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Abstract

®

CrossMark

Ionic electroactive polymers (IEAPs), particularly ionic polymer-metal composites IPMCs) and
carbon-polymer composites (CPCs), bend when a voltage is applied on their electrodes, and
conversely, they generate an electrical signal when subjected to a mechanical bending. In this
work we study and compare the capabilities of [IPMC and CPC actuators and sensors in closed-
loop control applications. We propose and realize an integrated IEAP sensor—actuator design,
characterize its performance using three different materials, and compare the results. The design
consists of two short IEAP actuators and one sensor mechanically coupled together in a parallel
configuration, and an attached rigid extension significantly longer than the IEAPs. This allows
the device to be compliant, simple to construct, lightweight, easy to miniaturize, and functionally
similar to a one-degree-of-freedom rotational joint. For control design and accurate position
sensing in feedback experiments, we adapt physics-based and control-oriented models of
actuation and sensing dynamics, and perform experiments to identify their parameters. In
performance characterization, both model-based H,,, control and proportional-integral control are
explored. System responses to step inputs, sinusoids, and random references are measured, and
long-duration sinusoidal tracking experiments are performed. The results show that, while IEAP
position sensing is stable for only a limited time-span, H,, control significantly improves the
performance of the device.

Keywords: IPMC, CPC, EAP, actuator, sensor, control, feedback

(Some figures may appear in colour only in the online journal)

1. Introduction

The rapidly advancing field of materials science has intro-
duced many ‘smart’ materials with novel sensing and actua-
tion capabilities. The ability of electroactive polymer (EAP)
materials to change their shapes or sizes under electrical
excitation is offering appealing alternatives to conventional
sensors and actuators [1]. Two functionally similar classes of
such materials are ionic polymer-metal composites (IPMCs)
[2] and carbon-polymer-composites (CPCs) [3]. Both are

0964-1726/16,/035016+-16$33.00

ionic electroactive polymers (IEAPs) that change their cur-
vature when a voltage is applied across their electrodes and
conversely, generate an electrical signal when they are bent.
Since their first introduction over two decades ago [4], their
properties have been greatly improved, e.g., both the power
consumption and surface resistance have been significantly
reduced [5].

IEAP materials have been proposed for various applica-
tions in the field of robotics [6] due to their technological
potential and advantages over conventional actuators,

© 2016 IOP Publishing Ltd  Printed in the UK
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including easy scalability, light weight, and low actuation
voltage, to name a few. Robotic fish propulsion [7-9], heart
rate monitoring [10], embryo injection [11], linked manip-
ulator [12], seismic sensor [13] and artificial lateral line [14]
are some examples of reported studies on exploiting IEAPs.
Thorough overviews on the materials and their proposed
applications can be found in [15-17].

In some applications (e.g. robotic fish propulsion) the
actuator performs well in the open-loop configuration. How-
ever, feedback is often desirable to further improve the per-
formance. In this regard, IEAP self-sensing actuation schemes
appear attractive, the implementation of which includes
measuring actuator’s surface resistance [18], and patterning
actuator’s electrodes to create resistive sensor areas on its
edges [19], among others. Unfortunately, these solutions
typically have not been demonstrated to function in feedback
configurations. The feedback in IEAP actuator control is most
often accomplished using an external sensor, e.g., a camera
[20, 21] or a laser distance meter [22-26]. However, such
solutions greatly increase the overall size of the system. Some
authors have overcome this issue by mechanically integrating
various sensors with IEAP actuators. For example, Chen et al
combined a PVDF sensor with an IPMC actuator [27], and
Leang et al added a strain gauge on an IPMC actuator’s
surface [28]. Since these approaches involve bonding of other
materials on the IEAP surface, they also add significantly to
the stiffness and thus result in reduction in the actuation
capabilities.

In addition to the aforementioned reports, there are many
other works that implement feedback control on IEAP
actuators (e. g. [23, 29-34]), but only a few studies utilize the
same materials for providing the feedback signal. For exam-
ple, Newbury implemented a compensator for controlling
oscillations of a rotary device using one IPMC sensor and
four IPMC actuators [35]. He reported 1s long feedback
experiment fragments to demonstrate improved performance
(over the open-loop configuration) in a narrow frequency
interval. Bonomo et al[36] attached two identical IPMCs
side-by-side to a plastic sheet and fed the amplified voltage
signal generated by one IPMC to the other, in order to either
suppress (negative feedback) or sustain (positive feedback)
the oscillations initiated by an external stimulus. A maximum
of 5s long experiments were reported and the feasibility of
the design was qualitatively concluded, based on the IPMC
sensor’s output voltage in combination with visual observa-
tions, while the actual deformations were not measured. Later,
Yamakita er al[37] presented preliminary results on using
IPMCs in parallel for actuation and sensing in precision
feedback control. They were able to conduct two experiments
using an unspecified setup—tracking a step input and a
0.2 Hz sinusoidal signal, each for 10s. More recently, Gon-
zalez et al [38] used an IPMC sensor to provide feedback in
their work on an IPMC microgripper. They used empirical
models and PID control to track step inputs of magnitude
from 0.1 to 1 mm, for a maximum of 20 s. The results showed
that reaching the reference level takes at least 5 s and for some
of the larger amplitudes, it is not possible to reach the

Design of the IEAP sensor-actuator
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Figure 1. General structure of this work and dependencies between
its parts.

reference level. These works did not quantitatively char-
acterize the control precision.

In our preliminary work [39] we presented the feedback
control of a coupled IPMC sensor—actuator. Empirical models
of actuation and sensing dynamics were experimentally
identified, a PI controller was designed, and experiments on
tracking sinusoidal references were conducted. With IPMC
feedback the maximum experiment duration of 120s was
achieved.

