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1. INTRODUCTION

Ionic polymer-metal composites (IPMCs) and ionic polymer-carbon-metal
composites (IPCMCs) are ionic polymer transducers (IPTs) that bend when
voltage is applied between their electrodes (shown in Figures 1.1 and 1.2),
and reciprocally generate voltage when they are bent. They consist of an
ion-conductive polymer backbone (typically in a form of a thin sheet), mobile
(i. e. loosely coupled) ions that can move within the polymer, and conductive
electrodes that are applied on the facets of the ionic polymer backbone.
Such construction allows ion migration within the material sample when it
is mechanically or electrically stimulated, resulting in voltage generation or
observable bending respectively. The basic working principles and construction
of the IPMC and IPCMC materials are discussed in Section 3.1 in more detail.
Potential processes that dominate the actuation and sensing phenomena are
illustrated respectively in Figures 1.3 and 1.4.

Features that make IPTs an attractive alternative to conventional sensors
and actuators include large bending strains, low activation voltages, simple
construction, and ease of shaping and miniaturization. Small maximum output
force is considered an advantage or a drawback depending on the specific
application. In terms of limitations the performance variations (degradation
usually) and non-linearities limit their use or make their application a challenging.
Properties of the IPTs are reviewed in more depth in Section 3.1.2.

The appealing properties of the IPTs have sparked numerous papers that
report possible applications for these “smart” materials. Locomotion and
manipulation mechanisms for various ground and underwater robots, energy
harvesting elements, actuation or sensing in surgical tools and prosthesis are
only some examples, and a more in-depth review is provided in Section
3.2. Most of these studies focus on presenting their idea and providing a
proof-of-concept demonstration of its feasibility, but exclude reliability and
performance evaluation in terms of actual requirements. Furthermore, to the best
of the author’s knowledge none of them have been adapted into use. Clearly
the authors have been counting on advances in materials science to improve the
IPTs, but developments have not been as fast as expected. A characterization
of currently available IPT materials in terms of their sensing and actuation
performances and potential limitations would significantly facilitate evaluating
their present suitability for different implementations.
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(@ (b) (c)

Figure 1.1. Actuating an IPMC sample. Resting position (b), and 2 V with opposite
polarities applied for 2 s (a,c).

Since IPTs exhibit both sensing and actuation functionalities, several research
groups have been developing methodologies to achieve a self-sensing actuator,
described in more detail in Section 3.3.3. Unfortunately so far this concept
has not been demonstrated to function in the presence of external disturbances.
Currently, a much more realistic alternative is to combine multiple material
samples into a single device for simultaneous actuation and sensing. This
would allow to exploit their novel properties with minimum impact on actuation
capabilities. To date, only few preliminary studies reviewed in Section 3.3.2 have
considered this concept, and a more thorough investigation would be necessary
to explore its potential.

The aims of the work presented in this thesis are the following:

* to study the performance and limitations of the IPT actuators in a real-time
application (approaching the limits of their actuation capabilities), by
realizing an [PT-actuated inverted pendulum;

* to study the feasibility of the coupled IPT sensor-actuator concept, for
achieving an extended functionality with an existing material technology;

* to thoroughly characterize the design and closed-loop performance of an
IPT sensor-actuator prototype using three common IPT materials in order
to provide qualitative and quantitative information on the feasibility of the
IPTs and the sensor-actuator concept in applications;

* to provide a realistic test-bed for studying the feasibility of IPTs in invasive
medical applications.

Balancing an inverted pendulum system is a real-time critical task with clear
validation criteria, and it is expected to provide information on the behaviour,

16



(@) (b) (©

Figure 1.2. Actuating an IPCMC sample. Resting position (b), and with 2 V applied for
2 s at opposite polarities (a,c).

performance and limitations of the IPT actuators when functioning at high
actuation voltages near their limitations. The experimental set-up consists of an
IPMC-actuated lever that is coupled to a lightweight cart supporting the inverted
pendulum while the entire assembly is submerged in a water tank. Dynamics of
the system is captured using a 5th order state-space model that is further used
to design a full-state linear quadratic optimal controller and a state observer. In
order to be able to balance the system, the unexpectedly strong back-relaxation in
IPMC actuation dynamics is effectively treated as an uncertainty by substituting
the actual cart position with a simulated estimation. Stabilizing the inverted
pendulum is achieved for up to 30 minute long experiments, demonstrating the
feasibility of the IPT actuators in a real-time performance critical task, and
indicating the low actuation moment and unexpectedly strong back-relaxation
effect as significant limitations.

In order to investigate feasibility of the integrated IPT sensor-actuator
concept and provide information on its performance, a sensor-actuator prototype
is constructed. Two short IPCMC samples (side-by-side configuration) are
mechanically coupled together and fixed to the Earth frame in one end using
a spring-loaded clamp with electrical terminals. In the other end, a plastic
clamp couples them together and attaches to a rigid extension rod. Empirical
models are used to capture the actuation and sensing dynamics, and a PI
(proportional-integral) controller is designed. The behaviour of the prototype
is studied in closed-loop experiments of sinusoidal reference following, and
its performance in IPT feedback configuration is validated against an external
feedback. Results show that the IPT sensor-actuator prototype works well in
short term (few seconds), but longer experiments (up to a minute) fail due
to low-frequency noise in IPCMC sensing signal that causes significant error
accumulation in position estimation.

17
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Figure 1.3. A simplified explanation to the initial fast actuation phenomenon in IPMC
and IPCMC materials in response to applied voltage. When voltage is applied, the
mobile cations start migrating within the material, carrying along some solvent (if
present). Very high cation concentration forms in the narrow proximity of the cathode
electrode, and a wider cation-depleted region forms in the proximity of the anode
electrode. The region in-between remains electrically neutral as the aforementioned
charge imbalances shield it from the applied electric field. Repulsive electrostatic
forces between the branches of the dendritic electrode in the cation-rich region cause
deformations in the material structure, observable as bending. Refer to Section 3.4.3
for more information.

Next, an improved design of the integrated IPT sensor-actuator concept is
proposed, and a more systematic approach is taken in order to qualitatively and
quantitatively characterize the performance and limitations of both the design
concept and three different IPT materials. A prototype is constructed using
two IPT samples for actuation and one for sensing, positioned in a symmetrical
side-by-side configuration, fixed to the Earth frame by a spring-loaded clamp
(with electrical terminals) in one end, and mechanically coupled together (and to
a rigid extension rod) in the other end. The IPT materials and the sensor-actuator
design is thoroughly characterized using physics-based models. A series of
closed-loop experiments are conducted on the prototype using the three different
IPT materials, PI and H., controllers, and both the IPT and the laser distance
meter feedback. This allows to provide qualitative and quantitative performance
characterization, and compare the results material-wise, controller-wise, and
against external feedback baseline. Significantly longer experiments with IPT
sensor feedback are achieved than ever before, but the low-frequency noise in
IPT sensor signal remains the major performance limitation.
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Figure 1.4. A simplified explanation of possible processes dominating the sensing
phenomenon. Bending the transducer produces the solvent and ion distribution gradients
across the material thickness, resulting in a potential difference between the material
electrodes. More information is provided in Section 3.4.3.

Mechanical compliance and limited actuation capabilities of the IPT materials
can be considered as intrinsic safety measures when using them in invasive
medical equipment, and therefore such applications deserve more thorough
consideration. In order to establish a realistic test-bed for evaluating feasibility
of IPTs in invasive medical applications, a phantom manufacturing process is
reported and validated. Gelatin gels are identified as the best suited soft tissue
mimicking materials for such purpose, and their properties are experimentally
related to their composition. Phantoms are obtained by segmenting the organ
models in patient CT scans, producing mould models in CAD software, making
physical mould parts using rapid prototyping, and casting the phantoms (in
multiple steps). For proper elasticity and ultrasound appearance the respective soft
tissue properties are obtained from the literature and required gel compositions
are looked up from material characterization results. Following these techniques
a set of ultrasound guided renal biopsy phantoms are produced and validated by
radiology residents, confirming realistic anatomy and appearance in ultrasound
imaging. Basing on the reported and validated soft tissue phantom manufacturing
technique a test-bed design is proposed for validating IPTs in an invasive
medical application, particularly as an active guidewire in a catheter system, but
validating the application itself remains future work.

The rest of this thesis is organized as follows. First, the contributions of
the thesis are presented in Chapter 2. Next, the literature overview in Chapter
3 discusses the background and properties of the IPMC and IPCMC materials,
reviews proposed applications, various control reports and modelling approaches.
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Chapter 4 presents the work related to the [PT-actuated inverted pendulum
system, and Chapters 5 and 6 report the studies on the initial and improved
designs of the integrated IPT sensor-actuator concept respectively. Developing a
realistic test-bed for evaluating the feasibility of IPTs in medical applications is
presented in Chapter 7. Finally, the conclusions summarize the work presented
in this thesis.

20



2.

CONTRIBUTIONS OF THE THESIS

Contributions of this thesis are:

 Implementation of the IPT materials in the first real-time performance-
critical application with clear validation criteria, i. e. balancing an inverted
pendulum system. Results provide information about the behaviour of IPT
materials (particularly IPMCs), and about the implementation limitations,
in particular, actuation limits, long-term stability and back-relaxation at
elevated operational voltages.

» The concept development and realization of an integrated sensing and
actuation system using IPTs, i. e. achieving extended functionality with
the existing material technology. The first reported IPT sensor-actuator
prototype (using IPCMCs), capable of precise reference position tracking.
Validation of this concept and qualitative characterization of its performance
in closed-loop configuration. Identification of low-frequency noise in the
sensing signal as potential limitation for applications.

» Improved IPT sensor-actuator design. Three IPTs characterized in terms
of fundamental material parameters (physics-based models). Performance
of the IPT sensor-actuator prototype qualitatively and quantitatively
characterized in the closed-loop configuration. Performance comparison
for the sensor-actuator is provided material-wise, controller-wise and with
respect to the external feedback. Up to 30 min long experiments are
achieved in IPT feedback configuration, 90 times longer than ever reported
before. The identified potential limitations vary material-wise, and include
back-relaxation of the actuator and low-frequency noise in the sensing
signal.

* Ultrasound-compatible soft tissue substitute phantom design and manu-
facturing techniques providing a realistic test-bed for studying IPTs in
medical applications (as an active guidewire in catheter design). Phantom
material properties are related to their composition. Test phantoms are
produced and validated in renal biopsy training procedure by interventional
radiology residents. Evaluation results confirm that the phantoms and
included pathologies appear realistic in ultrasound imaging.
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3. LITERATURE OVERVIEW

This section explores the literature related to this thesis, introducing the IPMCs
and IPCMCs, and summarizing various studies on applications, closed-loop
control and modelling of these materials, as well as phantom material technologies
for evaluating the IPTs in medical applications. First, IPMC and IPCMC
materials are addressed in Section 3.1, briefly covering their categorization,
manufacturing, construction and properties. Then, the potential exploitation of
these materials is demonstrated trough the multitude of proposed applications
in biomedical engineering, different aspects of robotics, energy harvesting and
other fields in Section 3.2. Next, Section 3.3 examines the reported feedback
configurations and control methods that have been used for closed-loop control
of IPTs. Black-box, grey-box and white-box approaches for modelling the
materials are covered in Section 3.4, also reviewing some mechanisms that
have been hypothesized to be responsible for actuation and sensing phenomena.
An overview of currently available phantom material technologies that can be
used for evaluating medical applications of the IPTs is provided in Section 3.5.
Literature overview is concluded in Section 3.6.

For more details on topics related to IPTs interested readers are referred to
numerous review papers, e. g. Shahinpoor [1, 2], Bhandari et al. [3], Jo et al.

[4].

3.1. IPMCs and IPCMCs

This thesis studies ionic polymer transducers (ITPs) [5, 6], that are also
classified as ionic electroactive polymer (IEAP) transducers [7], ionic polymer-
conductor composites (IPCCs) [2], or ionic conducting polymer gel film (ICPF)
transducers [8]. The particular materials under investigation are ionic polymer
metal composites (IPMCs) and equivalent IPCCs that have nanoporous carbon
electrodes instead of noble metal ones (described by the provider as IPMCs
with nanoporous carbon electrodes [9]). Nanoporous carbon electrodes perform
similarly to the dendritic electrodes of the IPMCs, and thin gold film on their
surfaces only serves to enhance surface conductivity, rendering these materials
functionally and by construction roughly equivalent. While IPCCs with carbon
electrodes are addressed as carbon-polymer composites (CPC) in Paper C,
this term is not used in this thesis to avoid confusion with actuators that are
produced by applying ionic liquid (IL) and porous carbon electrodes on a thin
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ion-permeable polymer film e. g. in [10]. For simplicity, the term ionic
polymer-carbon-metal composite, i. e. IPCMC, is used further on. Due to
abovementioned similarities to IPMCs, IPCMCs are occasionally also addressed
as [IPMCs and many of the studies focusing on IPMCs are also qualitatively valid
for IPCMC materials [9, 11, 12, 13].

IPMCs and IPCMCs are high strain and low elastic modulus electromechanical
transducers that exhibit two-way coupling, i. e. they produce electric signals
when bent, and bend when voltage is applied. They are ’smart’ materials
produced by plating ionic polymers with conductive metal or carbon electrodes.
Essentially, ’smart’ materials (also known as ‘intelligent’, ‘adaptive’ and
‘structronic’ materials) are materials designed to conduct significant energy
conversion between physical domains (mechanical, electrical, thermal, magnetic,
chemical), displaying a remarkable change in a state variable in one domain
upon a change in a state variable in another [7]. Ionic polymers are a type of
(electromechanical) electroactive polymers, that accordingly provide coupling
between electrical and mechanical domains, expressed in a change in their shape
or dimensions when subjected to electric field, and vice versa. Electronic
electroactive polymers (e. g. piezoelectric polymers, dielectric elastomers) and
ionic electroactive polymers (e. g. hydrogels and aforementioned ionic polymers)
can be distinguished, the latter functioning trough diffusion or conduction of
charged species within the polymer. Due to large deformations in response to
low activation voltages (usually less than 10 V), ionic electroactive polymers
are often used in sensor and actuator applications. Thus, by compositing ionic
polymers with conductive electrodes, one type or smart materials have been
used to achieve new smart materials with novel properties. A brief overview of
available EAP materials and their history has been described by Bar-Cohen and
Zhang in [14].

The first study describing the bending of an IPMC transducer under
low-voltage electric stimuli was reported in 1992 by Oguro et al. [15]
(patentented in [16]). In the same year an equivalent design was proposed for
propelling a fish-like swimming robot by Shahinpoor [17]. Using a platinized
Nafion™membrane as a vibration dampener and an accelerometer for detecting
disturbances normal to the polymer membrane surface were also reported in 1992
by Sadeghipour et al. [18]. The sensing phenomenon, i. e. voltage generation
upon bending was first reported in 1995 by Shahinpoor [19, 20]. These novel
properties of a metallized ionic polymer membrane have motivated many studies
ever since.

IPCMC materials emerged as Akle et al. developed a direct assembly process
(DAP) as an alternative to chemical deposition of metal electrodes on the polymer
membrane [21] allowing to obtain electrodes with controlled dimensions and
morphology [22, 6]. They produced ionic polymer trasnducers (IPT) with single
wall carbon nanotube (SWNT), RuO2 and polyaniline electrodes covered with
gold foil to enhance the surface conductivity. Later, Palmre et al. used this
technique (DAP) to produce IPTs with nanoporous carbon-based electrodes,
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based on carbide-derived-carbon (CDC), coconut-shell-based activated carbon,
and TiC-based carbon [9, 23].

3.1.1. Material construction

IPT properties are significantly influenced by the details of the manufacturing
process [24], but in brief, the materials used in this work are manufactured
as follows. A thin (100pum — 300um) ion-conductive polymer membrane
(e. g. Nafion, Flemion) [21] is either purchased or manufactured in-house
[25], [26]. These materials consist of a mesh of long polymer molecules with
short side-chains that are terminated with ionic groups and respective loosely
coupled counter-ions [21]. In order to produce IPMC transducers, noble metal
(e. g. platinum, gold) electrodes are deposited on both faces of the polymer
membrane using the electroless plating technique [27]. Correspondingly, IPCMC
transducers are obtained using the direct assembly process (DAP) [6] to deposit
carbon electrodes that are further covered with gold foil and hot-pressed in order
to enhance surface conductivity [9]. Loosely coupled counter-ions are exchanged
for larger ones (e.g. Na™, Li* in place of protons in Nafion) as required [28],
and the most common solvent medium is water [21]. lonic liquids (ILs) function
both as counter-ions and solvent, and are often used as a non-volatile and more
stable alternative to abovementioned ion-water mixture, allowing to utilize the
materials also in dry environments and at higher voltages [29] [9] [30].

Various combinations of counter-ion species and polymer backbones result
in materials with diverse properties [31, 32]. A more extensive investigation
of different ions in combination with both Nafion and Flemion membranes has
been reported by Nemat-Nasser [28]. Regarding the surface electrodes, their
purpose is not only producing electric field within ionic polymers, but their
structure also dictates material preformance to a large extent. In fact, Doi et al.
demonstrated that, in the presence of electric field, ionic polymer gels that are in
contact with electrodes behave differently from the ones that are not in contact
with electrodes [33]. The dendritic structure of the electrodes greatly contributes
to the actuation phenomenon. For example, Okazaki et al. manufactured an
IPMC sample by vacuum plating gold electrodes on an ionic polymer sheet,
but the resulting material exhibited almost no actuation [34]. Analogously to
the dendritic structure of the IPMC electrodes, it is the total porosity of the
IPCMC surface electrodes that influences their actuation. Torop et al. showed
that the displacement response of the IPCMCs increases with the increase of the
mesopore size, and the induced strain is proportional to the total porosity of the
used carbon-derived carbon [35]. Depending on the material and the structure
of the electrodes, the performance of the IPTs may be significantly influenced
also by the presence and variation in surface resistance. This phenomenon has
been studied for example by Shahinpoor ef al. [36] and Punning ef al. [37].
Interestingly Johanson et al. achieved reversion in the surface resistance effects
(using Pt and Cu electrodes and Cu?* counter-ions) by active re-deposition of
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copper during actuation, but undesirable growth of copper dendrites inside the
polymer backbone severely limited their usability [38].

While the typical IPT samples are manufactured as thin sheets, also thicker
materials and unusual geometries have been reported. In order to achieve
materials that are capable to output larger forces Kim and Shahinpoor made over
2 mm thick IPMC samples using the solution recasting technique [25], and Kim
et al. were able to achieve up to 1 mm thick Nafion membranes in search for an
alternative for commercially available materials with a limited thickness range
[26]. Some examples of IPTs with unconventional geometry include helical
IPMCs reported by Moenkhah et al. [39], hollow tube-shaped IPMCs with
sectored electrodes and resistive strain sensors [40], and cylindrical (not hollow)
IPMCs with sectored electrodes [41]. The latter two are able to bend in 2 degrees
of freedom.

3.1.2. Material properties

Actuation of IPMCs and IPCMCs is observable in response to low voltage
signals, usually up to 5 V [42]. Higher voltages are avoided to protect the
material from electrolysis (if the solvent includes water) or from heat damage.
The voltages that are generated on the material electrodes upon mechanical
excitation are approximately two orders of magnitudes smaller than the voltages
needed to produce equivalent deformation when the same sample is used as an
actuator [43, 44]. Besides voltage also current and surface resistance have been
measured for sensing purposes (Section 3.3.2). In addition to the abovementioned
actuation phenomenon, some IPMCs have also been reported to be capable of
electrochemical self-oscillations [45, 46].

Appealing properties of IPTs include softness, flexibility, light weight, ease of
scalability, mechanical simplicity, mechanical compliance and very high strains.
Some IPMCs have been reported to achieve even bending beyond a complete
loop [47]. Properties limiting their application include the low maximum
output force, sensitivity towards the environment, and non-linear and varying
material behaviour. The so-called back-relaxation effect is so strong for some
polymer-cation combinations that under constant DC voltage after the initial
actuation the materials bend back beyond their initial rest position [28, 48]. In
quasi-static operation, short IPMCs with a rigid extension have been shown to
behave more linearly at large deformations than long material samples [49].

Over the years, modelling studies have considered different processes to
dominate the sensing and actuation phenomena. These include ion motions
and subsequent electrostatic interactions [50], formation of pressure gradient by
solvent flux due to ion flux [51, 52, 50], and internal stresses and interactions
between ion pairs inside hydrophilic clusters [44, 53]. These processes are
further discussed later, in Section 3.4.3 on physics-based modelling of IPTs.

The IPT’s operating conditions and configuration may also affect the way they
behave. According to Moeinkhah et al., IPMC performance varies with clamping
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pressure, and optimum is a trade-off between electrical and mechanical effects
of clamping [54]. When water serves as the ion transport medium in IPTs the
materials need to be kept hydrated to maintain their actuation performance [1].
Sensing behaviour has also been reported to differ between fully and partially
hydrated samples [55] (Flemion membrane, Au electrodes), but wet environment
was found not essential [56] (Nafion 117, Na™ cations, electrode material not
reported). According to Chen ef al., the sensing signal amplitude of the IPMCs
(provided by Environmental Robots Inc.) increases for approximately 5 minutes
after taking it out of the water, and then starts to decrease [57]. Investigation of
the impact of the ambient humidity on the electrical properties of the IPMCs
with ionic liquids indicated that the membrane resistance decreases exponentially
with increase in the humidity [58]. Furthermore, Must et al. demonstrated that
IPCMCs could be used as ambient relative humidity sensors [59]. Brunetto et al.
investigated the impact of temperature and humidity on IPMCs and reported a
strong increase in actuation with increase the of humidity [60] (Nafion 115, Na*
cations, Pt electrodes and water solvent), as well as the increase in the sensing
signal amplitude and noise with the increase of humidity [61] (Nafion 117, Na™
cations, Pt electrodes and water solvent), but no significant dependences on
temperature. An empirical model of the temperature impact on IPMC sensing
has been reported by Ganley et al. [62]. Material degradation due to electrode
oxidation has been reported by Kim and Kim [63], and a thorough methodology
for studying material durability, self-degradation and degradation was proposed
by Punning et al., but the results of this study are still underway [64].

3.2. Proposed applications

Since the introduction of the IPMC transducers a wide variety of reports have
been published on their potential application. Many of them are summarized
in review papers, e. g. [1, 65, 66, 3, 67], but in this section it is intended to
provide a broader overview on the scope of the applications proposed for IEAP
transducers. In the following, biomedical, robotics, energy harvesting and other
applications are introduced.

3.2.1. Biomedical engineering

The novel properties of IEAP transducers have been found to be potentially
useful in a variety of applications in the field of biomedical engineering.
Multiple aspects of potential exploitation of the IPTs in limb prosthesis have
been studied. Lee ef al. stacked 5 Nafion films to manufacture stronger material
samples for their three-joint [IPMC-actuated artificial finger prototype [68]. In
the same year Biddiss and Chau investigated the usage of the IPMCs for sensing
in hand prosthesis [69]. An IPMC-actuated hand prosthesis prototype was built
by Aravinthan ef al., and they further used EMG signals from skin electrodes on
human limbs to actuate the device [70]. Using EMG signals to actuate IPMCs
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was also investigated by Jain ef al. [71]. The major limitation in most of the
prosthesis applications was the low achievable actuation force.

While some of the proposed IPT applications in medical equipment are
non-invasive, e. g. blood pressure and heart rate monitoring system of Keshavarzi
et al. [72] (IPTs used on the inner surface of a cuff), most of the applications
qualify as interventional medicine equipment. Using IPMCs as active guidewires
in microcatheters was first proposed by Guo et al. [73]. Over a decade later,
Fang et al. studied manufacturing of IPMC actuators specifically for using them
in a low-cost disposable active cardiac catheter [74], and in [75] they further
produced and tested three different IPMCs for the same purpose. Also, using
IPMC actuators as bending tips in scanning fibre endoscopes and catheteroscopes
has been studied by Yoon et al. [76]. Ferrara et al. suggested using IPMCs for
pressure transducer in human spine [77].

Various surgical instruments have been proposed utilizing IPTs for sensing or
actuation purposes. McDaid ef al. proposed a 2-DOF IPMC-actuated surgical
tool and investigated the performance of one of its joints in the closed-loop
configuration [78]. Fu et al. built an [IPMC-actuated surgical tool prototype and
added a strain gauge on its surface for feedback [79]. Surgical tactile probes with
IPMCs for sensing and actuation have been proposed by Bonomo et al., who
present a prototype for contact registration and tissue stiffness estimation [80],
and Brunetto ef al/. who used vibrations in a different prototype to distinguish
between tissue materials [81]. Chen et al. used an IPMC actuator with an
attached PVDF sensor for embryo injection and demonstrated the procedure on
a fruit fly embryo [82].

3.2.2. Robotics

Many other robotics applications, reaching beyond medical robotics, have been
proposed for IPTs. They include robot designs that are capable of carrying their
own bodyweight. Yamakita et al. simulated a biped walking robot [83], and
later also performed a preliminary walking experiment reporting a 5 or 6 step
sequence [84]. Arena et al. used a four-segment 105 mm long IPMC actuator
in their externally powered worm-like robot, that carried its own weight and
achieved 0.14 mm/s locomotion speed [85]. Hou et al. reported preliminary
experimental results with an IPMC-actuated amoeba robot [86]. Simulations of
another amoeba robot design have been reported by Chen ef al. [87]. Stasik
et al. proposed and modelled a self-rolling wheel that uses IPMCs for shifting
its center of gravity for locomotion [88].

Flapping wing designs using IPTs have been explored by Lee and Park [89],
and Kim ef al. [90]. The first study used an [IPMC-actuated rack-pinion system
in their design resembling an insect wing, and achieved 15 degree flapping
amplitude at 15 Hz frequency [89]. In the second study, the bending deformation
of the actuator was directly transmitted to the attached wings [90]. Unfortunately
neither of the devices became airborne.
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Some applications have been proposed for robot manipulation. Using elliptic
friction drive actuator elements Tadokoro et al. proposed and tested a 3-DOF and
a 6-DOF IPMC micromanipulator, and reported 2 mm and 0.4 mm maximum
displacements respectively [91]. Nakabo ef al. demonstrated a realization of
a multi-DOF manipulator achieved by patterning a single IPMC sample [92].
Kruusmaa et al. used short IPMC actuators as joints in a 2-link micromanipulator
design [93]. A 2-DOF IPMC-actuated manipulator was also proposed by Mcdaid
et al., using a model-free iterative feedback tuning controller in the testing of the
prototype [94].

Similarly to the catheter tip and catheteroscope designs introduced in Section
3.2.1, IPTs have been proposed for building end-effectors. Lumia and Shahinpoor
built a two- and a four-finger IPMC microgripper, and demonstrated lifting a
10.3 g rock with the latter prototype [95]. Another simple microgripper with 2
parallel actuators was reported by Jain et al. [96]. Feng and Tsai reported IPMC
micro-tweezers with multiple electrodes on the polymer membrane to achieve
clamping functionality and motion in multiple degrees of freedom [97].

A wide range of applications that have been proposed in underwater robotics
are overviewed in the next subsection.

3.2.3. Underwater robotics

This subsection explores the numerous studies that have reported utilizing IPTs
to provide their biomimetic underwater robot designs with sensing or actuation
capabilities. A comparison between some of these designs as well as other
solutions utilizing different ’smart’ materials has been provided by Chu et al.,
and it was concluded that IPTs are slower than shape memory alloys (SMAs),
but easier to miniaturize, and produce larger strains than lead zirconate titanates
(PZTs) and SMAs [67].

Since Shahinpoor proposed to use ionic gel fibers with numerous printed
electrodes for a propulsion mechanism of a fish-like robot [17], many similar
propulsion techniques exploiting IPTs have been reported. One distinctive
design category includes robots consisting of a boat-like buoyant body and an
IPT sample to actuate the tail fin(s) for propulsion. Mojarrad and Shahinpoor
modelled and experimentally studied the propulsion of a fish-like IPMC caudal
fin attached to a styrofoam boat, and reported speeds up to 19 mm/s [98, 99].
Guo et al. used two separately controlled IPMC-actuated tail fins attached to a
wooden boat-shaped body in their underwater microrobot design, and reportedly
achieved up to 5.35 mm/s speed (dimensions 40 mm by 10 mm) [100]. Later,
Guo et al. improved the design with a solenoid-actuated center of mass adjuster
and a buoyancy control unit driven by IPMC electrolysis, achieving the speed
of 5.21 mm/s (45 mm long, 20 mm wide, 4mm thick) [101]. Laurent and Piat
used similar design with two beating IPMC-actuated polyethylene fins attached
to a boat-like polyethylene body, and reported the maximum speed of 1.8 mm/s
(dimensions 50 mm by 10 mm by 10 mm) [102].
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Most common designs of (biomimetic) robotic fish consist of a fish-like
body and an IPT-actuated fin(s). This kind of a prototype with a foam body
and a trapezoidal IPMC caudal fin has been reported by Paquette et al. to
experimentally measure its thrust force in a vertically suspended configuration
[103]. Later, Kim et al. performed a similar study in 3.5 % NaCl solution to
demonstrate feasibility of operation in a salt water environment [104]. Another
robotic fish prototype was reported by Shen et al. [105]. It has a dolphin-like
rigid body and an IPMC-actuated flexible caudal fin, and was used to validate
their thrust performance model. The tethered 47.5 mm long prototype weighed
5.05 g and achieved the top speed of 46 mm/s.

Several untethered [PT-actuated biomimetic underwater robot prototypes have
also been reported. Jung ef al. and Kim ef al. studied the motion of their
wirelessly controlled tadpole robot prototype consisting of a rigid head and an
IPMC-actuated thin polymer film caudal fin, and the 96 mm long robot reportedly
achieved the maximum speed of 23.6 mm/s [106, 107]. Tan et al. used an
IPMC-propelled caudal fin to build a mobile untethered fish-like underwater
sensing platform for educational use [108]. The 235 gram 230 mm long prototype
achieved 6.3 mm/s peak speed. In an upgraded design a passive plastic caudal
fin was used in the tip of the IPMC actuator to improve the swimming efficiency,
and the 140 gram 148 mm long robot achieved approximately 22 mm/s maximum
speed [109]. A similar robotic fish prototype was modelled also by Chen et al.
[110]. Hu et al. used the model of [109] to simulate their idea of petroleum
exploration platform supervision using a swarm of IPMC-propelled robotic fish
[111]. Kopman et al. modelled the planar locomotion of a remotely controlled
IPMC-propelled robotic fish using rigid-body dynamics and validated the results
experimentally on a prototype consisting of a stiff body, an IPMC actuator and a
passive silicon fin [112]. The 130 mm long prototype weighed 85 g and achieved
7.8 mm/s surge speed. Later, Aureli et al. extended the modelling using modal
analysis and achieved approximately 12 mm/s maximum surge speed [113, 114].

