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Ionomeric Polymer-Metal Composites (IPMCs) are sandwich-like materials based in a polymeric
membrane covered on both sides by metallic electrodes. Its operation mechanism consists of hydrated
ions migration in response to an external electrical field generated between the electrodes, leading
to a spatially nonuniform mass accumulation which causes the device to bend. Its performance as an
actuator depends mainly on the environment’s relative humidity and electrical stimuli. Consequently,
IPMCs present variations in the electromechanical properties exhibiting nonlinearities and time-varying
behaviors, limiting the major applications. For this reason, this paper investigated a PI controller
performance to overcome these drawbacks and effectively control a Nafion-based IPMC-Li" exposed
to different relative humidities and electrical stimulis. The PI control system uses a camera with a
machine vision application as a feedback sensor. Support instrumentation was developed to control
the relative humidity, apply an electrical stimulus, and measure the electromechanical response. The
pattern recognition algorithm implemented in the controller is efficient, with accuracy above 95%,
making the feedback sensor reliable. Therefore, the PI controller was effective, stable, and capable of
controlling and characterizing IPMC devices when relative humidity was above 60% at a low-frequency

displacement and avoided the undesired back-relaxation phenomenon.
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1. Introduction

Tonomeric Polymer-Metal Composites (IPMCs) are
smart and bio-inspired materials that can perform bending
movements in response to an electrical stimulus'. They are
sandwich-type composites formed by an ionic conductive
polymeric membrane between metallic electrodes (Figure 1a).
The main characteristics are low density, noiselessness,
miniaturization capacity, and biocompatibility>. For this
reason, they are promising materials for a wide range
of technological applications in strategic areas, such as
conductive rubber composites (CRC)?, actuators*?, sensors®?,
artificial muscles’, robotics'*!!, aerospatial industry'?, energy
harvesting'?, biomimicry'*'*, and oil exploration'.

These devices’ operating mechanism consists of hydrated
ions migration inside the ionomeric channels in response to
an electric field generated after a bias application in the metal
electrodes'”. This ionic movement causes an internal pressure
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gradient, leading to a spatially nonuniform mass accumulation,
which causes the device to bend'® (Figure 1b). Therefore,
several factors influence mechanical performance, such as
the dependence on the operating environment (temperature
and humidity)'*?2, counterion type®, polymeric membrane
dimensions (especially the thickness), and electrode physical
properties?.

The chemical structure of Nafion® consists of a
polytetrafluoroethylene-like backbone (hydrophobic
domain) with side-grafted chains containing sulfonic groups
(hydrophilic domain), as seen in Figure 1¢*. Due to chemical
incompatibility between these domains, the hydrophobic
region is organized into an amorphous matrix with small
crystalline domains, while the hydrophilic region coalesces,
forming a three-dimensional network of channels (Figure 1d)
called ionomeric channels®. When the IPMC is exposed to an
environment with high relative humidity, greater absorption of
water molecules occurs through a first-order kinetic reaction
(chemical reaction in which its speed linearly depends on
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Figure 1. a) IPMC; b) IPMC mechanical response after a bias application; ¢) Nafion® chemical structure; d) hydrophilic domains at

ambient humidity; e) hydrophilic domains at high humidity.

the concentration of the reactant), causing an expansion of
the ionomeric channels. (Figure 1e)?’.

As this phenomenon depends on the environment s relative
humidity in which the IPMC operates, its electromechanical
response will be unpredictable in the absence of the control
of'this variable. Therefore, some studies present alternatives
to prevent Nafion’s hydration level variations during its
operation. Among them is the use of non-aqueous solvent, as
is the case of ionic liquid®, the use of IPMC encapsulation®,
applications in an underwater environment, and applications in
a controlled RH environment®, which is the case of this paper.