In this paper we (1) improve the pivot-like IEAP sensor—
actuator design enhancing its actuation capabilities and
reducing undesirable twisting motions; (2) model the
dynamics of the prototype utilizing physics-based models for
IEAP sensing and actuation dynamics; (3) validate the pro-
posed design and quantitatively characterize its performance
in model-based feedback control experiments with three dif-
ferent input signals (step, sine, and random references), and
an extended (up to 2 h) sine following; (4) compare the results
for integrated sensing against external sensing, and PI against
H,, control, on three identical sensor—actuator prototypes,
each constructed utilizing different type of IEAP. An Au-
plated IPMC, a Pt-plated IPMC and a CPC material with
carbon electrodes are used to obtain a broader comparison
between materials similar in construction and function. The
general structure of the presented work is illustrated in
figure 1. To the best of authors’ knowledge this is the first
report to achieve up to 30 min long tracking in IEAP sensing
feedback configuration (being 90 times longer than reported
by other groups), and 2h long tracking in case of external
feedback. Also, the presented quantitative results provide a
qualitative ‘sense’ about the maturity of the IEAP materials
for applications.

The rest of this paper is organized as follows. In section 2
we introduce the concept and the prototype of the IEAP
sensor—actuator, the IEAP materials, their modelling and
control, experimental setup, experimental procedures and
evaluation metrics. Section 3 presents the results of model
identification and feedback experiments. The results are
analysed in section 4 and the conclusions are presented in
section 5.
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Figure 2. Concept of the proposed IEAP sensor—actuator. The device
can be approximated as a rotational joint when the attached rigid
links are significantly longer than the IEAPs.
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Figure 3. Construction of the proof-of-concept IEAP sensor—actuator
prototype used in the experiments.

2. Materials and methods

2.1. The design of the IEAP sensor-actuator

The device consists of IEAPs that are connected in parallel for
simultaneous actuation and sensing, with mechanical couplers
at both ends, as shown in figure 2. One of the couplers also
accommodates terminals connected to IEAP electrodes.

A practical solution for the integrated sensor—actuator
used in the experiments in this paper is shown in figure 3.
Three IEAP samples are used in parallel—a narrow one in the
middle for sensing and two wide ones symmetrically on both
sides for actuation. This prevents any potential undesirable
twisting during actuation. Short IEAPs are used in the design
as they are more efficient than long ones [12, 40], and they
allow the sensor to closely follow the shape of the actuator.
The resulting behaviour functionally resembles a one-degree-
of-freedom rotary joint. On one end the IEAPs are
mechanically coupled together using lightweight plastic plates
and screws. A carbon fibre rod with a plate on the other end is
attached to this coupler so that the motion of its tip can be
observed using a laser distance meter. The other end of the
IEAP samples is clamped by a spring-loaded plastic clamp
with gold-plated silver electrodes. The clamp thus couples the
IEAPs mechanically, connects them electrically to sensing or
actuation circuits, and fixes that end to the Earth frame during
the experiments. Its construction allows one to easily change
the sample sets.

The clamp in the fixed end is oriented so that the rota-
tional axis is horizontal and the motion of the extension rod
takes place in a vertical plane. In this configuration the IEAPs
do not strain due to gravity. The components of the setup such
as the clamp are intentionally not miniaturized, as it is not
essential for the experiments in this paper. The backbone
components of both the clamp and the mechanical coupler are
made of ABS plastic using a rapid prototyping machine 3D
Touch (3D Systems Inc). All the components of the setup are
chemically resistant to water, making it possible to experi-
ment with both wet and dry IEAP materials.

2.2. IPMC and CPC materials

The IPMC and CPC materials consist of a thin membrane
sheet (Nafion or Flemion) that is coated with conductive
electrodes [2, 3]. Mobile counter-ions are loosely coupled to
the ionomer backbone. When a voltage is applied between the
electrodes, these counter-ions start migrating in the electric
field towards one surface. In the case of Nafion polymer with
Li* counter-ions, they migrate towards the anode. Actuation
voltages vary among materials, but usually are up to 5V.

IPMCs and CPCs also exhibit sensing properties
[41, 42]. Bending an IEAP sheet causes the counter-ion
migration within the material due to the pressure gradient
across the material thickness. This results in electric potential
difference between the surface electrodes; however, the sen-
sing voltages are orders of magnitude smaller than the vol-
tages required for actuation. Typical sensing approaches
include measuring the voltage between the electrodes [41, 43]
and measuring the sensor charge or current [44—46]. Some
IEAPs show a significant change in their surface resistance
when bending, which can be used for position sensing, as
shown in [18, 19]. We choose to use the IEAP short-circuit
current for estimating the material deformation due to its
reported high accuracy [45].

In the experiments we use three different [IEAP materials
that are labelled as material #1, #2 and #3, and respectively
we label the sample sets cut from these materials as sample
set #1, #2 and #3. Material #1 is made of Nafion"™117
membrane that is coated with coconut shell-derived active
carbon electrodes using direct assembly procedure [3]. To
enhance the surface conductivity the material is further cov-
ered with gold foil and hot-pressed, and immersed in EMI-Tf
ionic liquid. The detailed manufacturing procedure is
described in [3]. These materials have low surface resistance
that varies insignificantly while bending, and they can work
well in dry environments due to low vapour pressure of the
ionic liquid.

Material #?2 is a typical platinum-coated IPMC provided
by Environmental Robotics Inc. It is made of Nafion™117
polymer that is deposited with Pt electrodes using an elec-
troless plating procedure. The loosely coupled hydrogen ions
in the polymer are exchanged with larger Li ions.

Material #3 is produced 5 years earlier, similarly as #2,
except that the electrodes are made of gold instead of plati-
num. The functionality of materials #2 and #3 highly
depends on their water concentration and they need to be kept
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hydrated. The experiments with these materials are conducted
in water to prevent water evaporation and guarantee con-
sistent conditions throughout the experiments.