Not all the biomimetic designs use caudal fin(s) to propel the prototype.
Kamamichi et al. built a snake-like robot that floats on the surface and consists
of three rigid links and two IPMC-actuated joints [115]. The robot weighs 0.6 g
and the 120 mm long prototype achieved 8 mm/s speed. Anton et al. proposed
a ray-like underwater robot with a buoyant body and two pectoral fins, each
actuated by two IPMC samples, and reported up to 9 mm/s propulsion speed
[116]. Punning et al. realized a more complex ray-like underwater robot design
using 8 IPMC samples in each pectoral fin, and reported an average speed of 5
mm/s [117]. Later, Chen ef al. built a robotic manta ray prototype with IPMCs
actuating only the leading edges of its polydimethylsiloxane fins and reported
7.4 mm/s swimming speed for the 55 gram and 110 mm long prototype [118].
Yeom and Oh used curved IPMC actuators to build a jellyfish-mimicking robot
and reported the maximum vertical speed of 0.057 mm/s [119].

Several reports study the usage of IPTs in underwater robotics without actually
building a prototype. Anton et al. proposed the usage of short IPMC actuators
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in a multilink caudal fin design, and demonstrated with analytical modelling and
CFD simulations that a two-link tail fin achieves better swimming efficiency
than a one-link version [120]. Shen et al. used simulations based on the IPMC
actuation model of Chen et al. [121] to study using PID and fuzzy control on an
IPMC-propelled robotic fish [122]. Palmre ef al. investigated moulding multiple
IPMC actuators into a silicone fin in order to produce more complex biomimetic
deformations [123].

Besides the fish-like designs, also walking IPT-enabled underwater robots
have been reported. Kim et al. used custom-made 1.15 mm thick IPMCs to
construct a walking ciliary 8-legged microrobot, that was 65 mm long, weighed
4.4 g and achieved speeds up to 17 mm/min [124]. Another design of an
8-legged walking IPMC microrobot was reported by Guo et al. in [125], and the
33 mm long prototype achieved 8.3 mm/s walking speed. A fully IPMC-bodied
quadruped robot constructed from patterned and shaped IPMC samples by Tomita
et al. (maximum length 53 mm) was demonstrated to walk like a turtle with
maximum velocity of 0.936 mm/s [126]. Shi et al. used 10 [IPMC samples in
their two different designs of underwater microrobots capable of various types of
locomotion and grasping. Their 60 mm long prototype and 33 mm long prototype
achieved walking speeds of 10.5 mm/s and 1.54 mm/s respectively [127, 128].
Chang and Kim made an aquatic walking robot with six 2-DOF IPMC-actuated
legs and the 102 mm long robot weighing 39 g achieved 0.5 mm/s speed [129].

3.2.4. Energy harvesting

Since IPTs are capable of converting mechanical energy into electrical, it
is natural to explore their feasibility for energy harvesting. Dogruer et al.
investigated charging a battery from the mechanical stimulation of IPMC
materials, compared the performance of the samples with different dimensions
and concluded that narrow thick samples charge faster [130]. Tiwari and Kim
studied the impact of electrodes and cation species on the charging rate and
concluded that larger cations result in a higher charging rate [131]. Later they
proposed a disc-shaped energy-harvesting tool for exploiting uncontrolled or
multi-directional vibrations [132]. Brufau-Penella et al. used a grey-box model
to describe IPMC energy harvesting capabilities, and predicted that a 400um
thick material’s maximum power density is 0.25uWem ™2 at the resonance
frequency of 24 Hz [133]. Aureli et al. modelled [IPMC energy harvesting in
fluids, and reported that an approximately 1.5¢m? material sample generates 1
nW power when vibrating in its second structural mode with 1 mm amplitude
[134]. Cha et al. modelled and demonstrated underwater energy harvesting from
torsional vibrations of a patterned IPMC sample, and reported the maximum
power density of 10=7 — 10~%uWmm 2 [135]. Jamshidi et al. modelled IPTs as
energy harvesters in low subsonic flow and reported that a 300um thick square
sample with 38 mm side length can produce 1.75 mW power [13].
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3.2.5. Applications for sensing

While there are numerous applications proposed for IPTs that exploit their
actuation capability, benefitting from sensing functionality is much less explored.
IPTs have been used as sensors for estimating the velocity in a tactile sensor
design by Konyo et al. [136]. Paola et al. proposed and demonstrated
an [PMC-based vibration sensor [137]. Fang and Chen reported preliminary
experiments on using IPMCs as impact sensors, e. g. in a shoe [138]. Chew
et al. proposed using IPMCs for position sensing in the joints of robotic fingers
[139]. Ando ef al. presented a seismic sensor design using IPMCs [140].
Abdulsadda and Tan constructed an artificial lateral line sensor using on IPMC:s,
and demonstrated its underwater localization capabilities [141, 142]. Zhong et al.
investigated using IPMC materials for measuring cycle-to-cycle characteristics
of pulsating flow [143], and Che ef al. studied detecting the start and end of the
flow [144].

3.2.6. Other applications

All IPT applications cannot be categorized into the previously discussed larger
groups, therefore some of them are reviewed in this subsection. These include
an [IPMC-driven loop-shaped actuator element proposed by Tadokoro ef al. that
produces elliptic motion and is able to drive objects with friction in various
designs [145]. Using the actuator element, they constructed a rotary motor
prototype that floats in water and achieved the maximum speed of 6 rpm. Similar
actuator elements were also used in realizing a distributed drive conveyor belt
design and their prototype consisting of 40 elements achieved 0.62 mm/s speed
in translating objects [146]. Using another concept Mcdaid et al. reported an
IPMC-driven stepper motor prototype [147].

In terms of space applications, IPTs have been proposed for dust-wipers in
space by Bar-Cohen et al. [148, 47], and for actuating inflatable space structures
by Tung et al. [149]. IPTs could also be used to produce mirrors with controllable
focal length. Bao ef al. proposed and simulated their concept of a parabolic
mirror with IPMC-controlled focal length [150]. Kothera and Leo studied using
feedback control of a square-plate IPMC actuator for utilizing it in a membrane
mirror application [151]. Later, Wei and Su simulated an IPMC-focusable
parabolic mirror design and also presented preliminary experimental results
obtained on their prototype without a mirror finish [152].

For pumping fluids, Lee et a/, and Lee and Kim proposed and simulated a
micropump design that uses an IPMC as an active membrane [153, 154]. A
micropump prototype for drug delivery was built by Mcdaid et al., and online
iterative feedback was used to improve its reliability [155]. Further, in terms of
fluids, a viscometer design that uses one [IPMC sample for generating vibrations
and another one for measurements, was proposed by Brunetto et al., and it was
validated on sucrose solution to estimate the density and viscosity of the fluid
[156].
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Some authors have reported studies that are not a potential application, but
aim to overcome some limitations or facilitate using IPTs in applications. For
example Punning et al. demonstrated that using modulated input signal on
IPMC actuators reduces their power consumption and peak current consumption
[157]. Lee et al. designed a microstrip patch antenna into the IPMC electrodes
for wireless actuation [158], and Abdelnour et al. proposed and experimentally
characterized a wireless powering system, and demonstrated it in a flow
visualization experiment [159]. Fleming et al. proposed to use controlled
activation of different segments on a patterned IEAP actuator in order to alleviate
back-relaxation effects [160].

Many of the potential applications for IPTs have not been discussed in this
overview. Nevertheless, this non-exhaustive overview demonstrated multitude
of applications that have been proposed for IPT materials in different fields so
far.

3.3. Closed-loop control of IPTs

Open-loop control of IPT actuators frequently does not result in satisfactory
performance due to large overshoots and long setting times, while closed-loop
configuration offers significantly better results [161, 162], etc. This section
reviews the control methods that have been applied on IPTs to improve their
performance, various methods that have been used to provide a feedback signal
for closed-loop control, studies that have investigated using IPTs both for
actuation and sensing, and the efforts to achieve self-sensing IPTs.

3.3.1. Reported control methods

Many closed-loop control methods with various complexities have been applied
on IPT actuators. The more conventional methods include using a linear quadratic
regulator (LQR) and a state observer to achieve full state feedback [48, 163],
lead-lag control [164, 161], PID control [162], PID with integrator anti-windup
scheme [165], purely integral gain [166], and combination of (curve-fitted)
feedforward and PI feedback control [167]. An adaptive fuzzy control algorithm
has been reported by Oh and Kim [168], and Song et al. used a repetitive control
concept for error reduction in periodic signal tracking [169].

More complex control methods usually aim to compensate for material
nonlinearities, and these include robust adaptive control with leakage modification
(only simulations reported) [170], quantitative feedback theory robust control
[171], operator-based robust nonlinear control [172], integral periodic output
feedback control [173], PI control combined with a simplified adaptive inverse
control method [174], model reference adaptive control [175, 176, 177], active
disturbance rejection control [178], and time-delay control with noise filtering
and anti-windup scheme [179]. Sliding mode controllers have been reported by
Hao et al. [180], and Sun et al. [181] (similar to sliding mode control).
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3.3.2. Combined sensing and actuation

Some studies have reported utilizing other materials in combination with IPT
actuators to achieve compact realization for their closed-loop system. Chen et al.
bonded a PVDF sample on an IPMC actuator and demonstrated its usability
in embryo injection application [82, 182] (patented in [183]), and Leang et al.
bonded resistive strain gauges on IPMC actuators to achieve integrated sensing
for feedback control experiments [184]. As a logical alternative, some works
actually utilize IPMC materials in the closed-loop configuration both for sensing
and actuation. These studies can be considered as steps towards an integrated
IPT sensor-actuator.

Newbury built a motor-like rotary device with 4 IPMCs for actuation and
one for displacement sensing [185]. He designed a compensator for the device
and reported a performance improvement over the open-loop configuration in
sinusoidal reference tracking, but in a very narrow frequency range. Bonomo
et al. proposed to use IPMCs for vibration control, and demonstrated the
idea on an experimental device consisting of two IPMC samples with identical
dimensions fastened side-by-side to a thin plastic sheet [186]. The output
voltage of the sensor sample was amplified and applied to the actuator, resulting
in sustained or damped oscillations upon an external mechanical stimulus,
depending on the polarity of the feedback. The sheet deformation during
vibrations was not measured and the concept was concluded feasible based on a
qualitative evaluation. Gonzalez and Lumia proposed a two-finger microgripper
design utilizing one IPMC sample for sensing and another for actuation [187].
Material dynamics was described using empirical models, and the actuator
displacement was estimated from the sensor voltage reading. Using a PID
controller, they performed closed-loop step response measurements for validating
the design concept, but on a different set-up from the proposed design.

A preliminary study on an integrated IPMC actuator/sensor for precision
feedback control was presented by Yamakita et a/ [188]. In their experimental
work they focused on validating the sensing scheme based on an LTI (linear
time-invariant) sensor model in combination with an observer to estimate the
bending angle from the sensor voltage reading. A sensing model for the 2 mm by
20 mm material sample was identified from input-output data, and in validation
experiments they connected an IPMC sensor and an actuator in parallel, and
closed the loop using a PID controller. They reported a 10 s long 0.2 rad
amplitude step response and 10 s long 0.2 rad amplitude sinusoidal reference
following with approximately 0.2 Hz frequency. In experiments, they used 200
pm thick Au-plated Nafion 117 membrane doped with Na™ (actuator) and TEA™
cations. The report is very brief on experimental details and results, and does
not disclose implementation details or any further description of the set-up.
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3.3.3. Self-sensing IPTs

In self-sensing IPTs, both the actuation and sensing are accomplished using the
same material sample. This concept is particularly interesting because it would
allow to push the design miniaturization of closed-loop applications to the limits
as the need for the challenging sensor integration disappears. Several possible
solutions to achieve self-sensing have been proposed.

Punning et al. proposed a self-sensing IPMC actuator concept based on the
observation that the surface resistance change correlates with IPMC bending, but
asymmetrically for stretching and compression [189, 37]. The same design was
later used also by Nam and Ahn to conduct preliminary closed-loop experiments
[190].

Park et al. proposed a self-sensing technique basing on signal conditioning in
order to estimate bending deformation from the change in electrical impedance,
but presented no experimental validation [191]. A similar approach was
hypothesized to be feasible also by Kruusamie et al., reporting correlation
between the bending deformation and impedance of both the whole actuator and
its individual electrodes [192].

Nakaido et al. proposed to use multiple parallel electrodes on the same
polymer membrane to achieve both sensing and actuation functionality within
the single material sample [193]. Major limitation of such a design appeared
to be electrical interference between sensor and actuator electrodes through the
polymer backbone. In order to reduce these interferences Kruusamée et al. added
a grounded electrode segment between the sensing and actuating electrodes
in their experimental study [194, 195], and presented a preliminary report on
modelling their self-sensing patterned IPMC concept in [196].

Ko et al. proposed to estimate [PMC bending curvature from the actuator’s
charge [197]. This was obtained by instantaneously disconnecting the circuit
and measuring voltage between the actuator’s electrodes. Experimental results
confirmed the existence of correlation between the open circuit voltage and
the material curvature. Linear relationship between actuator’s charge and
deformation at extremely low humidity levels was later reported by Sasaki
et al., who also demonstrated its usability for control [198]. Unfortunately,
these approaches have not been shown to function in the presence of external
mechanical disturbances.

3.4. Modelling the materials

This section introduces various models from different modelling approaches
that have been used to describe the IPTs. Most of them are derived to
capture the sensing and actuation behaviour of IPMCs, but many of them also
apply for IPCMCs. This overview includes black-box, grey-box and white-box
approaches, and aims to provide context and rationale for the models used in
this thesis. The section covering the white-box models also discusses different
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comprehensions of the processes behind the sensing and actuation phenomena of
IPTs.

3.4.1. Black-box models

Black-box linear transfer functions are a simple mean to describe the actuation
dynamics of IEAP transducers and many studies have taken advantage of this.
Mallavarapu and Leo, and Mallavarapu et al. used empirical models identified
from step response to describe IPMC actuation dynamics for control design
purposes [48, 163]. Bhat and Kim fitted empirical transfer function (fourth order)
models to experimentally measured step responses in order to design lead-lag
controllers for precision control of IPMC force and displacement [164, 161].
Kothera and Leo used a linear empirical model for IPMC actuation dynamics
and reported simulation and experimental results of integral feedback control
[166]. Kang et al. used experimentally identified empirical models to design
and compare the performance of a PID controller and three robust controllers
in simulations [199]. Another study that used curve-fitted models to describe
IPMC actuation dynamics for control was reported by Shan et al. [167].

Some authors have used neural networks to model IEAP transducers.
Yanmei et al. used them to capture the hysteresis of IPMC [200]. Truong
et al. constructed an IPMC actuation model based on recurrent multilayer
perceptron neural network and self-adjustible learning mechanism, validated
it experimentally and further proposed using it as a self-sensing method for
position estimation [201, 202]. Later, Truong and Ahn used a general multilayer
perceptron neural network model in combination with smart learning mechanism
to identify IPMC actuation dynamics [203].

Other black-box modelling techniques have also been used to describe IPTs.
Chen et al. used Preisach operator to model the quasi-static actuation hysteresis
in [PMCs and applied its inverse to improve the open-loop positioning precision
[204]. Ahn used a fuzzy model to capture IPMC actuation dynamics that also
well accommodated the material’s non-linear properties [205]. Caponetto et al.
identified a fractional order transfer function model from experimental data to
describe the [IPMC actuation dynamics [206].

3.4.2. Grey-box models

Grey-box models combine the knowledge about materials with experimental
data, i. e. the final models are formulated by adding empirical portions to the
existing white-box components. Usually they are less laborious to identify and
implement than white-box models and possess some advantages over (the least
laborious) black-box models, e. g. predict the behaviour of a geometrically
scaled material sample, allow to validate some hypothesis, etc. Equivalent circuit
models are frequently used for describing either the electrical impedance of the
IPTs, or as a component of electromechanical transduction models.

36



Equivalent circuit electrical impedance models usually describe the current-
voltage relationship on the material electrodes. Bonomo ef al. used nonlinear
lumped parameter equivalent circuit models to describe electrical behaviour
of IPMC materials [207, 208]. Takagi et al. used a distributed parameter
equivalent circuit model with irrational transfer function representation to
capture the electrical impedance of the IPMC materials [209]. Cha et al
used Poisson-Nernst-Planck modelling framework and introduced the electron
transportation term to the charge dynamics in the proximity of electrodes in
order to derive an electrical impedance model for IPMCs [210]. Based on
the analytical model, an equivalent circuit model with lumped elements was
proposed (as a resistor in series with a parallel connection of a capacitor and a
Warburg impedance element), and experimentally validated.

Many authors have used equivalent circuit models as a part of their sensing
or actuation dynamics models. Bao ef al. used a lumped and a distributed RC
line model to describe electrical behaviour of IPMC actuators, and established a
simple actuation model using the lumped equivalent circuit model [211]. Kanno
et al. modelled the dynamics of an IPMC actuator by dividing it into 3 stages:
a lumped 10-element electrical equivalent circuit, a mechanical stage with each
element divided into 3 layers, and a second order model for current-generated
stress [8, 212, 213]. Newbury and Leo used a black-box two-port representation
of a linear system to capture both sensing and actuation dynamics of IPMC
materials [185], further extended their framework into a grey-box model by
including physically meaningful portions to it in [214], and provided in-depth
validation in [215]. Akle and Leo modified this model to describe sensing
and actuation of their stacked IPMC transducers, both in series and in parallel
configurations [216]. Paquette et al. combined their equivalent circuit model
with an electromechanical coupling model of De Gennes et al. [52] to describe
the force behaviour of multilayer IPMCs [217]. Bonomo et al. modelled IPMC
actuation [218], cascading a lumped equivalent circuit model with a mechanical
reaction model adapted from [219]. Punning et al. proposed an equivalent circuit
for IPMCs that accounts varying surface resistance [220], and later modelled the
material as a one-dimensional distributed RC transmission line, expressed its
non-uniform bending from its current distribution, and demonstrated a delayed
and distorted sensing output [221, 222, 223]. Mcdaid ef al. constructed and
validated a three-stage model for IPMC actuation consisting of a non-linear
equivalent circuit, an electromechanical coupling transfer function from [218],
and a segmented mechanical beam model [224]. Caponetto ef al. described
IPMC actuation by combining an equivalent circuit model from [218] with their
electromechanical coupling model [225].

Other grey-box approaches do not explicitly include an equivalent circuit
model. Bonomo et al. based on the work of Newbury [185], to establish
their linear model for IPMC sensing [56]. Brunetto et al. used a model
for voltage-induced bending from [185] in combination with Euler-Bernoulli
beam theory and hydrodynamic function concept, achieving a model of IPMC
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actuators immersed in viscous fluids [226]. Must et al. derived and verified a
scalable linear dynamic model of IPMC actuation, linking the actuation voltage
to the bending moment and material deformation [227]. Bandopadhya used
pseudo-rigid modelling technique to obtain a linear transfer function model
for IPMC actuators [228]. Vunder ef al. modelled IEAP back-relaxation by
combining a lumped equivalent circuit model with spring-damper elements [229].

3.4.3. White-box models

White-box models describe the macroscopic behaviour of IPTs trough modelling
the physical processes that (are assumed to) occur within the material upon
excitation. This section gives a brief overview of reported white-box models
and introduces different mechanisms that have been hypothesized to govern
the sensing and actuation phenomena in IPMC and IPCMC materials. The
summarized reports provide a chronological overview about the derivation of
models that are used in this thesis, the studies that provided the basis for their
derivation, alternative explanations for sensing and actuation phenomena, the
studies that explain the shortcomings of the models used in this thesis, and also
the early modelling efforts.

An early study from Shahinpoor reported a phenomenological continuum
microelectromechanics model describing the polymer gel strips in electric field,
but did not include electrodes yet [230, 231]. Later, Shahinpoor described IPMC
actuation using a modification of the classical Euler-Bernoulli beam theory,
and modelled the stress generation through Coulombic interactions between
charged electrodes (with dendritic structure), mobile cations, hydroxyl anions
and immobile cations [232]. A different idea was presented by Asaka and Oguro,
explaining the actuation phenomenon through electrokinetically induced pressure
gradient and presenting a solution for a step response of an IPMC actuator [51].

A model for IPMC actuation that explains both the fast bending and the
slow back-relaxation was proposed by Tadokoro et al. [50]. Beam dynamics is
omitted and the model explains the initial bending phase by water concentration
gradient resulting from ion migration. In the subsequent back-relaxation phase
the electrostatic forces acting between fixed sulfonic acid groups on the anode
side become dominant, while the excess cation charge on the cathode side is
balanced by the negative charge.

Gennes et al. presented a linear irreversible thermodynamics model for
IPMC actuation and sensing based on Onsager’s relations for charge and solvent
transportation [52]. According to this static model the actuation phenomenon
results from ion migration across the material thickness upon application of
voltage, causing water molecules to drag along and thus building a water pressure
gradient. Reversely, when the material is bent, mechanical stress creates a water
pressure gradient across the material thickness and the migrating water drags
along cations, resulting in a voltage between the electrodes. The models express
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the bending moment in IPMCs due to applied voltage, and the electric field due
to the applied moment, both in the undeformed shape of the material.

Nemat-Nasser and Li studied electrostatically induced fast actuation and
sensing response of the IPMC transducers [44]. Model development relied on the
significance of the clustered morphology within the material, where hydrophilic
sulfonate groups form tight clusters (20 - 50 A diameter) with water inside, and
anion-cation pairs are located on their spherical surfaces. Applied voltage results
in almost instantaneous cation redistribution, that further causes polymer chain
relaxation in the anion-rich region clusters, and extensions in the cation-rich
region clusters, resulting in material bending. The sensing phenomenon upon
bending of the material is explained through the difference in the deformed
shapes of the cluster surfaces and the cation-water medium within the clusters that
causes formation of effective electric dipoles, resulting in a measurable voltage
between the surface electrodes. Actuation and sensing models are validated based
on experimental results from [1] and [43], and the theory accurately predicts that
the sensing voltage is two orders of magnitude smaller than the voltage required
to produce the same deformation. In the following, some relations established
in [44] are brought out, that later became the basis for several other studies.
Governing equations for charge distribution were given as:

V.-D=p; D=xE E=-Vo, 3.1)

where the parameters are: E — electric field, D — electric displacement, x. -
effective dielectric constant of the polymer, ¢ — electric potential, and p — charge
density. Continuity equation for cation distribution C" is given as:

oCT

o T VI=0, (3.2)

where J is the ion flux vector that can be expressed as:

CtF CHAV
7T VT TRt

and its parameters are as follows: d —ionic diffusivity, /' — Faraday’s constant, R
— universal gas constant, 7' — absolute temperature, AV — volumetric change, p
— fluid pressure, and v — free solvent velocity. The latter is described by Darcy’s
law:

J=—d(VCt + Vp) + Ctv, (3.3)

v =dy(—~C~FV¢ — Vp), (3.4)

where d;, is the hydraulic permeability coefficient, and C~ is the anion
concentration.

In further investigation of the micromechanisms dominating the functioning
of IPMCs, Nemat-Nasser studied the materials with different polymer backbone
and counter-ion combinations [53]. The established actuation model explains
the back-relaxation to be caused by extensive restructuring of the sulfonate
groups and redistribution of the cations in the cathode boundary layers, that
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causes pressure reduction. The model was validated against the experimentally
measured IPMC response to a 1 V step signal followed by short-circuit at the
31st second.

Farinholt and Leo derived a model describing the charge produced when
bending an IPMC sample under short-circuit conditions [233]. In the model
derivation, it was hypothesized that the charge accumulation on the polymer
surfaces is responsible for the sensing phenomenon. Mechanical deformation
and the resulting charge density were related by a proportionality constant.
Derivation relied on the field equations 3.1 — 3.4 from the abovementioned
studies ([44] and [53]). The following governing PDE describing the charge
density was established:

F2dC~
ke RT

9 _

d 2
T Vip+

(1—C~AV)p=0. (3.5)

It was solved by the separation of variables, and analytical expressions were
established for charge density, electric field and electric potential for IPMC
sensor in a cantilevered configuration. The model was experimentally validated
for geometric scalability on IPMCs doped with four different cation species.
Farinholt further elaborates the modelling approach in his thesis in [5] and
extends the study by considering the impact of electrical impedance on actuation
and sensing.

Weiland and Leo built a computational model to investigate the role of
polarization effect in actuation and sensing of IPMCs [234]. A clustered
morphology was assumed (as in [44, 53]), polarization effects were hypothesized
to be responsible for both actuation and sensing phenomena, and the transport
mechanism was hypothesized to dominate the back-relaxation. Results showed
that polarization is a feasible explanation for the initial fast bending in actuation,
but the same cannot be concluded for sensing.

Based on the abovementioned studies (particularly [44, 52]), Costa Branco
and Dente developed a continuum electromechanical model for IPMCs on a
macroscale level [235]. According to the model, the forces within the polymer
appear due to electrostatic interactions between negatively charged fixed ion
groups while the role of the solvent was considered negligible. Within the regions
where the cation concentration is higher than anion concentration (near cathode
electrode), the net electrostatic forces only act between the cations causing their
redistribution while the polymer experiences no forces. In regions with higher
anion concentration there exist electrostatic forces that are transmitted to the
polymer backbone, causing the membrane to deform. An equivalent circuit model
was used to relate the current and voltage. For model validation, the simulation
results for quasi-static operation were compared against the experiment results
for IPMC sensing current in response to the applied surface pressure, and actuator
tip displacement in response to applied current (or voltage). This work was
extended by Costa Branco ef al. in [236], establishing a model for non-uniformly
charged IPMC actuators, incorporating the effects of gravity.
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The effects of various cation and solvent combinations (in Nafion 117
polymer gel) on the fast bending and the subsequent back-relaxation of IPMC
actuators was studied by Nemat-nasser and Zamani [237]. Relying on the earlier
modelling work of Nemat-Nasser in [53], the comparison against experimental
results showed that the theory correctly predicts the roles of cations and solvents
role in actuation, especially on the extent of back-relaxation.

Chen et al. presented a transfer function model for IPMC sensing, relating the
displacement of the tip of the material beam to the corresponding short-circuit
current [57]. The derivation based the governing PDE for charge distribution
in equation 3.5 (presented by Farinholt and Leo in [233]), that was solved in
Laplace domain. The charge density at the electrode boundaries was considered
to be proportional to the mechanical stress, and distributed surface resistance
was considered. For implementation purposes the resulting infinite-dimensional
transfer function model was approximated to a fourth-order rational transfer
function, usable for arbitrary input deformations. In the experimental work, they
conducted the model identification, validated its geometric scalability and the
significance of the surface resistance effects, and demonstrated the functionality
of the model in estimating the applied bending displacement.

Following the sensing model Chen et al. published a control-oriented transfer
function model for IPMC actuation relating the out-of-plane displacement of the
tip of the material beam in response to applied voltage [121]. Its derivation
follows similar steps as the sensing model derivation in [57], relying on the
same PDE for charge distribution (equation 3.5 [5]). The resulting non-linear
analytical actuation model accounting for the distributed surface resistance is
reduced to a finite-order rational transfer function for implementation purposes,
and cascaded with a second order model describing the beam dynamics. Again,
the significance of considering the surface resistance and the geometric scalability
were experimentally validated, and the model was demonstrated to be beneficial
for H,, and PI control design in subsequent closed-loop reference tracking
experiments. In their following study, Chen er al. reported advances in the
derivation of a non-linear control-oriented model for IPMC actuation [238]. It
was based on a non-linear circuit model (that was experimentally validated), and
on a non-linear PDE governing the charge distribution.

Bufalo er al. used the theory of mixtures to achieve a three-dimensional
modelling framework describing the static deformations of IPMC actuators
[239]. According to the model, hydrophilic cations that migrate towards the
cathode in the electric field, also transport the solvent, causing the hydrophobic
polymer to expand nearby the cathode, and further resulting in actuation. Using
Euler-Bernoulli beam theory and parallel-plate approximation, a one-dimensional
model for beam-like IPMCs was obtained from the general framework, and was
experimentally validated.

Wallmersperger et al. studied the electrical response of a proton-based
Nafion ™117 membrane between flat plate electrodes (gold, silver and copper)
to identify the impact of material’s dielectric permittivity and ion diffusion
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constant on the behaviour of current and charge density [240]. Electrochemical
model simulations were validated against experiments. Comparing the results
to actual IPMC samples showed that IPMCs exhibit significantly higher current
and charge densities. This is due to the dendritic structure of IPMC electrodes,
that results in much higher effective surface areas than flat plates with identical
external dimensions. Studies that use external electrode dimensions to calculate
electrode surface areas thus reach erroneous values, and in order to match the
model with the experimental measurements they report unreasonably high values
for the dielectric permittivity and the diffusion constant.

Porfiri used the multiphase mixture theory to establish an electromechanical
model for sensing and actuation of thin flat IPMCs at small static deformations
[241]. The study aimed to improve the understanding about IPMC behaviour
and the role of capacitance in it. According to the calculations using
Hashin-Shtrikman bounds, the relative dielectric permittivity of IPMCs should
remain between 6.4 and 20, but unrealistically high values are often reported
due to erroneously considering the material as a flat-plate capacitor. Processes
considered to dominate the actuation and sensing were the chemical-expansion
stress and the internal polarization respectively. The study showed that [IPMC
sensing and actuation efficiencies strongly correlate to the material’s capacitance
(as experimentally shown by Akle ef al. [242]), and that the capacitance of an
IPMC depends on its dielectric permittivity and boundary layer thickness, and
does not depend on material thickness.

3.4.4. Finite element models

Often analytical solutions to material models are too complex or laborious to
establish, or are not desiable for other reasons. In this case finite element methods
(FEM) become handy in producing computational solutions to existing sets of
equations. Using finite element methods to obtain the mechanical response of
IPMC actuators to step or sinusoidal inputs has been reported e. g. by Tadokoro
et al. [243], Leo et al. [244], and Wallmersperger et al. [245]. Pugal et al. used
FEM to describe IPMC actuation and self-oscillations due to electrochemical
reactions [246, 247], and surface resistance effects were added to their base
model in [248, 249]. Three-dimensional transduction of IPMCs was studied by
Pugal ef al. using FEM to estimate both the bending and twisting motions of
an actuator with patterned electrodes [250]. Using higher order finite element
methods with adaptive multi-meshing has been reported by Pugal [251] and
Pugal et al. [252]. Caponetto et al. added thermal effects to their finite element
study of IPMC actuation [253], and investigated the effect of environment
relative humidity on the resonant frequency of IPMC actuation [254].
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3.5. Phantom materials for validating IPT medical applications

While the limited actuation capabilities of the IPT materials restrict their
implementation in many fields, in some applications they may be in fact
desirable, e. g. providing intrinsic safety barrier in medical procedures. The
preliminary studies on using IPTs in medical applications, reviewed in Section
3.2.1 include multiple works that propose IPTs for invasive medical procedure
equipment such as a catheter with IPT guidewire, originally proposed by Guo
etal. [73]. Testing novel medical equipment and procedures directly on humans is
unthinkable for various reasons (safety, ethics, legislation, cost, etc.), and in order
to test the aforementioned device and other medicine-related IPT applications in
realistic conditions the best solution is to use phantoms. Phantoms are artificial
objects that are designed to realistically mimic some specific properties of the
living tissues of interest. In order to validate diverse medical procedures that
are performed with ultrasound guidance, including catheterization, the necessary
phantoms should imitate the mechanical and ultrasound properties of human
tissues. The properties that the phantoms need to imitate, and more common
phantom material technologies are reviewed in the following.