Other phenomena are also observed, such as back-
relaxation (drawback associated with water counter diffusion,
which causes the IPMC to shift in the opposite direction after
maintaining a bias for a while)?3!, electrolysis (a reaction
that splits water into hydrogen and oxygen)¥, hysteresis
(tendency to conserve their properties in the absence of
the stimulus that generated them)*, and highly uncertain®*.
In other words, these devices have variations and instabilities
in electromechanical performance, exhibiting nonlinearities
and time-varying behaviors®. For this reason, the IPMC
has been coupled to a control system for robotic actuator
applications®®, using techniques based on input/output
response***74, Some authors have demonstrated the ability
to effectively control robotic fingers*!, soft robot*, artificial
muscles®*, pneumatic muscle actuators®, strain*®, force*’,
position***, and micropumps*, using input/output controllers.

Although there are many types of controllers, PID
(proportional-integral—derivative) controllers are the most
common and versatile**>!. Its operation consists of acquiring
a signal, then computing the desired actuator output by
calculating proportional, integral, and derivative responses
and summing those three components to compute the output.
Since the IPMC’s operation and response frequency are low,

a PI controller is enough to ensure system functioning and
reliability. These are simple, easy-to-understand, optimized
control techniques with great popularity and are widely used
in the industry®>. In IPMC applications, the operation and
response frequency is low. For this reason, a PI controller is
enough to ensure system functioning and reliability.

Liao et al.*® have proposed a PI robust tracking control
design for an IPMC using an optimization coprime
factorization approach to determine the PI controller
parameter. Wang et al.** transformed simple and sophisticated
PI control systems with machine vision as a feedback sensor.
Liu etal.” developed an adaptive, nonlinear tuning algorithm
to optimize the positional control of an IPMC actuated rotary
mechanism using a PI controller. Fu et al.’ created an IPMC
robotic surgical device with a PI controller’s embedded
force feedback sensor.

In general, these controllers proved to be effective in
ensuring proper system functioning and reliability. They can
also precisely track position, eliminate steady-state errors,
run effectively under a static or low-frequency operation,
and have highly adjustable performance. However, there
are always gaps for new adjustments like any method: 1)
Using a PI controller and a camera with a machine vision
algorithm as feedback response. ii) Consider the instabilities
caused by the external factors, such as relative humidity, that
influence the IPMC mechanical response and, consequently,
the controller’s performance. iii) Verify the camera’s tracking
and monitoring capability and its influence on the system’s
ability to control the IPMC. Therefore, complementary studies
combining methods focusing on the controller’s performance
under different operating conditions are desirable.

Thus, in this paper, a Nafion-based IPMC with platinum
electrodes exchanged with Li* ions was electromechanically
controlled, employing a closed-loop PI system. A camera
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and a machine vision application were used to track the tip
displacement and provide feedback response. The system
was considered a black-box model, samples were studied in
a cantilever configuration, and the analyses were carried out
using a humidity control system with precise RH control.
Therefore, this paper aims to determine whether PI controllers
using an image as a feedback response can competently control
IPMC devices under varying relative humidity conditions
and different types of the electrical stimulus.

2. Experimental

2.1. IPMC sample preparation

A Nafion-based IPMC with platinum electrodes
was used in this paper. Nafion 117 (1100 equivalent
weight, 178.0 pm thick) membranes were obtained from
IonPower. The impregnation-reduction method described
by Oguro et al.’” was used to assemble these lithium ion-
exchanged devices. This procedure aims to obtain IPMC
samples with excellent quality and capable of mechanically
responding to electrical stimuli.
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2.2. Experimental setup
2.2.1. IPMC power source system

An electrical control system was developed to control the
sample, using a current and voltage amplifier OPAS51 (Buffer),
a National Instruments (NI) electric signal generator
NI-9263 module, and a data acquisition NI-9218 module.
The NI-9263 signal is amplified by the OPAS551 and electrically
stimulates the IPMC. The NI-9218 module monitors the
applied electric stimulus.