2.3. Model-based feedback control

The interactions among the polymer backbone, ions, and
solvent (or ionic liquid) make the IEAP sensing and actuation
dynamics complex and the overall behaviour poorly pre-
dictable. To a large extent these issues can be overcome with
proper modelling and control of the materials. The aim of
modelling the IEAP sensing and actuation dynamics in this
work is threefold: describing the used materials in terms of
their fundamental physical parameters; providing the actua-
tion models for control design; and providing inverse sensing
models that relate the IEAP sensor short-circuit current to the
actual position of the tip of the sensor—actuator in the closed-
loop experiments. Regardless of that many reports have been
published on modelling the IEAP sensors and actuators, the
actuation and sensing phenomena is yet not fully understood.
Multiple potential dominant processes have been proposed,
and overviews on modelling can be found in the review
papers [16, 17, 47].

In this work we model the sensing and actuation
dynamics of the IEAP materials using the Laplace domain
models developed by Chen ef al in [23, 45]. These were
originally derived to describe the IPMCs, but are also valid
for the functionally identical CPC materials. In particular, it is
presumed in the derivation process in [23, 45] that the
mechanism behind the actuation and sensing phenomenon is
the proportional coupling between the accumulated charge
and mechanical stress, while the solvent effects are negligible
(see chapter 2 in [45] and chapter II in [23]). Thus, the ionic
liquid in CPCs functions both as solvent and counter-ions in
IPMCs. Furthermore, the polymer backbone of all IEAPs
used in this work is NafionT™117, and the CPC electrodes
(nanoporous carbon covered with gold foil) are equivalent to
the coatings of the IPMCs (Pt or Au electrodes, with dendritic
structure in the surface layers of the polymer backbone).

Both these models were derived based on the PDEs of
the governing physical processes within the sensor and
actuator while taking into account the surface resistance
effects. The resulting infinite-dimensional Laplace domain
models were further reduced to lower-order models in the
form of rational transfer functions usable for real-time com-
putation and control design. In the following we introduce the
adaption of these models to describe sensing and actuation
dynamics of our IEAP sensor—actuator, and their use for
control design. Construction of the resulting models is illu-
strated in figure 4. For clarity, the notations are adapted from
[23, 45] where possible.

2.3.1. Modelling the sensor dynamics. The model of IEAP
sensing adapted from equation (55) in [45] relates the out-of-
plane displacement of the tip of the IEAP beam w(s) to the
short-circuit current between the material electrodes i(s), s
being the Laplace variable. Assuming small deformations and
sensor bending in the first cantilever shape mode (using the

A IEAP sensing model from [45]

~

Position of the Out-of-plane [EAP intornal - IEAP sensor's
tip of the IEAP displacement d nterna Surface resistance | gy circuit
sensor-actuator of the IEAPs ynamics effects current

—>C

\4

> f(s) >

B Actuation Moment produced Position of the tip of the
voltage by IEAP actuators IEAP sensor-actuator

—p(s) > q(s) —>

From IEAP actuation model in [23]  Passive dynamics of the IEAPs with rigid extension

Figure 4. Block diagrams describing the construction of the IEAP
(A) sensing and (B) actuation models.

spatial derivative of the 1st cantilever shape mode in the tip of
the beam), the relation between w(s) and the manipulator tip
position x(s) can be expressed as a constant
C = L/(1.3765L. + L), where L is the length of the IEAP
and L. is the length of the elongation from the IEAP to the
measuring plane. The sensing model can be written as:
A =L —c.p g0, ()
x(s)
with f(s) describing the sensing dynamics and g(s) incorpor-
ating the surface resistance effects (see figure 4(A)). These
parts can be re-written in a practical form for application:

/\1S3 + >\2S2 + 38

s) = R 2
F(s) 1 K (2)
s2 + pys +
g(s) = w, (3)
52+ phys + s
with the terms in f (s):
F*dC~
~ , 4)
ke RT
A= SYWhVKd gk
8oL’ K?
A =8 K? a4 1A 5)
3= 2K i
and in g(s):
_r _ 3h 12
My 6 > Mo Iiero’ 3 ngosz’
12h 24h?
= — = —) 6
.u4 Ke V()L2 :u’S K)gl"ozL4 ( )

As in [23, 45], the terms are: Y is the Young’s modulus, Wj is
the width of the IEAP sensor, d is the ion diffusivity, % is the
half the material thickness, oy is the charge—stress coupling
constant, k. is the dielectric permittivity, r( is the surface
resistance per material length and width, F is the Faraday
constant, C~ is the anion concentration, R is the universal gas
constant, and T is the absolute temperature. For more details
about the model, refer to [45].
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The resulting model is improper as its numerator is of
higher order than the denominator; however, in the experi-
ments we use its proper inverse.

2.3.2. Modelling the actuation dynamics. The model for
actuation dynamics is adapted from the work of Chen
et al[23]. They linked the bending dynamics of a long
flexible IPMC beam to the input voltage by deriving the
model for voltage-induced bending and cascading it with the
second-order vibration dynamics of a flexible beam. In this
work we model the actuation dynamics of the I[EAP sensor—
actuator considering the system as a rigid beam with non-
uniform cross-section that is connected to the Earth frame by
a pivot joint (IEAPs) with torsional stiffness. The joint is
actuated by torques generated by the IEAP actuators, where
the model relating the IEAP input voltage to the bending
moment is adapted from the intermediate results of Chen
et al [23]. Naturally, we split the actuation dynamics into two
parts—the actuation model p(s) relating the produced moment
M(s) to the applied voltage V(s), and the mechanical model of
the device’s passive dynamics g(s) relating the input moment
M(s) to the position X(s) of the tip of the rigid link attached in
the mobile end of the IEAP sensor—actuator (see figure 4(B)):

X (s)

G(S) = W

=p) - q(s). (N
We assume that the surface resistance along the IEAP
actuator’s electrodes is zero (; = 0) as the actuator is very
short, and the surface resistances of the materials in hand are
low. With some manipulations one can extract the expression

for p(s) from the intermediate results (particularly, equations
(20), (29) and (46)) in [23]:

_ Qoke KWah (1 — 7)
Yhery st 4+ v (h + keKry)s + Kh'

®)

where K is given in equation (4) and + is defined as:

”VZh\/g, ©))

ry is the resistance through the IEAP per length and W,
denotes the width of the actuator. It must be noted that when
neglecting the surface resistance, the actuation moment does
not depend on the IEAP length.

