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Abstract

Hydraulically Amplified Self-healing ELectrostatic (HASEL) actuators are a new kind
of artificial muscles developed over the past few years. Their mechanical properties
as well as their compliance make them the perfect tool to be used in bio-mimecry
application. This master thesis proposes a way to dimension those muscles for an
antagonistic application. Grid Search (GS]) and Competitive Multiple Objective Particle
Swarm Optimization (CMOPSQ)) algorithms were used to find the most suited geometrical
parameters respecting specifications of torque, range of motion and stiffness. The results
found were then plot in a 3D space minimizing the mass and geometry of the actuators,
analyzed and put in perspective with respect to what existing [HASEL] actuators are
capable of.
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Chapter 1

Introduction

Soft robotics has been a growing field in engineering for the past few years. Several
technologies have been developed, including electrostatic actuator like Dielectric Elastomer
Actuators (DEA]), fluid-driven actuators, thermally responsive actuators and magnetically
responsive actuators[L1], 24], B31].

Among them, a new kind of soft actuator was introduced in 2018: Hydraulically
Amplified Self-Healing ELectrostatic actuators or [HASEI actuators. [HASETLL hold great
promise as they combine advantageous characteristics of existing soft actuators while
compensating for their limitations.

While several application regarding [ HASELl technology have already been demonstrated
[25], their biomimetic potential remains to be fully explored. This master’s thesis proposes
to investigate [HASEI] actuators in an antagonistic configuration. This configuration
enables independent control of both torque and stiffness at the joint depending on the
contraction level of the muscles involved [13]. In particular, this work aims to address
the following questions: how does the geometry of [TASEI] actuators influences the
performance of an antagonistic configuration and is there a method to determine an
optimized geometry for this application?

To answer these questions, Chapter [2| presents a literature review on soft actuators
providing an overview of the field and the working principles of [ HASETk. Then, Chapter
introduces the antagonistic configuration along with its associated constraints and physical
limitations. Afterwards, Chapter 4] describes the methodology followed and the algorithms
implemented. Chapter [5| presents the results obtained and discusses their significance.
Finally, Chapter [0] addresses potential improvements and conclude this master’s thesis.
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Chapter 2

State of the art

This chapter proposes a literature review on soft actuators and [HTASEI] technology.
It begins with a brief presentation on soft actuation development throughout the years
before comparing the different technologies used nowadays. Then, it describes [TASEIk
actuators with more details before focusing on Peano{HASEI] and an analytical model
developed by Kellaris et al. [16].

2.1 Development of soft actuators

Classical actuators are made of three parts: a motor to generate the power, a trans-
mission mechanism and an end effector that performs the task it was designed for. While
this system presents significant advantages such as high precision, robustness and con-
trollability it also exhibits several limitations. These actuators are not able to adapt
easily to their environment and they do not offer safe human-robot interaction. Moreover,
regarding the task that needs to be performed, they can show inefficiencies regarding
power consumption and weight.

To address these issues an alternative kind of actuators called soft actuators based
on biological behaviors was developed. In contrast with rigid mechanisms, soft actuators
integrate a deformable element that allows displacement from the equilibrium position
when an external force is applied to the actuator [12]. From a practical point of view,
this actuator allows for safer human-robot based interactions as they are more compliant
than their rigid counterparts. Moreover, this compliancy allows them to adapt to their
environment as they are able to modulate their rigidity depending on the situation.

In the 20th century, several ideas and developments were imagined and prototyped. In
1957, McKibben developed Pneumatic artificial muscle (PAM]) which is considered as the
first artificial muscle, a soft actuator for which both the elastic and actuation function are
embedded in the same element [20]. Later on, in the 1990s, with the development of soft
materials such as polymers and elastomers scientists expanded the idea of bio-inspiration
and thought of new kinds of soft actuators mimicking animal and human behaviors.

Between 2011 and 2013, George Whitesides and his team, explored the idea of a
flexible robot inspired from an octopus [30]. This led, in 2016, to the first entire soft
actuator, relying only on chemical reaction to move [29]. This last work in particular was
considered as a major breakthrough in the field of soft actuation. Finally, in 2018 Kellaris
et al. proposed a new kind of soft actuator: [HASEI] artificial muscle, an electrically
responsive actuator inheriting properties from both [DEAl and hydraulic actuators while
also compensating for their weaknesses.
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2.2 Review of soft actuators

Figure from Perera et al. [23] illustrates the variety of soft actuators currently
available. They have been classified by their input stimulus.

2.1. Electrically 2.2. Magnetically 2.3. Thermally 24.
Responsive Responsive Responsive Photoresponsive
Actuators Actuators Actuators Actuators

2.4.1. Visible Light- 2.5.1. Pneumatic
Driven Actuators Actuators

242 Near-Infrared
Light Driven
Actuators

2.5. Pressure-

Driven Actuators

2.1.1. Dielectric
FElastomer
Actuators

2.3.1. Shape
Memory Alloys

2.1.2. Piezoelectric-
Based Soft
Actuators

2.3.2. Shape
Memory Polymers

2.5.2. Hydraulic
Actuators

2.1.3. HASEL 2.3.3. Liqui
Actuators Crystal Elastomers

Figure 2.1: Classification of soft actuators [23]

2.2.1 Pressure-Driven actuators

Pressure-Driven actuators achieve motion and deformation through control of fluidic
pressure inside inflatable cavities such as the one depicted in Fig. [2.2a] from Yasa et al.
[31]. They are composed of elastomeric materials coupled with inextensible layers used to
guide the deformation. A pump compresses and decompresses the fluid (usually air or
water) inside the inflatable cavities.

This technique allows for various kinds of geometries depending on the motion and
the deformation rate to be achieved. It also generates high forces and does not require a
continuous power consumption (as a valve can be closed to maintain the cavities inflated).
In contrast, it is hard to control the motion accurately and it cannot sustain high payloads.
Moreover, a tear in the elastomeric membrane of one of the cavities can lead to a complete
failure of the system.

The most famous pressure-driven actuators are [PAMk. Nowadays, they are mainly
used in the robotic actuation field where low power-to-weight ratio and compliance are
important such as walking or running robots. Moreover, hydraulically actuated McKibben
muscles have also been used for underwater applications [7, 32].