2.2.2. Instrumentation

Displacement measurements based on high-speed
cameras are becoming a standard tool for interpreting IPMC
deformation behavior*®¢'. The technique showed an excellent
performance in characterizing these materials. Moreover, it
could be an alternative for IPMC actuator feedback control
since it can track position with high speed and precision®.
Also, it is an efficient, effective, and low-cost technique®.
For this reason, the IPMC control system used for feedback
control was developed as described subsequently. Figure 2a
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Figure 2. a) IPMC closed-loop control scheme and b) experimental setup.
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presents the control system scheme, while Figure 2b shows
the experimental setup.

The power source system and a high-resolution camera
are connected and controlled by a computer (Laboratory
Virtual Instrument Engineering Workbench - LabView).
On the computer, a desired position value for the actuator
is set. The power source system provides the electrical
stimulus (input signal), allowing the actuator to bend.
This movement (output signal) is real-time tracked by
a low-cost and high-resolution camera CMOS (model
Logitech ¢920), with a 30 frames/sec rate and a resolution
of 1920 x 1080 pixels per frame processed by a machine
vision application. The output signal provides a feedback
response to the computer, calculated using a PI control, which
monitors the electrical stimulus adjusting the input signal
to obtain the desired device bending. A maximum voltage
range of 2.0 V was used to maintain the device’s integrity.
The NI-9218 module acquires the IPMC voltage response.

Pl is a practical, straightforward feedback control method
specifying a process variable and set point. The PI controller
was implemented using a LabView code block in the Control
Design and Simulation/PID/PID.vi module. This module
assists in dynamic systems simulation, controller designs,
and real-time control systems. The process variable is the
system parameter to be controlled (e.g., displacement), and
the setpoint is the desired value for that system parameter.
When the system is triggered, the PI controller determines
a controller output value (e.g., electrical stimulus intensity)
and applies the controller output value to the system to drive
the process variable toward the setpoint value, controlling
the IPMC displacement.

The PI control parameters (Kc - controller gain and Ti
- reset Time (integral Time)) were tuned via the heuristic
Ziegler-Nichols step response method since it is effortless
and intuitively easy to understand. Tuning was performed
for RH = 90%. Since the main objective is to verify the
influence of RH on the control system, the same tuning
value was used for all RH tested.

2.2.3. Machine vision for feedback response

This study’s visual inspection task is “Sorting” (searching
for objects based on a template)®. In this approach, the
camera identifies patterns, quickly locating regions of the
IPMC that match a known reference pattern (template).
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When using pattern matching, it is created a template (w)
that represents the searching object (IPMC tip) in a specific
inspected image (C). Then, the machine vision application
searches the template over Time, multiplying each pixel
by the image pixel it overlaps. Summing the results over
all the pixels of the template is possible to track the IPMC
movement. In this paper, a normalized cross-correlation
pattern matching algorithm was used. The image cross-
correlation is defined according to Equation 1:

L-1 K-1
C(i,j)=ZX=OZy=1w(x,y)f(x+i,y+j) )]

and normalized correlation as Equation 2:
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where w(x,y) is a pixel of the template, f(i,j) is a pixel of the
inspected image, w and 7 are intensity averages of template
respectively image. Figure 3a shows the template (w) created
in the inspected image (C). Figure 3b presents the visual
inspection task when the IPMC is bending.

Equation 1 is a mathematical function that can inspect
the entire reference image (C) and search the template (w)
by sliding it on a pixel-by-pixel basis. As a summation,
the function can scroll through the image from the upper
left corner and advance to the next pixel, comparing the
template’s functions to the inspection image. The correlation
coefficient is high when the function values are very
similar; therefore, the template and the inspection image
are equivalents. The normalized correlation (Equation 2)
evaluates the degree of similarity between images. It is used
because it is less sensitive to linear illumination changes,
improving the template detection capacity. In equations,
relative displacement is measured in pixels, a relative unit
of measurement. For this reason, a reference with an object
of known size was used to convert the pixel to mm, allowing
the determination of the IPMC displacement in mm.