Young’s modulus of different soft tissues has been estimated to vary from
1 kPa to over 1 MPa [255]. Mean elasticities for some tissues obtained using
share-wave ultrasound elastography include 2.9 kPa for pancreas, 10.38 kPa for
parotid gland, 10.97 kPa for thyroid tissue, 10.4 kPa for masseter muscle, 31.2 kPa
for supraspinatus muscle and 51.5 kPa for the Achilles tendon [256]. Depending
on the region and presence of pathologies, elasticities in different regions of
human kidney remain roughly between 5 to 50 kPa [257]. Requirements for
ultrasound properties of tissue-mimicking phantoms have been established by
ICRU (International Commission on Radiation Units & Measurements) and
AIUM (American Institute of Ultrasound medicine), and ultrasound broadband
attenuation should remain between 0.3 — 0.7 dB dBecm'MHz!, and ultrasound
propagation speed of 1540 + 15 m s [258, 259, 260, 261]. More specific
figures for the ultrasound properties of various mammalian tissues can be found
in [262, 263].

Materials that can be used for mimicking different properties of living tissues
may be categorized as hydrogels, organogels and flexible elastomeric materials
[264]. Gelatin gels are hydrogels that allow to achieve Young’s modulus between
2.5 kPa and 500 kPa, ultrasound broadband attenuation 0.2 — 1.5 dBem 'MHz"!
and ultrasound propagation speed between 1550 m s™' and 1650 m s™! [265, 266].
While simple to manufacture, gelatin gels are susceptible to bacteria and their
mechanical material properties vary up to 100 days post manufacturing due to
prolonged cross-linking process [266, 265, 267]. Materials similar to gelatin
gels include oil-in-gelatin dispersions that have a wider range of elasticity and
that to some extent display tissue-like non-linearities [268, 269], and agar gels
that also behave more non-linearly and have a higher melting temperature than
gelatin gels [265, 267, 270].
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Polyacrylamide gels (chemical gels) have very finely adjustable and stable
properties and due to their toxicity they are not susceptible to bacteria [271].
Unfortunately they are much more complex to manufacture than gelatin gels
[271, 272, 273]. Polyurethane is another very stable material that allows to
achieve very low Young’s moduli. The swollen segmented polyurethane gels
are also ultrasound-compatible, but the complex manufacturing process of such
materials usually is a trade secret [264]. Other phantom materials include
propylene glycol with gelatinizer [274], gelatin-filled open cell foams [275],
polyvinyl alcohols (PVAs) [276, 277, 278], silicon-based rubbers [279], but they
either are very complex to manufacture, or do not offer suitable range of material
properties. More details on the properties of different phantom materials and how
they compare to each other and living tissues can be found in [280, 274, 281].

3.6. Conclusions

This section provided an overview of studies related to different aspects of this
thesis. In conclusion, IPMC and IPCMC materials possess attractive novel
actuation and sensing properties, but their performance, non-linearities and
sensitivity towards the environment are currently significant limitations. The
multitude of proposed applications clearly indicates the demand for low-voltage
bending sensors and actuators, especially in the field of robotics. However,
validation of the proposed applications is usually limited to brief demonstrations,
and their feasibility is not systematically analysed. To the best of author’s
knowledge, none of the proposed applications have been adapted into a
commercial use. This indicates that most of these studies count on the advances
in material development, while the materials are yet not sufficiently mature
for applications. To some extent the non-linearities and sensitivities towards
environment can be compensated, and performance can be improved using
closed-loop control methods. Keeping the overall dimensions of a closed-loop
system compact is challenging. The least performance-degrading solutions
include self-sensing and using separate samples of the same material both for
sensing and actuation. Precise reference tracking has not been demonstrated
with self-sensing in the presence of external disturbances, while promising
developments reported with an integrated sensor-actuator made of the same
material require further investigation.

For describing sensing and actuation phenomena, black-box, grey-box and
white-box models with various levels of complexity have been reported.
Particularly interesting for this thesis are the control-oriented models. While
sensing and actuation phenomena are not yet fully understood, white-box
modelling studies also describe the processes that have been hypothesized to
dominate sensing and actuation phenomena.

While in many applications the limited actuation capabilities pose a major
limitation and softness may not be advantageous, they may be desirable properties
in medical applications providing intrinsic safety measures. In order to validate
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the potential medical applications of the IPTs in realistic conditions there are
several tissue-mimicking phantom technologies available, and the simplest one
that meets the most of the potential requirements are the gelatin gels.
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4. IPMC-ACTUATED INVERTED PENDULUM

4.1. Introduction

Due to the novel actuation and sensing properties, the IPMC and IPCMC
materials have high technological potential for many application (see Section
3.2). Their adaptation for commercial use has so far been delayed due to material
properties and the sophisticated dynamic behaviour, but while the improvements
are still insufficient, many authors seek for aid in closed-loop control in order
to compensate (to some extent) for the limitations, as reviewed in Section
3.3. The performance is usually compared to other control methods or the
open-loop configuration, and criteria to meet some actual needs are frequently
not established. In application reports the functionality of the proposed designs
do not necessarily depend on the actuation performance, e. g. IPT-propelled
robotic fish (Section 3.2.3), while it is of paramount importance in others, e. g.
surgical robotics (Section 3.2.1). Nevertheless, practicality and feasibility are
infrequently considered, virtually relying on advances in material development.

In this study, IPMC actuators are used for stabilizing an inverted pendulum
system. This is a real-time critical abstract application with a performance
criterion that is simple to validate — stabilizing the system for the entire duration
of the experiment, i. e. at least for 5 min. While the task has no direct practical
value, it demonstrates the material behaviour in application-like conditions, and
to the best of author’s knowledge, it is the first successful implementation
of IPMC actuators in real-time critical operation. Its feasibility depends to a
great extent on the material performance. The lack of or degradation of the
performance results in a failure to compensate for disturbances in real time, and
the pendulum falls over. Previously, this task has been studied by Anton et al.
[282], who modelled the system using an empirical model, and were able to
stabilize the system for up to 10 s.

The proposed IPMC-actuated inverted pendulum system is realized, its
dynamics is modelled, and closed-loop controller is designed and applied as
follows. First an empirical model is obtained to describe the IPMC moment
generation stage. Next, a 2nd order model is used to relate the cart position to the
IPMC’s moment. Based on these models the system dynamics is established as
a 5th order state-space model, and a linear quadratic regulator (LQR) and state
observer are designed. Finally, inverted pendulum stabilization experiments are
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[ Design of the IPMC inverted pendulum ]
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[ Pendulum balancing experiments ]

Figure 4.1. Block diagram describing the workflow in this study.
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Figure 4.2. Classical inverted pendulum problem.

performed. Block diagram describing the work process in this study is shown in
Figure 4.1.

In a classical inverted pendulum problem (Figure 4.2) the two objectives are
keeping the pendulum upright and maintaining the initial cart position [283].
Achieving them both appeared impossible early in this study due to significant
back-relaxation effects that cause variations in the cart position that corresponds
to zero input voltage (during actuation). The extent of this effect varies among
materials with different ionomer and counter-ion combinations [53]. This issue
is circumvented by substituting the measured cart position with the estimated
position (Figure 4.3), that effectively allows the cart position to vary within the
limits of unmodelled dynamics and disturbances near the initial position while
keeping the pendulum upright. Furthermore, this maintains actuation voltages
low, increasing material’s lifespan and decreasing the power consumption.

The study presented in this chapter is based on publication A.
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4.2. Materials

Balancing the inverted pendulum system is accomplished using IPMC material
samples provided by Environmental Robots Inc. They are manufactured based
on Nafion ™117 polymer backbone, and coated with Pt electrodes. Average
thickness of the materials is 360 pm, the counter-ions are exchanged for Li™
ions, and water is used as a solvent. Thus, they need to be kept hydrated in order
to minimize variations in actuation dynamics. In this study the entire set-up is
submerged in deionized water and the results reported later are achieved using a
30 mm (width) by 10 mm (height) material sample.

4.3. Design

This section describes the construction of the IPMC-actuated inverted pendulum
system. The qualitative design criteria are dictated to a great extent by [PMC
properties. The system has to be operated underwater in order to keep the
materials uniformly hydrated. This causes undesirable damping due to water
drag, while buoyancy compensates some of the mass of the inverted pendulum’s
rod. Mobile components need to be kept lightweight and miniature in order to
maintain low inertia and damping in the [PMC-actuated portion of the inverted
pendulum system. Also, the actuator needs to be wide enough to provide a
sufficient actuation moment.

A short (and wide) IPMC sample with a rigid extension rod is used for
actuating the cart that supports the inverted pendulum, instead of using a long
IPMC beam extending from the clamping level down to the cart level. The
extension rod with a small cross-section experiences much less water drag than
a wide IPMC sample, and it does not bend back, allowing to reduce power
consumption and energy loss into the environment. Larger cart displacements
are achieved with much less IPMC material. Also, short IPMCs have been
shown to work more efficiently and linearly than long ones [49, 93].

The realization of the inverted pendulum system consists of an [IPMC-actuated
manipulator arm and a lightweight cart-and-pendulum system, as shown in Figure
4.3a. The entire system is submerged in deionized water in a transparent tank
(length 130 mm, width 290 mm, height 210 mm), as can be seen in a photo of
the set-up in Figure 4.5. The design of the inverted pendulum system underwent
through several modification steps, miniaturizing the cart and increasing the
actuator width in order to reduce water drag and inertia, and to increase actuation
moment.

The purpose of the manipulator arm is actuating the cart (and pendulum) by
transforming the IPMC-generated bending moment into force acting on the cart.
IPMC-actuated manipulator arm system consists of the following components
(see Figures 4.3a and 4.5): (1) A massive vertically suspended clamp with gold
electrodes for fixing one end of the actuator to the Earth frame, and supplying
power to the actuator. The chassis of the clamp is made of aluminium and
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Figure 4.3. IPMC-actuated inverted pendulum system.

plastic, and the maximum clamping width is 30 mm; (2) A wide and short
IPMC sample (or multiple samples in parallel) for actuating the system, with
typical unclampled dimensions of 30 mm by 5 mm; (3) A plastic clamp that
mechanically couples the IPMC actuator to the rigid extension rod; (4) A rigid
and lightweight carbon fibre extension rod for moving the cart; (5) A fork made
of thin plastic sheet that is attached in the tip of the extension rod and couples
the IPMC-actuated rod to the axle of the cart with minimum clearance. The total
length of the manipulator arm is a trade-off between the achievable actuation
force and displacement limits at the cart level.

The cart that supports the inverted pendulum rod is made of carbon fibre
elements and two stainless steel rods, the latter acting as the axles that slide on the
stainless steel rails (see Figures 4.3a and 4.5). The lightweight cart components
are bonded together using a commercial super glue adhesive. The inverted
pendulum rod is made of carbon fibre and it attaches to the cart via a low-friction
1-DOF rotary joint that is made of plastic and carbon fibre components. The
plastic fork in the tip of the extension rod fits one of the stainless steel axles
on the cart, and provides mechanical coupling with the IPMC actuator. The
distance from the fixed edge of the IPMC sample to the cart level is 67 mm, and
the cart weighs 0.5 g including the weight of the inverted pendulum joint. The
inverted pendulum rod is 68 mm long and weighs 19 mg, while the buoyancy
compensates 12 mg of it.

Kinematics of the entire system is intended to be constrained to a single plane.
The cart slides on two pairs of stainless steel rails that support its axles and
constrain its motion to a line. Both the inverted pendulum and the manipulator
rod are coupled to the cart (roughly) in its plane of symmetry, and their motions
are constrained to the same plane.
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4.4. Modelling

A model for describing the dynamics of the inverted pendulum system is
established by combining the models of the dynamics of the individual
subsystems — the [PMC-actuated manipulator arm, the cart and the inverted
pendulum. The input for the system dynamics is the voltage that is applied to
the IPMC actuator.

First, the dynamics describing the moment generated by the IPMC sample
due to input voltage is captured using an empirical first order transfer function,
relating the moment M to input voltage U:

M(s): a
U(s) s+b

4.1)

where a and b are experimentally identified parameters, and s is the Laplace
variable. The first order model in this study is sufficient to describe the
IPMC moment generation dynamics, because short IPMCs experience negligible
surface resistance effects (a cause for their non-linear behaviour), and they have
been shown to perform more linearly than long samples [49]. Furthermore, when
considering the actuation model proposed by Chen ef al. [121], their moment
generation model (equation (29) in [121]) also reduces to a first order model
when surface resistance effects are ignored and implementation approximations
are performed (equations (36) and (37) in [121]).

Next, the passive dynamics of the IPMC-actuated manipulator arm and the
cart are combined into a single second order system relating the cart position X
to the actuation moment M:

X(s) c
M(s) Is2+rs+k’

(4.2)

where [ is the effective moment of inertia of the combined system of the
IPMC-actuated manipulator arm and the cart, k is the effective stiffness due to
the flexibility of the IPMC sample and gravity acting on the vertically suspended
IPMC-actuated arm, c is the gain coefficient that depends on the effective length
of the manipulator arm, and r is the effective damping coefficient. Using a
proportional damping coefficient is justified due to low cart speeds, and a linear
relation between the manipulator angle and the cart position is justified due to
small actuation angles.

The model describing the dynamics of the inverted pendulum portion is
derived following [283], and after combining these results with equations (4.1)
and (4.2), a state-space presentation of the final model is the following:

i = Az + Bu,

) Ca (4.3)

where z is the state vector with five variables (inverted pendulum angle and its
time derivative, cart position and its time derivative, and one state variable from

51



the moment generation model), y is the output vector (inverted pendulum angle
and cart position), u is the input vector (applied voltage), and A, B and C are
state, input and output matrices, respectively (values reported in publication A).

Hereby the model for the IPMC-actuated inverted pendulum system is
established, and the following section describes the control system that is utilized
for balancing the inverted pendulum.

4.5. Control system

Based on the inverted pendulum model (equation 4.3), a full state linear quadratic
optimal controller (LQR) is designed following [283] and using Mathworks
Matlab R2009a software. Additionally, a full state observer is designed (using
pole placement technique) in order to avoid measurement noise in the velocities,
and estimate the state related to the IPMC actuator moment (equation 4.1). The
block diagram of the control system is shown in Figure 4.3b, and more details
on the controller, including the controller and observer gains, can be found in
publication A.

Hereby, the modelling and control design for IPMC-actuated inverted
pendulum system is achieved, and next the experimental set-ups are described.

4.6. Experimental set-ups

Two different experimental set-ups are used in this study, one for measuring
the blocked force of the IPMC-actuated arm and the other one for the system
identification and closed-loop control experiments. Diagrams demonstrating
their arrangements are shown in Figure 4.4.

The blocked force measuring experiments are arranged as shown in Figure
4.4a. The IPMC-actuated manipulator arm is vertically suspended by its clamped
end that fixes the assembly to the Earth frame. The mobile end of the
manipulator arm is coupled to a force gauge (AD Instruments Ltd MLT0202) by
the fork in its tip, and the force gauge is fixed to the Earth frame. The IPMC
sample is stimulated with voltage signals from a PC computer with Labview 8.6
environment through a NI data acquisition board PCI-6703 and a custom-built
unity gain amplifier based on a LM675 operational amplifier integrated circuit.
Simultaneously, the output force is measured using the aforementioned force
gauge and digitized using a NI PCI-6034E data acquisition board. The experiment
is controlled and the frequency response of the moment generated by the IPMC
sample upon excitation is extracted in the NI Labview 8.6 environment.

In the rest of the experiments the inverted pendulum system described in
Section 4.3 is submerged in water, and operated from a PC computer with NI
Labview 8.6 environment as shown in Figure 4.4b. The actuation of the [IPMC
sample is controlled via NI PCI-6703 data acquisition board and LM675-based
unity gain amplifier. The cart’s position and inverted pendulum’s angle are
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Figure 4.4. Experimental set-ups used in this study.

measured using a high-speed camera Dragonfly Express via IEEE1394b interface
at 120 Hz and 130 Hz framerates. An image of the inverted pendulum system
during the operation is shown in Figure 4.5. Results are processed and saved
using NI LabView 8.6 environment, and in all the experiments the actuation
voltage saturation limits are set to 4= 4.0 V.

These experimental set-ups are utilized in the system identification and
inverted pendulum stabilization experiments, that will be described in the next
two sections.

4.7. System identification

This section introduces the routines that are followed in order to identify the
parameters of the inverted pendulum system model derived in Section 4.4.

First, the parameters are identified for the [PMC moment generation dynamics
described in equation 4.1 in Section 4.4. This is accomplished using the
blocked force measurement experimental set-up shown in Section 4.6 and Figure
4.4a. The frequency response of the IPMC-generated moment is experimentally
measured by exciting the [IPMC actuator with sinusoidal voltages at 10 different
frequencies, logarithmically distributed between 0.1 Hz and 30 Hz at 1.5 V
amplitude, and simultaneously measuring force at the tip of the extension
rod. Magnitude and phase information are extracted from the measurement
results using NI Labview 8.6 software. Since the load cell is not waterproof,
measurements are only taken at 10 frequencies, in air. Parameters a and b
(equation 4.1) are curve-fitted to experimental data using fininsearch function
in Mathworks Matlab R2009a software, minimizing the error between the
experimental data and the achieved model.

Next, the model parameters are identified for the combined system of the
IPMC-actuated arm and the cart. The model is given in equation 4.2 in
Section 4.4, and the identification is performed using the final experimental
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set-up, described in Section 4.6 and Figure 4.4b. The inverted pendulum is
removed from the cart for the identification experiments, and the frequency
response of the manipulator-cart system is measured by exciting the actuator
with sinusoidal input voltages at 20 frequencies logarithmically distributed
between 0.1 Hz and 10 Hz at 2.5 V amplitude, and simultaneously measuring
the cart position. Gain coefficient ¢ is calculated from the effective length of
the manipulator arm. Cascading the previously identified moment generation
model (equation 4.1) with manipulator-cart dynamics in equation 4.2 allows
to obtain the unknown parameters (I, r and k) by curve-fitting (again, using
Matlab function fininsearch) the cascaded model to the experimentally obtained
magnitude and phase characteristics.

Once the system identification is complete the controller is designed according
to Section 4.5 and inverted pendulum stabilization experiments are conducted as
described in the following section.

4.8. Inverted pendulum stabilization experiments

After the inverted pendulum system is built, its model is identified and
the controller along with the state observer is designed (see Section 4.5 for
details), the inverted pendulum stabilization experiments are conducted. System
construction and control configuration is shown in Figure 4.3, the experimental
set-up is given in Figure 4.4b, and a photo of the completed system is shown in
Figure 4.5.

In the earlier stages of this study the IPMC-actuated inverted pendulum
system was provided with zero pendulum angle and zero cart position as the
references, alike in a classical inverted pendulum problem [283]. However, soon
after the experiment was started the actuation voltage saturated while the cart
was at the reference position. The position could not be maintained, and the
pendulum fell over. As described in the introduction of this chapter, this issue is
circumvented by using a model-estimated cart position instead of the measured
cart position, essentially allowing the cart position to vary within the limits of
the unmodelled dynamics and disturbances while keeping the actuation voltage
near zero. Using the model-estimated position instead of the measured position
allows to successfully balance the [IPMC-actuated inverted pendulum system.

The experiments are performed using a PC computer with NI Labview
8.6 software, that controls the experiments, saves the results, and performs
preliminary processing. During the experiments it is possible to switch between
the measured cart position and the respective model estimation, and immediate
improvement in performance and reduction in actuation voltages are seen when
the switching from the measurement to the model estimation is performed early
during the experiment, before the pendulum falls over.

The experimental results for the IPMC-actuated inverted pendulum system
are presented in the following section.
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Figure 4.5. Final experimental set-up: A — fixed clamp that provides electrical contacts,
B — IPMC actuator(s),; C — rigid extension rod; D — groove joint coupling the extension
rod and an axle of the cart; E — stainless steel rails that support the cart; F — cart; G —
inverted pendulum; H — air; I — water surface; J — water.
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Figure 4.6. Experimentally measured frequency responses of the actuation moment and
cart position in response to the input voltage, and the respective models.

4.9. Results

The results with the IPMC-actuated inverted pendulum system are obtained
using a 30 mm by 10 mm IPMC sample, described in more detail in Section
4.2. System identification results, i. e. the experimentally measured frequency
responses and respective curve-fitted models for moment generation dynamics
and cart actuation dynamics are shown in Figure 4.6, while the full final model
for the complete system can be found in publication A.

In the preliminary experiments of stabilizing the inverted pendulum system,
the reference position for both the inverted pendulum and the cart is zero. In this
case, it is not possible to stabilize the system for any longer than 10 s, and similar
results were also reported by Anton ef al. [49]. Cart position corresponding to
zero input voltage deviates from the initial position due to material non-linearities
(back-relaxation effect), controller output voltage saturates, and the stabilization
experiment fails.

When using the model estimation instead of the measured cart position (see
Section 4.8) the inverted pendulum can be kept upright for the entire experiment
duration of 5 min. Following a series of 5 min long experiments, also a
successful 30 min long stabilization experiment is performed, but the following
30 min long experiments fail (due to material performance degradation). The
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Figure 4.7. Experimental results of balancing the IPMC-actuated inverted pendulum
system. Measured and estimated cart positions, pendulum angle and control voltage are
plotted for the first 20 s of the experiment.

typical behaviour of the cart position, its model estimation, pendulum angle and
control voltage can be seen in Figure 4.7, showing a fragment of the first 10 s
of a stabilization experiment. A video of another such experiment is available
online [284].

During the experiments, the cart position and the pendulum angle do not
remain stationary, but exhibit visible fluctuations that are also seen in Figure 4.7.
It is also observed that throughout the experiments the materials gradually lose
their actuation performance, initially requiring increasingly higher voltage to
stabilize the system, gradually reaching voltage saturation limits more often, and
eventually failing to stabilize the system. Formation and separation of bubbles is
also observable on the surface of the IPMC sample, indicating the occurrence of
electrolysis at higher actuation voltages.

4.10. Discussion

The IPMC-actuated inverted pendulum system presented in this study demon-
strates the capabilities of the [IPMC materials in more complex application-like
conditions in closed-loop real-time tasks operating near the material’s perfor-
mance limits, and is not intended to solve any particular practical problem. While
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the design provides relatively little quantitative information about the IPMC
performance, and has been improved on several occasions before successful
experiments were accomplished, these results offer qualitative information on
IPMC behaviour when operating at high voltages near the limits of the material
capabilities. Validating whether the IPMCs are capable of balancing the inverted
pendulum system is straight-forward (pass or fail).

As can be seen in the system identification results in Figure 4.6, the moment
dynamics and cart position dynamics models well approximate the respective
experimental measurement results. The designed controller, the state observer
and the control system allowed to successfully stabilize the IPMC-actuated
inverted pendulum system for the entire experiment duration.

Slow fluctuation in the cart position is caused by material unmodelled
non-linearities. Fast fluctuations in the cart position and pendulum angle (Figure
4.7) can be explained as a combination of multiple factors, including external
disturbances, a slight deviation in camera alignment, relatively low angle and
position reading resolution and speed, voltage saturation limits, deviation in
IPMC properties due to high actuation voltages, unmodelled system dynamics
and respective control design deviations from the optimum, etc.

In order to produce sufficient actuation moments and deformations it is
necessary to use high actuation voltages on the IPMC sample. This causes the
occurrence of electrolysis within the material, presumably further causing loss
of counter-ions and subsequent performance degradation to the point where the
IPMC cannot stabilize the inverted pendulum any more. This hypothesis is
supported by that the actuation capability is re-established after performing an
ion doping process.

In this study the real-time task of stabilizing an inverted pendulum system
is successfully achieved using IPMC transducers. The back-relaxation effect
that causes significant change in the cart position that corresponds to zero input
voltage is too strong to compensate it only with a closed-loop controller, and
this issue is circumvented by using a different control strategy that sacrifices the
cart positioning accuracy in order to keep the inverted pendulum upright. This
phenomenon may pose a significant limitation in applications requiring accurate
positioning. The inverted pendulum system is repeatedly balanced for the entire
5 min experiment durations, and also for a 30 min experiment duration, that is
much longer than anticipated. However, the gradual performance degradation
that speeds up at higher operational voltages makes it challenging to realize the
applications that require long-term operation from the materials.

4.11. Conclusions

This study aims to qualitatively investigate the behaviour of the IPMC materials
in application-like conditions by operating a real-time-critical closed-loop system
close to the material performance limits. The suitability of IPMCs to solve
the task of balancing the inverted pendulum system is simple to validate,
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i. e. pass or fail. It is not intended to solve any particular real-life problem
or quantitatively characterize the material performance. The IPMC-actuated
inverted pendulum design is proposed and implemented, a fifth order state-space
model is established to describe the dynamics of the system, model parameters
that are not defined by the design are obtained from system identification
experiments using curve-fitting, a linear quadratic optimal controller and state
observer are designed for the system, and the inverted pendulum is successfully
stabilized in the final experiments. Maintaining the inverted pendulum upright
by an IPMC actuator is achieved repeatedly for the entire duration of the 5 min
long experiments, and once for the entire duration of a 30 min long experiment.
Due to the non-linear behaviour of the IPMCs it is necessary to allow the cart
position to vary within the limits of unmodelled dynamics in order to be able to
stabilize the system for any longer than 10 s.

In addition to low actuation moment the primary limitations that are
encountered in this work are material degradation and back-relaxation. IPMC
performance degrades rapidly when actuation voltages are beyond electrolysis
threshold, most probably due to loss of counter-ions. The back-relaxation is
known to vary for different materials [53], and its unexpectedly significant extent
is probably also due to high operation voltages.

Closed-loop control studies that consider IPMC and IPCMC transducers
usually concentrate on controlling the force or displacement of the actuator itself,
but in this work a more complex system is controlled using IPMCs, requiring
continuous real-time intervention. Using closed-loop control is not sufficient
to overcome the material non-linearities, but the main goal of stabilizing the
inverted pendulum is achieved by modifying the control system. Performance
of the IPMC actuator can be characterized by experiment durations. Stabilizing
the system is demonstrated for up to 30 min long experiments, and repeatedly
in 5 min long experiments. Considering the material properties these results are
better than anticipated.
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5. INTEGRATED IPT SENSOR-ACTUATOR

5.1. Introduction

This study focuses on realizing an integrated sensor-actuator design using [IPCMC
materials. Using external devices for providing IPT actuator systems’ position
feedback is cumbersome (see Section 3.3.1), and integrating other materials
with IPTs significantly limits their actuation capabilities (see Section 3.3.2). At
the same time, progress toward a functioning IPT self-sensing solution is slow
(Section 3.3.3). Therefore, it is reasonable to use IPTs for both sensors and
actuators in designs that aim to benefit from the novel properties of the IPTs
and require both actuation and sensing functionalities. However, the only report
that proposes an integrated IPMC actuator/sensor concept and investigates its
closed-loop control [188] is very laconic on results and does not disclose any
details of the design (see Section 3.3.2). Self-sensing on the other hand has not
so far been demonstrated to function in the presence of external disturbances
(Section 3.3.3).

This work intends to design and realize a functional IPCMC-actuated
closed-loop system that can accurately follow the reference position using
feedback from an IPCMC sensor. Such an integrated sensor-actuator serves to
validate the feasibility of using IPTs for sensing and actuation within the same
device, and in closed-loop applications requiring accurate positioning. The
validation would result in a preliminary (qualitative) characterization of such a
design concept in terms of reference following (for sinusoidal inputs at multiple
frequencies) as well as the design’s potential limitations.

The work in this chapter is performed as follows. The design of the integrated
IPCMC sensor-actuator prototype is realized using two mechanically coupled
and electrically isolated IPCMC samples. It resembles a 1-DOF rotational joint
with a rigid link attached. The sensor-actuator’s actuation and sensing dynamics
are captured using empirical models identified from experimental frequency
response measurements. A PI controller is designed and closed-loop experiments
are performed to validate and evaluate the design. Results show that the device
works well in short experiments, but in longer runs its reference following is
disturbed due to low-frequency noise in the sensing signal. A block diagram
illustrating how different parts of this work are linked is shown in Figure 5.1.

This chapter is based on the work reported in publication B, which is also
partially based on the author’s master thesis in [285].
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Figure 5.1. Workflow of this chapter.

5.2. Materials

The IPT sensor-actuator prototype is built using IPCMC materials provided
by Intelligent Materials and Systems Laboratory, University of Tartu. These
materials are manufactured basing on Nafion™117 polymer membrane that is
treated with LiClOy4, coated with coconut shell derived active carbon electrodes,
and further coated with a thin gold foil [9]. Carbon electrodes are applied using
the direct assembly process (DAP), and thin gold foils are added on top of them
by hot-pressing in order to reduce surface resistance. Emi-Tf ionic liquid fills
the purpose of both the counter-ions and the solvent. These materials have a
very low surface resistance and they can work in dry environments due to the
low vapour pressure of the ionic liquid. More information on the background,
construction, manufacturing and properties for these materials can be found in
Section 3.1.

5.3. Design

The IPCMC-driven integrated sensor-actuator is intended to achieve simultaneous
sensing and actuation using only IPCMC materials and to work as a 1-DOF
rotational joint. The design of a device that meets these requirements is given in
Figure 5.2 and a photo of the completed prototype is shown in Figure 5.3.

The prototype consists of: (1) two IPCMC samples with equal lengths (10
mm), a narrow one for sensing (width 2 mm) and a wide one for actuation (width
10 mm); (2) a spring-loaded clamp (maximum clamping width 16 mm) that
fixes the samples to the Earth frame by one end, provides electrical connections
to both samples, and allows quick assembly; (3) a lightweight plastic clamp
that couples the free ends of the IPCMC samples mechanically together while
keeping them electrically isolated (face dimensions 16 mm by 9 mm); and (4) a
lightweight rigid rod (length 55 mm) that is attached to the mechanical coupler,
and serves as a rigid extension that is actuated by the IPCMC actuator and whose
tip position can be measured. Such a sensor-actuator design with short IPCMC
samples positioned side-by-side on the same plane allows the sensor to closely
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Figure 5.2. Design of the IPCMC integrated sensor-actuator prototype.

follow the shape of the actuator, resulting in an accurate feedback signal. Using
a narrow sensor sample keeps its mechanical impact on the actuation small.
The operational length of the IPCMCs, i. e. length of the unclamped portion
varies between 3 mm and 7 mm, allowing to achieve a good electrical contact
between the clamp and the material surface (the gold foil easily wears off on
these samples).