2.2.2 Thermally responsive actuators

These soft actuators are mainly based on Shape memory alloys (SMAK). These alloys
are temperature-sensitive metallic composite materials. Once deformed, they present the
interesting effect of being able to go back to their original (pre-deformed) state when
a certain temperature called transformation temperature is applied to them[31]. This
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temperature is often applied through a resistor by Joule heating (see Fig. . The
main advantage of such actuators is their ability to deform. In a straight configuration
they can deform by up to 8 % and in spiral, this deformation can reach up to 300%
[19]. In addition, they can work with low voltage stimulation and silently. Their electric
stimulation makes them predisposed to work underwater where they can benefit from
an enhanced actuation speed and an increased cooling rate. However, they require to be
tethered. Furthermore, since they rely on temperature changes to actuate, the energy
efficiency of these devices is significantly lower compared to other technologies. Other
drawbacks to consider are their high hysteresis and non-linear nature making them harder
to control.

2.2.3 DMagnetically responsive actuators

Soft actuators using magnetic response are composed of microscopic ferromagnetic
materials integrated into soft elastomeric matrices [34]. When a magnetic field B is
applied, each magnetic domain of these microscopic materials spatially aligns itself with
the field (see Fig. [2.2¢). This spatial alignment is the key factor to play with in order to
obtain the desired soft body, deformation and motion[3I]. Due to their high controllability
and precision, these kinds of actuators are usually well-suited for surgical purposes and
especially in complex environment requiring extra caution such as the brain. Recently,
a magnetically responsive hydrogel actuator was developed to treat heart disease[3].
However, they need complex equipment to control the magnetic field and as the magnetic
field strength decreases with the distance, the use of this kind of actuator remains limited.

2.2.4 Photo-responsive actuators

Under the stimulus of light, these devices can convert light energy into mechanical
motion. The main advantage lies in the capability to remotely control the actuator,
making it suitable for wireless or underwater actuation [31]. However, their practical
implementation remains constrained by relatively low actuation forces, slow response
times, and a strict requirement for a clear line-of-sight between the light source and
the active soft material. Photo-responsive actuators are divided into several categories
depending on the wavelength of light that triggers them. The most common are visible
light actuators (see Fig. and near-infrared actuators.

2.2.5 Electrically responsive actuators

Electrically responsive actuators are divided into three categories: Piezoelectric-
Based Soft Actuators, Dielectric Elastomer Actuators [DEAl and Hydraulically Amplified
Electrostatic actuators or [HASEI] actuators.

Piezoelectric-Based Soft Actuators

These actuators are based on the piezoelectric effect, which denotes the property of
certain materials to generate a voltage or an electric charge when a mechanical force is
applied or reciprocally, to produce a mechanical deformation when an electric field is
applied. They offer the following benefits: fast response, high precision, light weight and
high actuation frequency. However they suffer the following drawbacks: limited strain,
low blocking force and the need for high electric fields leading to high power consumption.
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Usually used as sensors, the piezoelectric technologies have also found their way into
assistive gloves for rehabilitation purposes [4].

Dielectric Elastomer Actuators [DEAk

[DEAL are made of compliant electrodes separated by a layer of dielectric material.
When a voltage is applied to these electrodes, a Maxwell stress is generated compressing
the dielectric material and pushing the electrodes closer to each other [32]. This results in
the dielectric material deformation as depicted in Fig. In particular, this capacitor
structure allows for significant deformation (> 100%)[25]. However, to achieve these high
strains, these actuators need prestretch and rigid frames. Furthermore, they require high
operating voltages (~ kV) increasing the risk of dielectric breakdown. Their high energy
density, self-sensing capabilities and significant strain make them suitable for biomedical
applications such as artificial muscles.

Two types of [DEAE opened the way for [HASEL]'s invention: hydrostatically coupled
[DEAE in which dielectric liquid couples the deformation of multiple elastomer membranes
and [DEAk-based pumps in which electrostatic zipping of dielectric elastomer membranes
onto rigid substrates is used to pump fluids[25].

Hydraulically Amplified Electrostatic actuators [HASEL

Presented as a revolutionary development in the field of electrically responsive actuators
[23], these actuators help to solve some of the shortcomings of DEAE by incorporating
aspects of pressure-driven actuators such as high flexibility, versatility in motion and safe
interaction with their environment. More specifically, their characteristics make them
suitable for applications requiring precision, adaptability, and bio inspired motions, like
soft grippers and prosthetics. The inherent flexibility and scalability of this technology
provides opportunities for integration into complex and lifelike systems for which traditional
actuators are not suited.
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Figure 2.2: Soft actuators technologies

2.3 Review of HASEILls actuators

While the actuators described in Section [2.2] offer their advantages and disadvantages,
[HASEIE actuators seem to compensate for the disadvantages of [DEAL by using hydraulic
technology. Over the years, several designs and geometries have been considered. Below
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are the most common ones. Two types of actuators can be distinguished. On one hand,
the contracting actuators that achieve contraction of the shell through zipping of the
electrodes under voltage application, and on the other hand, expanding actuators, for
which the zipping of the electrodes translates an extension of the shell similarly to [DEAL
The main idea behind every design is to come up with a practical way to easily zip
the electrodes. This allows for lower operating voltages which is a key factor for these
actuators.

As stated before, these actuators have a wide range of applications. Figure for
example, shows a high-speed application of Peano{HASET] used to lift a table tennis ball
into the air. More classical application can also be considered such as in Fig. where
[HASETI] actuators are used for pick and place. That last example in particular illustrates
the interest of soft actuators as the object to lift (a strawberry) is fragile. Therefore, it
requires a soft gripper able to handle its compliance.

Moreover, these actuators present a self-healing feature making them interesting to use
when replacement of broken pieces is not possible. This self-healing capability is depicted
in Fig. 2.3a] After a dielectric breakdown event, the fluid redistributes itself and regains
its insulating state.

Dielectric breakdown
s

Self-healing

Ay
N

i

Healed dielectric
—e

e

(a) [HASET] self-healing property

13-kV voltage step
O t=0.25s

1=0.14s

Two Peano-HASEL 1 t=0.10s
actuators S

Table-tennis ball

(b) High-speed actuation to lift a table
tennis ball in the air (c) Pick and place application

Figure 2.3: [HASEL] applications and properties[25]
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2.3.1 Donut-shaped [HASELs

Fig. 2.4 shows two configurations of donut-shape HASEL. The pouch is a disk with
the electrodes located at the center. When a voltage is applied, the dielectric fluid is
pushed away from the center as the electrodes zip together. The fully strained pouch takes
a torus-like shape. Depending on the radius r of these electrodes, the actuator can either
achieve high force but low strain (small r) or low force and high strain (large r)[25] The
dimple configuration differs from the quadrant configuration by its number of electrodes.
For the quadrant, there are eight electrodes forming four smaller pouches whereas for the
dimple there are only two giving a single pouch.