The passive dynamics of the rigid mobile link attached to
the IEAPs can be captured with a second-order system

_ X _ L 1

, (10)
52 4 26wns + w?

which is valid for the frequency range of interest. Here [ is the
moment of inertia with respect to the clamping axis, &
accommodates the damping of the environment and internal
friction in IEAPs, w, is the natural frequency of the system
and L is the distance from the IEAP clamping level to the
position-measuring height on the mobile link.

2.3.3. Control. Based on the model for actuation dynamics
we design two controllers, a PI controller and an H,,

N

Fixed clamp

Laser
distance
meter

IEAP sample

AN

To data
aquisition <——|

To data =
Contact /

aquisition
electrodes

Load cell

GND — U

NN\

Figure 5. Experimental setups for measuring the material’s (A)
Young’s modulus and (B) dimension-normalized surface resistance.

controller. The PI controller is manually tuned to achieve
shortest settling time in tracking a step input.

The H,, controller is designed according to the
procedures given in [48]. The sensitivity weight on output
error W, (low-pass) and the weight on control effort W, (high-
pass) were used in the design procedure according to [48, 49].
First- and second-order weights are used to design the
controller that is later reduced to the fifth order for
implementation purposes.

2.4. Experimental setups

The experimental setup used to measure Young’s modulus is
illustrated in figure 5. The material sample is suspended in air
using a fixed clamp. The tip of the sample is held between a
fork attached to a force gauge Panlab TRI202P and its posi-
tion is measured using a laser distance meter SICK OD2-
P250W150U0. The force and position readings are recorded
using a PC computer with NI PCle-6343 data acquisition
board and NI Labview 2010 environment. The force gauge
position is changed manually and its position is fixed at the
instances of recording the readings.

The four-point resistance measurement setup used to
determine the material’s surface resistance is illustrated in
figure 5. The material sample is pressed against the electrodes
and a constant voltage of 0.1 V is applied. The voltages on the
resistor and on the inner electrodes are measured and the
surface resistance per length and width ry is calculated using
the same PC computer with NI PCle-6343 and NI Lab-
view 2010.

The diagram of the setup used in the rest of the experi-
ments is shown in figure 6 and a photo of the actual setup is in
figure 7. The spring-loaded clamp is fixed such that the
mobile link of the IEAP sensor—actuator is hanging down,
since in such a configuration the gravity does not cause any
lateral strains in the IEAPs in the rest position. In the spring-
loaded clamp, the actuators are electrically connected in
parallel to each other. They are driven from a PC through the
amplifier of a Kepco BOP 20-10MC bipolar power supply
that is optimized for capacitive loads. The sensor’s short-
circuit current is measured using a two-stage amplifier (based
on OPAI111BM operational amplifiers), that converts the
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Figure 6. Experimental setup that is used to measure the damping
ratio, natural frequency and frequency responses in the model
identification phase, and to perform the feedback experiments.

Figure 7. A photo of the final experimental setup used in feedback
experiments and in some system identification experiments. (A) The
proof-of-concept IEAP sensor—actuator; (B) short-circuit current-to-
voltage converter and amplifier; (C) laser distance meter; (D)
amplifier’s battery pack; (E) power supply unit Kepco; (F) data
acquisition board’s terminal boxes; (G) water tank (only used with
the samples that must be kept hydrated, currently set #3).

current to voltage and amplifies the signal (by factor of
100 000). The amplifier’s power is supplied from a battery
pack to eliminate noise propagation from the power grid. The
position of the tip of the mobile link is measured using an
Omron Z4M-S40 laser distance meter with resolution of
40 pm. The experiments are controlled from a PC computer
with NI Labview 2010 SP1 software through NI PCle-6343
data acquisition board. Program loops in frequency response
measurements and feedback control experiments are imple-
mented with a sampling frequency of 10 kHz.

2.5. Parameter identification

The terms in the sensing and actuation models (sections 2.3.1
and 2.3.2) include known constants (universal gas constant R
and Faraday’s constant F) and parameters that must be
identified for each material prior to the control design and
closed-loop control experiments.

First, the average material thickness 24 and the surface
density of the material sheet are determined. Young’s mod-
ulus Y of the sheet is identified from the bending experiments
of the material beam, i.e. deformations are applied and the
corresponding forces are measured at the tip of the vertically
suspended material sample (see the setup in figure 5(A)). The
ratio between the applied forces P and the resulting defor-
mations o is determined using linear regression, and Young’s
modulus is obtained according to [50]:

_PE o CWw
30, 2’

an

where [ is the length of the material sheet, I, is the area
moment of inertia, and w is the width of the material sample.
The dimension-normalized surface resistance ry is obtained
using a four-point resistance measuring scheme (0.1 V
applied, measurements taken in steady state) shown in
figure 5(B).

Next, the sample sets (two actuators, one sensor) are cut
from the respective material sheet targeting widths of 3 mm
and 10 mm for the sensor and actuators respectively. The
sensor—actuator prototype is assembled and the width of the
sensor W, widths of the actuators W, and the length of the
IEAPs L are measured. The moment of inertia for the
assembly of the IEAPs and the mobile link is calculated (with
respect to the outer clamping edge of the fixing clamp) from
their geometry and the densities of their parts. The sensor—
actuator device assembly is suspended vertically and the laser
distance meter is set to point the tip of the extension rod. The
effective length of the actuating portion L. (from the clamp to
the laser distance meter level) is measured.