2.3. Experimental procedure

As described, IPMCs actuators and sensors are studied in
a cantilever configuration, in which a bar-shaped structural

Machine
Vision -
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Fx+i,y+i)

Figure 3. a) Template (w) created in the inspected image (C) and b) Visual inspection task.
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element is anchored at one end. In contrast, the other end
is free to move®. This device’s electromechanical behavior
depends on the environment’s relative humidity (RH) in which
the sample is inserted. For this reason, this paper studied
samples in a cantilever configuration (Figure 2). The analyses
were carried out with precise RH control, using a humidity
control system described in previous work'”.

Therefore, to avoid any sample hydration level variation
during the tests, the IPMC was kept in a closed chamber,
controlling the RH continuously for 120 minutes to achieve
osmotic equilibrium and kept constant until the end of test*.

The experiments were carried out at RH = 30, 60, and
90% to investigate the PI controller performance under these
conditions. After reaching the osmotic equilibrium, the desired
displacement was adjusted manually in LabView. The power
source system is automatically triggered, applying a voltage,
causing the sample displacement. The movement response
is tracked by the camera (installed along the axial direction
of the actuator), giving a feedback real-time output signal
at 30 fps. This captured signal is transmitted to a computer
and used by a PI controller software that adjusts the voltage
input signal to reach the previously adjusted displacement
set point. All those components form a closed-loop control
system represented in Figure 4.

3. Results and Discussions

3.1. Controller position tracking response

Path tracking experiments were conducted to verify the
system’s ability to accurately and precisely follow a trajectory
in real-time. In this analysis, RH = 90% was used since, in
this condition, the device’s mechanical response is as fast
as possible!’, demanding maximum system performance.
Figure 5a presents the IPMC displacement as a function
of time. Problems were found in the initial tests, especially
concerning the template search in the inspection image.
It occurs because the template was created based on the tip
of the IPMC (Figure 5b), and as it is a film, the side surface

area is small, making it difficult for the system to find the
template in the inspected image. Therefore, it was decided to
use a marker (small styrofoam ball) on the tip of the [IPMC
to maximize the recognition area and consequently improve
the system accuracy (Figure 5c). This larger area improved
the accuracy of the algorithm when recognizing the template.

Regarding the algorithm, it was necessary to use a
marker to optimize its detection capacity. In Figure Sa,
the recognition score represents the system’s accuracy in
finding the model in the inspection image (secondary y-axis).
The system used a minimum value for object recognition
set at 70% (700 points from 0-1000). If the model found in
the inspection image was > 70% similar to the first model
image, the system could accurately track the IPMC movement.
Otherwise, the system loses the model’s reference, and thus,
it can no longer control it. When the Styrofoam ball was
used, the score was higher than 95%, showing an excellent
tracking ability. Then, it was decided to use the marking on
the IPMC tip in all measurements.

Concerning the camera tracking capability, as soon as
the control system was activated, the IPMC moved to the
setpoint position. A few seconds later, the IPMC reached
the determined displacement position when the setpoint
was changed to force a new displacement. The maximum
displacement achieved was 4.0 mm. No significant
fluctuations were observed, even though the displacement
was performed in the opposite direction. The camera was also
able to track IPMC position with high speed and precision,
giving feedback in real-time and high-quality signal to the
PI system. The system, in turn, could adjust the electrical
output signal quickly. For this reason, the device performed
a predefined trajectory as desired.

Nemat-Nasser and Wu®® studied with precision IPMCs
high-frequency motion with a high-speed camera (120 frames/
sec). On the other hand, Tsiakimakis et al.* used a CCD camera
(30 frames/sec) to track with precision an IPMC movement
at a low-frequency condition — 0.5 Hz. The authors affirm
that monitoring problems may appear when high-frequency
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Figure 4. IPMC automatic closed-loop control system block diagram. The control parameters are Kc - controller gain and Ti - integral Time.
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Figure 5. a) IPMC position tracking as a function of Time, b) IPMC film inspection, and ¢) IPMC film inspection using a small styrofoam

ball marker.

movements are tracked by limited frame rate cameras (25-
30 frames/sec). However, as noted in this work, the fast
bending movement was accurately monitored, and system
perturbations were not observed.