Dimple

- (-

Quadrant

c"l'a <

(a) donut HASEL dimple configuration (b) donut HASEL quadrant configuration

Figure 2.4: [HASELl donut geometry [25]

2.3.2 Planar [HASELs

Planar [HASEL] is the most common form of [TASET] actuators. They are made of
two electrode plates squeezing a pouch of rectangular shape in the middle. The pouch is
made of an elastomeric shell and filled with dielectric liquid. The electrodes cover a large
portion of the pouch such that when a voltage is applied, a decrease in thickness and an
increase in area can be observed similarly to [DEAK. However, since the pouch contains a
liquid instead of multiple elastomeric layers, the stiffness of planar [HASEL] is lower than
the one produced by [DEAE (considering the same dimensions and the same materials). Tt
follows that planar [HASETE are able to achieve higher actuation strains than [DEAK for
the same voltage. This has been highlighted by Acome et al. in [I]. They based their
planar [HASET] actuator design on a laterally constrained [DEAk described in [I7]. They
were able to demonstrate a strain of 79% for a tensile load of 2.5 N when a voltage of 22.5
kV was applied. Fig. shows their results.

2.3.3 PeanoHASEILs

Peano{HASET] stand out from other kinds of actuators by their ability to contract
without needing prestretch rigid frames or stacked configurations. They are a combination
of contracting Peano-fluidic actuators and the electrostatic principles of elastomeric
HASEDIS).

Made from rectangular shells of flexible polymer films, they are filled with a liquid
dielectric sealed to form a pouch. Electrodes are then placed on either side and covering
a portion of the shell. When a voltage is applied to these electrodes, the electric fields
generated cause the electrodes to zip together progressively leading to a displacement of
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Figure 2.5: Planar [HASET] [25]

the liquid dielectric. Due to the inextensibility of the pouch, the hydrostatic pressure
inside the shell increases causing a linear contraction.

- Voltage off ! - Voltage on

1
i
Single |

W uni

1 .
o

(b) PeanoHASET contraction to lift a
(a) PeanolHASETL geometry [25] 200 g weight

Figure 2.6: Peano{HASET] actuator

2.4 Analytical model

In 2018, Kellaris et al. developed an analytical model to describe Peano{HASEL
actuators and analyze their performance [16].

2.4.1 Geometry of the pouch and stroke definition

Regarding the geometry of the PeanoJHASET] they considered a cross section in Fig.
[2.7 The geometry is described by the following parameters: h the height of the pouch, ¢
its thickness, w its width (not visible on the scheme), L, its arc length, L. the arc length
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of the part of the pouch filled with electrodes and « the opening angle of the pouch.
Initially, this angle is set to ay which corresponds to the initial angle of the pouch once
it has been filled with the dielectric liquid and no voltage is applied. Equivalently, rq is
defined as the initial radius for which the arc length is equal to L,. Following this, 7 is
equal to:

P
S— 2.1
"o 2ay (2.1)
and the area of the sector can be computed as:
L?
Ay = 22 2.2
@(ro) 4oy (22)

The cross-section area A is obtained by subtracting the area of the triangle from the area
of the sector as shown in Fig. adapted from [16]. Considering the surface of the green

triangle A; as:
_ Ch 1y cos(ag) h

A 2.
t 5 5 (2.3)
Using the fact that h is equal to:
' sin(ap)
h=2ry sin(ag) = L, (2.4)
Qg
The final formula for the cross section area A can be obtained:
1 o
A=2A - A) =L} (O‘O Sm(o‘g) COS(O‘O)> (2.5)
ap

Using this last result, the evolution of L, and L. according to the pouch deformation
can now be derived. Assuming A remains constant during the deformation the following
development can be made:

(o) = \l 2407 (2.6a)

a — sin(a) cos(a)

l(c) = L, — I(a) (2.6b)

where [,() and (o) denote the same quantities as L, and L. but evolving with respect
to « as the pouch is being deformed. Finally, the stroke z(«) visible on parts B. and C.
in Fig. can be written as:

«

x(a) =h— <lp(a)sin@z) + le(oz)> (2.7)

2.4.2 Evolution of the angle a during deformation

The main geometrical variable to take into account is the angle o corresponding to
the opening angle of the pouch. Initially, as the pouch is filled with a dielectric liquid and
no voltage is applied, the angle « is equal to «aq as described before. However, as it can
be seen in Fig. 2.7 it reaches a critical value ay once the maximum stroke, written x(oy)
occurs. This happens either when:

19



Figure 2.7: Cross-sectional view of a Peano{HASEIL A. Initial configuration: the muscle
is at rest and no tension is applied. B. Intermediate configuration: the electrodes are
partially closed, and the pouch is deformed by an angle a. C. Final configuration: the
electrodes are joined, the deformation is at its maximum, and the angle o = 90 °[16]

Figure 2.8: Blue: sector area defined by the radius ry and the angle 2cg. Green: triangle
area defined by the basis h and the height C'. Red: area obtained after subtracting the
green one from the blue one.

1. The electrodes are fully zipped (C) meaning l.(a) = L. with L. the total length of
the electrodes covering the pouch.

2. The fluid-filled region takes a circular cross-section (a = 7). In that case, a

maximum zipping length /.4, is defined by substituting the value of a = 7 in Eq.

2.6b|: lyee = L, — VTA. The angle af occurring at the maximum stroke is then
found by solving the following equation:

L= L, —lay) (2.8)

This variable also links the stroke and the force developed by the actuator as described

in [16].

2.4.3 Development of the closing force

To obtain the closing force of the actuator Kellaris et al. first derived the total free
energy of the system which includes the electrical energy stored in the actuator, the
contribution from an external force F interacting with the actuator and the electrical
energy exchanged with a battery of constant voltage V. The mechanical energy stored in
the actuator has been neglected. By defining the capacitance of the zipped region as :

€,-EQW
2t

Cla) = le() (2.9)
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where €, is the relative permittivity of the shell and ¢y the permittivity of the free space.
The electrical free energy U, is then given by:

_ 1@
Ve=5cw)

(2.10)

with () symbolizing the charges deposited on the capacitor electrodes. The free energy of
the battery decreases by —QV when the charges ) flow from the battery to the actuator.
Finally, the work of the external force F' over a contraction z(«) is written as F' - x(a).
The total free energy of the system U, is thus equal to:

e
~20(a)

U, Q) —QV + Fz(a) (2.11)

Using () = C'V, the expression can be simplified to:
1
Ui(a) = Fr(a) — iC(a)V2 (2.12)

By minimizing with respect to a and solving the equation for the applied force F':

w  cos(a)