Once the setup is complete, the natural frequency w, and
the damping ratio ¢ are determined from free oscillations (due
to external stimulus) of the mobile link. Next, the frequency
responses are measured for actuation and sensing dynamics.
Sinusoidal voltage inputs of 2 V amplitude are sequentially
applied on the actuators, with frequencies logarithmically
spaced in the 0.2—-15 Hz, or wider interval (aiming to capture
the characteristic phase transitions), for the duration of at least
two full periods, but no less than 30s. Simultaneously, the
position of the tip of the link and the IEAP short-circuit
current are measured using a laser distance meter and a cur-
rent amplifier, respectively. The magnitude and phase infor-
mation is extracted, and transfer function models for actuation
and sensing dynamics are then identified through curve-fitting
the remaining model parameters that cannot be determined
individually (i.e., ion-diffusivity d, charge—stress coupling
constant «, dielectric permittivity k., anion concentration
C-, and resistance trough the polymer r;).

While curve-fitting cannot uniquely define all these
parameters, the structure of the models (in chapters 2.3.1 and
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Table 1. Identified model parameters for each IEAP sensor—actuator assembly.

Measured or calculated parameter Symbol #1 #2 #3 Unit
Material thickness 2h 277 353 282 pm
Young’s modulus Y 140 154 658 MPa
Surface resistance o 0.543 64.0 0.144 Q
Total width of the actuators W, 18.9 20.8 20.8 mm
Sensor width Wi 1.95 3.72 2.96 mm
Operational material length L 3.03 2.53 222 mm
Effective length of elongation L. 61.0 59.64 58.60 mm
Moment of inertia about clamp I 179 x 1077 171 x 1077 166 x 1077  kgm?
Material surface density p 0.460 0.650 0.570 kgm™2
Natural frequency wo 159 8.70 10.0 Hz
Damping ratio £ 0.0611 0.100 0.135 —
Room temperature t 224 22.9 21.6 °C
Fitted parameter
Tonic diffusivity d 344 x 10712 348 x 107" 332 x 10711 m*s”!
Anion concentration (o 1064 1068 1089 mol m—>
Resistance trough material n 998 x 10° 999 x 10° 1.00 x 107 Qm
Dielectric permittivity for sensor K, 376 x 1073 152 x 1073 138 x 1073 Fm™!
Dielectric permittivity for actuator Ke, 299 x 10 507 x 107 141 x 1077 Fm™
Charge—stress coupling constant for sensor ap, 1.39 x 10° 335 x 10° 3.18 x 10° Jc!
Charge—stress coupling constant for actuator o, -0.213 —0.0220 —0.0828 jc!

2.3.2) offers certain constraints, and when approximate
numbers for initial values are chosen according to the litera-
ture [23, 44, 45, 51], the fitting process converges to real-
valued physically realistic parameters. Initial values for anion
concentration C~ and ion diffusivity d are chosen according
to [44] (except for d in case of material #1, that is taken from
[51]), while the rest of the parameters are taken from the
results in [23, 45]. Curve-fitting these parameters is performed
in Matlab environment, where we apply unconstrained non-
linear optimization (fininsearch function) in order to minimize
the cost function that accounts for the errors between the
measured frequency responses and the model predictions,
both in sensing and actuation dynamics.

After the models for both the actuation and sensing
dynamics are identified, we proceed with the experiments to
characterize the performance of the closed-loop system.

2.6. Performance characterization

The performance is characterized in the following four types
of experiments: step response, sinusoidal reference following
at four different frequencies, random reference following at
three different spectra, and finally long-duration sinusoidal
reference following for testing of the stability.

The results are compared to determine the dependency of
performance on material type and control scheme (particu-
larly whether robust control is essential), and to investigate
the differences between the IEAP sensor feedback perfor-
mance against the laser distance sensor-based external
feedback.

3. Experimental results

The material and system parameters were measured or curve-
fitted as described in section 2.5 and the resulting parameters
for all sample sets are summarized in table 1. The measured
and fitted frequency responses for sensing and actuation
dynamics are shown in figures 8 and 9 respectively.

Based on the actuator models, an H,, and a PI controller
are designed, as described in section 2.3.3. Next, the step
responses of the closed-loop systems are measured using the
reference signal u(t) = U (t — 0.5s) mm, where U (-) is the
Heaviside step function. Each of the experiments’ duration is
15 s. Tracking errors (i.e. difference between the reference
and the actual position) measured by the laser distance sensor
are shown in figure 10 and the step responses are character-
ized quantitatively (delay time #4 to reach 50% of the refer-
ence, rise time . from 10% to 90%, peak time t,, percent
overshoot PO and settling time #; for 5% bound) in table 2.

The dry sample set (#1) exhibits strong high-frequency
noise (up to 20% of the reference position) in the position
estimation (caused by high gain in the high frequency range
in the sensor’s inverse model). Thus, before extracting the
figures from the experimental results for this sample set in
IEAP feedback configuration, we apply down-sampling by
ten times.

Sample set #3 shows strong nonlinear behaviour both in
sensing and actuation. Out of all used materials, it exhibits the
strongest low-frequency drift in short-circuit sensing current,
causing erroneous position estimation. Also, the actuator is
unable to keep reference position for the duration of the
experiment even in the laser feedback configuration (voltage
remains in saturation after 5.627 s for Pl/laser, 2.354 s for PI/
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Figure 8. Measured and fitted frequency responses relating the short-
circuit current of the IEAP sensor to the position of the tip of the
rigid link. Measured frequency interval is varied to capture the phase
transition in sensing dynamics.
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Figure 9. Measured and fitted frequency responses relating the
position of the tip of the rigid link to the voltage applied to the IEAP
actuators.