3.2. PI controller response

Ahigh-precision control is necessary to operate and use
an IPMC as a manipulation device (e.g., micro gripper)*!.
So, to verify the system’s position tracking capacity as a
function of the RH, the samples were tested under different
non-sinusoidal waveform stimuli for RH =30 ~ 90%. The PI
controller was activated, electrically stimulating the IPMC.
The high-resolution camera captured the displacement,
while the NI1-9218 module acquired the voltage and current
responses.

3.2.1. Square step pulse

Figure 6 presents the IPMC displacement, voltage, and
current responses as a function of Time for a square pulse
stimulus (4.0 mm amplitude and 2.0 seconds interval).

As observed in Figure 6, as soon as the square pulse
stimulus was applied, the [PMC moved toward the setpoint
position. The displacement was more significant and faster
when RH = 90% in both directions (Figure 6a). Besides,
as the square pulse has a significant amplitude, the system
applied the maximum allowable voltage (2.0 V) to reach the
set point. As expected, after the pulse interval (2.0 seconds),
the controller applied an opposite voltage to ensure that the
IPMC returns to the initial position (0.0 mm) as soon as possible
(Figure 6b). Regarding the IPMC current response, it is clear
that the current peaked and then decreased exponentially
as a function of time after applying the voltage. When RH
> 60%, a second peak was observed, related to the voltage
application in the opposite direction. On the other hand,
the current remained constant when RH = 30% (Figure 6c).

When the controller triggers the IPMC device, the
positively charged Li" ions complexed with water molecules
migrate from the cathode to the anode, generating a current
peak response®’. The ionic transport mechanisms are related
to the actuator hydration level'’. Saccardo et al.* analyzed
the variation in the magnitude of the impedance (|Z|) as
a function of RH using Impedance Spectroscopy. At low
frequencies, it was observed that the ionic response of the
material dominates it. Besides, as the hydration level increases,
the amount of the H,O molecule inside the membrane also
increases, promoting a more significant ionic migration.
For this reason, when RH > 60%, solvated ions can migrate
in greater quantity and quickly, causing a more significant
spatially nonuniform mass accumulation within the membrane
and promoting a more substantial displacement.

Consequently, the electrical response was easily acquired
when RH > 60%. Since, at this condition, even with a small
voltage, the ionic mobility is high enough that Li* ions migrate
quickly towards the anode, generating a peak current. With
this, it is evident that the actuator presented an acceptable
mechanical and electrical response for RH > 60% under a
square pulse stimulus. The IPMC’s operation and response
frequency are low. So, evaluating the actuator response in
these low-frequency conditions is essential to ascertain the
controller efficiency.

3.2.2. Triangular wave

Figure 7 presents a bi-directional non-sinusoidal triangular
waveform stimulus (4.0 mm amplitude and 2.0 seconds
interval), in which the setpoint increased at a variable rate.
The rate at which the setpoint changes between each ramp
direction is equal during both cycle halves.

When the displacement rate (setpoint) was adjusted to
0.02 mm s, the device presented an identical movement to
the setpoint for all tested RH. The controller showed a quick
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Figure 6. IPMC electromechanical response as a function of Time
for a square pulse stimulus. a) Displacement (mm), b) Voltage (V),
and c) Current (A).

response time and a small steady-state error at this condition.
The PI control’s integral element can also slow the material
relaxation when RH > 60%, gradually increasing the applied
voltage. On the other hand, the response is slower when the
RH = 30%, and the maximum voltage was used to ensure
the proper movement. There is still reasonable trajectory
control, increasing the displacement rate to 0.05 mm s
The current response was as expected, following the behavior
of the voltage.