= ———— €, V? 2.13
4t 1 — cos(w) o (2.13)

with V the voltage applied to the electrodes, w the width of the pouch and ¢ its thickness.
From this equation they observed the following behavior:

1. F'is independent of pouch length L,
2. F' scales linearly with w
3. I is inversely proportional to ¢ for a given electric field E

4. F depends on a Maxwell stress term ¢ €, V?

14+ —— Force vs contraction
124

10

Force [N]

0 5 10 15 20
X [mm]

Figure 2.9: Force-displacement I’ — x characteristic of the [HASEI] actuator
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2.4.4 Analysis of the force-displacement [' — = characteristic

Figure [2.9] depicts the force-displacement characteristic of the Peano{HASEL] actuator.
Several observations can be made. First, the blocking force F} of the actuator, correspond-
ing to the maximum force the actuator can generate without any displacement (z = 0)
is reached at o = . As stated in Eq. [2.7] at this angle the displacement is equal to 0.
Secondly, the slope of the characteristic, corresponding to the stiffness of the actuator,
is decreasing and nonlinear. This behavior distinguishes [HASETE from their biological
inspiration where the phenomenon is reversed.

2.4.5 Scaling properties of Peano [HASEL] actuators
Kellaris et al. identified two fundamental properties regarding Peano{HASEI] actuators:

« As illustrated in Fig. [2.10a], a single pouch of arc length L, and mass m = Mg

can be divided into n sub-pouches of arc length % and mass 3. This geometric
scaling does not affect the F' — x characteristic of the actuator meaning the output
force F' and displacement Az produced remain unchanged. The main benefit of
this observation is that the mass of the actuator my is divided by n the number of
sub-pouches. The practical drawback is the need to connect these pouches together

sacrificing a portion of the contraction Ax to that end.

o As shown in Fig. 2.10b], PeanofHASEL] can be put in parallel to scale up the total
output force F' of the actuator. In this configuration, the individual pouch length
L, can be reduced inherently decreasing the radius R of the fluid filled region when
the actuator is in its fully contracted state (oy = 7). Neglecting the film thickness ¢,
this smaller radius R allows for an increasing stacking density of the pouches. This
stacking density scales inversely with the arc length L, and, by keeping the cross
section A constant, it scales linearly with the output force F.

1 pouch 4 pouches 10 pouches
Myer =M Myer = M/ 4 Myer = M/10 3 actuators 12 actuators 30 actuators
L I Ly/4 0 Ly/10 Spacing = R Spacing = R/4 Spacing = R/10
| om ' m/16 | m/100 | LLLLLL
! | [ I
|

1
|
1
|
|
I

[
|
|
|
|
[
[
[
|

E," 1:|:|:|:|:|1 i
. (NNRNN o

| ; | BRG]
nEE 9%
}Ax VLF

(a) Peano{HASET] series configuration (b) PeanoHASEL parallel configuration

Figure 2.10: Peano{HASET] scaling properties adapted from [16]
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Chapter 3

Problem statement

This chapter first presents the antagonistic application considered in this master thesis.
Next, it highlights the differences between the bio-inspired model and the biological
one. Then, it introduces the specifications of the application based on muscle properties.
Finally, it expresses the need for dimensioning methods and the physical limitations of
this application.

3.1 Description of the antagonistic Application

As described previously, the purpose of this master thesis is to propose a method to
find the best geometrical parameters of an [HASET] artificial muscle (L, ag, w, t) for a
given antagonistic application. In our case, we considered an antagonistic application
characterized by the presence of an agonist muscle (often also called prime mover), causing
the motion, and an antagonist muscle that opposes the movement of the agonist. There
are numerous examples for this configuration in the musculoskeletal system: biceps and
triceps for the elbow, quadriceps and hamstrings for the knee, etc.[9]

This configuration allows for the control of the torque 7, the angular position Af and
the angular stiffness R at the joint. The latter is controlled through the co-contraction of
the agonist and antagonist muscles. In particular, Hogan has shown in his work that this
stiffness R can be modulated to perform adaptive control of mechanical impedance while
the angular position Af and torque 7 can be decoupled and controlled independently [13].

The configuration of our application can be seen in Fig. [3.1 Two [HASEL actuators
(denoted by numbers (1) and (2) on the schematic) are linked to a pulley of radius r (3)
fixed to the base. An arm (4) is attached to the pulley to measure the relative angular
motion Af and the angular stiffness R .
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Al i’ T Ab, s

Figure 3.1: Antagonistic configuration: (1) and (2) [HASEI]actuators. (3) pulley of radius
r representing the joint where a torque 7 is produced. (4) Arm

3.2 Differences with the bio-inspiration

The objective with this application is not to replicate the biological structure of muscles
but rather to mimic their behavior. To that end, we have considered several simplifications
to our mechanical model with respect to its bio-inspiration.

First, the system depicted in Fig. focuses only on one set of motions. Taking the
example of the elbow, it only reproduces the flexion-extension movement of this joint.
Pronation-supination, adduction-abduction and other types of more complex motions are
not being considered here. This choice facilitates the analysis of the system (described in
chapter [5]) and truly isolates one set of specifications.

In line with the first point, by only considering one kind of movement (flexion-extension)
we can simplify the system to one set of muscles and not take into consideration the
human body redundancy. This redundancy implies that the human body is over-actuated,
meaning several groups of muscles are used to perform the same kind of motion.

Referring back to the elbow example in Fig. [3.2a] the brachialis and brachioradialis
muscles are called synergists because they help the biceps perform the flexion movement.
Specifically, while the brachioradialis only acts as a stabilizer, to guide the motion, the
brachialis plays a more decisive role. It has been demonstrated that it acts as the prime
agonist muscle during the flexion motion instead of the biceps [9]. However, for our
application, we have considered the biceps and triceps as they are better positioned and
benefit from a greater lever arm.