IPMC, 11.291s for H./laser and 1.550s for H,,/IPMC
feedback configurations). The control voltage reaches satur-
ation at the 3.5V limit, reference is not followed and even-
tually material bends backwards beyond its resting position.
Experiment is halted to protect the actuators. In PI/laser
configuration the sample set #3 fails to stabilize to 5% bound
and its settling time is shown for 10% bound.

For comparison, the step responses of the identified
actuation models in closed-loop configuration with the
designed PI and H,, controllers are simulated using Matlab
R2015b software. The results are shown in figure 11, and
characterized in table 3.

Sinusoid tracking experiments are performed at four
frequencies, i.e., 0.5, 1, 2, and 3 Hz. Each experiment dura-
tion is 30 s unless the control voltage saturates and it has to be
aborted to prevent damaging the materials. One way to
characterize these results is through the difference in the
magnitude and phase between the reference and laser distance
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Figure 10. Tracking errors for the experimentally measured step
responses. First 3 s of the experiments are shown.

meter readings (at the reference signal frequency), and
through the RMS error over the course of the experiment.
These results are given in table 4. The magnitude and phase
differences are extracted using Fourier transform while the
RMS error is calculated in the time domain. The evolution of
the RMS errors over each period during the experiments is
shown in figure 12. The reference and the laser distance meter
readings during the experiments over a single period are
shown in figure 13 for illustrative purposes. The displayed
period begins at 2 s after the start of the experiment.

In the random reference tracking experiments the same
set of input signals is applied to all the sample sets. The
signals are generated using sequences of random numbers
passed trough a fourth-order Bessel bandpass filter (at 10 kHz
sampling rate). Three frequency intervals are used, with lower
frequency 0.1 Hz and the upper frequency of either 2, 3 or
4 Hz. The duration of the experiments is 30 s. The results for
various configurations are characterized by the RMS tracking
error over the whole experiment duration in table 5. Some
experiments (marked in the table) are halted before they
reached 30s to prevent damaging the materials. As these
numbers alone give too little details, we further plot the RMS
error over each 0.5s of the experiment in figure 14, and the
first 2 s of the experiment course in figure 15.

The extended sine tracking experiments are conducted
using only the H,, controller, first with IEAP feedback and
then with the laser feedback. The reference signal is a 1 Hz
sine wave with 1 mm amplitude that is applied for 30 min and
2 h for the IEAP and laser feedback, respectively, unless the
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Table 2. Characterization of the experimentally measured step responses.

Feedback # tq(s) t: (s) 1p(s) PO (%) ts(s)
PI Laser # 1 0.096 1.066 4.762% 1.52% 2.440
#2 0.060 0.120 0.290 63.4% 0.800
#3 0.087 0.132 0.221 12.4% 2.500°
IEAP #1 0.144 1.164 —/* — —
#2 0060 0.120 0.270 51.1% —
#3 0114 0.127 0280 216% _°
H, Laser #1 0.074 0.096 0.154 8.82% 0.212
#2 0.080 0.080 0.220 70.2% 0.350
#3 0054 0.052 0.099 83.3% 0.768°
IEAP #1 0.072 0.088 0.192 5.79% 0.781
#2 0080 0.110 0.270 53.0% 0.914?
#3 0057 0.667 0990 195% _°

’ Overdamped system.

’ Following the reference failed before intended end.
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Figure 11. Tracking errors in the simulated step responses for the
identified actuation models in closed-loop configuration with the
respective (A) PI and (B) H,, controllers.

Table 3. Characterization of the simulated step responses for the
identified actuation models in closed-loop configuration with the
designed PI and H,, controllers.

Feedback  #  1,(s) 1,(s) 1) PO(%) t(s)
Pl #1 0053 0074 0188 494%  0.781
#2 0070 0073 0201 147% 0252
#3 0054 0055 0190 874% 0.404
H., #1 0023 0021 0045 3.07% 0.036
#2 0026 0019 0047 115%  0.071
#3 0021 0016 0037 7.59% 0.042

control voltage saturates for an entire reference signal period.
The results are characterized by the RMS error over each
reference signal period shown in figure 16. In table 6 the
duration of each experiment is given. For sample set #2 in
laser feedback configuration the experiment is halted due to
external disturbance. During these experiments we also
measure the actuation current and calculate the period-aver-
aged power consumption that is given in figure 17.

4. Discussion

A prototype of the IEAP sensor—actuator utilizing the same
type of materials for sensing and actuation within the same
device is built and characterized in this work.

When designing the experiments we intended to obtain
consistent fits between the sensing and actuation dynamics in
terms of parameters describing the material properties.
Naturally, the charge—stress coupling constant ¢, remains
different as it results from distinct processes in sensing and
actuation context. The only parameter that does not match is
the dielectric permittivity k. while the rest are the same for
sensing and actuation dynamics. We speculate that there exist
unidentified processes in sensing and/or actuation mechan-
isms of the CPCs and IPMCs that have not been accoun-
ted for.

While comparing the experimentally measured frequency
responses to the identified models in figures 8 and 9, the
discrepancies clearly indicate that both for actuation and
sensing there exist some unmodeled dynamics. This does not
disturb remarkably the control design and feedback experi-
ments, and in fact, is completely expected, considering the
relatively complex derivation process of the physics-based
control-oriented models in [23, 45]. Feedback configuration
well compensates for the inaccuracies in the actuation model
while the discrepancies in the sensing model cause small
systematic errors both in phase and magnitude in the IEAP
feedback experiments. One possibility to improve the mod-
elling accuracy is to further extend the modelling scope of the
used physics-based models. Another, less laborious alter-
native is replacing the physics-based models with some ‘grey-
box’ or ‘black-box’ models. In this work we avoided this
approach as it gives only little or no information about the
IEAP fundamental physical parameters.