Increasing the displacement rate requires a faster response
from the actuator. Thus, when RH =90%, the controller can
adequately control the sample for displacement rates up to
0.1 mm ™. Above this value, the IPMC displacement differs
from the ideal. When the displacement rate is maximum
(0.5 mm s), the sample at RH = 90% could only reach half
the setpoint, while the others did not present an adequate
displacement. At this condition, the change in the setpoint
is so fast that the controller cannot send the maximum
possible voltage (2.0 V). As noted, the controller’s ability
to manipulate the IPMC depends on environment RH and
the displacement rate required. The PI controller performs
satisfactorily when the RH > 60% and the displacement rate
is less than 0.1 mm s,

Once again, it is evident that controller efficiency is directly
related to material characteristics and RH. Many different
structural models have been proposed to explain Nafion’s
morphology and properties®®”!. The most accepted®® shows
that increasing the H,O absorption increases the average
separation between ionic clusters, reducing Coulomb
interactions between charged species (Li* and SO, groups).
So, at lower displacement rates and RH > 60%, the counterion
complexed with water molecules tends to easily migrate
through the material to maintain the actuator position
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relative to the setpoint. As the rate increases and RH =30%,
the molecular motion is out of phase with the setpoint by a
value proportional to the amount of water inside the IPMC,
causing a slow trajectory adjustment.

3.2.3. Step response

The system maintains stability, even in disturbances
or variations, ensuring reliability’. Thus, IPMC samples
were submitted to a displacement for an extended period
(300 seconds) to evaluate the system stability. The samples
were studied under different displacement amplitudes (2.0,
3.0, and 5.0 mm), and RH = 90% was used since, in this
environment condition, the device presents the highest
possible deformation speed. Figure 8 illustrates the IPMC
displacement as a function of time.

As soon as a voltage was applied, the IPMC moved
to the setpoint position. The rise time (the Time it takes
the system to go from 10% to 90% of the steady-state)
was approximately 30 seconds, regardless of the set point.
All samples showed overshoot, which increased as the
displacement rose. However, the controller could correct
this effect, reaching the desired position after a few seconds.
The IPMC position varied less than 5% around the adjusted
value, achieving its steady-state after 100 seconds (settling
Time). The undesirable deadtime (how long it takes before
a process begins to respond to a controller output change)
was not observed. This behavior shows that both the output
(displacement) and the input (voltage) signal were quickly
monitored and adjusted, respectively, guarantying stability.
So, the tracker system was designed able to achieve its
primary task.

As shown previously, several papers have effectively
controlled IPMCs using input/output controllers*>6. Many
researchers have chosen a PI controller for its simplicity>>>7,
Aw et al.”® designed a PI controller to monitor a robotic surgical
instrument with one skeleton-joint mechanism actuated by
IPMC. The device operated as expected, providing various
cutting forces with reasonable accuracy. Hunt et al.” presented
an IPMC sensor-actuator camera-based feedback PI control.

Materials Research

They consider that the proposed setup could be usable with
some improvements. Tondo et al.”® demonstrated that a linear
PI controller, including voltage constraints, is a simple and
efficient approach for a bending actuator closed-loop control.

Generally, P and I are defined to obtain a closed control
system with a minimum and constant steady-state. Therefore,
the derivative term increases until the loop is acceptably
fast concerning its set point. Increasing the derivative term
decreases the overshoot, increases the gain, maintains
stability, and makes the system highly sensitive to noise’.
The response derivative can make the control system unstable
if the control loop rate is too slow. Since the IPMCs device
response is low frequency, D is unnecessary once overshooting
is significant. For this reason, the proposed PI controller
was effective and stable with values for the components P
=0,01 and I = 0,04 in our tests. Consequently, this system
can control and characterize IPMC devices, as shown in the
following section.