5.4. Experimental setup

Model identification and closed-loop control experiments in this study are
performed using a single experimental set-up shown in Figure 5.4. All
experiments are controlled from a PC computer with NI Labview 8.5
environment, NI PCI-6703 and PCI-6034E data acquisition boards, and an IEEE
1394b port. The IPCMC sensor-actuator assembly is suspended vertically in
air by the spring-loaded clamp, and the position of its tip is measured using
an IEEE 1394b camera (Dragonfly Express, Point Grey Research Inc.), such
that one pixel size corresponds to 0.19 mm on the sensor-actuator plane. In
order to actuate the system, a controlled voltage input, directed through a unity
gain amplifier (based on LM675T operational amplifier), is applied to the wider
IPCMC sample using the NI PCI-6703 data acquisition board. Short-circuit
current of the IPCMC sensor is converted to voltage and amplified by 120 000
using an amplifier circuit based on OP275G operational amplifier, before it is
digitized using the NI PCI-6034E data acquisition board.

5.5. Identification of actuation and sensing dynamics

Due to their low complexity and quick parameter identification process, linear
empirical transfer function models are used to capture the sensing and actuation
dynamics of the device. Short material samples have been shown to behave
more linearly than long ones [49], and disregarding material non-linearities
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Figure 5.3. Side view of the integrated IPCMC sensor-actuator prototype. A —
spring-loaded clamp with electrical terminals; B — IPCMC samples (side-by-side);, C —
clamp that couples free ends of the IPCMC samples mechanically together;, D — rigid
extension rod; E — tip of the rod is black for camera tracking; F — IPCMC sensing
amplifier board; G — wires for powering the actuator; H — supporting structure fixed to
the Earth frame; I — uniform white background that is backlit during experiments.

also simplifies the modelling. Experimental work for model identification is
performed using the set-up described in Section 5.4, first identifying the actuation
and then sensing dynamics model.

Identification of the actuation dynamics starts with measuring the respective
frequency response. This is performed by applying sinusoidal voltages with
2 V amplitude and 30 s duration at 20 different frequencies, logarithmically
distributed between 0.1 Hz and 15 Hz. Simultaneously, the position of the tip of
the rigid extension rod is measured. Magnitude and phase information for the
relation between the voltage and the position is extracted from these measurement
results using NI Labview 8.5 software. A finite-dimensional rational transfer
model is fitted to the obtained frequency response using invfregs function in
Matlab R2008a software.

Measuring the frequency response for the sensing dynamics is performed
similarly to the actuation. Short-circuit current of the IPCMC sensor and
the position of the rigid extension are simultaneously measured while the

64



SECTION A-A

= — o L
(LLLLLL L

o ﬁ-[ﬁ
Labview 8.5
NI PCI-6703 Draconf] \[L Sensor-.actuator
o [IEEE 1394b ‘ : Front view
NI PCI-6034E }« P

2X
OP275

-

Figure 5.4. Experimental set-up.

sensor-actuator prototype is actuated at 20 different frequencies logarithmically
distributed between 0.1 Hz and 8 Hz, at 2 V amplitude. A wider interval is not
used because the measurements become excessively noisy at higher frequencies,
as the actuation amplitude and the sensing signal respectively approach the
camera’s resolution limit (0.19 mm per pixel) and the measurement noise level.
Nevertheless, such a frequency interval is sufficient to capture the important
characteristics of sensing dynamics. An empirical transfer function model is
obtained for the inverse of the sensing dynamics using Matlab R2008a function
invfregs.

5.6. Control

A manually tuned PI controller is used in closed-loop experiments with the
integrated [IPCMC sensor-actuator. It is easy to design and simple to implement,
and well meets the needs of this preliminary study. Control design is performed
in NI Labview 8.5 simulation loop, where the actuation model, cascaded with
the controller, is running in unity feedback configuration. Controller parameters
are manually tuned while observing the system’s response to reference signals.
In the experimental part of the work the unity gain feedback is obtained using
a camera and an [PCMC sensor. The block diagrams of the respective control
systems are shown in Figure 5.5.

5.7. Closed-loop experiments

Closed-loop experiments on the IPCMC sensor-actuator prototype (described in
Section 5.3) are performed with experimental set-up described in Section 5.4.
System responses are measured for sinusoidal reference signals with 0.1 Hz, 0.5
Hz and 1 Hz frequencies using feedback signals both from the IPCMC actuator
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Figure 5.5. Closed-loop configurations in the experiments.

and camera in order to establish basis for comparison. Respective control system
block diagrams are shown in Figure 5.5.

In the first set of closed-loop experiments the position feedback signal (i. e.
the position of the tip of the sensor-actuator) is obtained from the camera image
(block diagram of the control system is given in Figure 5.5b). This allows to
validate the designed controller, fine-tune its gains if necessary, and establish
a reference to which the closed-loop results with IPCMC feedback can be
compared to. In these experiments the position estimation from the IPCMC
signal is also recorded for comparison.

Finally, the integrated IPCMC sensor-actuator feedback control experiments
are performed, using the position estimated from the IPCMC sensing signal
for feedback (control system diagram in Figure 5.5a). This is accomplished
by passing the IPCMC short-circuit current measurement through a real-time
simulation of the inverse of the sensing dynamics model (model described in
Section 5.5). Position readings obtained from the camera are also recorded and
used for comparison.

5.8. Results

The results reported in this study are obtained using the IPCMC materials
described in Section 5.2. The same experiment series have also been performed
using other IPCMC materials, i. e. with TiC derived carbon, anhydrous RuO,
and hydrous RuO2 , electrodes [9] instead of the coconut shell derived activated
carbon electrodes, but due to the very noisy sensing signal of these materials the
experiments were unsuccessful and therefore these results are not reported here.

Experimentally measured actuation and sensing dynamics (process described
in Section 5.5) are given along with the respective empirical models in Figure
5.6. After designing the controller (see Section 5.6), the closed-loop system
(i. e. a cascade of the PI controller and the actuation model in unity
feedback configuration) is simulated using sinusoidal input signals with the same
frequencies that are used in the experiments (0.1 Hz, 0.5 Hz and 1 Hz). The
results of these simulations are shown in Figure 5.7. Next, the experiments
are conducted on the actual IPCMC sensor-actuator prototype, as described in
Section 5.7. Results of the experiments using the camera for feedback (block

66



=

S
N [l
T T

A
T

m

[

e S <
(2] (4] »
T T T

Magnitude [

= e
e 9
[ee] ~

I S S S | i I T S A i | i I S S S S | i I S T S
T T T T T T T T T T T

©
o

o

©
o

T T
i

Phase [deg]

180 L Experimentally measured actuation frequency response I R J
Actuation model Do iioiaiiid
¥ Experimentally measured sensing frequency response
Sensing model

N

It

=]
T

-360

il i i iq i qiqql i i I T S A A |

102 10t 10° 10t 102
Frequency [Hz]

Figure 5.6. Experimentally measured frequency responses of the sensing and actuation
dynamics of the integrated IPCMC sensor-actuator prototype, and the respective
curve-fitted models.

diagram in Figure 5.5b) are given in Figure 5.8, and results for [IPCMC sensor
feedback experiments are presented in Figure 5.9. In the closed-loop experiments
with [PCMC feedback a low-frequency drift in the estimated position signal is
observable. It causes the actual position to slowly deviate from the reference,
eventually saturating the actuator voltage and causing the experiments to fail.
Experiment durations of 45 s at 0.1 Hz, 2 min at 0.5 Hz, and 60 s at 1 Hz
respectively are achieved before the control signal saturates and experiments are
halted to prevent material damage.

5.9. Discussion

As can be seen in Figure 5.6, the models for sensing and actuation dynamics
have discrepancies with respect to the measurements, but for this study they
approximate the experimental results sufficiently well. Discrepancies in actuation
magnitude are compensated by controller fine-tuning in experiments with camera
feedback, and the error in sensing dynamics phase is considered insignificant.
The simulations (Figure 5.7) are performed using the fine-tuned controller gains,
and discrepancies in the reference tracking are caused by modelling errors,
voltage saturation limits and consequent relatively low gains. The latter allows
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Figure 5.7.  Simulated response of the IPCMC sensor-actuator prototype actuation
dynamics with the PI controller for three sinusoidal reference signals with different
frequencies.

to prevent material deterioration in the experiments. Frequencies below 0.1
Hz are avoided in the experiments because the material non-linearities (e. g.
back-relaxation [28]) manifest themselves stronger in the lower frequency range.

In the closed-loop experiments with feedback from the camera (Figure 5.8) it
can be seen that the modelling error in the sensing dynamics model at 0.1 Hz
frequency (frequency response in Figure 5.6) has a noticeable effect on position
estimation while at other frequencies the estimation is reasonably accurate. The
controller is seen to perform well, and the tracking errors are insignificant
considering the properties of IPTs (Section 3.1), generally remaining within the
distance corresponding to a single pixel (0.19 mm).

Results for the closed-loop experiments with IPCMC sensor feedback (5.5a)
show that the errors between the IPCMC position estimation and the reference
signal are similar to the errors between the camera-estimated position and
the reference signal, indicating that the control performs equivalently in both
experiments. Also, an [IPCMC sensor offers better position resolution than
the camera. Discrepancies between the camera measurements and the IPCMC
estimation are observable, and they are the reason for the IPCMC feedback to
perform inferior to the camera feedback. Tracking results at 0.1 Hz and 0.5 Hz
indicate that the sensing dynamics of the [IPCMC sensor changes, as the camera
measurements have become larger than the [PCMC estimation. Considering that
all experimental work is performed within 5 h, this change is unexpectedly large.

While in short experiments the integrated IPCMC sensor-actuator prototype
with IPCMC feedback functions as described above, in longer experiments the
performance is degraded by low-frequency noise in the sensor’s short-circuit
current. This causes error accumulation in position estimation, and the
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Figure 5.8. Results of the closed-loop control experiments with the integrated IPCMC
sensor-actuator prototype, feedback from camera image.

experiments are aborted when the control voltage remains saturated. It is seen
that periodically removing the error allows to achieve a fair tracking performance
also in longer experiments, but this would require an external position measuring
circuit, beating the purpose of the integrated sensor-actuator design. The reason
behind the error accumulation is not clear, but the too simplistic design of the
current sensing amplifier is suspected.

All in all, the integrated IPCMC sensor-actuator prototype is demonstrated to
function, and a qualitative characterization is provided for its performance and
limitations.

5.10. Conclusions
In this study a proof-of-concept design of an integrated IPT sensor-actuator

device is proposed and a prototype is built. Closed-loop control experiments
are performed using the IPT sensor signal as the feedback source and compared
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Figure 5.9. Results of the closed-loop control experiments with the integrated IPCMC
sensor-actuator prototype, feedback from IPCMC sensing.

against the results of a system using external feedback, the latter establishing a
basis for qualitative evaluation of the design concept. By design, the prototype
resembles a 1-DOF rotational joint composing of two short IPCMC samples
in side-by-side configuration, one for actuation and the other for sensing,
mechanically coupled together in both ends and electrically isolated. By one end
the joint is fixed to the Earth frame and a rigid extension link is attached to the
other end for position tracking. Actuation and sensing dynamics are described
using empirical models, and a proportional-integral (PI) controller is designed
by manually adjusting the gains. Closed-loop control experiments are performed
using sinusoidal reference signals of 0.1 Hz, 0.5 Hz and 1 Hz.

In the experimental set-up used in this study, the position estimation resolution
of the IPCMC sensor is superior to that of the camera. Comparing the
experimental results with position feedback from the IPCMC sensor against the
results with camera feedback shows that in short term (up to a minute) the
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inferior performance of the [IPCMCs is caused by modelling errors in the sensing
transfer function model’s magnitude. This shortcoming is easy to overcome
with putting more effort in model fitting. More significant shortcomings include
changes in sensing dynamics within very short time intervals causing an error
in position estimation amplitude, and low-frequency noise in the short-circuit
sensing current causing error accumulation in position estimation. Processes
responsible for these phenomena remained unclear, but the low-frequency noise
in the sensing signal is suspected to origin from the design of the sensing
amplifier.

The results of this study demonstrate that an integrated IPT sensor-actuator
concept is in fact feasible, but in order to make use of it in applications the causes
for above-mentioned limitations need to be identified and resolved. Results
that are reported in this work provide a preliminary, qualitative evaluation for
the integrated sensor-actuator concept, using only IPCMC materials, black-box
models, PI control and a small selection of sinusoidal reference signals. For
systematic evaluation of using IPTs in an integrated sensor-actuator design,
a more thorough study is needed, involving different types of IPT materials,
characterization of these materials in terms of their fundamental parameters (using
physics-based models for describing their dynamics), quantitative performance
evaluation with a wider set of closed-loop experiments and more complex
(model-based) control methods, which would reduce the material-independent
effects to minimum. This kind of systematic evaluation is the topic of the next
chapter.
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6. INTEGRATED IPT SENSOR-ACTUATOR:
EXTENDED STUDY

6.1. Introduction

Integrating sensing and actuation functionality of the IPTs into a single design
allows to exploit the full potential of these novel materials (Section 3.3.2), but
very few studies have explored this concept. Yamakita et al. [188] reported a
10 s long closed-loop 0.2 Hz sinusoidal reference following using IPMCs for
actuation and sensing, but did not disclose any details on how these results
were obtained (design, experimental set-up). Other studies utilize simultaneous
sensing and actuation to control the angle of a rotary device in oscillations [185],
sustain or damper vibrations of a thin plastic sheet [186], and for positioning
the contacting sensor and actuator (a conceptual microgripper) [187] (Section
3.3.2). So far, self-sensing has not been demonstrated to function in the presence
of external disturbances (Section 3.3.3). This study continues to investigate the
integrated IPT sensor-actuator concept introduced in Chapter 5, that provided
preliminary evaluation for the concept using black-box models to describe the
dynamics, and performed closed-loop sinusoidal reference following experiments
using PI control. In this study, the mostly qualitative results of Chapter 5 are
extended by a more systematic quantitative evaluation of the improved design,
thoroughly characterizing the sensor-actuator design and materials in terms of
their fundamental parameters using physics-based models. The closed-loop
performance is characterized using PI and H., control and three different IPT
materials for several different reference signals.

This study aims to further investigate feasibility of the IPTs for integrated
sensing and actuation on an improved sensor-actuator design. It is intended to
provide full characterization of the design and materials in terms of physically
meaningful parameters, and achieve quantitative closed-loop performance
characterization for a wide variety of reference signals. This would provide
a quantitative reference, allowing to compare between different materials and
IPT sensing against an external feedback source, indicate the significance of the
choice of the control method and modelling, and aid to identify the application
limitations of the IPT materials.

First the variety of materials used in the experimental work are described, and
the improved design of the integrated IPT sensor-actuator is introduced. It uses
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Figure 6.1. Workflow of this study. "Sensing model in [57],  actuation model in [121].

three short IPT samples that are placed symmetrically side-by-side and clamped
together in both ends, functionally resembling a 1-DOF rotational joint. Next
the adapted physics-based models describing the actuation and sensing dynamics
of the system are presented, and control design (PI and H.) is introduced.
In experimental work the system identification is performed, controllers are
designed, and performance of the sensor-actuator is characterized in closed-loop
experiments. The results allow to compare the performance material-wise,
control-wise, and against an external feedback source, thus providing information
about the feasibility of the concept for applications. Structure of the work in this
study is illustrated in Figure 6.1.
Work presented in this chapter is based on publication C.

6.2. Materials

This section gives a brief overview on the three IPT materials that are used in the
integrated IPT sensor-actuator study. These include one IPCMC and two IPMCs
that are referred to as material # 1, # 2 and #3 in accordance with publication C,
as follows:

The first material (# 1) is an [PCMC provided by the Intelligent Materials and
Systems Laboratory (University of Tartu) that is manufactured from Nafion™117
ionomer backbone [9]. Nafion is coated with coconut shell derived active carbon
electrodes using DAP (direct assembly process), and covered with gold foil and
hot-pressed. This allows to achieve very low surface resistance that only varies
insignificantly with bending. The IPCMC is immersed in EMI-TT ionic liquid
that serves both as counter-ions and a solvent, and has very low vapour pressure
making the materials usable in dry environments. The same type of material is
also used in the previous study (Section 5.2).
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Material #2 is a typical IPMC that is made by depositing Pt electrodes on
Nafion™117 membrane, and exchanging the loosely coupled H' ions for Lit.
Since water acts as a solvent in these materials, their performance depends on
the hydration level. In order to maintain (roughly) consistent operation they need
to be kept hydrated. These IPMCs are provided by Environmental Robots Inc.
[286] and very similar materials are also used in the IPMC-actuated inverted
pendulum study (Section 4.2).

The third material (# 3) is again an IPMC, this time provided by the Intelligent
Materials and Systems Laboratory. It is very similar to material # 2, but the
electrode material is gold instead of Pt, and the manufacturing time is 5 years
carlier. Again, water is used as a solvent and the samples need to be kept
hydrated for consistent operation.

Thus, the IPCMCs used in this study are well suited for operation in dry
environments while the particular IPMCs need water environment for consistent
results. More information on the IPT materials and their background is provided
in Section 3.1. Next section describes the construction of the improved design
of the integrated IPT sensor-actuator.

6.3. Design

This section introduces the design and realization of the improved integrated
IPT sensor-actuator. Conceptually it is very similar to the preliminary design
described in Section 5.3. Short IPT samples are used in side-by-side configuration
to achieve simultaneous actuation and sensing in a device that is functionally
similar to a 1-DOF rotational joint. A rigid link is attached to its mobile end,
as shown in Figure 6.2. The main difference between this prototype and the
former one lies in using two IPT actuators (on both sides of the narrow sensor
sample) instead of one. Symmetrically arranged two wide actuator samples
prevent unwanted twisting, and provide a larger moment for actuating the rigid
extension rod. Although in principle the design modification is not significant,
the entire prototype is rebuilt, and all the components are made such that the
device is usable both in water and in air with both wet and dry IPTs.

The improved IPT sensor-actuator design is shown in Figure 6.3, and a photo
of the assembled device is given in Figure 6.8. The prototype consists of the
following components: (1) one narrow IPT sample for sensing and two wide
ones for actuation on both sides of the sensor, all cut from the same material, and
placed symmetrically in the same plane side-by-side; (2) a spring-loaded clamp
with gold-plated silver electrodes, that provides electrical connections to each of
the material samples, mechanically fixes them by one end to the Earth frame,
and allows to quickly assemble and disassemble the set-up; (3) a plastic screw
clamp that attaches to the free ends of the IPT samples and mechanically couples
them together; (4) a rigid extension rod made of carbon fibre that attaches by
one end to the above-mentioned (mobile) screw clamp, and accommodates a
rectangular measurement target for the laser distance meter in the other end.
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Figure 6.3. Design of the integrated IPT sensor-actuator.

Both the spring-loaded clamp and the screw clamp in the ends of the IPT samples
are made of ABS plastic using 3D Touch rapid prototyping machine from 3D
Systems Inc.

Sensing and actuation dynamics models for this design are established in the
next section.

6.4. Modelling

This section describes the models for capturing the sensing and actuation
dynamics of the integrated IPT sensor-actuator. The actuation model is necessary
for designing the controllers. The inverse of the sensing dynamics is used for
real-time extraction of position information from the sensor output signal. To
capture the complex response of the IPT materials to arbitrary stimuli (either
electrical or mechanical) as accurately as possible, and describe the sensor and
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actuators in terms of (mutual) physically meaningful parameters (within the
accuracy of the model and its linearisation), the physics-based models for both
sensing and actuation dynamics from Chen et al. [57, 121] are adapted. These
models are derived based on the same governing PDEs for charge redistribution
dynamics as presented in [44] and [233]. The models are geometrically scalable,
account surface resistance effects, and for application purposes the authors have
reduced them to finite order rational transfer functions. More information on
these models, related studies and rationale behind choosing them is provided in
Sections 3.4.3 and 3.6.

The models that are used in this study are originally developed to describe
IPMC materials, but are also valid for IPCMCs. This is because of the similarities
in the construction of these materials, and validity of the model derivation
assumptions for both materials. First, the IPCMCs and IPMCs that are used in
this work are based on the same Nafion ™117 polymer backbone. Second, the
nanoporous carbon electrodes on the IPCMCs have very high effective surface
area [9], similar to the dendritic structure of the Pt or Au electrodes in case
of IPMC materials. In the model derivation process, the sensing and actuation
phenomena are explained by (not clearly defined) electrostatic interactions, that
are represented in the models through constant coupling coefficients relating the
mechanical stress and the accumulated charge on the material surface. This can
be considered valid for both materials. Since the models consider solvent effects
on actuation and sensing negligible, and as the ionic liquid in [IPCMCs serves
as an equivalent to counter-ions and solvent in IPMCs, the materials may be
considered equivalent in this modelling approach.

The original reports [57, 121] model actuation and sensing dynamics of long
cantilever-beam-like IPMC samples. Alterations that are needed to adapt these
models to describe the integrated IPT sensor-actuator (introduced in Section 6.3)
are described in the following subsections, maintaining as much of the original
notation as possible.

6.4.1. Sensing dynamics

This section establishes the sensing dynamics for the integrated IPT sensor-
actuator prototype. Since the sensing model in [57] related the short-circuit
current of an IPMC sample to the out-of-plane displacement in the tip of the
material beam, the out-of-plane displacement of the short sensor sample used in
the sensor-actuator prototype needs to be identified from the position of the tip
of the extension rod. Assuming small deformations and that the IPT samples are
bending in the first cantilever mode, the coefficient relating the sensor sample’s
out-of-plane displacement to the (measurable) position of the tip of the extension
rod can be given:

L

= 6.1
1.3765L, + L’ @)
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where L is the length of the bending portion of the IPT sensor, and L. is the
distance from the fixing clamp to the tip of the extension (measuring level).
Now the sensing model can be adapted from [57] as follows:

H(s) = —= = C-f(s)-g(s), (6.2)

where i(s) is the short-circuit sensing current, z(s) is position of the tip of the
rigid extension at the laser distance meter measuring level, and functions f(s)
and ¢(s) describe sensing dynamics and surface resistance effects respectively,
and can be written as:

B )\153 + )\282 + A3s

6.3
2

H18" + p2s + pi3

(s)="— : (6.4)
5%+ H4S + s

F2dC—
K — 6.5
o RT (6.5)
where the terms are F' — Faraday constant, d — ion diffusivity, C'~ — anion

concentration, k. — (effective) dielectric permittivity, R — universal gas constant,
T — absolute temperature, and the coefficients A and p are given as:

YW,hv Kd [ d
M=——"2"""" X\=—4K\ A3 = 8K2 — —1]A 6.6
1 SQQLSKQ ) 2 1 3 ( }LQK ) 1, ( )

L? 3h 12h2
MlZF; ﬂz:nero’ M3:W7 ;
12h 24h? ©.7)
M4 = W’ M5 = W7

and the rest of the undefined terms are Y — Young’s modulus, W, — width of
the sensor sample, h — material’s semi-thickness, oy — charge-stress coupling
constant, and r( — surface resistance per material length and width.

In the experiments the inverse of this model is utilized in order to obtain the
position of the tip of the sensor-actuator device from the measured short-circuit
current. The next subsection establishes the model for actuation dynamics,
expressed in terms of the same parameters as the sensing model.

6.4.2. Actuation dynamics

This section establishes the actuation model for the integrated IPT sensor-actuator
device, that is used in this study for control design and simulations. In model
derivation, the IPT portion of the sensor-actuator is considered as a 1-DOF
rotational joint that is fixed in the Earth frame by one end, and a rigid link (the
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Figure 6.4. Composition of the model describing the sensing dynamics. "Sensing model
in [57].

extension rod) is attached to its other end. The axis of rotation of this joint
coincides with the outer edge of the spring-loaded clamp, it possesses torsional
stiffness due to IPT properties and gravity, damping due to the environment
and internal friction of the IPTs, and it is actuated by the moment supplied by
the IPT actuators. The overall model for actuation dynamics of the integrated
IPT sensor-actuator is a cascade of the voltage-induced moment (IPT actuators)
and passive dynamics of the mobile portion of the device. The latter can be
considered as a spring-mass-damper system.

The actuation model in [121] relates the out-of-plane displacement of the
tip of a long IPMC beam to the voltage that is applied on the material
electrodes. The final form of this model is a cascade of a voltage-induced
bending displacement (due to charge redistribution dynamics), and a second
order dynamics model describing the passive vibration of the material beam. In
this study their intermediate results are used in order to establish an expression
for the voltage-induced moment in IPT actuators.

Model G(s) that describes actuation dynamics of the integrated IPT sensor-
actuator, relates its tip displacement X (s) to the input voltage V' (s), and can be
written as:

:p(S) ’ Q(3>ﬂ (6-8)

where p(s) is the model for voltage-induced moment produced by IPT actuators,
q(s) is the passive dynamics of the mobile portion of the device, and s is Laplace
variable. As previously mentioned, the model for voltage-induced moment p(s)
is obtained from the intermediate results in [121] (equations (20), (29) and (46)).
Since the active portions of the material samples are very small, the surface
resistance effects can be neglected, and the model relating the moment M (s)
produced by voltage V' (s) can be expressed:

M(s) agke KWoh(1 —7)
V(s)  ykerhs? +y(h + ke Krh)s + Kh'’

(6.9)

where W, is the total width of the actuator samples, 7% is the trough-material
resistance per length, and v is defined as

ythg. (6.10)
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Figure 6.5. Composition of the actuation model. * Actuation model in [121].

Other parameters’ definitions are in agreement with the previous subsection.
Due to omitting the surface resistance effects the actuation moment does not
depend on the length of the IPT sample.

Passive dynamics of the mobile portion of the device is described using a
second order mass-spring-damper model relating the position of the tip of the
sensor-actuator X (s) to applied moment M (s) as follows:

X (s) E 1
als) = M(s) I 82+ 2Ew,s+w?’ .11

where L is the distance from the IPT clamping level to the position measuring
level in the tip of the sensor-actuator, / is the moment of inertia of the mobile
portion of the sensor-actuator with respect to the clamping axis, w,, is the natural
frequency, and ¢ is the damping coefficient. Such a model captures the passive
dynamics of the IPT sensor-actuator sufficiently well for the purposes of this
study. The actuation model that is established in this subsection is necessary for
designing the controllers, as described in the next section.

6.5. Control

This section describes the two controllers that are used in this study, i. e. PI and
Ho.. Controllers are designed based on the actuation model described in detail in
Section 6.4.2.

PI (proportional-integral) controller is designed analogously to the previous
study described in Section 5.6. NI Labview 2010 software is used to constantly
re-calculate the step response for the actuation model in closed-loop configuration
with a PI controller, while the controller gains are manually tuned. The resulting
response is constantly observed, aiming to achieve the shortest settling time for
5% error margin. PI control is later used to establish the reference for evaluating
the significance the control methods on the performance of the sensor-actuator.

H., controller is designed using Matlab software, again based on the actuation
model. Selecting the weights on output error W, and control effort W, is based
on the instructions in [287] and [288]. First and second order weights are
used, depending on the closed-loop performance. The resulting controllers are
usually of very high order, and they are reduced to the 5th order to facilitate
implementation.
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Figure 6.6. Experimental set-ups used in parameter identification prior to assembling
the sensor-actuator prototype.

Now the modelling and control of the integrated IPT sensor-actuator design
are introduced, and the next section concentrates on describing the experimental
set-ups.

6.6. Experimental set-ups

Experimental set-ups that are used in this study include one for measuring the
Young’s modulus of the materials, one for measuring their surface resistance, and
the final fully assembled device with the respective set-up used for the system
identification and closed-loop control experiments. The set-ups are described in
more detail in the following subsections.

6.6.1. Measuring Young’s modulus

Young’s modulus is experimentally measured as a part of the model parameter
identification process. The respective experimental set-up is shown in Figure
6.6a. One end of a larger IPT sample is fixed to the Earth frame using a massive
aluminium clamp with plastic-coated clamping surfaces (non-conductive), and
the free end is inserted between a stainless steel fork-like coupler that attaches
to a force gauge (Panlab TRI202P). During the experiments the force gauge is
manually moved on the horizontal surface, and its position is measured using a
laser distance meter (SICK OD2-P250W150U0). Using a NI PCle-6343 data
acquisition board the position and force readings are digitized, and further stored
and processed in a PC in NI Labview 2010 environment.

6.6.2. Measuring surface resistance

IPT surface resistance per unit length and width is obtained experimentally using
a four-point resistance measuring scheme. This allows to avoid erroneous results
due to contact resistances between the material and electrodes. The diagram of
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the experimental set-up is given in Figure 6.6b. The width of the material sample
is measured, and the sample is pressed against electrodes that are attached on
a flat surface. A resistor with known resistance is connected in series with
this set-up, and 0.1 V is applied (Hameg HMP4040 power supply) as shown in
Figure 6.6b. Current through the IPT sample can be calculated from the voltage
on the resistor, and further the material’s surface resistance can be calculated
from the voltage reading between the inner electrodes that are in contact with
the IPT sample. Measurements are controlled from a PC with NI Labview 2010
environment via a NI PCle-6343 data acquisition board, and dimension-normed
surface resistance rg is calculated.

6.6.3. Final experimental set-up

The rest of the experiments are performed using the final set-up shown in Figures
6.7 and 6.8. The IPT sensor-actuator device is assembled as described in Section
6.3 and it is vertically suspended by the spring-loaded clamp fixed in the Earth
frame. Actuation takes place in a vertical plane, that is perpendicular to the axis
of the device’s rotational joint.

IPT actuators are electrically connected in parallel and they are powered via a
bipolar power supply Kepco BOP 20-10MC (optimized for capacitive loads) that
serves to protect the data acquisition board and provide sufficient current at all
actuation voltages. Short-circuit current between the IPT sensor’s electrodes is
measured using a 2-step amplifier circuit that operates from a battery pack. It is
based on OPA111BM operational amplifiers and functions as a current to voltage
converter and amplifier with the gain of 100 000. Position of the tip of the
sensor-actuator is measured using a laser distance meter Z4M-S40 from Omron
with maximum resolution of 40 ym. Again, a PC running NI Labview 2010
and NI PCle-6343 data acquisition board controls the experiments, processes
the measurements and stores the results. Experiments are conducted at 10 kHz
sampling rate and saturation limit in all experiments is set to 3.5 V.

The experimental set-ups described in these subsection are used in parameter
identification that is discussed in the next section, and later also in the subsequent
closed-loop experiments to characterize the performance of the device.

6.7. Parameter identification

This section focuses on identifying the parameters of the sensing and actuation
models presented above in Sections 6.4.1 and 6.4.2 respectively. Physical
constants contained in these models are known from literature but the design- and
material-specific parameters need to be measured or experimentally identified.

Parameter identification is performed in steps and are combined with
assembling the integrated IPT sensor-actuator prototype. It starts with measuring
the raw material samples, and the whole identification process is performed as
follows:
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Figure 6.7. Final experimental set-up.

* Prior to cutting a material sample into pieces with appropriate dimensions
for the sensor-actuator, it is placed into a plastic bag for protection and
its thickness is measured in multiple locations using a micrometer screw
gauge. Thickness of the bag in these locations is subtracted, and an
average material thickness 2h is calculated.