Another simplification made is to consider the joint as a pulley of constant radius r
while in reality, biological joints are complex surfaces with varying lever arms depending
on the motion performed. This assumption is based on the work of Aliman et al. who
demonstrated that biological joints can be replicated using several pulley arrangements
[2]. Furthermore, this constant radius r, coupled with two muscles of the same length and
a strategic positioning of the reference angle 6y, allows for a symmetrical range of motion,
whereas biological systems often do not as depicted in Fig. |3.2b]
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Figure 3.2: Description of the elbow joint

3.3 Specifications of the application

Having described the mechanical model of the application and how it differs from the
biological one, we must now define its specifications. Each [HASEI] actuators used in the
system is able to produce a force F' and a displacement z following the characteristic in
Figl2.9] At the same time, these muscles also produce a torque 7 at the joint:

T =r(F— ) (3.1)

This equation expresses how the forces I, and Iy of the [HASEI] actuators affect the
torque 7 considering a constant radius r. Similar to biological joints, the joint must be
able to rotate within a certain angular range delimited by A, = —Abnax and Abax
the minimum and maximum relative angles with respect to a reference angular position
fy. At this reference angle, both muscles have the same length. A relative displacement
Az is associated with a relative angle Af :

rAf = Ax (3.2)

As both muscles are linked to the pulley, if one contracts by Ax the other extends by Az
just like in the bio-inspired system. However, an [HASEI] actuator cannot extend beyond
its height h without tearing the pouch apart leading to complete failure of the system.
Therefore, we need to pre-stretch these muscles from a certain initial length denoted w;y;
in Fig. [3.4b. The choice of xy,;; will be discussed further in Section [3.4. Taking the
pre-stretch into account we can use Eq. to define z; and x5 :

1 = Tinit — Az (33)
Ty = Tinit + Az (3.4)

Apart from the torque and the angular position, we are also interested in studying
the stiffness produced at the joint. This stiffness, denoted R, is obtained by taking the
derivative of 7 with respect to 6:
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=
 [dBR  dR
=r [d@ - d9‘|
. [sz dagdzy  dFyday dzﬂ (3.5)
day day dO dag dxy dO

. ’[“2 dF2 dOéQ i dF1 dOél
N dOéQ dl’g dCYl d[lfl

where the derivative of the force F' with respect to the opening angle « is :

dF w  sin(a) 5
e w sy 3.6
da 4t (1 —cos(a))2™ (3.6)

and the contraction term is obtained through:

(3) - (52) = (- [Gooon) (52 1) e (i)

with the arc length [,(«) equal to:

L(a) = LPQJ ap — sin(ayg) cos(ayp) (3.8)

ap\ «— sin(a) cos(a)

Eq[3.7 in particular is analytically complex to evaluate. We thus considered a numerical
evaluation, using a second-order centered difference to ensure numerical stability.
Eq. can also be rewritten to express the linear stiffness of each artificial muscle:

R =1*Ky + K| (3.9)

highlighting the fact that the angular stiffness at the joint is the sum of the linear stiffnesses
(K1, K3) of the artificial muscles corresponding to the slopes of their F'— z characteristics.

Examining Egs. : we can see that they mainly depend on four geometric
parameters: L, o, t and w. While some of these geometric parameters scale linearly,
the way they interact with each other does not provide a clear conclusion on an optimal
geometry that satisfies given specifications. In particular, ag also acts as a lower boundary
for a making the analysis of these equations even more complex. Therefore, we must
develop a dimensioning methodology to design [HASEI] artificial muscles such that the
joint can achieve a certain torque 7 while covering specific ranges of stiffness R and angle

[_ Aemaxa Aemax] .

3.4 Physical limits of the application

The system described above suffers from several limitations due to its geometry and
materials used for its fabrication. Fig. shows the maximal contraction, denoted
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Tmax rot, the system is able to produce. This value is reached for a relative angle A6 equal
to Afmax. As stated in the previous section, beyond this contraction the first pouch (1)
would be overstretched and could break, leading to a global failure of the system. To
avoid this, we must impose the following constraint on the displacement:

oy Z 2 Tmax rot (310)

where z; corresponds to x(ay = ) the displacement for which the pouch adopts a
circular shape. For the sake of simplicity, we assume the hypothesis of optimum-filling to
still hold here, meaning the pouch is fully deformed (ay = %) when it is fully zipped.

Tinit,the pre-stretch described in the last section, is expressed as a percentage of this
xy. Figs. , illustrate two choices of xip: % xs and i x¢. Taking half the value
of the maximum contraction ensures that we maximize the angular range we can cover
but it limits the stiffness produced as we are working in a flatter area of the characteristic.
Taking 25 % of x allows us to gain better torque and stiffness as we are positioned on a
steeper part of the characteristic. The drawback is that the angular range is reduced as
the stroke of the actuator elongating will be shorter. More specifically, the actuator will
elongate until it reaches the physical limit z = 0. If the system goes beyond this limit,
the actuator in extension could break as mentioned before. Considering the angular range

of our specifications, we chose to set x,; = % Ty

141 —— Force vs contraction 141 —— Force vs contraction
® Xpnit=0.5 x¢ ® Xinit=0.25 x¢
12 12
10 1 10 1
£ s £ ]
] ]
I =4
o 61 o 61
w w
44 44
24 21 :
1
1
O, 1 O, 1
0 5 10 15 20 0 5 10 15 20
X [mm] X [mm]
_ 1 _ 1
() Tinit = 525 (b) Tiniv = 3¢

Figure 3.3: Several zj,;; values illustrated on the F' — x characteristic of [HASEIL] muscle

Another physical limit of the system that we need to address, is the voltage range.
Indeed, while HASETE muscles require a significant voltage to be able to contract (~ kV)
previous work has proved that around 8 kV electric arcs begin to form inside the plastic
pouch leading to its degradation [28] (given a certain type of dielectric liquid and plastic
material). Therefore, we must constrain the search space to work within the following
voltage range: V' € [Vinin, Vinax] With Vi = 500 V and V4, = 7 kV. The lower limit has
been fixed to an arbitrary value of 500 V to avoid having a fully relaxed muscle while the

upper limit is fixed to 7 kV to maintain a safety margin with respect to the breakdown
value of 8 kV.
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muscles

Figure 3.4: Boundary conditions of the antagonistic application
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Chapter 4

Methodology

In this chapter, we describe the methods developed to find the optimal geometry ruled
by four geometrical parameters: L,, o, w and ¢ in order to meet the constraints and
the specifications introduced in Chapter [3| We first present the common structure both
algorithms use to compute the stiffness. Then we describe the algorithm, an exhaustive
approach that searches for all solutions within a certain search space. Afterwards, we
present the [CMOPSOJT8|, an optimization algorithm based on classical Particle Swarm
Optimization (PSQ) [27] and the evolutionary Non-dominated Sorting Genetic Algorithm
IT (NSGA-II) [8]. For both the grid search and [CMOPSO| we shall motivate their
use, explain their global principles and demonstrate how they can be applied to this
dimensioning problem.