3.3. PI controller performance as a function of
RH

As the actuator’s mechanical performance is highly
dependent on the operating environment RH (membrane
hydration level)', it is necessary to evaluate the ability to
control and characterize IPMCs under different operating
conditions to understand their behavior concerning these
conditions. Then, all samples were previously tested at each
RH to determine the maximum possible displacement. A state
machine was then developed for each situation, allowing
the maximum displacement to be varied every 300 seconds
(3.3 mHz frequency). Besides, the electric drive system
was limited to 2.0 V, ensuring the tested sample integrity.
Displacement and voltage response as a function of Time
were obtained when RH = 30, 60, and 90%, as shown in
Figures 8a, 8b, and 8c, respectively.

As expected, the mechanical response is highly RH-
dependent. By increasing the RH, the displacement amplitude
becomes more accentuated and faster. When RH = 30%, the
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Figure 8. IPMC displacement as a function of Time showing the PI controller stability.
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maximum displacement was 0.5 mm, whereas for RH =90%,
it was 5.0 mm. That is, the displacement increased ten
times with a small membrane hydration level variation.
The maximum displacement observed for RH = 60% was
3.0 mm, considerably higher than the driest condition tested.
As shown elsewhere!”, solvated ions can migrate/diffuse
easily and in larger amounts inside the membrane when
the RH = 90%. In addition, the more hydrated material
favors displacement due to the reduction in the elastic
modulus”™ Lei et al.'® determined from physical models that
Young’s modulus decreases with increasing RH. Likewise,
Bernat and Kolota?! found that once the water content in
the Nafion membrane increases, the flow dynamics increase
significantly. For this reason, the speed and amplitude of
the mechanical response vary significantly depending on
the membrane’s hydration level.

The highest overshooting sample was conditioned at
RH =30%. After reaching the maximum displacement value,
the controller reduces the applied voltage to 0.0 V (Figure 9a).
However, as the RH is very low, few H,O molecules are
inside the membrane®'. Consequently, the ionic migration
in the opposite direction is very slow, so the device takes a
long time to return to the desired position. Despite the high-
precision control, stability, and accuracy, the PI controller
performed poorly under these conditions. A more accurate
and faster response could be obtained for a broader voltage
range (up to 5.0 V), but with the possible intensification
of other phenomena, such as water electrolysis*®. Adding
the derivative term to decrease the overshoot would also
be possible, increasing the gain in exchange for the system
instability rise.

The ionic migration is much easier and more intense when
the RH > 90% (Figure 9c). Once it reached a displacement
ten times greater, the controller reached voltages of ~1.25 V.
On the other hand, the applied voltage gradually increased
after reaching the desired displacement. This effect may be
associated with back-relaxation®’. When an electrical stimulus
is applied to the IPMC, ions solvated with water molecules
migrate in the cathode direction. Instead of maintaining its
deformation, the device decays back to its initial shape®!.
Therefore, the controller increases the electrical stimulus
intensity to avoid this undesired phenomenon. Thus, the
displacement kept the adjusted position over Time.

A complementary statistical analysis was performed
for a 1.0 and 1.5 V voltage range. Table 1 summarizes the
data obtained. R-squared (R?) represents the relationship
between the setpoint and the process variable, showing how
close the IPMC displacement is to the desired trajectory.
The displacement depends on the voltage and RH. Therefore,
for each condition, maximum displacement was adjusted.
The overshoot percentage was calculated about this
maximum displacement. The settling time was determined
when the sample displacement varied less than 5% around
the setpoint. The displacement speed was considered using
the ratio between the total distance covered by the sample
and a given time interval.

Asnoted, R? increases as a function of RH and electrical
stimulus. However, this factor is more strongly influenced by
the RH variation since, for the same environmental condition,
when doubling the applied voltage value, R? increases little.
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Figure 9. IPMC Displacement and voltage response as a function
of time. a) RH = 30%, b) RH = 60%, and c¢) RH = 90%.