* Young’s modulus of the material sample is measured using the experimental
set-up described in Section 6.6.1. Deformations are applied by moving the
load cell manually, and it is stopped instantaneously to take (simultaneous)
force and deformation readings. Proportionality coefficient between the
measured force P and applied deformation o is obtained from these results
using linear regression, and further Young’s modulus can be calculated:

PI3
Y =—— 6.12
3ol ( )
where [ is the free length of the IPT sample and [, is the area moment of
inertia for the material sample (rectangular cross-section).

* Measuring the normalized surface resistance r( is performed using the
four-point set-up described in Section 6.6.2. Readings are taken over
several seconds at 100 S/s sampling rate and averaged for a more precise
result.

» The large material sample used in aforementioned experiments is then
cut into a set of small samples for sensor and actuators in the IPT
sensor-actuator prototype described in Section 6.3, and the device is
assembled. Then the length of the free portion of the IPT samples L and
the widths of the actuators W, and the sensor W, are measured.
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Figure 6.8. Fully assembled integrated IPT sensor-actuator system in the final
experiments: A — power supply for sub-systems in different experimental set-ups (here
used to power the laser distance meter); B — stand that fixes the sensor-actuator to
the Earth frame; C — fixed end of the integrated IPT sensor-actuator prototype; D
— short-circuit current sensing circuit (battery-powered); E — unity gain amplifier for
powering the IPT actuators; F — terminal boxes of the data acquisition board;, G —
water tank; H — laser distance meter.

* From geometry and mass distribution of the device the moment of inertia
of the mobile portion of the IPT sensor-actuator is calculated with respect
to the edge of the spring-loaded clamp (i. e. equivalent axis). Inertial
properties of the mobile clamp and rigid extension are obtained from a
CAD model in Solidworks 2015 software.

* Next the natural frequency w,, and the damping ratio £ are experimentally
determined using the set-up described in Section 6.6.3. The device is
mechanically excited and the parameters are extracted from measuring the
free oscillations either in air (IPCMC) or in water (IPMCs).

» Frequency responses for actuation and sensing dynamics are experimentally
measured using the set-up described in Section 6.6.3 in order to identify
the remaining parameters. In the experiments, the IPT actuators are excited
with sinusoidal input signals (2 V amplitude) logarithmically distributed
between 0.2 Hz to 15 Hz or wider frequency intervals aiming to capture
their essential characteristics. Signals are applied for at least 30 s, but
for no less than 2 full periods. Simultaneously, the position of the tip of
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the integrated IPT sensor-actuator and short-circuit current of the sensor
sample are measured. Phase and magnitude information for both sensing
and actuation dynamics are extracted for each frequency in the end of the
experiments using NI Labview 2010 software.

* Based on the aforementioned frequency response measurements the
remaining parameters, i. e. d, ap, ke, C~ and 7} are curve-fitted
to the experimental data using unconstrained non-linear optimization
function fininsearch in Matlab R2015a software. It must be noted that
these parameters cannot be uniquely defined based on the experimentally
measured frequency responses. In order to obtain realistic results, the
initial values for these parameters are selected according to the original
papers on modelling the sensing and actuation dynamics in [57, 121].

When parameter identification process is complete the controllers are
designed for the closed-loop system (Section 5.6) and performance of the IPT
sensor-actuator device is characterized as described in the following section.

6.8. Performance characterization

This section describes how the performance of the integrated IPT sensor-actuator
is characterized in the closed-loop experiments. Once the models for actuation
and sensing are identified (Section 6.7) and controllers are designed (Section
6.5), the closed-loop experiments are conducted on the sensor-actuator prototype
(Section 6.3) using the final experimental set-up described in Section 6.6.3.

In order to provide a systematic characterization, the following reference
signals are used in the closed-loop experiments:

* unit step u(t) = 1 mm - U(t — 0.5s), where U(-) is the Heaviside function;

+ four sinusoids with 0.5 Hz, 1 Hz, 2 Hz and 3 Hz frequencies at 1 mm
amplitude;

* three random signals that are generated using Matlab R2015a software by
applying 4th order Bessel bandpass filter to randomly generated signals (10
kHz sampling rate) and further normalized not to exceed 1 mm actuation
amplitude. The lower passband limit for all signals is 0.1 Hz and the
higher limits are 2 Hz, 3 Hz and 4 Hz;

* 1 Hz sinusoidal reference with 1 mm actuation amplitude and duration of
either 30 min (IPT feedback) or 2 hours (laser feedback).

All these closed-loop experiments with the integrated IPT sensor-actuator
(except the long-term sine wave following) are conducted using three different
materials (see Section 6.2), PI and H,, controllers, and feedback from both the
IPT sensor and the laser distance meter. Thus 34 experiments are conducted on
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Figure 6.9. Sensing dynamics of the integrated IPT sensor-actuator. Experimentally
measured frequency responses and respective models for all three materials.

each material, resulting in 102 experiments in total. This allows to establish
a sufficient basis for comparison between different materials, controllers and
against an external feedback source. The experimental results are presented in
the following section.

6.9. Results

This section presents the experimental results of this study.  Parameter
identification is performed according to Section 6.7, and the resulting values
for the model parameters are presented in Table 6.1. Frequency responses
of the identified models and experimentally measured sensing and actuation
dynamics are shown in Figures 6.9 and 6.10, respectively. After designing the
controllers according to Section 6.5 the work continues with characterization of
the performance of the sensor-actuator prototype.

Closed-loop step response is measured for 15 s in all the material, controller
and feedback configurations (step is shifted to 0.5 s from the beginning of the
experiments). First 3 s of all experiments are plotted in Figure 6.11. A full
quantitative characterization of these results are given in publication C (Table 2),
including delay time, rise time, peak time, percent overshoot and settling time.
Due to a strong high-frequency noise in the position reading of the IPCMC sensor
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Figure 6.10. Actuation dynamics of the integrated IPT sensor-actuator. Experimentally
measured and respective identified model frequency responses are plotted for each
material.

(material # 1) its signal is down-sampled by 10 prior to characterization. The
poor performance of the material #3 is caused by a strong low-frequency drift
in its short-circuit current reading, and strongly non-linear actuation behaviour.
Similar to the phenomenon described in the inverted pendulum study in Chapter
4 and in literature overview in Section 3.1.2, the material bends back beyond its
initial position during actuation causing even the experiments in laser feedback
configuration to fail.

For comparison, the simulated step responses for the respective actuation
models in closed-loop configuration with the designed controllers are plotted in
Figure 6.12 and a quantitative characterization can be found in publication C
(Table 3).

The sinusoidal reference tracking experiments are 30 s long, unless they need
to be aborted earlier due to saturation of the actuation voltage for any longer than
1 period of the reference signal. In Figure 6.13 the results of these experiments
are presented through the sequences of the RMS tracking errors calculated over
each period of the reference signal. Due to a large amount of experimental data
and for the purpose of readability, only a single period of these experiments
(starting at 2 s) is shown in Figure 6.14. For quantitative characterization of the
results, the errors in magnitude and phase are given for each experiment (with
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respect to the reference signals) in publication C (Table 4) along with the RMS
tracking errors.

Durations of the random reference following experiments are also 30 s unless
they need to be aborted earlier to prevent damage to the materials. RMS errors
over each 0.5 s intervals of the experiment durations are plotted in Figure
6.15, and first 2 seconds of all experiments are plotted in Figure 6.16. For
quantitative characterization the RMS errors over the entire experiment durations
are presented in publication C (Table 5).

Since comparing the PI and H,, controllers is already possible in the previous
experiments, the long duration sinusoidal reference tracking experiments are only
performed using H,, controller. Experiment durations are set to 2 hours in the
laser feedback configuration and 30 min for IPT feedback, unless the actuation
voltage saturates for longer than 1 s. Experimental results in terms of RMS
errors over each 1 s interval are shown in Figure 6.17, total durations of these
experiments are given in Table 6.2, and additionally the power consumption
during these experiments is shown in Figure 6.18. The experiment with material
#2 in laser distance meter feedback configuration is halted before its intended
end (2 h) for technical reasons.

6.10. Discussion

In applications that exploit the novel properties of IPT materials it is advantageous
to use IPTs for both sensing and actuation when a compact source of feedback
with minimal impact on actuation is required. In order to investigate such
concept an improved design of the integrated IPT sensor-actuator is built and
its performance is characterized in this study, continuing the work started in the
preliminary study in Chapter 5. In this section these results are analyzed and the
comparison of the performance is provided material-wise, controller-wise and
against the external feedback.

In the course of parameter identification it appeared that it is not possible to
achieve consistent values for all of the physically meaningful parameters used
to describe both the sensing and actuation dynamics of the same IPT material
samples. Thus, charge-stress coupling constant «g and dielectric permittivity
ke are split into two distinct values, as can be seen in parameter identification
results in Table 6.1. Different values for charge-stress coupling constant «q
in fact appear logical when looking into the meaning of this parameter. It
provides a proportional relation between the charge and stress on the surface
of the material (Section 6.4.2 and 6.4.1), bypassing laborious modelling of the
essentially different complex processes that actually dominate the sensing and
actuation phenomena (reviewed in Section 3.4.3).

Values for dielectric permittivity . appear significantly different and very
unrealistic already in the original reports of Chen et al. [57, 121]. Also in this
study, the model identification results in unrealistic values and does not converge
at all unless separate values for sensing and actuation are used. This suggests
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Figure 6.11. Tracking errors during the first 3 s of the step response measurements for
each of the three materials, laser (A, B) and IPT (C, D) feedback, and PI (A, C) and
H (B, D) control.

that some false assumptions have been made in model derivation in [57, 121].
Indeed, as was later clarified by Porfiri [241] it is not correct to consider the IPTs
as parallel-plate capacitors whose entire thickness is a dielectric medium. The
polymer backbone in fact conducts counter-ions, and the high capacitance of the
IPTs is actually caused by the high effective surface area of the electrodes and
the thin boundary layers in their proximity. Unrealistic values for x. are a result
of this false-assumption. Values for the rest of the parameters in the sensing and
actuation models agree.

Discrepancies between the identified models and experimentally measured
frequency responses are mainly caused by unmodelled dynamics. Considering
the non-linear behaviour of the materials (such as the back-relaxation discussed
in Section 3.1.2) is out of the scope of this work. Errors in the actuation
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Figure 6.12. Tracking errors in simulated step responses for each actuation model in
closed-loop configuration with respective PI (A) and H., (B) controller.

Table 6.2. Durations of the extended 1 Hz sinusoidal reference following experiments.

Feedback Laser IPMC

Material #1 #2 #3 #1 #2 #3
Duration 7200 s 4513.3 s 76.82' s 300 s 1800 s 4.295 s

models are minor (Figure 6.10) and therefore they do not significantly affect
the control design and the consequent closed-loop performance. Inaccuracies in
the sensing model (Figure 6.9) result in additional phase and magnitude errors
in the closed-loop experiments, but considering the material properties they are
sufficiently small. These models are chosen in this study because they are
suitable for control and allow to describe the IPT materials in terms of physically
meaningful parameters. Numerous other modelling reports are reviewed in
Section 3.4, and choosing which model to use depends the application in hand.
As it can be seen in Figures 6.12, 6.11 and in publication C (Tables 2 and 3),
the simulation and experimental results in step response measurements clearly
differ. These discrepancies result from the voltage saturation limits, external
disturbances and model perturbations that are not accounted in the simulations
due to their laboriousness and low significance in terms of the aims of this study.
Experimental results indicate that the most significant weakness of the IPT
materials that limits using them in integrated sensing and actuation applications
is the low-frequency noise in the short-circuit sensing current that is also reported
in the results of the preliminary study in Chapter 5. Strength of this noise varies
across materials and it causes error accumulation in the position estimation.
Initially it is hypothesized that the poor design of the sensing signal measuring
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Figure 6.17. RMS tracking error in long duration sinusoidal reference following
experiments with laser (A) and IPT (B) feedback. The error is calculated over each 1 s
period and time is normalized to the total duration of each experiment.

circuit is the source of this noise since the original paper on sensing dynamics
[57] does not report such a noise. After testing several amplifier designs,
including an equivalent of what is used in [57] the noise reduces, but does not
disappear. While the exact reason of this low-frequency noise remains unknown
in this study the potential reasons include: (1) interactions between the IPT
sensor and the amplifier circuit; (2) environmental impact (factors influencing
the performance of the IPTs are reviewed in Section 3.1.2); and (3) unmodelled
internal dynamics of the materials.

The performance of the integrated IPT sensor-actuator device in IPT sensor
feedback configuration is throughout all experiments clearly inferior to the
results with laser distance meter feedback. While in short run (few seconds up
to a minute, depending on the material) their behaviour is similar, in longer
experiments the aforementioned low frequency noise in sensing signal renders
IPTs inferior or even unusable as the main source of the feedback.

Throughout the results it is seen that H., controllers perform remarkably better
than respective PI controllers. This is an anticipated finding since more complex
model-based controllers are usually able to shape the closed-loop performance
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experiments with laser (A) and IPT (B) feedback. Time is normalized to experiment
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to greater extent. Considering the improvement with respect to the PI controller,
H,, or other advanced control methods should be preferred over PI control when
possible.

Comparing to the other IPTs, the material #3 exhibits significantly stronger
non-linear behaviour in actuation and higher low-frequency noise in the sensing
signal. The position of the tip of the sensor-actuator corresponding to zero
actuation voltage varies significantly even in the sinusoidal reference following
experiments (Figure 6.13), eventually saturating the control voltage and forcing
the experiments to be halted. Previously, similar observations also motivated the
task modification in the inverted pendulum study in Chapter 4.

A potential explanation to different behaviour of the material # 3 lies in its
very high stiffness. As Nemat-Nasser hypothesized in [53] high pressure in the
cathode boundary layer causes extensive cation restructuring and redistribution
that is responsible for material back-relaxation and possibly for the drift in the
position corresponding to zero actuation voltage, also observed in this study.
It also needs to be pointed out that while material #3 is shorter than the other
IPT samples, its shorter length does not have significant impact on its actuation
capability (see magnitude in Figure 6.10), and its short-circuit current is actually
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stronger than in case of the other materials (see Figure 6.9 and parameters L and
o, in Table 6.1). Possibly the stronger low-frequency noise in sensing signal is
also related to higher material stiffness.

Performances of the materials # 1 and #2 are very similar, but due to different
environments (air versus water with added mass effects and higher damping
ratio) they cannot be compared in detail. In long-duration sinusoidal reference
following experiments in IPT feedback configuration, the sensing signal of
material # 1 is less stable than that of material # 2, resulting in termination
of the experiments at 300 s. It is also noticed that material #2 has higher
power consumption than # 1, most probably caused by the environment. Other
experiments do not reveal further remarkable differences in performance and
when selecting which material to prefer the decision should be taken according
to application environment.

To the author’s best knowledge the aforementioned closed-loop experiment
durations using IPT feedback signal are much longer than reported ever before.

In this study the materials # 1 and # 2 perform at least 7500 and 4500 work
cycles respectively while material #3 executes less than 450. Despite the large
number of cycles, no noticeable performance degradation is observed. The
relatively small actuation amplitudes achieved in this work are to some extent
caused by the weight of the mobile portion of the prototype assembly.

In general, it is demonstrated that it is possible to use IPTs for both sensing
and actuation in closed-loop configuration, but the primary factor that limits the
performance of such a design is the low-frequency noise in short-circuit sensing
current. Further investigation is necessary to identify its origin. Actuation-wise,
the back-relaxation effect may also limit the performance of the sensor-actuator,
and its extent varies significantly among materials.

The results provided in this study are hopefully valuable when choosing IPT
materials for applications.

6.11. Conclusions

This study explores the feasibility of a device that achieves both actuation
and sensing functionalities using IPT materials. Based on the integrated
IPT sensor-actuator concept previously introduced in Chapter 5, an improved
sensor-actuator design is proposed that consists of three short IPT samples and
a rigid extension, functioning similarly to a 1-DOF rotational joint with a rigid
extension. Sensing and actuation dynamics of the device and the materials is
captured using physics-based models that fully characterize the set-up and IPT
samples in terms of physically meaningful parameters. Proportional-integral (PI)
and H., controllers are designed and closed-loop experiments are conducted with
the device. In experimental work the response of the system is measured for
step input, four sinusoidal reference signals, three random reference signals and
one long-duration sinusoidal reference signal, using three different IPT materials
and feedback both from an IPT sensor and a laser distance meter. All the
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experimental results are quantitatively characterized providing full description
of the design and its performance, allowing to compare the performance of the
device material-wise and against external feedback, and evaluate the significance
of the control method (PI against model-based H,) on the results.

The improved design of the integrated IPT sensor-actuator performs better
than the one in the previous study in Chapter 5, but still the limitations
to potential applications are set by the material properties. Position sensing
from IPT signal is stable for a limited timespan resulting in good short-term
performance (few seconds up to few minutes), but in longer experiments the
low-frequency noise in short-circuit sensing current causes it to significantly
deteriorate. Potential reasons for this noise include interactions between the
sensor sample and the current measuring circuit, unmodelled processes within
the material, and environment influence, but the cause remains unclear and needs
further investigation. In terms of actuation capabilities, the potential limitations
lie in the non-linearities such as the material-dependent back-relaxation (strongest
in case of material # 3) and low strain in response to input voltage, but compared
to sensing limitations they are insignificant. While these limitations manifest
throughout this work, no additional performance degradation is observed.

While in this study the physics-based models serve both the control and
material characterization purposes, less laborious grey-box or black-box models
allow to achieve similar performance with much less effort. A controller-wise
comparison shows that H,, control results in much better performance than PI
control, suggesting thst advanced control methods should be preferred over the
simplistic ones when possible. When comparing the results that are obtained
using IPT feedback to those of the laser distance meter, the latter are clearly
superior due to the aforementioned limitations of the IPT feedback. Material-wise
comparison shows that materials # 1 and # 2 perform similarly, the former suits
well for operation in air and the latter in water. Material #3 performs significantly
worse than the others displaying strong non-linearities in actuation performance
and strong low-frequency noise in sensing signal. Preferring material #1 or
#2 for an application should depend on what kind of environment it will be
operating in.

Some of the more important results of this study include a 30 min long
successful closed-loop sinusoidal reference following experiment (material # 2),
90 times longer than reported before (Section 3.3.2). In this study materials #1
and #2 perform over 7500 and 4900 work cycles respectively and material #3
performs a little less than 450 cycles, whereas no performance degradation is
observable.

Using IPT materials for both actuation and sensing within the same design
allows to exploit the attractive novel properties of these ’smart” materials
while keeping the system compact and impact on the actuation performance
minimal. Very few preliminary reports have explored such a configuration so far.
This study investigates the integrated IPT sensor-actuator concept in detail and

99



thoroughly characterizes its performance, providing qualitative and quantitative
reference basis for using them in applications.
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7. TESTBED FOR IPT MEDICAL APPLICATIONS

7.1. Introduction

Limited actuation capabilities of the IPT materials are a major restriction in
many of the proposed applications (see Section 3.2), but provide an integrated
safety measure in their potential medical applications, reviewed in Section
3.2.1. Limited actuation moment, mechanical compliance, ease of shaping and
miniaturizability are some of the IPT properties that raise interest for using them
in medical applications such as a catheter system with an active IPT guidewire
[73]. While the reports covered in Section 3.2.1 work with conventional flat
IPTs, also other geometries have been reported (Section 3.1.1), including a more
suitable cylindrical [41] design capable of bending in any direction. However,
feasibility of the IPTs for medical applications (including the active guidewire
concept) has not been thoroughly studied and deserves further investigation.
Such techniques cannot be validated on human patients, and this study focuses
on providing a suitable test-bed for investigating IPTs in invasive medical
procedures, particularly the active IPT guidewire in a catheter system.

This study continues to investigate feasibility and behaviour of the IPT
materials in applications, aiming to provide a test-bed for medical applications,
and further study the concept of a catheter with an active IPT guidewire.

Characterizing the gelatin gel properties with respect to their composition
allows to obtain materials with desired mechanical and ultrasound properties.
Following the phantom' manufacturing procedure allows to produce realistic
testing and validation environment for IPT applications with no safety, legal or
ethical issues. Renal biopsy training phantoms are manufactured on this study
in order to qualitatively validate suitability of the obtained phantoms for human
soft tissue substitutes in ultrasound guided interventions. A phantom design is
proposed for studying the IPTs as an active guidewire in catheter systems under
ultrasound guidance, and validation experiments are intended to be performed in
the future.

The work in this study is organized as follows. Comparing different
phantom material technologies (Section 3.5) indicates that with using gelatin

'Phantoms are specially designed objects that substitute humans or animals in
experiments, training etc., realistically mimicking some relevant aspects of their tissue
properties and/or anatomy.
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gels it is possible to produce inexpensive phantoms with realistic elasticity
and ultrasound properties with the least effort. Multiple sets of test samples
are manufactured and their Young’s moduli, ultrasound broadband attenuations,
ultrasound propagation speeds and radiodensities are characterized, relating the
material properties to their composition. Phantom materials replicating various
human soft tissues can be produced by first seeking up the respective reference
values from literature, and selecting required material compositions from the
material characterization results. Phantoms with desired anatomy or construction
are produced by segmenting organ models from patient CT scans (optional),
creating respective mould models using CAD software, materializing them using
rapid prototyping, and finally casting the phantoms from gelatin gels (possibly in
multiple casting steps). For validating the results of such phantom manufacturing
technique, a set of renal biopsy phantoms with realistic properties (mechanical,
ultrasound and CT-compatible) and anatomy (patient-specific, with cysts) are
produced and evaluated in the training of radiology residents. Basing on the
same manufacturing procedure, a phantom design is proposed for evaluating the
medical applications of IPTs, particularly the concept of a catheter with an active
IPT guidewire. Validating feasibility of the IPT materials as an active guidewire
in a catheter system currently remains future work due time restrictions.
This chapter is based on the work reported in publication D.

7.2. Material manufacturing

This section describes the manufacturing process of the gelatin gel phantom
materials. These materials will be used to produce a realistic soft tissue substitute
test-bed for evaluating IPTs in medical applications. Commercial phantoms
(e. g. abdominal and renal phantoms reviewed in D) are expensive and offer
only limited anatomical variations to work with. Gelatin gels are selected for
soft tissue substitute materials in this study since they are simple to manufacture,
non-toxic, inexpensive and allow to well mimic the soft tissue properties, as
discussed in Section 3.5.

As described previously in different studies [266, 265, 267] the purposes
of the components in the gelatin gel tissue substitutes are as follows. Gelatin
and distilled water form the self-supportive gel, and their component ratio sets
the lower bound to the achievable elasticity. Formaldehyde cross-links the
protein molecules rising the material’s melting temperature, but also causes
additional stiffening for 100 days post manufacturing at a decelerating rate.
Alcohol, such as 1-propanol (preferred for its high boiling point), increases
the ultrasound propagation speed within the material and is used when very
fine tuning is necessary. Graphite flakes and glass beads allow adjusting the
ultrasound attenuation and back-scattering properties, and (food) preservatives
may be added in order to increase the lifespan of the materials.

The manufacturing process of gelatin gels in this study has the following
steps:
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» gelatin gel and graphite flakes are mixed together, poured into a beaker
containing distilled water, and allowed to hydrate for approximately 10
min;

2

* the beaker is placed into a hot water bath and the mixture is constantly
stirred until it clears between 32 °C and 40 °C (varies with material
composition). Temperatures are kept low and heating durations short in
order to prevent protein denaturation and to obtain consistent results;

* the mixture is degassed in a vacuum chamber for 10 min;
+ formaldehyde is added and slowly stirred into the mixture;

* mixture is cast into a mould that is then fastened on a slowly rotating frame
in order to prevent the graphite from settling while the gel congeals, and
afterwards placed in a fridge for further hardening.

More details on the particular components and manufacturing details are
provided in publication D.

7.3. Material composition and properties

Since gelatin gel soft tissue substitute properties vary with ingredient specifications
and even manufacturers [265] it is necessary to relate the available material
compositions to the resulting mechanical and ultrasound properties. This is
achieved by producing a set of test samples with different gelatin, graphite powder
and formaldehyde concentrations, and measuring the respective parameters.
Materials are manufactured following the procedure described in Section 7.2,
and at each material composition two samples (cylindrical, 46 mm diameter)
with different thicknesses (12 mm and 17 mm) are cast in order to be able to
measure their ultrasound properties.

Young’s modulus of the material samples is measured using a custom-built
dynamic mechanical analysis (DMA) device described in more detail in [289].
Ultrasound propagation speed and broadband attenuation are measured using the
experimental set-up shown in Figure 7.1. Material samples are placed in a water
tank on top of a solid metal plate, under a fixed 5 MHz dual element ultrasound
transducer (Sauter Gmbh) that is attached to an ultrasound pulser-receiver (JSR
Ultrasonics DPR 300). Experiments are controlled from a PC in NI Labview
2010 environment and waveforms are captured using a 100 MSs™! digitizer NI
USB-5133. Ultrasound broadband attenuation is calculated from the difference
in attenuation of two samples of the same material with different thickness.

In addition to the mechanical and ultrasound properties also the radiodensities
of the test samples are measured using a multidetector CT scanner (Brilliance 64,
Philips Healthcare) in order to investigate the CT-compatibility of the material.
All material properties are measured 1 day post manufacturing the respective
samples.
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Figure 7.1. Experimental set-up for measuring ultrasound properties.

7.4. Phantoms

This section describes the phantom manufacturing methodology that allows to
produce soft tissue substitutes with various complexities, tailored for specific
tests of interest. Once the required tissue properties are determined from the
literature (Section 3.5), respective material compositions are looked up from the
results of the mapping procedure described in Section 7.3, and phantoms are
manufactured as follows:

» when patient-specific or realistic anatomy is required the organs of interest
are segmented from the CT scans using 3D Slicer software, and the
resulting model is transformed into a CAD format;

* using CAD software, the (multi-component) moulds are created for casting
the phantom components;

* physical moulds are created using rapid prototyping;

* parts of phantoms are cast and assembled according to the manufacturing
procedure described in Section 7.2.

According to the aforementioned phantom manufacturing procedure renal
biopsy phantoms are manufactured and further tested in the training curricula
of the second year radiology residents, qualitatively validating the phantom
manufacturing procedures and gelatin gel property identification results. The
patient-specific test phantoms mimic cysts for biopsy targets, and during the
training they are covered with opaque plastic as the biopsies are performed
under ultrasound imaging. More detailed information on their properties and
manufacturing are provided in publication D.

Design of the test-bed for validating the feasibility of the potential IPT
applications in medicine, particularly as an active guidewire in a catheter system
(see Section 3.2.1), is depicted in Figure 7.2. Such phantom is intended for testing
the catheter prototype in passing through bifurcations of different diameters at
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Figure 7.2. Experimental test-bed for studying the IPT active guidewire concept.

various angles under ultrasound guidance, and the respective phantom needs
to mimic the elasticity and ultrasound properties of the blood vessels and
surrounding soft tissues in order to establish a realistic test medium.

7.5. Results

Relating the phantom material properties to their composition is performed by
manufacturing material samples described in Section 7.3 according to techniques
described in Section 7.2, and measuring the properties of these samples as
described in Section 7.3. For measuring Young’s modulus a set of material
samples is manufactured with gelatin concentrations varying from 100 g/l to 130
g/l in 10 g/l increments, and formaldehyde concentrations varying from 0.05
wt% to 0.2 wt% in 0.05 wt% increments. Results in Figure 7.3 show that both
the component concentrations have significant impact on the Young’s modulus
that may be considered linear in the region of interest. Graphite concentration
also has linear impact on the Young’s modulus, but at concentrations up to 1
wt% it may be considered negligible compared to the effects of formaldehyde
and gelatin.

For measuring the ultrasound broadband attenuation and propagation speed
another set of material samples is manufactured, with gelatin concentrations
varying from 100 g/l to 140 g/l in 10 g/l increments (0.1 wt% of formaldehyde,
no graphite). Results show that the gelatin concentration has very insignificant
impact on material’s ultrasound broadband attenuation (Figure 4 in publication
D), that may be considered linear. Further experiments are conducted on an
extended set of material samples with gelatin concentrations of 95 g/l, 105 g/l
and 115 g/1, and graphite concentrations varying from 0 wt% to 0.75 wt% in 0.25
wt% increments. Respective results are plotted in Figure 7.4, and they show
that the graphite concentration has quite linear impact on the attenuation while
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Figure 7.3. Experimentally measured Young's modulus at different formaldehyde and
gelatin concentrations.

the effect of gelatin is negligible. Results of the ultrasound propagation speed
measurements did not show significant correlation to gelatin, formaldehyde and
graphite concentration, and over all the measured samples an average speed of
1450 m/s is calculated with 32.7 m/s standard deviation.

Radiodensity measurements are performed on larger material samples (250
ml). In the first set of test samples the formaldehyde concentrations vary from 0
wt% to 2 wt% (100 g/1 gelatin concentration, no graphite) and have no observable
impact on radiodensity of the material. In the second set of test samples the
graphite concentrations vary between 0 wt % and 1 wt% (100 g/l gelatin, 0.1
wt% formaldehyde) and increase in graphite concentration only increases the
standard deviation in the measured radiodensities from 3 HU to 8§ HU. In the
third set of test samples the gelatin concentration is varied from 60 g/l to 140
g/1 (0.1 wt% of formaldehyde, no graphite), and as can be seen in Figure 7.5 its
impact on the material’s radiodensity is quite linear.

An example of a renal biopsy training phantom that is produced for validating
the mapping of material properties and phantom manufacturing process is shown
in Figure 7.6. The evaluation is performed by second year radiology residents
as a part of their ultrasound-assisted biopsy training, and the procedure is
described in greater detail in publication D. Phantom kidney and pathologies
are anatomically realistic in ultrasound imaging, and manufacturing costs are
estimated to be below 60 $ per phantom.
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Figure 7.4. Experimentally measured ultrasound broadband attenuation at different
gelatin and graphite concentrations.

7.6. Discussion and future work

Measuring the Young’s modulus, ultrasound attenuation, ultrasound propagation
speed and additionally the radiodensity of the gelatin gel samples results in
characterization of the material properties in terms of their composition. Based
on these results it is possible to manufacture mechanically realistic soft tissue
phantom that are medical ultrasound-compatible. First the properties of the
respective tissues are determined from the literature, then the required material
compositions are looked up from the results of material characterization, and
finally the phantoms are cast, possibly in parts. Since each gel’s component’s
concentration significantly influences only one or two of its properties, it is
possible to tune the phantom properties remarkably well.

Since the ultrasound propagation speed within the materials is very realistic
(actual and targeted mean values differ by less than 7%) there is no alcohol
added to the materials. Also, the phantoms are used within few days to few
weeks post manufacturing, and no additional preservatives are needed to expand
the material lifespan, allowing to maintain a simple manufacturing process.

The methodology for achieving anatomically realistic soft tissue substitute
phantoms is further validated by manufacturing a set of renal biopsy phantoms
and evaluating them in the training process of the second year radiology residents.
Cost of manufacturing of these phantoms is below 60 $ per phantom, including
labour. Evaluation results show that the phantoms and included pathologies
look realistic, they suit well for training, but fail to mimic the complex internal
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Figure 7.5. Impact of the gelatin concentration on the radiodensity of the gelatin gel.

structure of actual human kidneys. More information on the evaluation procedure
and respective results are available in publication D.