4.1 Search space

The search space is the four-dimensional space R* described by Ly range, 00 range, Wrange
and tyange Which are bound as follows;

1. Lp range — [Lp min; Lp max]
2. Q0 range :[040 min aOtextmax]
3. Wrange = [wmim Wmax ]

4. trange == [tminv tmax]

Both algorithms work within the same search space. The only difference lies in the fact
that is a discrete algorithm while [CMOPSQOl is continuous. Therefore, requires a
step size for each dimension. The values of these steps will be discussed in Chapter [5]

4.2 Constraints

Both algorithms implement the constraints described in Section [3.4] Specifically, the
voltages V) and V5 actuating the muscles must lie within a specified range [Vinin, Vinax)-
Furthermore, the free stroke oy must be at least twice the displacement associated with the
maximal rotation Af,,., to prevent the antagonistic muscle from reaching its physical limit
during joint rotation. Finally, the angular stiffness R produced at the joint must encompass
the target stiffness range described in the specifications. Additionally, the search space
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boundaries described in the previous section act as direct geometrical constraints on
L,,ap,t and w.

4.3 Stiffness computation loop

The following pseudo-algorithm describes a common part shared by both algorithms:
the stiffness computation loop. It implements the specifications and limitations described
in the previous chapter for each candidate ¢ = (L,, a, w,t) or particle p = (L,, oo, w, t)
considered either by or :

Algorithm 1: Stiffness computation

Az« rAd

Fy <« F| + %

fori=1to N do
Compute pouch height h using Eq.
Compute cross-sectional area A using Eq.

Compute z; and deduce the pre-contraction z;,; using Eq. assuming
optimum filling

T1 < Tinit — Az

To 4 Tinyt + AT

Find «; corresponding to x; by solving Eq.

Find ay corresponding to z by solving Eq. [2.7

Compute voltage range Vi using F, o in Eq. [2.13
Compute voltage range V5 using Fj, oy in Eq. [2.13

o

Compute and % using Eq.

da :
Compute and 422 using Eq.

dxq
Compute stiffness R using Eq.

end

4.4 Methods implementation

4.4.1 Grid search implementation

The principle behind the grid search algorithm is to find all possible solutions within
the search space. A solution is a candidate ¢ = (L,, ap, w,t) that satisfies the desired
range of stiffness presented in Section while respecting the constraints on voltage
and geometry addressed in Section3.4] The stiffness and voltages are computed within
the stiffness loop described in Algorithm [I To verify whether these constraints are
satisfied, we implemented two filters named respectively "Geometric filter" and "Stiffness
and voltage filter" which can be seen on the schematic of the algorithm depicted in Fig.
M.1] In addition, to extract the best results with respect to certain criteria, a Pareto
selection filter was also implemented. This last filter is optional and is treated not as a
part of the algorithm but rather as a post-processing step to analyze the results.
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Initialization

First, the algorithm initializes the boundaries of each variable L,, o, w,t as well as
the specifications S regrouping the torque 7, the radius r, the angular range of motion
[— Abiax, Abnax), the angle Af and the desired stiffness range R. Conveniently, the
specifications S also contain the constraints on the voltage range [Vinin, Vinax] as well as
some physical constants like €, and ¢y the relative and vacuum permittivities. Additionally,
it also contains the force range Fy (or F3) initialized at the beginning of the Algorithm .
This force range is assumed to be known (and found experimentally) as it is necessary to
find the voltage ranges V; and V; using Eq. [2.13] The force range corresponding to the
other artificial muscle (here F3) is found using Eq. B.1]

Geometric filter

The Geometric filter takes as input the full search space R* and returns as output
a subspace restricting L, and ag . Its main purpose is to ensure that the candidate ¢
verifies the geometric conditions on x¢ described by Eq. [3.10]

Stiffness and voltage filter

This filter takes as input all the candidates ¢ that passed the geometric one. Then,
using the stiffness R and voltages range V;, V5 computed in algorithm [1 for each candidate,
it determines if the corresponding candidates ¢ are part of the solution space which
contains all possible configurations.

Pareto filter

This filter evaluates each solution to select those that minimize certain criteria like
the mass or a specific dimension of the artificial muscle. This filter is applied as a
post-processing step of the algorithm.
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Figure 4.1: Grid search algorithm overview. Blue: the stiffness computation block detailed

by algorithm

4.4.2 Competitive Multi-Objective Particle Swarm Optimiza-
tion (CMOPSO) implementation

While offering an exhaustive solution to our problem, the grid search algorithm suffers

from high computational cost as soon as the search space becomes too large. Another

interesting approach we have considered to tackle this problem is an optimization approach.
It uses a heuristic strategy to solve the problem aiming to find a global optimum.
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The algorithm is based on the idea of a trade off between exploring the search space
and exploiting the results from the exploration. It consists of a classical Particle Swarm
Optimization algorithm with a population of particles exploring a search space. Here,
each particle p is defined by a combination of (L,, o, w, t) and by the following objective
functions:

min  F=min [fz, fu, fm]T
s.t. :Vinin < V1, Vo < Viax
Ruyin < Ruin des (4.1)
Ruax 2 Rmax des

Tr > 2 rAOmax

where the vector of objective functions F' regroups the following three objective

functions:
Jn="n
fw =w
fm = Mot

The objective vector tends to minimize the height h the width w and the total mass my
of the actuator while respecting the constraints described in Section [3.4] The constraints
are the same as for the grid search. The difference between the two implementations lies
in the way these constraints are interpreted. will associate a high cost to these
constraints so that the solver will avoid transgressing them (as it wants to minimize the
objective function) whereas for [GS] the constraints are imposed as hard if - else conditions.
The total mass of the actuator is computed as:

Myplastic = 2twh Pp
Moyl = AW p, (4.2)
Mtot = Mplastic + Moil
where p, = 910[2%] and p, = 930[24] are the densities of the plastic pouch and of the
dielectric liquid (here oil). While those objectives are linked and influence each other, the
algorithm aims to find a set of solutions for which constraints are respected and objectives
are minimized.
Contrary to simple[PSOL [(CMOPSOluses a vector of objective functions for optimization.
It also differs in the way it updates the position of the particles. For [PSOl the particles’
positions are updated using the following equation:
=gl ol (4.3)

7 7

X

where:

vt =w e (p— i) e (90— ) (4.4)

with:
o w v! representing the inertial component of the particle

e ¢ r1 (pt — at) is its cognitive component where p! represents the personal best
estimation of the solution made by the i-th particle at time t (denoted zt)
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o o 7o (g" — al) represents the social component of the particle, which quantifies how
much the velocity of the particle is influenced by the global estimate g* of the entire
population.

r1 and ry are random numbers uniformly distributed between 0 and 1 and used to add
stochasticity in the algorithm. They ensure that the algorithm is not trapped in a local
minimum. They also promote exploration of the search space. Finally, they scale ¢; and
co, the weights influencing the cognitive and social components, so that the attraction
toward the personal and global best p! and ¢" is not deterministic. In the literature, those
weights are usually fixed to standard values: w = 0.6, ¢; = 1.5, co = 1.5 even though more
thorough investigations into these weights have been conducted.[21]. Indeed, they can be
tuned depending on whether we want to promote exploration (¢; > ¢y) or exploitation
(co > ¢1). High values of w (0.9) tend to favor exploration while low values (0.4) favor
exploitation. A common practice is to reduce the value of this inertial weight w as the
number of iterations of the algorithm increases. This approach ensures stable convergence.