It shows that when the polymeric membrane hydration level
is low, the IPMC control is difficult. The high overshoot value
and the sample’s observation did not reach the stabilization
time during the experiment cycle interval (300 seconds).
Moreover, when RH > 60%, the control was more effective,
and both the overshoot and the stabilization time were
acceptable and compatible with the expected.

The difference becomes even more significant when
the displacement rate is analyzed individually. As can
be observed, the sample with the highest hydration level
showed a displacement rate 650 times higher than the sample
conditioned in low RH. For this reason, the sample quickly
reached the desired displacement, and, consequently, the
stabilization time was obtained after a few seconds. Thus,
it is clear that the IPMC’s electromechanical performance
is strongly influenced by the amount of H,O molecules
inside the Nafion’s ionomeric channels. When the amount
of H,O is limited, the device’s displacement is slight, and



10 Zuquello et al.

Materials Research

Table 1. Device performance for various operating conditions, presenting R%, maximum displacement, overshoot percentage, settling

Time, and displacement speed as a function of voltage range and RH.

RH (%) Voltage Range R ' Maximum Overshoot Settling Time  Displacement Rate (mm/s)

V) Displacement (mm) Percentage (%) (s) (x10)
1.00 0.52 0.12 291 - 0.02

30 1.50 0.56 0.24 15.81 - 0.03
2.00 0.62 0.50 16.39 - 0.03
1.00 0.82 1.10 2.59 4.60 0.05

60 1.50 0.84 2.08 4.73 9.20 0.2
2.00 0.88 3.00 5.32 12.53 0.4
1.00 0.90 1.55 2.35 2.82 1.50

90 1.50 0.92 3.06 4.62 6.80 17.30
2.00 0.95 5.00 6.69 8.96 19.50

its control is compromised. In general, the IPMCs actuator’s
structure-properties relationship determines the efficiency
ofthe PI controller. Variations arise since structural changes
occur in the polymeric membrane for different RH, affecting
the ion migration capacity. Thus, the variation of the
electromechanical response of IPMC devices determined
the efficiency of the PI controller.

4. Conclusion

In this paper, a closed-loop PI control system was
developed to control a Nafion-based IPMC with platinum
electrodes exchanged with Li* ions. The PI controller was
chosen because it is widely used in the industry and is facile
to understand and optimize.

Since the IPMCs operation and frequency response
are low (overshooting is not great), the derivative action
is unnecessary, and a PI controller could control the IPMC
properly. The machine vision approach presented excellent
accuracy when a marking on the tip of the IPMC was used since
it increased the recognition area of the algorithm. It showed
an excellent success rate (> 95%) in object recognition in
real-time concerning the model created by the algorithm.
In general, the proposed system was effective, stable, and
capable of controlling and characterizing IPMC devices.

The controller’s performance was evaluated testing the
IPMC device under different operating conditions, specifically
varying the RH and the electrical stimuli. It was observed that
the mechanical response is highly RH and bias dependent.
However, it was evident that the hydration level is the most
decisive factor in IPMCs’ electromechanical behavior.
When RH > 60%, the device’s mechanical performance was
satisfactory, evidenced by the increase of the three parameters:
coefficient of determination (R?), displacement rate and tip
displacement as a function of the three voltages evaluated.
In other hands, in lower RH the observed parameters were
reduced. This proves that dried environments mitigates the
ionic mobility due to the smaller amount of solvated water
molecules, reducing the ionomeric channels to the point of
compromising the mechanical performance of the device.

In favorable environments (RH > 60%), the PI controller
avoided the undesired back-relaxation phenomenon, adjusting
the electrical stimulus intensity over time. So, the actuator
maintained its displacement during the experiment time.
New experiments will improve control techniques and

explore others IPMC actuator variables (thickness, length,
and width). Also, different solvents (non-aqueous), alkali
metals counterions (H', Na*, K*) and ionic liquid (BMIM")
will be used to study their influence on the IPMC performance
and control.
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