The resulting sensors’ unrealistic dielectric permittivities
(under realistic constraints fitting does not converge) seem to
suggest that it is not correct to presume that the entire
thickness of the IEAP behaves as a dielectric medium. Thus,
the resulting dielectric permittivities actually describe effec-
tive parameters of a parallel-plate capacitor with the
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Table 4. Characterization of the experimental results of the closed-loop sinusoidal reference tracking.

Control configuration PI H,
Laser IEAP Laser IEAP
Material # #1 #2 #3 #1 #2 #3 #1 #2 #3 #1 #2 #3
0.5Hz Amplitude (% of ref)  74.8 105 102 66.9 94.9 200 98.5 103 100 89.5 90.5 112
Phase wrt ref (deg) -228 —-19 -—-136 —-231 -098 752 375 —-146 -294 —-629 -0.881 —-104
RMS error (%) 30.5 4.64 15.4 353 106 380 4.87 2.94 4.51 29.3 99.3 143
1Hz Amplitude (% of ref)  64.5 113 101 58.7 106 22.7 98.0 108 101 89.9 103 72.8
Phase wrt ref (deg) -356 —-470 -222 335 348 -920 -620 —445 -7.13 807 392 -3.89
RMS error (%) 42.7 12.3 26.9 43.9 153 226 7.71 8.57 8.81 84.7 39.9 212
2Hz Amplitude (% of ref)  49.3 166 80.6 48.6 124 80.0 99.4 115 98.9 83.9 114 108
Phase wrt ref (deg) -512 —-105 —-478 —-51.8 —847 358 —-107 —123 —132 —-134 —149 338
RMS error (%) 55.4 155 52.8 95.9 211 112 13.5 19.6 18.3 226 59.8 59.8
3Hz Amplitude (% of ref)  37.8 125 61.9 36.4 121 66.6 87.4 117 97.4 67.3 112 64.0
Phase wrt ref (deg) —-583 —120 —-659 —-570 —-110 887 —141 276 —-246 —-33.1 —458 —76.6
RMS error (%) 61.5 141 66.2 134 136 162 26.6 41.1 304 386 67.3 191
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Figure 12. RMS errors in experimentally measured sinusoidal reference tracking. Calculated over each period of the sinusoidal reference
signal.
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Figure 15. Reference signal and measured position in the random reference following experiments. First 2 s of the experiments are plotted.

Table 5. RMS errors (mm) in random reference following experiments.

Control config. PI H
Laser IEAP Laser IEAP

Material # #1  #2  #3  H#1 #2  #3 #1 #2 #3 #£1 H#2  #3

0.1-2Hz interval  0.190 0.167 0.189 0.219 1.32 0.637" 0.0541 0.0884 0.0793 0.170 0.470 1.08*
0.1-3 Hz interval 0233  0.363 0257 0.327 0.507 1.06° 0.0930 0.156 0.127 1.19 0201 1.78*
0.1-4 Hz interval  0.223  0.348 0251 0.297 0309 1.90° 0.0986  0.156 0.165 0.989 0.543  1.46°

Note: Marked experiments were aborted at 117.03, 2 14.7s, 34.563, 45.823, 56.88s and 3.90s to prevent harming materials with saturated driving
voltage.

12



Smart Mater. Struct. 25 (2016) 035016

A Hunt et al

A_ Laser feedback
10° b 3
S AM_J.A__._.._
107 lere : o e
~ Material #1
101 Material #2
Material #3

10°

B.

IEAP feedback

Period-averaged RMS error [mm] Period-averaged RMS error [mm]

start end

Experiment time

Figure 16. RMS error over each period in the long-term sinusoidal
reference following. (A) Laser feedback; (B) IEAP feedback. Time is
normalized to the experiments’ durations for plotting purposes.
Durations are given in table 6.
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Figure 17. Power consumption of the IEAP actuators in long-term
sinusoidal reference following experiments. (A) shows the results for
laser feedback, (B) for IEAP feedback. Time is normalized to the
experiments’ durations for plotting purposes. Durations are shown in
table 6.

dimensions of the IEAP. In fact, the effective thickness of a
parallel-plate capacitor with the surface area of the IEAP has
later been shown to be (approximately) equal to the depth of
the counter-ion boundary layers near the IEAP electrodes (see
[52]). Despite the described inaccuracies, the models in hand
are the best set of control-oriented physics-based models
available at the time and they well approximate the measured
frequency responses of the sensing and actuation dynamics.
Comparing the closed-loop step response simulation
predictions (figure 11 and table 3) to the experimental results
(figure 10 and table 2) shows that the actual performance of
the sensor—actuator device is inferior to the predictions.
Resulting settling times and other figures are in experimental
results multiple times larger (except the overshoot for the
material #1 in laser feedback configuration with PI con-
troller). That is because our simulation results characterize
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best scenario performances, i.e. when voltage saturation,
external disturbances, model perturbations, noises of various
origins, etc are not present. Properly addressing these pro-
cesses is very laborious.

Examining the results reported in tables 2-6 and
figures 10-16 allows to compare the IEAP feedback perfor-
mance material-wise, controller-wise, and against external
feedback. The main limiting factor in IEAP feedback concept
appears to be the low-frequency drifting in the sensors’ short-
circuit current, that varies material-wise in magnitude, and
respectively in impact on the performance. Its potential causes
include interactions between the amplifier and the material,
environmental influences, potential material degradation (see
[53]) and internal dynamics effects, and needs further
investigation.

Performance in closed-loop experiments with IEAP
sensing remained inferior to the laser distance meter feedback
due to the aforementioned low-frequency sensing noise. It
degrades the system’s long-term performance while in the
short run (few seconds) they do not differ significantly (see
figures 10, 12 and 14).