In future work it is intended to use the established material characterization
and validated phantom manufacturing technology in order to produce phantoms
for testing the medical applications of IPTs, particularly as an active guidewire
in a catheter system. Design of such a phantom is proposed in Figure 7.2 in
Section 7.4, and it provides a realistic test-bed without arising any safety, legal
or ethical issues. The intended validation procedure on the IPT active guidewire
in a catheter device involves testing its penetration capability in blood vessel
bifurcations with various anatomies, diameters and angles. Such a phantom
would also allow to validate various other surgical tool concepts proposed
in Section 3.2.1, and potentially combine the self-sensing concept studied in
Chapters 5 and 6 in order to facilitate guiding the catheter during the operation.

7.7. Conclusions

Mechanical compliance and limited maximum forces exerted by the IPTs are
limitations in many potential applications, but provide intrinsic safety measures
that could be very beneficial in medical applications. Ultrasound-compatible
phantoms with realistic anatomy and mechanical properties allow to validate
many different types of novel medical instruments and techniques in realistic
conditions. This study focuses on producing soft tissue substitute phantoms with
such properties in order to validate medical applications of the IPT materials,
specifically as an active guidewire in a catheter system.

After identifying gelatin gels as suitable phantom materials, the relations
between their composition and properties are identified in terms of Young’s
modulus, ultrasound propagation speed, ultrasound broadband attenuation and
material radiodensity. Next, a phantom manufacturing procedure is introduced
that allows to achieve mechanically realistic soft tissue substitutes with patient-
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Figure 7.6. A renal biopsy phantom validated by the radiology residents.

specific anatomy and realistic appearance in ultrasound imaging. Anatomically
realistic renal biopsy phantoms are produced from human CT scans and validated
in an ultrasound-guided biopsy procedure as a part of radiology residents’ training
curricula. Based on the material characterization results and successful validation
of the phantom manufacturing techniques, a phantom design is proposed for
validation of a potential medical application of the IPT materials as an active
guidewire in catheter systems.

As a result of this study the phantom material properties are related to their
composition, manufacturing techniques producing realistic tissue mimicking
phantoms are established, and resulting anatomically realistic patient-specific
phantoms are validated in the training of radiology residents. The phantom
manufacturing technique introduced in this work allows to produce economically
affordable soft tissue substitutes that are suitable for many applications.

In order to validate the usability of the IPT materials in medical applications,
particularly as an active guidewire in a catheter device, a phantom design is
proposed that allows to test such devices in passing blood vessel bifurcations
at different angles and diameters under ultrasound guidance. In continuation of
this work it is intended to realize a compact design of a catheter system with an
active IPT guidewire and validate the design feasibility on the aforementioned
phantom under ultrasound guidance. Initially it is intended to control the IPT
actuation manually, and further by integrating an IPT sensor with the actuator,
establishing closed-loop control similarly to Chapters 5 and 6.

Thus, the softness and limited actuation capabilities of the IPTs provide them
with intrinsic safety measures, and their feasibility for medical applications,
such as an active guidewire in a catheter, deserves a more systematic evaluation.
In this study the soft tissue phantom manufacturing process is introduced and
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validated, and a phantom design is proposed aiming to provide a test-bed for
evaluating IPTs in medical applications. Since the validation experiments exceed
the scope of this thesis, they must remain the future work.
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CONCLUSIONS

Due to attractive properties including the sensing and actuation capabilities, the
IPT materials have been forecast to trigger advances in robotics, biomedical
engineering, energetics, etc., and enable integrated designs exploiting the
potential of the material to full extent. Despite the multitude of reports on
potential implementations their adaptation to practical use has been delayed,
most probably due to insufficient performance and reliability. The few studies
reporting integrating the actuation and sensing functionalities only offer very
preliminary results. This thesis looks into the state-of-the-art of the performance
of the IPT materials and their feasibility in applications. Behaviour of the IPT
materials at their performance limits and respective limitations are studied by
utilizing them for the first time in a real-time critical application, balancing
an inverted pendulum system. Next, the feasibility of an integrated IPT
sensor-actuator concept, and performance and limitations of the materials in
closed-loop configuration with IPT feedback are investigated. Studying the
performance of the materials and the sensor-actuator concept is resumed on an
improved design, thoroughly characterizing its set-up, materials and closed-loop
performance. The limited performance of the IPTs can be considered as an
intrinsic safety measure in medicine, and therefore a test-bed is provided for
investigating the invasive medical applications of the IPTs in realistic conditions
with no safety, legal or ethical issues.

It is demonstrated that when using IPT materials as actuators it is possible to
stabilize an inverted pendulum system for maximum of 30 min, and repeatedly
for 5 min long experiments. While the proof-of-concept real-time task is
successfully completed using IPMC materials, the inertia of the system is
reduced in multiple steps before the successful experiments can be performed.
Additional damping and added mass effects in water on the one hand simplify
the stabilization task as they slow down the motion of the inverted pendulum
rod, and on the other hand provide additional load on the actuator. Besides
the limited actuation moment, the IPMCs used in this study exhibit a strong
back-relaxation effect (stronger at higher actuation voltages) that causes the
cart position corresponding to zero input voltage to vary. This limitation is
overcome by allowing the cart position to vary within the limits of external
disturbances and (unmodelled) non-linear dynamics, otherwise it is not possible
to stabilize the system for any longer than 10 s. Such phenomenon restricts
the exploitation of these particular materials in applications requiring precise
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position control. After several successful 5 min long experiments the actuation
capability degrades and pendulum balancing attempts fail subsequently earlier.
This is believed to be caused by the loss of counter-ions due to high actuation
voltages (£ 4 V saturation limits), since electrolysis is observable and since the
actuation capabilities of the same materials can be fully restored by repeating
the ion-exchange process. Thus, it is possible to use IPTs in real-time tasks, but
limiting factors that must be taken into consideration include limited actuation,
back-relaxation effects and performance degradation at high actuation voltages.

Results of the close-loop sinusoidal reference following (0.1 Hz, 0.5 Hz
and 1 Hz) experiments on the integrated IPT sensor-actuator prototype (using
IPCMCs) provide a qualitative demonstration of the feasibility of such a concept.
Unexpectedly strong low-frequency noise in the sensor’s short-circuit current
causes a gradual error accumulation in the position estimation, further causing an
error in reference tracking. In short term (few seconds) the closed-loop reference
tracking error of the prototype in IPT feedback configuration remains within the
limits of modelling errors in the sensing model, whereas IPTs provide a better
precision than the camera resolution achieves in this experimental set-up. In
the long run (up to 1 min) the position estimation gradually deteriorates (due
to the aforementioned low-frequency noise), eventually saturating the actuation
voltage, and the experiment must be aborted to prevent damaging the actuator.
The source of the low-frequency noise in the sensing signal is not identified, but
interactions between the primitive current sensing circuit and the sensor sample
are suspected. Therefore, the primarily qualitative results of this study indicate
that the integrated IPT sensor-actuator concept is feasible for implementation for
very limited time periods, but the noise in sensing signal needs to be resolved in
order to use them for longer intervals than just a few seconds.

To characterize the materials and the improved IPT sensor-actuator design, the
actuation and sensing dynamics are described in terms of fundamental material
properties and prototype parameters. Closed-loop experiments of the step
response (1 mm amplitude), sinusoidal reference following (1 mm amplitude at
0.5 Hz, 1 Hz, 2 Hz and 3 Hz frequencies), random reference following (3 spectra
from 0.1 Hz to 2 Hz, 3 Hz and 4 Hz) and long-duration sinusoidal reference
following (up to 30 min and 2 h with IPT and laser distance meter feedback
respectively) are performed on the prototype using three different materials (an
IPCMC with coconut shell derived active carbon electrodes, one IPMC with Pt
and one with Au electrodes), two different controllers (PI and Hy,) and both IPT
and laser distance meter feedback. Based on these results, the performance of
the design and materials is qualitatively and quantitatively characterized. In this
study, up to 30 min long closed-loop experiments are successfully conducted in
IPT feedback configuration (extended 1 Hz sinusoidal reference following), 90
times longer than reported before. Low-frequency noise in the IPT short-circuit
current reading reduces with the improved amplifier design, but is also observed
to vary across materials. It causes an error accumulation in the position
estimation, limiting the typical closed-loop experiment durations to last between
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few seconds up to several minutes before the control voltage saturates. In terms
of actuation performance, the back-relaxation effects significantly vary among
the materials from unobservable to very strong, but performance degradation in
the course of the experiments is not observed. In this work the physics-based
models are used for material characterization, and due to their very laborious
nature are not recommended for applications. H,, controllers allow to achieve
much smaller tracking errors than the PI controllers indicating that advanced
control methods should be preferred over simple ones. Thus, this study provides
thorough qualitative and quantitative characterization of the sensor-actuator
design, materials and their closed-loop performance. The primary limitations,
i. e. the back-relaxation effect in actuation and low-frequency noise in sensing,
are observed to vary across materials.

In order to provide a test-bed for investigating the potential medical
applications of IPTs in realistic conditions, manufacturing techniques are
presented that allow to produce soft tissue substitute phantoms with desired
(potentially patient-specific) anatomy and realistic mechanical and ultrasound
properties. Gelatin gel properties are experimentally related to their composition,
allowing to seek up recipes for desired material properties. Phantoms are
manufactured by segmenting organs of interest from CT scans, creating moulds
using CAD software and rapid prototyping, and casting the final phantom from
gelatin gels with a specified composition. Ultrasound compatible renal biopsy
training phantoms are produced for qualitatively validating the manufacturing
methodology by radiology residents, and evaluation results confirm that the
anatomy and appearance in ultrasound imaging are realistic. Next, a test-bed is
proposed for validating invasive IPT medical applications (particularly a catheter
design with active IPT guidewire) in realistic conditions under ultrasound
imaging. In future work it is intended to build a catheter prototype with active
IPT guidewire, and validate its performance on the aforementioned test-bed, by
passing it through blood vessel bifurcations of various geometries and diameters
under ultrasound imaging guidance. In the initial tests the IPT guidewire is
planned to be operated manually by switching the voltage on and off, and in
the following experiments an integrated IPT sensor is added to the guidewire,
allowing to operate it in closed-loop configuration simply by setting the reference
position.
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ABSTRACT
Application-Oriented Performance Characterization of the
Ionic Polymer Transducers (IPTs)

IPMC (Ionic Polymer-Metal Composite) and IPCMC (Ionic Polymer-Carbon-
Metal Composite) materials, commonly addressed as IPTs (Ionic Polymer
Transducers) are “smart” materials that bend when voltage is applied between
their electrodes and generate voltage when they are bent. Their attractive
novel properties have been hypothesized to spark major technological advances,
revolutionizing many fields, e. g. medicine, robotics and energetics. Since
their discovery over two decades ago many reports have proposed potential
implementations in various fields, but adapting these into practical use relies
on improvements in material performance, and has been delayed due to slow
advances in material development. Since IPTs possess both sensing and actuation
capabilities it is natural to explore combining a sensor and an actuator of the
same material for closed-loop operation. So far, very few preliminary studies
look into this opportunity.

This thesis concentrates on investigating the performance of the IPT materials
and the feasibility of their applications. First the performance of the IPMCs
is studied at their limits as they are used for the first time in a real-time task,
by balancing an inverted pendulum system. Next, a novel integrated IPCMC
sensor-actuator design is proposed and realized, combining the actuation and
sensing functionalities into a compact design with minimum impact on actuation
performance. Then, an improved design of the integrated IPT sensor-actuator
is proposed and built, and its performance is thoroughly characterized in a
series of closed-loop experiments, providing significant amount of qualitative
and quantitative information on the sensor-actuator concept, actuation and
sensing capabilities of different IPMC and IPCMC materials and their potential
limitations. Finally, soft tissue phantom? manufacturing techniques are introduced
and validated in order to produce a test-bed for evaluating medical applications
of IPTs in realistic conditions.

Balancing an inverted pendulum system is a very challenging task for IPTs
considering their actuation properties, and it serves as an abstract application

2Phantoms in the context of this thesis are specially designed objects that substitute
humans or animals in the processes of experiments, training etc., realistically mimicking
some relevant aspects of their tissue properties and/or anatomy.
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study with straight-forward evaluation criteria of pass or fail. To the best of
author’s knowledge it is the first attempt to utilize IPTs in real-time application.
This study is expected to provide valuable information on the behaviour of
the materials at their capability limits, and identify potential material-related
limitations. [PMC-actuated inverted pendulum assembly consists of a short and
wide IPMC sample that actuates a rigid extension rod that further moves a mobile
cart supporting the inverted pendulum. The whole assembly is submerged in
water. A state-space model is used to describe the dynamics of the system,
a full-state feedback controller is designed, and experiments are performed to
balance the inverted pendulum. The results show that it is possible to balance the
system for 30 minutes and longer, but the inertia of the system must be sufficiently
small. Unexpectedly significant back-relaxation effect observed in this study
required a control system modification before it was possible to stabilize the
system, and could significantly limit the utilization of these materials.

Using IPT sensors to provide position feedback to IPT actuators allows
to preserve the advantageous properties of the IPT materials in closed-loop
actuation systems, making them compact and easier to construct. This study also
aims to investigate the feasibility of the integrated IPT sensor-actuator, provide
a preliminary evaluation of its closed-loop performance and identify potential
limitations of such a concept. The design of the prototype consists of two short
mechanically coupled IPCMC samples that are fixed to a clamp with electrical
terminals in one end, and to a rigid extension in the other end. Its sensing
and actuation dynamics are captured using black-box models, PI controller is
designed and closed-loop experiments are performed to evaluate the design. The
results of this study capture the closed-loop behaviour of the IPT sensor-actuator
following sinusoidal references (0.1 Hz, 0.5 Hz and 1 Hz), and provide a
comparison with the same experiments using camera-based feedback. In the
short term (few seconds) the IPTs perform very well, providing better precision
than the vision-based position feedback. Longer experiments (up to 1 minute)
suffer from a low-frequency noise in the IPT sensor signal (short-circuit current)
that causes the error accumulation in position estimation and the respective
control voltage saturation. While the sensor-actuator concept is demonstrated
to be qualitatively feasible, a more thorough study is required to quantitatively
characterize its performance and suppress the sensing noise that is suspected to
originate from the sensing signal amplifier.

The work on the integrated IPT sensor-actuator is resumed in a greater depth
on an improved design. This study aims to thoroughly characterize the proposed
design, the alternative materials and their performance. The improved design
is similar to the original sensor-actuator, using two actuator samples that are
symmetrically positioned on both sides of a narrow sensor sample. The actuation
and sensing dynamics of the device are captured using physics-based models that
characterize the assembly and materials in terms of their fundamental parameters.
Closed-loop experiments are conducted using three different materials, PI and
H., controllers, a multitude of different reference signals (unit step, 4 sinusoids,
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3 random signals and a long duration sinusoid), using both IPT and laser distance
meter as the feedback source. Besides characterization this allows to evaluate the
significance of the control method, as well as compare the results material-wise
and against an external feedback. The results show an improved performance,
achieving up to 30 min long 1 Hz sinusoidal reference following with IPT
feedback, 90 times longer than ever reported before. Low-frequency noise in
IPT sensing signal reduces when using an improved amplifier, but still causes
error accumulation in position estimation, limiting experiment durations from
a few seconds up to several minutes, varying with material and input signals.
While physics-based models are very laborious and cannot be recommended for
applications, the significantly better performance of the H,, controller suggests
that advanced control methods should be preferred over simplistic ones when
possible. Novel properties of the IPTs provide an alternative to the bulky
conventional sensors and actuators, but while their performance and reliability
remain substantially inferior they cannot be considered mature for applications.
Current IPT actuation capabilities are insufficient for many of the proposed
applications, but this limitation along with the material’s mechanical compliance
may prove to be a beneficial attribute in medical applications, providing an
intrinsic safety measure. So far, the proposed invasive medical applications of
IPTs have only passed preliminary proof-of-concept validation. This study aims
to produce an easy to manufacture ultrasound compatible test-bed with realistic
elasticity and desired (potentially patient-specific) anatomy for exploitation in
investigating feasibility of the IPTs in invasive medical applications. First, the
available phantom materials® are reviewed and gelatin gels are identified to best
meet the set criteria. Experiments are conducted to relate the material composition
to its properties, phantom manufacturing techniques are introduced and renal
biopsy phantoms are manufactured for qualitative validation by interventional
radiology residents. Evaluation results show that the phantoms have realistic
anatomy and they appear realistic in ultrasound imaging. Based on the established
phantom manufacturing procedure a soft tissue mimicking test-bed design is
proposed for validating feasibility of IPTs in medical applications as an active
guidewire in a catheter system. Thus the procedure for manufacture realistic
test-beds for validating invasive medical applications of IPTs is established and
validated, but validating the applications themselves remains a future work.

3Phantom materials mimic the living tissues in terms of one or more of their
properties.
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KOKKUVOTE
Ioonpoliimeeridest tiiturite voimekuse karakteriseerimine
rakendusteks

Ioonpoliimeer-metall komposiidid (IPMCd) ja ioonpoliimeer-siisinik-metall
komposiidid (IPCMCd), mida iihiselt kutsutakse ka ioonpoliimeer sensoriteks ja
taituriteks (IPTd) on “targad” materjalid, mis painduvad kui nende elektroodidele
rakendada pinge, ja tekitavad mdoddetava pinge oma elektroodidele kui
neid painutada.  Oletatakse, et nende materjalide uudsed ja ebatavalised
omadused annavad tduke olulistele tehnoloogilistele uuendustele valdkondades
nagu meditsiin, robootika ja energeerika. Esimest korda esitleti IPT
materjale iile kahe kiimnendi tagasi ja sellest saati on pakutud nendele
materjalidele palju potensiaalseid rakendusi erinevates valdkondades, kuid nende
kasutuselevott soltub arengutest materjalide voimekuses ja sisuliselt seisab
materjaliarenduse taga. Kuna IPT materjalid funktsioneerivad nii sensorite
kui ka tdituritena, siis on vdimalik nende uudseid omadusi maksimaalselt dra
kasutada kombineerides samasse lahendusse kaks materjalitiikki, millest iiks
tootab sensori ja teine tditurina, saavutades integreritud tagasisidega lahenduse.
Seni on sellisele konseptsioonile viga vihe tdhelepanu pddratud ja see kindlasti
vadrib pohjalikumat uurimist.

Kéesolev viitekiri uurib IPT materjalide sooritusvoimet ja nende sobivust
praktiliste rakenduste tarbeks. To0 esimeses osas uuritakse IPMC materjalide
kaitumist maksimaalse suutlikkuse piiril kasutades neid esmakordselt reaala-
jakriitilises rakenduses, tasakaalustades poordpendlit. Jargmisena pakutakse
vilja ning realiseeritakse uudne integreeritud [PT sensor-tditur, mis kombineerib
materjalide uudsed sensorite ja tiiturite omadused samasse kompaktsesse lahen-
dusse, ja mojutab tdituri suutlikkust minimaalselt. Seejérel esitletakse tdiustatud
disainiga versiooni integreeritud IPT sensor-tditurist, mille omadusi uuritakse
pohjalikumalt tagasisidega eksperimentides kasutades automaatjuhtimissiisteeme.
Tulemused annavad rohkelt kvalitatiivset ja kvantitatiivset informatsiooni IPT
sensor-tadituri konseptsiooni ja erinevate IPT materjalide voimekuse ning kasutust
piiravate omaduste kohta. Viimasena esitatakse ja valideeritakse pehmete kudede
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fantoomide* valmistamise tehnika, et toota katsekeskkond IPT meditsiinialaste
rakenduste hindamiseks realistlikes tingimustes.

Poordpendli tasakaalustamine on IPT materjalide iildisi omadusi arvestades
viga keeruline lilesanne, mida voib késitleda kui selgete soorituskriteeriumitega
abstraktset nédidet uurimaks IPT materjalide kasutamist rakendustes. Autori
teada on see esimene katse kasutada IPT materjale reaalajakriitilises rakenduses.
Oodatavasti annavad antud uurimuse tulemused véartuslikku infot materjalide
kditumise kohta oma suutlikkuse piiridel ja aitavad tuvastada potentsiaalseid
omadusi, mis vdimad nende rakendamist piirata. P66rdpendli tasakaalustamiseks
kasutatakse lithikest ja laia IPMC materjali tiikki, mille kiilge kinnitatud
pikendusega liigutatakse kdru, mille peale asub poordpendel. Kogu siisteem
on asetatud vette. Siisteemi diinaamika kirjeldamiseks kasutatakse olekuruumi
mudelit, mille baasil disainitakse automaatjuhtimissiisteem.  Jargnevates
eksperimentides on voimalik pdordpendlit tasakaalustada jérjest kuni 30
minutiks, kuid siisteemi komponendid tuleb selleks vdimalikult kergeks teha.
Eksperimentide ldbiviimise kdigus ilmneb, et kasutatud materjalid kdituvad
vigagi mittelineaarselt ilmutades olulisel mééral vastassunas paindumist (back-
relaxation), mis vOib teatud rakendustes olla oluline puudus. Selleks, et oleks
voimalik podrdpendel tasakaalustada tuleb esialgset automaatjuhtimissiisteemi
muuta.

IPT tiituritele kombineerimine samast materjalist sensoritega vdimaldab
teostada lihtsa ehitusega ja kompaktseid tagasisidega siisteeme, millel séilivad
IPT materjalide uudsed omadused.  Seetottu pakutakse jargnevalt vilja
integreeritud IPT sensor-tdituri konseptsioon eesmérgiga uurida selle idee
teostatavust, hinnata vastava lahenduse kiitumist tagasisidega juhtimises ning
tuvastada vOimalikke praktikas rakendatavust piiravaid asjaolusid. Valmiv
prototiilip koosnev kahest lithiksest korvutiasetsevast IPCMC materjalitiikist,
mis on iiht otsa pidi kinnitatud elektriliste kontaktidega fikseeritud klambri
kiilge, ja mille teised otsad on mehaaniliselt kokku tihendatud ning nende kiilge
on paigaldatud jaik pikendus. Seadme diinaamika kirjeldamiseks kasutatakse
empiirilisi mudeleid, mille jargi disainitakse PI (proportsionaalne-integraalne)
automaatjuhtimissiisteem. Seejirel teostatakse prototiiiibi kditumise uurimiseks
tagasisidega juhtimise eksperimendid kasutades sinusoidaalseid sisendsignaale
sagedustega 0.1 Hz, 0.5 Hz ja 1 Hz. Tulemuste hindamiseks sooritatakse
eksperimendid kasutades positsiooni modtmiseks nii IPT sensori kui ka
vilise tagasisideallika moddetud positsiooni. Esialgu (mone sekundi jooksul
eksperimendi algusest) toimib IPT tagasiside védga hédsti ning pakub tdpsemat
positsioonilugemit kui kaamera pildist loetu. Pikemates katsetes (kestusega kuni
1 minut) ilmneb, et IPT sensori signaalis sisaldub ka madalsageduslik miira, mis
pOhjustab vea kogunemist tdituri positsiooni modtmistes, mille tagajérjel tiituri
pinge jouab kiillastusse. Oletatavasti on selle pdhjuseks liialt lihtsa ehitusega

“Fantoomid kiesoleva t66 kontekstis on spetsiaalselt kavandatud ja valmistatud
objektid, mis asendavad eksperimentides, véljadppel jne. inimesi voi loomi, jaljendades
realistlikult mingeid olulisi aspekte vastavates koeomadustes ja/v3i anatoomias.
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sensori lihisvoolu vdimendi. Seega antud t60s ndidatakse, et integreeritud
IPT sensor-téituri konseptsioon on teostatav, kuid selle vdimekuse ja piirangute
kvantitatiivseks hindamiseks on tarvis teostada pdhjalikum uuring.

Integreeritud IPT sensor-tdituri konseptsiooni uurimist jitkatakse pohjaliku-
malt uue konstruktsiooniga prototiiiibi peal. To66 eesmirgiks on pdhjalikult
karakteriseerida prototiilibi ehitus, kasutatud materjalid ning kditumine. Téius-
tatud prototiiiip on konseptsiooni poolest viga sarnane esialgsele, kuid kasutab
kaht laia IPT téiturit, mis on paigutatud siimmeetriliselt kummalegi poole kitsast
sensorit. Siisteemi diinaamika kirjeldamiseks kasutatakse fiilisikalisi mudeleid,
mis kirjeldavad seadme ja materjalide diinaamikat kasutades fiiiisikaliselt
tdhenduslikke parameetreid. Prototiiiibi kditumist tagasisidega eksperimentides
uuritakse kasutades kolme erinevat IPT materjali, PI ja H,, automaatjuhtimis-
siisteeme, nii IPT sensori kui laserkaugusmoddiku tagasisidet, ja mitmeid
erinevaid sisendsignaale (iihikaste, 4 erineva sagedusega siinust, 3 erinevat
juhuslikku signaali ja pika kestusega siinust). See vOimaldab peale prototiiiibi
ja materjalide voimekuse iseloomustamise ka hinnata juhtimissiisteemi moju,
vorrelda tulemusi erinevate materjalide ning IPT ja laserkaugusmoddiku vahel.
Tulemused niitavad edasiminekut vorreldes esialgse prototiiiibiga omadega ning
IPT tagasisidet kasutades saavutatakse lausa 30 min kestusega 1 Hz siinuse
jdrgimine, mis on 90 korda pikem kui kunagi varem. Madalsageduslik miira IPT
sensori signaalis kiill viheneb kasutades teistsuguse ehitusega vdimendit, kuid
jatkuvalt pohjustab positsiooni modtmistes viga ja piirab eksperimentide kestust
mone sekundi ja mone minuti vahele, olenevalt sisendsignaalist ja kasutatavast
materjalist. Fiiiisikaliste mudelite kasutamisega kaasnev parameetrituvastus on
véga toomahukas ning praktikas on moistlikum kasutada empiirilisi mudeleid
siisteemi kirjeldamiseks. PI ja H,, kontrollerite tulemuste vordluse baasil maksab
vOimalusel kasutada pigem arenenumaid meetodeid. Uudsed IPT materjalide
omadused pakuvad huvitavaid alternatiive tinapdeval levinud sensoritele ja
taituritele, kuid kuni nende suutlikkus ja usaldusvéérsus on oluliselt kehvemad
ei saa neid veel pidada piisavalt kiipseteks.

IPT tiiturite praegune vdimekus on paljude véljapakutud rakenduste jaoks
ebapiisav, kuid see puudus voib osutuda kasulikuks omaduseks meditsiinialastes
rakendustes, kus (koos paindlikkusega) see toimib materjalisisese ohutusmeet-
mena. Seni viljapakutud invasiivsed meditsiinialased IPT rakendused on ldbinud
vaid esialgsed katsed, mis kinnitavad ideede toimimist. Antud t66 eesmirk on
luua metoodika lihtsastivalmistatavate ultraheli all kasutatavate katsevahendite
valmistamiseks, mis lubaks saavutada soovitud (potentsiaalselt patsiendispetsi-
ifilise anatoomiaga) echituse ja inimkudedele sarnase elastsuse, et uurida IPT
materjalide kasutatavust invasiivsetes meditsiinialastes rakendustes. Esmalt
vaadeldakse erinevaid fantoomimaterjale®, millest kdige sobilikumaks osutuvad
zelatiini geelid. Edasi selgitatakse katseliselt vélja materjalide omadusete ja
kompositsiooni vahelised seosed, tutvustatakse fantoomide valmistamise prot-

SFantoomimaterjalid jéljendavad iiht vdi mitut eluskudede omadust.
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sesse, ning toodetakse treeningfantoomid neeru biopsia protseduuri harjutamiseks
radioloogiaresidentidele, kes kvalitatiivselt hindavad saavutatavate fantoomide
omadusi. Tulemused néitavad, et fantoomide anatoomia ja viljandgemine ultra-
heli all on realistlikud. Baseerudes kirjeldatud fantoomide tootmise metoodikal
pakutakse jargmisena vélja katsevahendi disain, mis vdimaldaks realistlikes
tingimustes uurida IPT materjalide kasutatavust meditsiinirakendustes, niiteks
aktiivse juhttraadina 6dnessondi ehituses. Seega IPT invasiivsete meditsiinialaste
rakenduste valideerimiseks sobilike realistlike katsevahendite tootmise protsess
on kirjeldatud ja valideeritud, kuid rakenduste endi uurimine jddb praeguse
seisuga tuleviku tooks.
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Control of an Inverted Pendulum Using an Ionic Polymer-Metal
Composite Actuator

Andres Hunt, Zheng Chen, Xiaobo Tan, Maarja Kruusmaa

Abstract—Ionic polymer-metal composites (IPMCs) are
electroactive materials that bend under an applied electric
field. Existing work has typically dealt with the control of
IPMC actuators themselves. In this paper we investigate the
stabilization of an inverted pendulum on a cart using an IPMC
actuator. Different from the traditional setting of cart-
pendulum systems, we require that the voltage on the IPMC
actuator stay close to zero, to prolong the actuator life and
reduce power consumption. A state-space model is developed
for the system, based on which an LQR controller together with
an observer is designed. The proposed control scheme is able to
stabilize the inverted pendulum for the entire duration of the
experiment (five minutes). These results indicate that IPMC
actuators hold potential for more sophisticated control
applications.

I. INTRODUCTION

PMCs (Ionic Polymer Metal Composite) are a class of

electroactive polymers (EAP) with intrinsic actuation and
sensing properties. In particular, they bend when a voltage is
applied across their electrodes, and conversely, they generate
a voltage between its electrodes when subject to a
mechanical stimulus [1]. IPMCs are amenable to
miniaturization and can be easily cut into different shapes.
They require low voltages for actuation and exhibit large
displacements with respect to their dimensions. These
properties are advantageous compared to conventional
actuation devices such as DC motors. IPMCs have been
proposed for various robotic applications, examples of
which include a tadpole robot [2], snake-like actuators [3], a
prototype walking robot [4], a ray-like underwater robot [5],
a micromanipulator [6], a jellyfish-like robot [7], and a
robotic fish [8]. The material has also been proposed for
medical applications, e.g., for an active catheter system [9].

Modeling and control of IPMC actuators have been
investigated by several authors. The control of IPMC
manipulators is usually addressed in the cantilever beam
configuration, where one end of a thin IPMC strip is fixed
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between electric contacts and the tip displacement or
blocking force is controlled [10,11]. Typically these methods
are accurate only at small deformations, for example, when
measuring the output force of a cantilevered IPMC actuator
against a fixed load cell. Furthermore, most IPMC-related
control studies have been focused on the control of IPMC
actuators themselves [4,12-15].

In this paper we examine the control of an IPMC-actuated
system where potentiallly large deformation is required. In
particular, we would like to stablize an inverted pendulum
on a cart that is actuated by an IPMC manipulator. With
large deformation, a number of nonlinearities, such as
hysteresis, [16,17], become pronounced, and often demand
sophisticated control strategies for IPMC actuators [16-18].
To prolong the actuator life and reduce the power
consumption (important for many real applications), we
require that the actuation voltage on IPMC be low for most
of the time, which is different from traditional settings in
control of cart-pendulum systems. In addition, the
complexity of the IPMC-cart-pendulum system and the
relatively low force output of IPMCs present significant
challenges in achieving the goal of stablization.