In[CMOPSQ! the update of the particle works the same way except that the population
of particles is divided into two sets: the winners forming the Pareto front and the losers.
When the velocity is updated, the cognitive component of the losers is replaced by the
personal best of the closest winner:

Ok (t+ 1) = ri(k, v (t) + ra(k, 1) (2w k() — 21k(t)) + ora(k, 1) (gr(t) — zx(t))  (4.5)

where: ri(k,t),ro(k, t) and r3(k,t) are uniformly distributed random numbers between
0 and 1, 2 4(t) and z,,4(t) are the loser and winner particles positions at time ¢ after the
kth competition and ¢ is a weight controlling the influence of the global solution g ()
representing the mean position of all the particles in the swarm.

The distinction between winners and losers is determined by the competitive mechanism
depicted in Fig. where a particle P representing a loser from the k& — 1th round must
choose between two elite particles a and b to update its position. Since the angle 6,
between a and P is smaller than 65, the angle between b and P, P selects particle a to
update its position and a is said to have won the £—th round of the competition.

lel

o >

Figure 4.2: Competitive mechanism principle: P the loser from a previous round must
choose between two elite particles a and b to update its current position. As 0 < 6, a is
selected as winner for this round and P updates its position based on a.[I§]
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Figure 4.3: Competitive mechanism Multi-Objective Particle Swarm Optimization

[CMOPSQ algorithm. [I8]

Another addition made compared to is the polynomial mutation operator applied
at the end of each generation and visible on Fig. [£.3] Borrowed from algorithm,
it ensures the promotion of exploration at each generation. As in most multiple objective
algorithms it also prevents the algorithm from being trapped in local minima [33]. This
process is controlled by a mutation rate fixed at 0.5

Fig. [4.3] illustrates the overall workflow of the algorithm. First, it initializes random
initial positions p and velocities v for all the swarm. Then, it performs competition-
based learning using an evaluation function. For our application, this evaluation function
encompasses the stiffness and voltage computation block of Algorithm [T the computation
of the maximal displacement x ., ot and the computation of the total mass of the system
Mot Additionally, this function also evaluates constraint violations.
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Chapter 5

Results

This chapter reports the results of the algorithms described above. First, it assigns
values for the specifications defined in Chapter [3| considering the example of the elbow.
Then, it presents the results of the and algorithms before comparing these
results. This is followed by a discussion about the nature of these results as well as a study
of the force-displacement characteristic (F — ) of the HASEIl Afterwards, a sensitivity
analysis of the parameters and specifications described in Chapter [4] is conducted. Lastly,
the achievable specifications using current [HASET] technology are evaluated through an
example based on the work of Kellaris [16].

5.1 Specifications values of the elbow

Ideally, the bio-inspired system described in Chapter [3[ should be able to replicate the
performance of its biological counterpart. Considering the human elbow joint, the range
of motion for flexion-extension spans from 150° in flexion to —10° in extension, assuming
a reference position where the arm is at rest alongside the body (see Fig. . For this
specific application, a symmetric angular range going from —80° to 80° is considered.

Regarding the stiffness developed at the joint, the literature provides different values
based on the definition of stiffness. In particular, one can distinguish total stiffness
from intrinsic stiffness. The intrinsic stiffness is the one related to the tissues and their
elastic properties. It is inherently passive, as it does not rely on any active control. In
comparison, the total stiffness encompasses the intrinsic stiffness and the stiffness produced
by feedback of the neural system. Given this distinction, and since the system described
in Fig. does not implement any form of feedback, we limit ourselves to an application
corresponding to the intrinsic one.

To find that range, we refer to the literature. Shadmehr et al. provide us with a
global stiffness range going from 6 to 16 Nm/rad [26]. In another paper, Crevecoeur et
al. managed to isolate the intrinsic component of the stiffness for the elbow joint [6].
Considering a lever arm r of 40 mm and a torque 7 of 2 Nm, they found a unique value
of 1.61 Nm/rad. We can observe that the value found by Crevecoeur for the intrinsic
stiffness corresponds to about 10 % of the global stiffness found by Shadmehr. Therefore,
we can extend this observation to consider a hypothetical range for the intrinsic stiffness
spanning from 0.6 to 1.6 Nm/rad. Finally, we define an operating point requiring a torque
7 =2 Nm and corresponding to the relative angular position A8 = 0°. In particular, this
last value was chosen as it lies in the middle of the angular range where, theoretically, the
stiffness is at its maximum.
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In summary, Table gathers the specifications of the application corresponding to a
human elbow:

Specifications
[Rumin, Rmax] [0.6,1.6] [Nm/rad]
T 2 [Nm]
[— Abmax, A max] [-80,80] [°]
A6 0 [
r 40[mm]

Table 5.1: Biological specifications of an elbow flexion-extension movement for a given
operating point (7, Af)

5.2 Objective space and search space boundaries

The results generated by the algorithms described in Chapter [4] are presented below.
To ensure that the results between both methods are comparable, the same objective space
was used for both. Thus, the results are displayed in the same 3D objective space of
the algorithm. As a reminder, this objective space is defined by the height h,
the width w and the mass m of the pouch. Moreover, since the search space is common
(see Section [4.1)), we set the following boundaries (and steps for the algorithm):

Lower boundary | Upper boundary | Step (GS)
L, range [m] 0.02 15 0.02
Q0 range [O] 5 90 5
W range|M] 0.05 8 0.05
t range [N 14 50 2

Table 5.2: Search Space boundaries

For L, 1ange and W range, the lower boundaries correspond to conventional manufac-
turable [HASEL] actuators. The upper boundaries were extended to expand the search
space and ensure convergence as the algorithm struggled to find solutions at lower values.
Regarding the film thickness ¢, the values correspond to commercially available dimensions
of the material used in the fabrication of the pouch. In this case, Biaxially Oriented
Polypropylene (BOPP|) was considered for the plastic film, with a relative permittivity
€, = 2.2 and thicknesses ¢ ranging from 14 to 50 nm.