It is also seen in the experiments (see tables 2, 4 and 5)
that the H,, controller performs better and should be preferred
over the PI controller (including the step response which the
PI is tuned for). This suggests that the complexity of the IEAP
actuation dynamics can be compensated with proper model-
based control, either using the physics-based ‘white box’
models that we use in this work, or some less complex ‘grey-
box’ or ‘black-box’ models, e.g. fully empirical models used
in our previous work [39].

While sample sets #1 and #2 perform similarly in all
experiments, the set #3 performs much worse than the others.
Its actuator’s ‘zero’ position changes even under sinusoidal
reference following (see laser feedback duration experiment
in figure 16), eventually saturating the input voltage and
failing to follow the reference. Also, its position sensing is
very noisy, causing most of the experiments to be aborted
soon after they begin. It is not clear what processes cause or
dominate these unwanted effects. In terms of actuation, the
shorter operational length of the sample set #3 does not seem
to influence the actuation magnitude remarkably (see
figure 9). Instead, we speculate that the nonlinear actuation
behaviour is caused by the significantly higher material
stiffness (table 1). According to [54], when the pressure
within the cathode boundary layer clusters within the polymer
backbone increases (stronger effect in stiffer materials), the
additional cations near the cathode start extensive restruc-
turing and redistribution, that is responsible for back-relaxa-
tion, and possibly also for our observations. In terms of
sensing, sample set #3 has significantly larger charge—stress
coupling constant than the other materials, and it exhibits
stronger short-circuit current (see table 1 and figure 8), that
the sensing model in chapter 2.3.1 also explains with higher
Young’s modulus. We hypothesize that mechanical stress in
IEAPs drives some additional nonlinear ion and solvent
dynamics that is responsible for the low-frequency sensing
noise, and thus the noise is stronger in materials with higher
Young’s modulus.
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Table 6. Experiment durations for long-term sinusoidal reference following.

Feedback Laser IPMC
Material #1 #2 #3 #1 #2 #3
Duration 7200s 4513.3s 76.82s 300s 1800s 4.295s

In long-term actuation experiments with IEAP feedback
the sensing signal of the sample set #1 is less stable than in
case of the set #2 (figure 16). This experiment is halted at
300 s to avoid damage to the actuators while the material #2
runs the entire 30 min experiment. Comparing to the longest
IEAP feedback control experiments reported so far (20s,
[38]), it is 15 and 90 times longer respectively. In other
experiments the drifting in the sensors’ short-circuit sensing
current varies material-wise, but between materials #1 and
#?2 clear superiority cannot be seen.

The actuation performances of these materials are also
similar, but cannot be directly compared due to the difference
in the environments. The external influences acting on the
sample set #1 in the air are insignificant, while the set #2 in
the water experiences also the added mass effects in addition
to greater damping. In the long-term laser feedback experi-
ments both materials work reliably for the entire experiment
durations, i.e., over 1 h. The higher power consumption of the
sample set #2 can be explained with the damping effects
(figure 17), but the causes of its fluctuations are unclear
(potentially a poor actuator contact). Among these two IEAPs
(#1 and #2), it is primarily the working environment that
should dictate which one to prefer.

In the feedback experiments our IEAP sensor—actuator
performed well over 7500 and 4900 cycles with material #1
and #?2 respectively, without noticeable signs of performance
degradation. Thus, considering the typical properties and
degradation [53] of the IEAP materials and feedback results
presented in previous studies (see section 1), the proposed
design is shown to work very well. The factors that could
limit its applications are primarily associated with the material
properties. Actuation-wise, larger achievable deformations
could be desirable, and sensing-wise, the reason for low-fre-
quency sensing noise should be identified and suppressed.
The large amount of experiments conducted in this paper well
address the strengths and weaknesses of the IEAPs and
hopefully will aid in material selection for applications.

5. Conclusions

In this work we propose and test an IEAP sensor—actuator
device with integrated actuation and sensing capability. The
proposed pivot-like design allows to combine the benefits of
both the ‘smart” IEAP materials and the matured tools of
conventional robotics. We describe the design concept and
the prototype, introduce the physics-based control-oriented
models of sensing and actuation dynamics, their identification
procedures, the experiment courses and the performance
evaluation metrics. Closed-loop experiments with the IEAP
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sensor—actuator prototype are performed, and the results are
presented for three different IEAP materials, two controllers
and two feedback sources.

The proposed design is proven to work well considering
the rather nonlinear and unstable properties of the IEAP
materials. The H,, control is shown to offer significant
improvements over PI controller. Thus identifying the system
using physics-based models as in this work, or with some less
involved black- or grey-box models and designing a model-
based controller is recommended. Position feedback from the
laser distance meter expectedly results in more stable per-
formance while the low-frequency noise in the sensors’ short-
circuit current limits the timespan of reliable position feed-
back from the IEAP sensing scheme. The cause of this noise
is unknown and we intend to further investigate it in our
future work.

Sample sets #1 and #2 perform similarly and a part-
icular material should be preferred depending on the work
environment (air or water, respectively). The different
environment is also the reason why these materials cannot be
compared in more detail. Sample set #3 performs sig-
nificantly worse than the others, exhibiting strong nonlinear
relation between input voltage and output position for the
actuators and very strong low-frequency noise in short-circuit
current for the sensor.

In feedback experiments the sample sets #1 and #2
performed in total well over 7500 and 4900 sinusoidal cycles
respectively, material #3 was able to perform less than 450
cycles. In laser distance meter feedback configuration we did
not see signs of performance degradation even at the end of
2h long experiment, and in IEAP sensor feedback config-
uration we were able to conduct 30 min long sinusoidal
reference following without saturating the actuation voltage.
In IEAP feedback configuration this is 90 times longer
experiment than achieved in previous reports.

With all the presented results the proposed sensor—
actuator realization is thoroughly characterized, making it
also a good basis for choosing the control and feedback
scheme, and the materials to work with in the applications for
those not familiar with the IEAP materials.
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