The inverted pendulum problem with an IPMC actuator
was previously studied in [19], where a simple empirical
model was used. The approach in [19] permitted the
balancing of the pendulum for only 10 s. In this paper, using
a physical model for the IPMC-cart-pendulum system, we
construct an LQR controller together with an observer. The
proposed method is shown to stabilize the pendulum
repeatedly for the entire duration of the experiments (5 min).
We believe that this proof-of-concept control problem
demonstrates that IPMC materials hold potential for real-
world control applications. The remainder of the paper is
organized as follows. IPMC materials are described in more
details in Section II. The pendulum control problem is
presented in Section III, followed by the modeling and
control design in Section IV. Experimental setup is
described in Section V, and experimental results are
presented in Section VI. Finally, concluding remarks are
provided in Section VII.

II. IPMC MATERIALS

A. IPMC Working Principles

IPMCs consist of ion-conductive polymer backbone
immersed with a solution of ions and solvent. The thickness
of the polymer sheet varies among different materials and
remains in the order of several hundred micrometers. Both
sides of the polymer sheet are covered with conductive
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surface electrodes, and usually noble metals are used for
these electrodes.

When a voltage is applied to the surface electrodes, the
resulting electric field causes the uniformly distributed ions
to move towards one electrode. In the case of mobile
cations, these ions will migrate towards the cathode side
while carrying some solvent molecules along. This causes
one side of the polymer to swell and the other side to shrink,
resulting in material bending (Figures 1 and 2) [1].

IPMCs require low voltages for actuation, with the
maximum values depending on the material at hand. Usually
the maximum ratings are about 4 V. For dry samples, the
critical voltage that may damage the material structure is
lower. For wet samples, the electrolysis taking place above
2.5 V decreases the material performance, because the
material starts losing solvent [1]. The output force at the tip
of an IPMC beam is at the order of 1 mN (rating for IPMC
size 10 mm by 10 mm).

The main drawbacks of IPMC materials include their
time-varying performance and mechanical hysteresis. With
the research over the past decade, the materials have become
more stable but these problems are not completely resolved.

B. Mechanical Hysteresis

IPMCs exhibit shape hysteresis, especially when actuated
at high voltages (and thus large deformations). Here we give
one possible explanation to this phenomenon.

When a voltage is applied to an IPMC sheet, the ions
move towards one electrode taking some solvent along.
After the ion migration has stopped the solvent diffuses back
as the result of mechanical stress and the osmosis effect. It
can be observed as a slow decrease in IPMC deformation
(Figure 3 A). Now when a zero voltage is applied, the ions
are forced rapidly to redistribute. They return to oppositely
charged ions fixed in the polymer backbone while the
solvent is still unequally distributed. That results in the
deformation of the material (Figure 3 B) in the opposite
direction. After some time the mechanical stress has forced
the solvent to distribute uniformly and IPMC deformation
disappears (Figure 3 C).

C. Materials

In our task it was necessary to use IPMCs with a relatively
high output force. We chose platinum-coated IPMCs

A B Cc

Fig. 1. IPMC actuating in deionized water: With voltage applied (A);
at rest (B); and voltage applied with opposite polarization (C).

REST

ACT

Fig. 2. Ilustration of IPMC actuation mechanism. In rest ions are
uniformly distributed inside the polymer (above); When voltage is
applied ions move in electric field and take solvent with them —
material bends (below).

provided by Environmental Robotics Inc. These IPMCs are
360 um thick including electrodes. Chen er al. measured
their Young’s modulus [20] to be Y=5.71-10* Pa. These
materials need to be hydrated for long-time operation. The
experiments reported in this paper were carried out in a
small water tank.

III. INVERTED PENDULUM

A. The Classical Inverted Pendulum on a Cart

An inverted pendulum system consists of a cart carrying a
rotary joint that supports the pendulum (Figure 4). The
system is controlled through a force applied to the cart and
its movement is constrained to a single plane.

Without proper control, the upright position of the
pendulum is not stable. The typical control objective is to
keep the pendulum upright and keep the cart at a specified
position. System behavior can be described with a state-
space model, based on which full state feedback (block
diagram shown in Figure 4) or output feedback control can
be designed.

vV A B C
= 0 ﬂg L gﬂgu
4—1:.“ ;:.— ‘,QQ -
L %uggg = otua
- 0 9
033K 59 K0
= o g = g ®
il SR -
@ 9] & =0
- o™ 0 afs= 0
LS

Fig. 3. IPMC hysteresis: Voltage is applied and ions have moved to
one electrode. Solvent is slowly migrating due to mechanical stress
and osmosis, and deformation slowly decreases (A); Zero voltage and
ions have distributed uniformly. Due to non-uniform solvent
distribution a slowly decreasing opposite deformation can be
observed (B); IPMC has reached the initial state (C).
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Fig. 4. Classical inverted pendulum with cart (left) and its typical
control system (right).

B. IPMC-driven Inverted Pendulum

The inverted pendulum constructed for our task consists
of a lightweight cart carrying low-friction hinge mechanism
that supports a carbon fiber pendulum rod. The cart is made
of steel wires and carbon fiber sticks and is operated on
stainless steel rails.

The cart is moved with an IPMC actuator mechanism,
which consists of a short IPMC strip placed between
electrodes and a rigid extension added to the other end. The
IPMC used in our experiments was 30 mm wide and 10 mm
high. The extension length is a trade-off between the output
force and the displacement at the cart level. The actuator —
cart coupling mechanism has very low friction. The design
principle and the photo of the system are shown in Figures 5
and 6, respectively.

The total length of the IPMC manipulator, from the clamp
to the cart level, is 67 mm. The cart weighs 0.5 g. The
pendulum rod is 68 mm long and it weighs 19 mg.

The system is immersed in a glass tank filled with
deionized water. This increases the damping effect and the
buoyancy compensates 12 mg of pendulum rod mass. The
impact of turbulence is relatively small and is neglected as
the speeds are low and object dimensions are small. Tank
dimensions are much larger than the setup (tank: 130 mm
(length) by 290 mm (width) by 210 mm (height)) reducing
the turbulence and actuation impact on the environment.

C. Task Modification and Formulation

For the IPMC-driven inverted pendulum, because of
IPMC mechanical hysteresis, we cannot keep the cart at a
given position without providing an actuation voltage. The

IPMC

Rigid _~
extension

ﬁ L \Fied raiI; g

Fig. 5. Schematic of the IPMC-driven inverted pendulum-cart system.

Rigid
eXtension

I

Lightu&r'eight cart —
Fig. 6. A photo of [IPMC-controlled inverted pendulum.

IPMC’s rest position changes after an actuation voltage has
been applied and then removed. Therefore, we have
modified the original inverted pendulum problem and
changed the control objective. To prolong the life of an
IPMC actuator, we ask that the actuation voltage is kept low
and desirably close to zero. By doing this, we also guarantee
that the cart location will not be too far away from its
original location when the IPMC was initially at rest.
Reducing the actuation voltage also leads to reduction in
power consumption, which is important in many real
applications.

IV. SYSTEM MODEL AND CONTROL DESIGN

A. System Model

The system has three coupled subsystems: the IPMC
manipulator, the cart, and the inverted pendulum. The input
to the overall system is the IPMC actuation voltage. Through
reduction of a physics-based model [11], we obtain a first-
order model describing the relationship between the moment
output M of the IPMC manipulator and the actuation voltage
U:

Ms) _ _a
U(s) s+b

Here a and b are constants and s is the Laplace variable.
With the cart position, the pendulum angle, and their time-
derivatives, the system has a total of five state variables.
Some of the system parameters are directly measurable;
others are obtained by fitting models to frequency response
measurements. Parameters a and b in (1) are not directly
measurable. They are determined by curve-fitting the IPMC
actuator  frequency  response.  Sinusoidal  voltages
logarithmically distributed over the frequency range from
0.1 Hz to 30 Hz were applied to the IPMC and the actuator
tip moment was measured using a load cell. The
measurements were done at 10 different frequencies with
amplitude of 1.5 V. The experimental setup is described later
in Section V.

One can further measure the frequency response for the
combined IPMC/cart system, by taking the actuation voltage
as input and the cart position X as output. This can be taken
as a cascade of the moment dynamics (1) and the effective
mechanical dynamics:
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X (s) _ ac 2)
U(s) (s+b)Is*+rs+k)

Here I is the effective moment of inertia of the IPMC/cart
system, r is the effective damping constant, k is the effective
stiffness, and ¢ is some constant related to the DC gain of the
system. Note that, since the angle of the IPMC manipulator
will be relatively small, we take the cart displacement to be
proportional to the angular position of the IPMC
manipulator. Since parameters a and b are already identified
through the procedure described earlier, the rest of
parameters can be found by fitting the measured frequency
response of (2). In our experiments, measurements were
taken at 20 frequencies within the interval from 0.1 Hz to 10
Hz, with voltage amplitude of 2.5 V. The obtained model
will also be used to get the virtual position signal in the
feedback control experiments, which has proven effective in
keeping the IPMC voltage near zero.

The model-fitting results are shown in Figure 7. With the
identified parameters, the overall model can be expressed in
the state space:
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Fig. 7. The measured frequency response for IPMC moment and its fit
(two upper charts) and the measured cart position frequency response
and its fit (two lower charts)
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B. Controller

Using the system model we designed a full-state linear
quadratic optimal controller. Since the state of the IPMC
moment is not directly measurable and the velocity
measurements for the cart and the pendulum are noisy, we
also designed a full-state observer using the pole placement
technique.

In the experiments we use the cart model from equation
(2) to estimate the virtual cart position, which is subject to
the material hysteresis-induced uncertainty. It turns out that
using the virtual position in feedback outperforms using the
measured cart position, and a likely reason will be provided
in Section VI when we discuss the experimental results.

The control system’s block diagram is shown in Figure 8.
For the previously described system, our controller and
observer gains were:

K=(-10" -4.8:10° -1.2-10° -5.11-10* -5.8-10°);

582 1138
9.4-10*  4.3-10°

L=| -4.71 402
-1.5-10° 3.4-10*

6.8 -97

Pendulum system

Pendulum angle

Cart position

u
Cart model

Fig. 8. Control system block diagram.
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V. EXPERIMENTAL SETUP

We used two setups in the experiments — one to measure
the IPMC moment response, and the other to measure the
cart position response and to conduct the inverted pendulum
control experiments.

In the inverted pendulum experiments and in the cart
position frequency response measurements we used
Dragonfly Express IEEE1394b camera to measure the cart’s
position and the pendulum’s angle (at 120 Hz and 130 Hz
frame rate). Experiments were controlled with a PC running
LabView 8.6. Data acquisition board NI PCI-6703 was used
to drive the IPMC through a unity gain amplifier based on
LM675. For the frequency response measurements the
pendulum was dismounted from the cart. The block diagram
is shown in Figure 9 (A).

For measuring the IPMC moment response the actuator
tip was fixed to MLT0202 load cell from ADInstruments Ltd
and voltages were applied to the actuator. The measurements
were controlled from a PC in NI LabView 8.6 environment.
We used data acquisition cards NI PCI-6703 and PCI-6034E
to apply the output voltage and to acquire the load cell
measurements respectively. Again, the IPMC was driven
through the unity gain amplifier. The block diagram for
these experiments is shown in Figure 9 (B).

VI. EXPERIMENTAL RESULTS AND DISCUSSION

We simulated the cart model during experiments making
it easy to switch between the actual position and the virtual
position in the feedback in inverted pendulum experiments.
The results showed that, when using the actual position in
feedback, the system could not be stabilized for more than
10 seconds. However, when using the virtual cart position
feedback, the pendulum could be stabilized repeatedly for
the entire duration of S5-minutate experiments. The same
controller and observer gains were used and some of these
experiments were also recorded [21]. One explanation for
this is that, because of mechanical hysteresis, the actual
position of the cart drifts over time even if the actuation
voltage is relatively symmetric. The latter could result in
saturation for the IPMC voltage output (limited to 3.5 V) and
the loss of controller effectiveness. Figure 10 shows one

Camera

103eM2e JNI Y

Inverted pendulum

PC w/ NI LabView 8.6 PC w/ NI LabView 8.6/

IEEE 1394b card
NI PCI-6703

Fig. 9. Experimental setup for measuring the cart position’s frequency
response and to control the inverted pendulum (A); The setup for
measuring the momentum response (B).

NI PCI-6034E
PCI-6703

segment of trajectory for the pendulum angle, cart position
and its estimation during one of the experiments, where the
virtual cart position was used in the control. Also the
actuator angle, applied voltage and IPMC estimated output
momentum are shown.

In the experiments both the cart position and the
pendulum angle had moderate fluctuations. This can be
addressed to remaining static friction that cancels out small
corrections.

High voltages needed for the actuation also caused
electrolysis inside the IPMC (3.5 V saturated). Because of
this the IPMC lost ions and could not be continuously
reused. With the same material we managed to balance the
pendulum in total for up to 30 minutes and then the IPMC
was not sufficiently capable to actuate any more. The
materials were refurbished by re-immersing them with ions.

Opverall the task of stabilizing the pendulum with an IPMC
actuator was successfully completed. Total possible
balancing period was surprisingly long given the moderate
stability of the IPMC materials.
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Fig. 10. From top to bottom: IPMC actuator output angle; Pendulum
angle; Cart position estimation and actual position; Applied voltage;

IPMC output momentum to actuator.
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VII. CONCLUSION

In this work we have demonstrated the stabilization of an
inverted pendulum using an IPMC actuator. The aim was to
validate the feasibility of IPMC material for more
complicated applications where the actuator undergoes large
deformations. We developed the system model incorporating
the physical IPMC model by introducing IPMC moment as
one of the state variables. An LQR controller and a full-state
observer were designed for this system. In the
implementation, both the actual cart position and the virtual
position estimated by the cart model were explored for
feedback. The latter allows us to consider IPMC’s
mechanical hysteresis as an uncertainty and to keep the
pendulum upright with the cart staying near the initial
position.

For future work, we will examine a more challenging
scenario where the pendulum and cart are operated in air
environment. We will further analyze the effects of
nonlinearities  (including mechanical hysteresis) and
investigate efficient control algorithms to mitigate such
effects.
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ABSTRACT

An ionic polymer-metal composite (IPMC) is an
electroactive material that bends when electrically stimulated
and generates electric current when bent. In this paper we
investigate a coupled IPMC sensor-actuator using both the
sensing and actuation properties of these electroactive
materials. We describe the design of a coupled IPMC sensor-
actuator, the feedback controller and the experimental
evaluation of the system. Experimental results show the
feasibility of closed-loop control of IPMC actuator with a
mechanically coupled IPMC sensor:

INTRODUCTION

Electroactive polymers are materials that change their
shape and size when electrically stimulated. This paper is
concerned with a certain type of electroactive polymer
materials, ionic polymer-metal composite (IPMC) [1]. The
typical behavior of an IPMC actuator is shown in Fig. 1. In Fig.
1 (B) a strip of IPMC is clamped between the electrical contacts
at the top. When a low voltage is applied to the electrodes, the
material bends in response to the stimulation, as shown in Fig. 1
(A) and Fig. 1 (C). The driving voltage of these materials is

s T

usually around 2 V — 5 V. The direction of bending depends on
the polarity of the applied voltage. The displacement of the tip
depends on the amplitude of input.

P

A B Cc

FIGURE 1. THE IPMC MATERIAL UNDER ELECTRIC
STIMULATION

An IPMC actuator is made of a thin ion-exchange polymer
membrane filled with ionic liquid and coated with a thin metal
layer from both sides. With electrical activation, an electric
field through the polymer membrane is generated, which in turn
causes ion migration. The non-uniform concentration of ions is
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responsible for that the polymer matrix swells on one side and
shrinks on the other side, resulting in the bending motion.

The polymer backbone is usually around 0.2 — 0.5 mm
thick and the metal layer is around 20 um. These materials thus
permit designing actuators on a miniature scale driven at low
voltages. At the same time they are mechanically simple and
this makes them especially suitable for miniaturization.

IPMC materials are also reported to have a reverse effect to
actuation. Mechanical bending of the IPMC material contracts
one side of the membrane while expands the other. This forces
the mobile ions to move against the pressure gradient. The
expanded side therefore contains an excess of ions. This
phenomenon produces a voltage at the surface electrodes of the
IPMC [2].

The sensor properties could considerably expand the
possible application areas of IPMC materials. The feedback
signal for controlling an IPMC actuator is usually gained via
external sensors, such as a load cell or a camera [3, 5, 6, 7].
Obviously, this configuration poses limitations for applications
of IPMC actuators. In particular, a bulky external sensor would
limit the mobility, miniaturization, and autonomy of an IPMC
actuated device.

There have been some attempts in using soft smart
materials as a compact means to provide feedback signals for
IPMC actuators. For example, several groups have explored the
use of two mechanically coupled IPMC stripes for simultaneous
sensing and actuation [3, 4], but few details of successful
implementation have been reported. The change of IPMC
surface resistance with the bending curvature has been proposed
as a potential means to provide feedback for an IPMC actuator
[8, 9], but the feedback signal tends to be noisy and no feedback
control has been experimentally demonstrated. Chen and
coworkers [12, 13] have investigated the use of a PVDF film
for providing sensory feedback for IPMC actuators. However, it
is well known that PVDF is sensitive to temperature variations
and special precaution has to be taken to deal with that [13].

In this paper we present detailed study on using a pair of
mechanically coupled but electrically decoupled IPMCs for
feedback control. In particular, an IPMC is used as an active
joint for moving an elongated beam. We first present the
construction of the IPMC sensor-actuator. Then we discuss the
characterization and empirical modeling of the actuator and
sensor dynamics. The empirical models are used for controller
design. As an example, a PI controller is designed and applied
to the sensor-actuator pair. Experimental results show that it is
feasible to close the control loop with an integrated IPMC
Sensor.

IPMC SENSOR-ACTUATOR

As illustrated in Fig. 2, the IPMC manipulator consists of
an IPMC actuator, a sensor and a rigid extension. The actuator
and the sensor are mechanically coupled on both ends. The
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upper clamps, which are fixed, also provide electrical
access/readout for the actuator and the sensor.

Dimensions of the manipulator are small to keep the device
lightweight. The clamp at the fixed end has a width of 16 rmm ,
while the clamp at the other end has approximately the same
width and a height of 9 mm. The distance between the two
clamps is the active length of the actuator/sensor pair. It varies
in experiments between 3 mm and 7 mm. The IPMC actuator
width is 10 mm, while the IPMC sensor is much narrower. The
latter has a width of 1.5 mm to 2 mm, to minimize its
mechanical influence on the system. The manipulator extension
has a length of 55 mm.

IPMC Materials used in the experiments were developed
by the Intelligent Materials and Systems Lab at Tartu
University. They differ by the fabricatiom method of the first
layer of surface electrodes. The polymer membrane of the
IPMCs is made of Nafion™ 117 treated with LiClO4 solution
and immersed in neat ionic liquid Emi-Tf. The first electrode
layer for different samples was either TiC derived carbon,
coconut shell based activated carbon, anhydrous RuO2 or
hydrous RuO2. Next the first layer of surface electrode was
covered with a layer of gold to increase the surface
conductivity. All these materials are suitable for working in dry
air and their properties do not change much in this environment.
Best experiment results were achieved with the IPMC with the
first electrode layer of coconut shell based activated carbon and
the experimental results presented in this paper are from
experiments with these materials.

‘ Actuator IPMC II

A’ Fixed clamp with
electric connections

Actuating and

Sensor
IPMC sensing IPMC

Mechanical clamp
SIDE VIEW
Extension
Moving direction
Electrodes

Sensor

SECTION AA’ Mechanical sin(a)=a

clamp

FIGURE 2. THE IPMC MANIPULATOR CONSTRUCTION
(RIGHT) AND PHOTO (LEFT)

We assume that the IPMC sensor-actuator pair behaves
linearly for the following reasons. First, from our previous work
[11], it follows that a short IPMC with an extension has a very
linear relation between the applied voltage and the consequent
manipulator bending angle. The IPMC actuator tends to have
the largest curvature close to the fixed clamp. Thus the IPMC
can be viewed as a rotating joint. Next, since in our work the
actuation angles are relatively small, the sine of the manipulator
angle is approximately the same as the angle itself. Therefore,
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the manipulator tip position has a linear relation to the voltage
applied to the actuating IPMC.

SYSTEM SETUPS

In the experiments two system setups were used. The first
was for measuring the frequency response of the IPMC actuator
and for feedback control of the IPMC sensor-actuator device.
Also in several cases measurements of the sensor frequency
responses were conducted with this setup. The second
experimental setup was used only to measure the frequency
response of the sensor. The signal sampling frequency in all
experiments was 120 Hz, which is sufficient for our frequency
range. This is also the camera's maximum frame rate at the
maximum resolution.

Setup 1

In this setup the tip position of the manipulator (Fig. 2) is
measured with a Dragonfly Express IEEE 1394b camera from
Point Grey Research Inc. We drive the IPMC actuator with an
operational amplifier (LM675T) working as a voltage follower.
The device is controlled through a National Instruments data
acquisition card (NI PCI-6703).The IPMC sensor signal is
amplified with OP275G operational amplifiers and read through
NI PCI6034E data acquisition card when needed. The
experiments are conducted on a PC computer running LabView
8.5. The setup schematic is shown in Fig. 3

SECTION AA’

Dragonfly Express TM
IEEE1394b camera

Manipulator
front view

NI LabView & Matlab

FIGURE 3. EXPERIMENT SETUP ONE

s T

Setup 2

In the second setup the manipulator position was measured
with the previously mentioned IEEE1494b camera. We used
OP275G operational amplifiers connected to NI PCI6034E for
measuring the IPMC sensor signal and NI PCI6703 card with
LM675T operational amplifier to drive a hard disk drive (HDD)
head actuating the manipulator. The part of HDD head
containing magnet was fixed to the same construction as the
manipulator and its moving tip had mechanical coupling (stiff
strings) to IPMC manipulator tip. The IPMC actuator was
disconnected in this setup. This experiment again was
conducted in the LabView environment. The drawing of the
setup is shown in Fig. 4.

Dragonfly Express TM
IEEE1394b camera
Manipulator
front view

Mechanical L]
coupling  HDD head

SECTION AA'

NI LabView & Matlab

FIGURE 4. EXPERIMENT SETUP TWO

CHARACTERIZING THE IPMC ACTUATOR

The IPMC actuator frequency response was measured
using Setup 1 as described above (Fig. 3). The driving voltage
was applied to the IPMC manipulator and the position of the
actuator was measured simultaneously. For the driving signal
we used sinusoidal waves at different frequencies. The
frequencies were applied one after another for fixed periods of
time. For each driving signal frequency, the magnitude and
phase data for the output were extracted, and the empirical
Bode plots were constructed. Based on the measured frequency
response, we seek a finite-dimensional rational transfer function
to fit the data. We used a Labview program running a Matlab
node for this purpose. The main function used was “invfreqs”,
and the error weights, polynomial orders and other variables
were manipulated in the program while pole-zero map and
Bode plots were observed simultaneously to achieve the best fit.

Results

The frequency range used was from 0.1 Hz to 15 Hz. At
higher frequencies the actuation amplitude was negligible.
Within this range, experiments were conducted with 20
frequencies in a logarithmic distribution. The actuation voltage
amplitude was 2 V. The measured magnitude and phase points
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along with the computed fit for the actuator IPMC are shown in
Fig. 5. The identified transfer function is

5.53x10°s +6.63x 10’
8 +1L17x10°s" +4.571x10°5° +1.97x10°s* +4.26x10°s +3.27 x10° (1

Magnituds

0,01-§  From experiments R
Estimated fit

Phase (deg)

Fram experiments m

Estimated fit ==

1
Frequency (Hz)

FIGURE 5. ACTUATOR IPMC EXPERIMENTAL BODE PLOTS
WITH FITTED TRANSFER FUNCTION BODE PLOTS

CHARACTERIZING IPMC SENSOR

We used both setups described earlier for the IPMC sensor
characterization, because we used two different ways to
stimulate the sensor: 1) the IPMC actuator and 2) a HDD head.
First, Setup 2 was used. The manipulator was actuated with a
HDD head and an amplified IPMC sensor signal was measured
simultaneously..

When actuated with the HDD head, the frequency response
had a poor consistency at low frequencies (below 1 Hz). This is
due to the mechanical friction that distorts the sinusoidal
position output. Using an IPMC to actuate manipulator when
measuring IPMC sensor frequency response gave better results
at low frequencies. At frequencies over 10 Hz, however, the
magnitude of the actuator response was very small, resulting in
poor estimation of the sensor transfer function. Since our
control experiments were conducted at relatively low
frequencies (determined by the bandwidth of the actuator), we
mainly used the IPMC actuator to obtain the sensor frequency
response.

Similarly as in the characterization of the actuator, we fitted
a transfer function to the measured Bode plots for the sensor
response. Since later on we will use the inverse of sensor
dynamics to compute the manipulator tip position, we enforce
in identification the condition that the sensor dynamics be stable
and minimum-phase, so its inverse will be stable. In fitting
process the error weights of the estimation in the experimental
magnitude and phase points and the polynomial maximum
orders were manipulated until best result was achieved.

i Tioital

Results

When characterizing the IPMC sensor actuated with a
HDD head , we used the frequency range of 0.1 Hz to 15 Hz.
When using an IPMC actuator for sensor characterization, we
used the frequency range of 0.1 Hz to 8 Hz. In both cases 20
frequencies were used at logarithmic intervals . Typically the
sinusoidal signal was applied for 30s with a current frequency.
The driving voltage amplitude of the IPMC was again 2 V and
that of the HDD head was 0.2 V since it was much more
sensitive.

Fig. 6 shows the measured inverse frequency response of
the sensor, actuated with the IPMC actuator, and the Bode plots
of the estimated transfer function for the sensor

71.245+137.3 2)
5 +0.0436

We note that although the phase plots show poor match
close to and below 0.1 Hz, it is not a problem for us since that is
outside of the frequency range of interest in this paper.

100

Fram experiments m

Estimatzd fit ==

Magnituds

From experiments g
Estimatzd fit ==

Phase (deg)

Frequency {Hz)

FIGURE 6. SENSOR IPMC EXPERIMENTAL BODE PLOTS
WITH FITTED TRANSFER FUNCTION BODE PLOTS

CONTROLLER DESIGN

Since the main objective of this study is to demonstrate the
feedback control of IPMC actuator with an IPMC sensor, the
emphasis is not on the optimal choice of controller design.
Instead, we have chosen to use a PI controller due to its
simplicity.

We first used computer simulations to design the gains for
the PI controller. Unity feedback was applied to the actuator
IPMC model, assuming that the proper position information is
gained using the inverse of the transfer function for the IPMC
sensor. The parameters for the PI controller are obtained by
accommodating the step response and the responses to
sinusoidal inputs at different frequencies.
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Simulation results
Fig. 7 shows the simulation results of tracking signals of
three different frequencies. The PI controller used is

T(s)= 0,0059 s +13.8
(3)

In order to limit the actuation voltage, it is not desirable to
use very high gains for the controller. As a result, there is an
appreciable tracking error for frequencies of 1 Hz and higher.
This is not a big concern since our interest is in validating the
simulation results with experimental ones. Both in simulations
and experiments the frequencies of 0.1Hz, 0.5 Hz and 1 Hz
were chosen for testing.

Amplituds: ()

FIGURE 7. SIMULATION RESULTS ON DESIRED AND
ACHIEVED OUTPUT AT 0.1 HZ, 0.5 HZ, AND 1 HZ

CAMERA-BASED FEEDBACK CONTROL
EXPERIMENTS

The purpose of camera-based feedback control experiments
was to check the model and controller validity and let us fine-
tune the controller gains for better performance. Also, this
would provide reference data for comparing with our IPMC
sensor-based feedback control experiments.

With the feedback from camera the output position error
remained within one pixel length (0.19 mm), making the
manipulator precision acceptable. As we use same camera as an
observer afterwards it will be also the observation precision. In
current experiments, we also monitor the estimated position
from the IPMC sensor.

Results

The experimental results of position tracking with camera
feedback is shown in Fig. 8. It can be seen that the model errors
cause the IPMC estimated position to have small error, while,
based on the camera, the manipulator is following the reference
signal at 0.1Hz (upper chart).

i Tioital

At 0.5 Hz and 1 Hz (middle and lower charts) all the
reference signals, camera measured positions and the IPMC
estimations overlap reasonably well. The small errors in IPMC
sensor position estimation are mainly caused by the transfer
function fit errors.

Reference

Ampliude {mm)

IPMC estimation

Camera measured

v | ] | | " " " |
2040 2060 2080 2100 2120 240 2160 2180 2200
Tirme (s}
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Camera measured

,0-) ! ! " ] ] ] | | i |
1050 1055 1060 1065 1070 1075 1080 1085 1080 1085 1100
Time (5)
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Ampltude (mm)

IPMC estimation
Camera measured

|
825 830
Time {5}

FIGURE 8. CAMERA FEEDBACK EXPERIMENTS AT 0.1HZ
(UP), 0.5HZ (IN THE MIDDLE) AND 1HZ (DOWN)

e(t)

ut) | |pMC actuator  |[X()
and manipulator

Controller

IPMC sensor
and manipulator

Inverse sensor and

v(t)
manipulator TF model

FIGURE 9. BLOCK DIAGRAM OF THE SYSTEM WITH IPMC
SENSOR FEEDBACK

IPMC SENSOR FEEDBACK EXPERIMENTS

In these experiments the position information was obtained
from the IPMC sensor, as illustrated in Fig. 9. We used the
camera as an observer to gain the actual manipulator tip
position. In these experiments the fine-tuned controller from the
camera feedback control experiments was applied.
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in position prediction. It should be lined out that the angles of
the manipulator within the experiments were so small that they
are considered the same as their sines. Also even when
comparing to the camera that measured the manipulator tip
position in the very end of it (Fig. 11) the IPMC estimation
gives higher resolution of the position than the camera. The
offset in the figure is set to view both curves in parallel.
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FIGURE 10. IPMC SENSOR FEEDBACK EXPERIMENTS AT
0.1HZ (UP), 0.5HZ (IN THE MIDDLE) AND 1HZ (DOWN)

Results

Fig. 10 shows the experimental results on feedback control
using the position information extracted from the IPMC sensor.
Three different frequencies were used. It can be seen that
reasonable tracking performance, which is comparable to both
the simulation results and the camera-based feedback control
results, is achieved. In these experiments the manipulation at
0.5Hz showed the best results with the system being stable for
up to 2 minutes. During the experiments at 0.1 Hz the system
remained stable for up to 45 seconds and at 1 Hz for 60
seconds.

