of gold electrodes to each IPMC unit and measu-
ring the tip deflection by means of a laser distance
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frequency responses for actuators of sample 4:
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Figure 14: Comparison of experimental and model
frequency responses for actuators of sample 4:
model with 5 poles and 2 zeros.

meter.

In what the characterization of the IPMC actua-
tors is concerned, although chemical manufactu-
ring and cutting method used in this work seems
to be good enough for the purpose of this work,
it was demonstrated that several physical param-
eters can differ in different samples obtained of
the same IPMC sheet. For the second objective,
models with at least 5 poles and 2 zeros were iden-
tified.

Our future efforts will focus on three directions:
1) the investigation of new fabrication methods



=
3

2
3]

[ [~White-box poles
[ | Black-box poles

xo

N
s
T

N
5
5

xo0

°
T

© 5
x %8 x ° X 840
0 ® 7

o x0

Imaginary Axis (seconds“‘)
& A %

8 3 8B

T %

&
3
T

. . . i
25 20 -15 -10 5 0
Real Axis (seconds™)

Figure 15: Pole-zero maps of white box (domi-
nant) and the model with 5 poles and 2 zeros for
actuators of sample 4.

I [—System identification model
- Experimental response sample 1
L

Magnitude dB [mm/V]

!
107! 10° 10°

Phase [deg]

-400 " .
10 10° 10"
Frequency [Hz]

Figure 16: Comparison of experimental and model
frequency responses for actuators of sample 1:
model 5 poles and 2 zeros.

of IPMC actuator, 2) the design of robust con-
trol strategies to obtain a gain and phase range to
control the system, and 3) the manufacturing of a
small prototype IPMC robot to be able to swim
in conditions similar to those found in the human
circulatory system.
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