We comment, however, that the cause for system becoming
instable was some low-frequency drift observed for the IPMC
sensor output, which presented a challenge in tracking for
relatively long time (several minutes). In a series of experiments
we eliminated periodically the offset error and then the system
remained stable for entire experiment durations (approximately
5 minutes). From the drift spectrum it was seen that largest
magnitudes remained in the range of up to 0.2 Hz. While the
exact cause of the drift is still under investigation, possible
sources could include amplifier drift, temperature variation,
IPMC sensor transfer function error at low frequencies and
IPMC material properties. It is known that the IPMCs are a
relatively immature technology, especially in long-term stability.
We expect further improvement of the feedback control
performance as the material matures.

The main advantage of using IPMC sensor with a predicted
sensor inverse transfer function is the high short-term precision

i Tioitaleoll
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FIGURE11. IPMC POSITION ESTIMATION HAS HIGHER
PRECISION THAN CAMERA ESTIMATION

Thus we consider our proposed IPMC sensor-actuator
setup to be relatively successful and usable with some
improvements. In our future work we will use physical IPMC
models for estimating position from the IPMC sensor.

CONCLUSIONS

In this paper we have represented the feedback control of
an IPMC sensor-actuator. The sensor and actuator were
mechanically connected but electrically isolated. Experiments
were performed to identify the actuator and sensor dynamics,
which were then used for the design of feedback controller.
With a PI controller, the IPMC sensor-based feedback delivers
comparable performance as that based on a camera. Future
work includes refinement of the conditioning and processing
IPMC sensor signal to obtain better consistency. We will also
examine more advanced control designs with physics-based,
control oriented IPMC sensor and actuator models [14, 15].
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Abstract

®
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Tonic 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 |OP 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 et 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 |

Sensor model in [45] Actuator model in [23]

| Formulating the sensing dynamics model | |Formulating the actuation dynamics model |

| Experimental model parameter identification |

Sensor-actuator

is assembled | Identified sensing model Identified actuation model
and these steps -
are followed 08 Control design

for each

different ITEAP H,, controller

Inverse sensing model PI controller

| Closed-loop experiments and extracting the results |

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 2 h 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 5'V.

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 et 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 Nafion™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 Hunt et al
A IEAP sensing model from [45]
Position of the Out-of-plane TEAD intermal S — IEAP sensor's
tip of the IEAP displacement | internal - Surface resistance  gpou_circuit
sensor-actuator of the IEAPs ynamics effects current
> C > f(s) &) fr—>
B Actuation Moment produced Position of the tip of the
voltage by IEAP actuators IEAP sensor-actuator
—>p(s) >4(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:

]
H(s) = 26)

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:
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As in [23, 45], the terms are: Y is the Young’s modulus, W is
the width of the IEAP sensor, d is the ion diffusivity, 4 is the
half the material thickness, «y is the charge—stress coupling
constant, k. is the dielectric permittivity, ry 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 7 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 IEAP 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 ¢(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)=—==p(s) q().

Vo) )

We assume that the surface resistance along the IEAP
actuator’s electrodes is zero (rI' = 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]:

Ms) _ Qok KWoh(1 — )

s) = = ) 8
P V()  herss® + v(h + kcKr)s + Kh ®)
where K is given in equation (4) and -y is defined as:
K
=h|—, 9
gl \/: (C))

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

Xe _ L 1

q(s) = — ) 10
) 52 4 26wys + WP 1o

M) T

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, wy, 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.,
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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 OPA111BM 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 pum. 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 2/ 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 ¢ is determined using linear regression, and Young’s
modulus is obtained according to [50]:

3 3
= i I = M (11)
30, 12
where [ is the length of the material sheet, /, is the area
moment of inertia, and w is the width of the material sample.
The dimension-normalized surface resistance r 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 10mm 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 «y, dielectric permittivity ., anion concentration
C-, and resistance trough the polymer r3).

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 fm
Young’s modulus Y 140 154 658 MPa
Surface resistance ro 0.543 64.0 0.144 Q
Total width of the actuators W, 18.9 20.8 20.8 mm
Sensor width W, 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. 1.79 x 107 171 x 107 166 x 1077 kg m?
Material surface density p 0.460 0.650 0.570 kgm >
Natural frequency wo 15.9 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 1072 348 x 107" 332 x 107" m’s”!
Anion concentration Cc- 1064 1068 1089 mol m~>
Resistance trough material " 998 x 10 999 x 10°® 1.00 x 10°° Qm
Dielectric permittivity for sensor Ke, 376 x 1073 152 x 103 138 x 1073 Fm'
Dielectric permittivity for actuator Ke, 299 x 10® 507 x 1077 141 x 1007 Fm'
Charge-stress coupling constant for sensor v, 139 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
15s. 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 #,, percent
overshoot PO and settling time 7, 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 PI/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) 1 (s) 1p(5) 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 0.060 0.120 0.270 51.1% —
#3 0.114 0.127 0.280 216% _°
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 0.054 0.052 0.099 83.3% 0.768"
IEAP #1 0.072 0.088 0.192 5.79% 0.781
#2 0.080 0.110 0.270 53.0% 0.914?
#3 0.057 0.667 0.990 195% I

i 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  #  14(s) 1,(s) () PO%)  1(s)
PI #1 0053 0074 0188 49.4%  0.781
#2 0070 0073 0201 147% 0252
#3 0054 0055 0190 874% 0.404
Hy #1 0023 0021 0045 3.07% 0.036
#2 0026 0019 0047 115%  0.071
#3 0021 0016 0037 759% 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 . 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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Figure 12. RMS errors in experimentally measured sinusoidal reference tracking. Calculated over each period of the sinusoidal reference
signal.
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Table 5. RMS errors (mm) in random reference following experiments.

Control config. PI H,,
Laser IEAP Laser IEAP
Material # #1 #2 #3 #1 #2 #3 #1 #2 #3 # 1 #2 #3
0.1-2 Hz interval  0.190 0.167 0.189 0.219 1.32 0.637"  0.0541 0.0884 0.0793 0.170 0470 1.08>
0.1-3 Hz interval ~ 0.233  0.363 0.257 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  0.251 0.297 0309 1.90° 0.0986 0.156 0.165 0.989 0.543 1.46°

Note: Marked experiments were aborted at 11740s, 2 14.7s, 34.565, 45.825, 56.88s and °3.90s to prevent harming materials with saturated driving

voltage.
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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.

Laser feedback
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Material #2 [
Material #3

|IEAP feedback

Period-averaged power [W]  Period-averaged power [W]

end
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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

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
Pl 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

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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This paper describes manufacturing of economically affordable renal biopsy phantoms for radiology res-
idents and practicing radiologists. We reconstructed a realistic 3-dimensional patient-specific kidney
model from CT data, manufactured an organ mould and casted the kidney phantoms. Using gelatin gel
materials with calibrated parameters allowed making phantoms with realistic mechanical, ultrasound
and CT properties including various pathologies. The organ phantoms with cysts included were further
casted into gelatin gel medium. They were validated by radiology residents in biopsy training and com-
pared against self-made phantoms traditionally used in the curriculum of interventional radiology. The
realism, durability, price and suitability for training were evaluated. The results showed that our phan-
toms are more realistic and easier to use than the traditional ones. Our proposed technology allows
creating a low-cost (50 $/kg) alternative to the pricy commercial training phantoms available today.

© 2013 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Minimally invasive (MI) methods of treatment, including inter-
ventional radiology, are becoming more preferable in medicine
because of lower risk of infection, reduced hospital stay, reduced
patient stress and discomfort and lower total treatment cost [1]. In
the field of radiology, this approach is increasingly common both in
diagnostics and treatment. Rapidly advancing methods and equip-
ment for the procedures used in interventional radiology cause
frequent introduction of new products requiring fast adapting from
doctors. Practising is important for maintaining and improving the
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skills [2], it yields in faster performance, reduces the number of
missed lesions [2], significantly reduces operating room time [3]
and improves the success rate in biopsy [4]. The studies show that
even experienced radiologists start over with the learning curve
when changes are made in equipment [4] whereas practising on
phantoms has been shown useful in training and skill development
[5]. For ethical, clinical quality and safety reasons the doctors need
to become familiar with the properties of new equipment or proce-
dures prior to applying them on patients. This is why the phantoms
that realistically mimic anatomy and tissue properties are useful
not only for the residents in their training, but also for practising
radiologists in their every-day work.

For interventional procedures (e.g. biopsy, drainage, etc.) inradi-
ology and other fields the high pricing of the abdominal training
phantoms and biopsy phantom organs may result in dismissal of
practising a new procedure or lack of training on phantoms that
realistically represents anatomy, mechanical and ultrasound prop-
erties of human tissue. There are several providers of models and
practicing equipment for educational purposes in medicine; how-
ever the variety of training phantoms is small. A (potentially not
exhaustive) list of abdominal phantoms and separate kidney phan-
toms suitable for training of minimally invasive renal interventions
using ultrasound (US) imaging is given in Table 1. These relatively
expensive phantoms have many imperfections in anatomy, can
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Table 1
A list of commercially available phantoms suitable for renal biopsy training.
Company Phantom product description Price?
CIRS Abdominal phantom model 057 with partial kidneys, suitable for biopsy training. $2363.00
Kidney training phantom, simulates resistance to needle insertion, no internal structure. $375.25
Kyoto Kagaku Abdominal intraoperative and laparoscopic phantom IOUSFAN, organs in water bath. Suitability for biopsy unclear. $4940.00
Y S Ultrasound examination training model ABDFAN. Suitability for biopsy unclear. $9500.00
Blue Ph Renal biopsy training model; representing renal cortex, medulla, major and minor calyx. $3499.00
ue Phantom Replacement kidneys for renal biopsy phantom. Represents cortex, medulla; major and minor calyx. Sold in a pair. $399.00

4 As marked on manufacturer or retailer websites on 3 May 2012.

stand a limited amount of work cycles and rarely represent patholo-
gies.

There are many phantom materials available for mimicking soft
human tissues. They can be classified as hydrogels, organogels and
flexible elastomer materials. Gelatin gels are simple to manufac-
ture and have easily controllable US and mechanical properties
[6,7]. More non-linear and wider range of elasticity can be
achieved by combining gelatin with oil resulting oil-in-gelatin
dispersions [8]. The Young’s modulus of the gelatin gels can be
varied from 2.5kPa to 500kPa [7], their US broadband attenua-
tions are 0.2-1.5dB/(cm MHz) and the US propagation speed of
1550-1650 m/s has been reported [6]. Similarly to human tissue,
gelatin has linear attenuation increase with respect to the ultra-
sound frequency [6]. The drawbacks of the gelatin gels include
susceptibility to bacteria (can be overcome with additives, e.g.
thimerosal, p-methyl benzoic acid, p-propyl benzoic acid, etc.) and
the long settling time of the mechanical properties (up to 100 days
from manufacturing) [7]. Agar gels are similar to gelatin both in
terms of properties and the manufacturing process, but offer higher
non-linearity of elasticity and have a naturally higher melting tem-
perature [7,9]. The US propagation speed is close to 1540 m/s and
the broadband US attenuation of 0.1-0.7 dB/(cm MHz) has been
reported [9].

Chemical gels have both advantages and disadvantages in
comparison with the described physical gels (agar, gelatin). The
elasticity and echographic properties of the polyacrylamide gels
are finely adjustable, very stable [10] and these materials are
not a suitable environment for bacteria because of several very
toxic ingredients (acrylamide, etc.). The manufacturing process and
properties are well described [10], the naturally low US broadband
attenuation can be risen with additives. Polyurethane tissue sub-
stitutes are also stable and permit achieving a very low Young’s
modulus. A recently reported US compatible swollen segmented
polyurethane gel (S-SPUG) [11] exhibits good long-term stability
and appears to also have desired mechanical properties. How-
ever, as it is typical for polyurethane gels, very little details are
reported on the manufacturing process. Other phantom materi-
als include (1) oil gels, e.g. propylene glycol with gelatinizer that
reportedly have stable properties; (2) open cell foams that can
be filled with various mediums such as gelatin [12]; (3) PVAs
(polyvinyl alcohol) that require long freeze-thaw cycles to influ-
ence the cross-linking; however they are economically affordable
and need only few ingredients [13]; (4) silicon-based rubbers that
have unsuitable mechanical characteristics, too low US propagation
speed and too high attenuation [14]; etc. More thorough overview
of the phantom material technologies can be found in Ref. [15].

This work describes material manufacturing and calibration
processes using gelatin gels and development of renal biopsy phan-
toms with (1) realistic, potentially patient-specific anatomy; (2)
realistic mechanical, ultrasound and computed tomography (CT)
properties; (3) pathologies (cysts or tumours) with desired shapes,
sizes and locations; and (4) affordable price. We test our phantoms
in renal biopsy training where the radiology residents evaluate the
results of our work after a hands-on workshop.

2. Materials and methods
2.1. Properties of human kidneys

To build renal biopsy phantoms with realistic human tis-
sue properties, the respective figures (US propagation speed,
broadband US attenuation, Young's modulus and radiodensity)
were obtained from the literature and used as guidelines in
phantom development. General requirements for the soft tissue
substitutes can be found in ICRU (International Commission on
Radiation Units & Measurements) and AIUM (American Institute
of Ultrasound Medicine) reports that specify the US broadband
attenuation of 0.3-0.7 dB/(cm MHz) and the US propagation speed
of 1540+ 15m/s [16]. US broadband attenuation of a human kid-
ney varies from 0.533 to 0.8dB/(cmMHz) with mean value of
0.73 dB/(cm MHz) measured in the interval of 1.5-3.5 MHz [17]. The
US propagation speed has been reported to vary from 1540 m/s to
1570 m/s [18] and these numbers also overlap with the respective
figures for horses, pigs and dogs [17]. The tissue elasticity has been
reported to behave very non-linearly and the measured Young’s
modulus highly depends on the extent of the applied strain. In Ref.
[19], shear wave elastography was used to measure the elastic-
ity of human kidneys and the patients also underwent a biopsy
to validate the results. The elasticity of the kidney's cortex and the
medulla were reported respectively 10.7 + 2.1 kPa and 5.1 4+ 2.5 kPa
for healthy kidneys while the diseased kidneys were stiffer with
respective figures of 32.7+2.4kPa and 23.1+45.6kPa. From the
results it was concluded that the stiffness of the human kidney
varies from 5 to 50kPa. The radiodensity of the human kidney
varies between 30HU (Hounsfield units) and 50 HU [20] and was
stoichiometrically calculated to be 43 HU.

2.2. Manufacturing and calibration of gelatin gel

We used gelatin gels (foodstuff derived from the collagen in
animal bones and skin) as the tissue-mimicking material as they
are self-supportive solids with a proper range of achievable elas-
ticity, US characteristics and a relatively simple manufacturing
process. The gel typically consists of (1) food gelatin and distilled
water forming the material’s backbone; (2) formaldehyde that
rises the gel’s melting temperature (desirable) and makes the gel
stiffer (usually undesirable) by inducing cross-linking; (3) alcohol
to increase the sound propagation speed of the medium (typically
n-propanol for lower vapor pressure); (4) graphite flakes and glass-
beads to increase the ultrasound attenuation and backscatter; and
(5) various substances to prevent bacterial invasion (e.g. Germall®
Plus). The material fabrication has been well reported in numerous
works, e.g. [6,7]. In the preparation process the heating durations
are kept short and temperatures low to prevent protein denatura-
tion. Gelatin gels stiffen for up to 100 days from manufacturing [7],
thus the expected time of exploitation had to be taken into account.

The material manufacturing procedure is not very sensitive to
variations and differs across reports. Based on the literature and
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our experience, we manufactured the gels according to following
steps:

e Gelatin (SG 720, Gelita Sweden AB) and graphite flakes (prod-
uct 332461, Sigma-Aldrich) were added to water and allowed
to hydrate for 10min (weighed using KERN PCB250-3 and
PCB10000-1).

e The hydrated mixture was placed in a hot water bath (60-70°C)
and stirred constantly until the mixture cleared and its tempera-
ture rose to 32...40°C.

e The mixture was placed in vacuum chamber for 10 min (approx.
10kPa) to degas the solution. The solution cleared and bubbles
surfaced.

e Formaldehyde (37 wt% solution, product 252549, Sigma-Aldrich)
was added while slowly stirring the solution.

The prepared gel was casted into a mould, rotated until it
congealed to prevent the graphite from settling and placed in a
refrigerator for further hardening and storage (5°C). We did not
add alcohol and preservatives in the gels as the US propagation
speed was already realistic and the phantoms were intended to be
used within a week from manufacturing. In case longer preserva-
tion is needed we consider adding food preservatives E214 (ethyl
4-hydroxybenzoate) and E210 (benzoic acid). In order to prevent
dehydration the material has to be sealed from air.

The properties of gelatin gels were mapped to their composition
by measuring the properties of test samples that were manu-
factured according to the previously described steps. With each
composition two cylindrical samples (46 mm diameter) with dif-
ferent thickness (12mm and 17 mm) were casted. The material
properties change within days and therefore for each property we
manufactured a new set of samples and measured them one day
post manufacturing.

We measured the Young’s modulus in compression experi-
ments using a custom-built DMA (Dynamic Mechanical Analysis)
machine. The radiodensity measurements of the phantom materi-
als were performed using a multidetector CT scanner (Brilliance 64,
Philips Healthcare). US properties were measured in pulse-echo
configuration (setup shown in Fig. 1) using a US pulser/receiver
(DPR 300 from JSR Ultrasonics) and a 5 MHz transducer (SAUTER
GmbH). US broadband attenuation was found by comparing
the attenuation difference between two samples of the same
material with different thickness (in water), and subtracting the

Fig.2. Kidney phantom with a protective silicon skin (A) and a complete renal biopsy
training phantom (B).

attenuation of water. The number and the properties of medium
interfaces remained the same (their effects can be neglected) and
only thickness of mediums varied (the total thickness remains
constant), allowing to calculate the attenuation. US propagation
speed was found from time-of-flight experiments.

2.3. Phantom development

To produce a kidney phantom with realistic (patient-specific)
anatomy we created a kidney mould from a human abdominal
CT scan. The right kidney was segmented (length 13 cm) using 3D
Slicer software and from the volumetric data the organ mould was
designed. The mould was made of polyamide PA12 in two parts
using rapid prototyping (Formiga P100, EOS GmbH).

According to the calibration results (see Section 3) we man-
ufactured the training phantoms with 100g/1 of gelatin, 0.1 wt%
of formaldehyde and 0.9 wt% of graphite powder concentrations.
This composition represents well diseased kidney tissue (approx.
40kPa, 0.60 dB/(cm MHz)).

Prior to casting a phantom the biopsy targets representing
spherical cysts were made of gelatin gel (90g/l of gelatin and
0.05wt% of formaldehyde). The gel was dyed red to validate
biopsy results and no graphite was added in order to gain low US
broadband attenuation, similar to liquid. In order to make the phan-
toms appear realistic also in CT imaging we further adjusted the
compositions of the cysts (60 g/l of gelatin and 2 wt% of formalde-
hyde) and the surrounding medium (80g/l of gelatin, 2wt% of
formaldehyde). The composition of the kidney medium was kept
the same.

Cysts were fixed inside the mould, close to the surface using
thin needles that were removed after the gel had nearly congealed.
In each phantom, three 5 mm diameter cysts were distributed over
the kidney and two 10 mm diameter cysts were placed in the upper
and lower pole of the kidney phantom.

With cysts in place the kidney was casted and left to solid-
ify. Further, it was fixed in the middle of a rectangular box
(165 mm x 80 mm x 80 mm) and a solid gelatin gel medium was
casted around it to represent the surrounding tissue that is pene-
trated during the biopsy. For the biopsy study, the phantoms were
covered with a thin layer of opaque plastic to prevent the trainees
from seeing into the phantom and visually guiding the biopsy tools.
A moulded kidney used in phantoms is shown in Fig. 2A and a
complete training phantom in Fig. 2B.
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2.4. Phantom evaluation

The phantoms were evaluated for four criteria - suitability for
training of US guided interventions, realism in medical imaging
(US and CT modalities), durability and price of the phantom mate-
rial. The suitability of human kidney phantoms for training of US
guided interventions was evaluated and compared against a tra-
ditional homemade phantom during a usual 5 days interventional
radiology training practice of the second year radiology residents.
The training took place in the radiology department performing
approximately 200,000 radiology exams annually (including inter-
ventional radiology) and all together, 7 residents were involved.

The traditional approach to train the skills of US guided inter-
ventions of radiology residents in our hospital is practising on
self-made phantoms made of gelatin gel with sugar and vari-
ous fruits, berries or vegetables. These objects represent areas of
interest and allow verifying the correctness of the procedure by
investigating the substance of the biopsy material. The prepared
biopsy material is placed in a plastic case and covered with an
opaque plastic.

During the biopsy training each resident practised in parallel on
a traditional phantom and on our new one. Training included fine
needle aspirations (19-21G needle), true-cut biopsies (14-18G),
and insertion of drainage catheters under the US guidance. Both
linear (8-12 MHz) and convex (1.5-4 MHz) clinical US probes were
available. After the practical work all residents were asked to
fill a questionnaire to evaluate both phantoms for their overall
importance in biopsy training, suitability for different biopsy tasks,
anatomical correctness and structures.

3. Results
3.1. Material calibration

To determine the impact of gelatin and formaldehyde on the
Young’s modulus a set of material samples were manufactured
with gelatin concentrations from 100 g/I to 130 g/l with 10 g/l incre-
ments and formaldehyde concentrations from 0.05 wt% to 0.2 wt%
with 0.05 wt% increments. The results (plotted in Fig. 3) show that
both of the substances make the gel stiffer and have a linear impact
on the Young's modulus. Further experiments showed that adding
graphite makes the material stiffer; however the effect is insignif-
icant at concentrations used in our phantoms (up to 1 wt%).

A set of samples with 0.1 wt% formaldehyde and no graphite
were prepared to determine the impact of gelatin concentration on
the US broadband attenuation. Gelatin concentrations from 100 g/1
to 140¢g/l with 10g/l increments were used and the results are
shown in Fig. 4. Varying formaldehyde concentration has negli-
gible effect on attenuation. We further determined the relation
between graphite concentration and US broadband attenuation.
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Fig. 4. Broadband US attenuation with respect to gelatin concentration.

A set of samples with graphite concentrations of 0-0.75 wt% with
0.25wt% increments and gelatin concentrations of 95g/l, 105 g/l
and 115 g/l was prepared. From the results shown in Figs. 4 and 5 it
isevident that gelatin increases the attenuation, howeverits impact
isinsignificant compared to the effect of graphite and therefore can
be neglected.

US propagation speed was measured along with the US broad-
band attenuation and the average speed over all the samples was
1495 m/s with 32.7 m/s standard deviation. No significant depen-
dence on gelatin, formaldehyde or graphite concentration was
found at these compositions.

The cylindrical samples used in previous experiments were
too small to gain accurate results for material’s radiodensity and
therefore larger (250 ml) samples were prepared. Formaldehyde
concentration (from Owt% to 2 wt% with 100g/1 gelatin) had no
distinguishable effect on radiodensity while the increased graphite
concentration (0-1wt% with 100 g/l gelatin and 0.1 wt% formalde-
hyde) only increased the standard deviation of the radiodensity
(from approximately 3 HU to 8 HU). At the compositions of inter-
est only gelatin concentration (samples with no graphite, 0.1 wt%
of formaldehyde and 60-140g/I of gelatin with 20 g/l increments)
had a significant effect on the gel's radiodensity as it is shown in
Fig. 6.

3.2. Phantom evaluation

The results from the questionnaire filled in by residents after the
training (summarized in Tables 2 and 3) showed that the prepara-
tion before procedures and practising on phantoms in general is
considered to be very important for understanding the complexity
of manual coordination of the needle on the US image plane. All res-
idents agreed or strongly agreed (mean 4.86 out of 5) that phantoms
are useful in interventional radiology training and understood the
importance of knowing the properties of equipment and appear-
ance of needle’s course in the US image.
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Fig.5. Broadband US attenuation with respect to graphite and gelatin concentration.
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Table 2

General evaluation of interventional radiology training.
# Evaluation question Score®b
1 Practicing on a phantom is an essential part of the interventional radiology course 4.86 (0.38)
2 Practicing on a phantom improves manual coordination of the needle in the US plane 4.86(0.38)
3 Practicing on a phantoms helps understanding the essential procedures to prepare puncturing (transducer, needle, positioning) 4.00(0.58)
4 Phantom is useful for understanding the properties of the US device for intervention 4.14(0.58)
5 Phantom helps to understand the path of the puncturing needle during the intervention 4.57 (0.53)

2 Rated in the scale from 1 (strongly disagree) to 5 (strongly agree) points.
b Standard deviations shown in brackets.

Table 3

Comparison of traditional self-made phantoms (SMP) to our renal biopsy phantoms (RBP).

#  Evaluation question

Score®P p-Values®

SMP RBP

The size of the phantom is suitable for practicing
Phantom'’s consistency is suitable for practicing

The sizes of structures inside the phantom are suitable for puncturing
Echographic properties of the phantom significantly vary while practicing

The phantom is suitable for practicing thin needle biopsy
The phantom is suitable for thick needle biopsy

©0ONDU A WD =

Structures inside the phantom are similar to anatomical/pathological structures

(0.69) (0.53)
(0.53) (0.49)
(1.13) (0.75)
(0.53) (0.55)
When puncturing structures inside the phantom it is easy to understand that the puncturing was done in correct location 3.57 (1.51)  3.00(1.41) 023
The phantom should be available in everyday training over a longer period in addition to teaching practice only ( ) ( )
(1.03) (1.27)
(0.49) (1.13)
(1.07) (0.52)

0.79
0.30
0.99
0.59

0.99
0.64

0.85

2 Rated in the scale from 1 (strongly disagree) to 5 (strongly agree) points.
b Standard deviations shown in brackets.
¢ For hypothesis that new phantoms score higher than traditional ones.

Comparison of the results about different phantoms (summa-
rized in Table 3) revealed that phantoms manufactured by us are
considered to be more realistic than the self-made ones in terms
of US anatomy and pathology (4.5 vs. 2.43). Residents also were in
favour of that this type of phantoms should be available for daily
practice (4.71 vs. 2.5). In other terms, no remarkable preference for
either of the phantom was seen.

US images and a CT image of a renal biopsy phantom are
shown in Figs. 7 and 8 respectively. The radiodensities of the phan-
tom medium and cyst material were in average 33 HU and 19 HU,
respectively. With current complexity the cost of phantoms, includ-
ing labour, was approximately 50 $/kg or 60 $ per single phantom.

4. Discussion

As aresult of the phantom material calibration experiments the
composition of the gelatin gel was mapped to the material prop-
erties. Each of the investigated gel’s properties can be separately
tuned as they significantly depend only on the concentration of one
or two ingredients. Even though it appeared that the softer range
of a healthy human kidneys is difficult to mimic as gelatin gels
with Young's modulus below 10kPa are very fragile, the Young’s
modulus of stiffer healthy kidneys and of all the diseased kid-
neys is possible to reproduce. Realistic US broadband attenuation
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Fig. 6. Radiodensity of gelatin gel with respect to gelatin concentration plotted with
standard deviations.

for human kidneys is achieved approximately at 1 wt% concentra-
tion of graphite and the US propagation speed matches the actual
speed in a kidney with less than 5% error. The resulting distortion
is insignificant and can be corrected by adding alcohol. According
to these results it is possible to manufacture gels that realistically
mimic human kidneys and a variety of other soft tissues. The mate-
rial keeps hardening for up to 100 days, however according to the
hardening curves in Ref. [7] it is possible to manufacture phantoms
witha Young’s modulus that stabilizes at a realistic value for human
tissues.

The ultrasound images of a kidney phantom taken in our hospi-
tal (Fig. 7) show that the kidney medium appears realistic, however
it somewhat lacks the internal structure. The cysts also have a real-
istic appearance of a liquid-like medium. Comparing images of our
phantom and a human volunteer (Fig. 7) the kidney medium does
not appear similar as different gains were used. This is because
the surrounding tissue of the human kidney has higher attenua-
tion than the kidney itself and vice versa in case of the phantom. In
future work we intend to cast the kidney in a medium with higher
US attenuation to also realistically mimic the surrounding tissue.

According to the questionnaire results (Tables 2 and 3) our phan-
toms were well-received, the residents considered them realistic
and found that they should be available for everyday training.

The radiodensity of the prepared phantoms (average 33 HU)
very well matched the radiodensity of human kidneys (Section 2.1).
The density of the cyst material (16-22 HU) was still slightly over
the average density of simple cysts; however, the difference in the
densities of renal and cyst material was sufficient to distinguish
between these structures in CT scans (see Fig. 8).

Despite that the phantoms were made to be used within one
week post manufacturing, they did not show signs of deterioration
three months later. Isolating them from air (e.g. in a food wrap to
prevent dehydration)in a refrigerator (5 °C) allows preservation for
several months. Preservation time can be further extended using
previously described additives.

A significant advantage of our renal biopsy training phantoms
is that they are economically affordable. Low (50 $/kg including
labour) price and disposability after using make our phantoms an
appealing training platform and an alternative to pricy commercial
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1L 11.91 cm

Fig. 7. Ultrasound images of a kidney phantom (four upper images) and a real human kidney (two images below).

Fig.8. CTscan of a biopsy phantom. Region properties: (1) area 82.51 mm?, average radiodensity 19.00 HU, standard deviation 1.34 HU, range 16-22 HU; (2) area 87.90 mm?,
average radiodensity 33.00 HU, standard deviation 1.06 HU, range 30-35 HU; (3) area 41.70 mm?, average radiodensity 19.00 HU, standard deviation 0.76 HU, range 18-21 HU.
The length of the red line is 12.83 mm.
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phantoms. The main limitation of this work is modelling the kidney
as a homogeneous tissue representing no other internal struc-
ture than pathologies. Also, the phantom’s resistance to the needle
insertion and US backscatter properties of the phantom materials
were not investigated for their complexity. We intend to overcome
these shortcomings in our future work and also incorporate blood
vessels with pulsating flow.

5. Conclusions

In this work we introduced economically affordable renal biopsy
phantoms that represent patient-specific anatomy with desired
pathologies, look realistic in US and CT imaging and have a realistic
elasticity. We calibrated the properties (US, elasticity, radiodensity)
of gelatin gels against their ingredient concentrations and identi-
fied the composition to mimic the human kidney tissue. Phantoms
were casted in a mould that was manufactured from a human kid-
ney model segmented from a CT scan. Further, we investigated the
suitability of these phantoms for US and CT imaging and evaluated
their viability for interventional radiology training on seven radi-
ology residents during their training of US-guided interventions.

The new phantoms were well-received and preferred over the
traditional biopsy phantoms that are used in our hospital. The
results showed that they look realistic in US and CT imaging and
can be preserved for several months without specific additives. The
cost of 60$ per phantom or 50 $/kg (including labour) makes our
disposable and anatomically realistic phantoms an economically
affordable alternative to pricey commercial phantoms.

The biopsy training results gave us useful feedback for future
improvements. In the future work we are going to surround the
kidney phantom with a medium that has similar US attenuation to
the surrounding tissues in humans. Also, we intend to add the inter-
nal structure to represent blood vessels and distinguish between
parenchyma and hilum of the kidney.
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