5.3 Grid Search method

Fig. shows the results obtained from the algorithm. In green are all the feasible
solutions found by the algorithm. The red point represents the optimal solution found
minimizing all three objectives while still respecting the constraints. A first observation
one can make is that the mass of the system increases drastically with respect to h and w.
Further explanation regarding this observation is conducted in Section

Another observation concerns the orders of magnitude shown in this graph. The
solutions for w and h appear to cluster around the upper limits given in Table [5.2, This
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reflects the difficulty the algorithm encounters in finding a solution that satisfies both the
constraints and the specifications.

e solutions
® Pareto front

Figure 5.1: Green: grid Search algorithm results. Red: Pareto point extracted with the
Pareto selection filter described in Chapter @

5.4 CMOPSO method

Figures 5.2 and [5.3] illustrate the results obtained with These results were
obtained by running the algorithm 10 times with different initial velocities v; o and random
initial positions P, for the particles, in order to account for the stochastic nature of
this method. The results cluster around a front. As observed for the algorithm, it
converges towards the upper bounds of the search space, thus encountering the same
difficulties as the [GSl With regard to mass, it yields better results, although the resulting
dimensions remain physically unfeasible. This improvement is due to the optimizing
nature of the algorithm. Moving in a continuous space, the particles are able to reach
optimized positions that a fixed-step grid search could not reach. Furthermore, due to
numerical tolerances, this algorithm is more likely to accept a solution that slightly violate
a constraint threshold (typically by less than 1079).

An examination of Subfigures [5.3al, [5.3b] and [5.3c| allows us to draw further conclusions
regarding the behavior of the algorithm. The algorithm attempts to minimize the mass m
either by adjusting h or by adjusting w, maximizing one to minimize the other. However,
the set of solutions tends to cluster around low values of h and corresponding high values
of w, rather than the reverse, indicating that the algorithm exhibits a higher sensitivity
to height variation than to width reduction. This will be explained in detail later in the
text, but it highlights the importance of the scaling parameters L, and ay.
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Figure 5.3: CMOPSO Pareto Front 2D projection

Figure illustrates the statistical distribution of the search variables for 10 runs.
It can be seen that the mean and the median are very close to each other, which is the
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typical signature of a normal distribution. This indicates the absence of outliers which is a
good sign of stability of the algorithm as the results are not influenced by its stochasticity.
Furthermore, the algorithm exhibits a narrow distribution regarding the values of ¢ and
ap. These are concentrated around a single value of 14 pm for the thickness ¢t and 14 °
for the initial opening angle of the pouch. L, and w exhibit a larger standard deviation,
indicating greater volatility in their behavior.

L, [cm] ap [deg]
200 ° Mea_n
e Median 15.0
3954 T std Dev
3904 14.5
3851 14.01
380
13.5
375
3701 == 13.04 ==
w [cm] t [um]
14.002 1
770
14.0011
7651
14.000
7601 14.000 -
755 13.9991
7504 — 13.9991 N

Figure 5.4: Statistical distribution of the optimization variables: L,,aq,w,t. The black
bar represents the standard deviation , the red point is the mean and the blue one is the
median of the results for 10 runs (enhanced with the help of AI)

5.5 Comparison and interpretation

The first metric used to compare these algorithms is the computation time. The
algorithm takes 135.74 seconds to run while the algorithm only takes 1.96
seconds making it 68 times faster than grid search. This difference can be explained by
the fact that the run time of the grid search depends heavily on the magnitude of the
steps used. Larger steps allow for a gain in computational speed as there are less solutions
that need to be evaluated. However, this might result in a coarse search for which few to
no solution could be found. Conversely, small steps ensure that all possible solutions to
the problem are found at the expense of running time. Table [5.2] shows a trade off for
each step value corresponding to existing [HASET] dimensions for L,,w and ¢. To each
value of g corresponds a volume of oil filling the pouch. Therefore, the step value of oy
was experimentally fixed to 5° to ensure covering a wide range of pouch filling.

Both algorithms produce results that are not feasible in practice. In particular, the
mass appears to increase significantly with the dimensions A and w. Notably, Fig.
shows a quadratic relationship between the mass and the height of the pouch, whereas
Eq. establishes a linear relationship between m and h. However, using Eq. the
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cross section of the pouch can be rewritten to highlight h using Eq. 2.4

e ELPQ <a0 — sin(ap) cos(ao)> 1 ( h g )2 <a0 — sin(ayp) cos(a0)> 51)

2 ad 2 \ sin(ayp) %

providing insight into how the total mass of the actuator is heavily dependent on the
geometry and specifically h. Moreover, by substituting numerical values into Eq. we
can observe that myplastic < moi highlighting the fact that the main component of the
total mass is the oil volume :

Mplastic = 2twh Pp = 0935[kg]
Mot = A w p, = 8714.22[kg]

5.2
Mot = Mplastic + Mol = 871515[kg] ( )

where we used the data of the Pareto point (in red in Fig. |5.1)).

The nature and magnitude of these results can be explained by the over-constrained
nature of the problem. Specifying as the plastic film material and limiting the
voltage range to 8 kV reduces the impact of the Maxwell stress tensor term in Eq2.13]
resulting in forces of lower magnitude and a less steep slope, corresponding to a lower
stiffness range. To compensate for this effect, both algorithms favor unrealistic geometric
dimensions in order to satisfy the conditions on voltage and stiffness. Indeed, as described
by Eq. 2.13] the force of the system increases linearly with w and is inversely proportional
to the thickness t. Consequently, the algorithms tend to favor small values of ¢ and large
values of w. Regarding h, or equivalently the arc length of the pouch L,, it scales linearly
with the contraction x. In the specifications, the rotation limit A#,., was set to 80°. This
gives us a maximum rotational contraction .y rot €qual to 2 7 Ab., = 0.055m. Using
Eq. this translates to a free stroke s = 0.111 m which is ten times greater than
what a standard [HASETI] is capable of producing.

The following section proposes a more detailed analysis of the force-length curve and
how it varies as a function of the parameters L,, ag, w, t and the Maxwell stress tensor
ereoV2.

More specifically, by investigating how these variations influence the slope of the
characteristic curve we will be able to get a clearer understanding of how they affect the
stiffness range we are able to achieve as the slope represents the linear stiffness of the
muscle. As stated in Eq. this stiffness is related to the angular stiffness through the
square of the radius r.

The choice of a relative permittivity €, and its associated breakdown voltage will also
be discussed. The aim of these analyses is to observe how the parameters L,, o, w ,
t and e, affect the specifications and to explain why the specifications of Table are
unattainable with current [HASET] technology.

5.6 Sensitivity analysis

5.6.1 F — z characteristic

Several F-x characteristic curves are shown in Fig. [5.5] The graph in the upper left
corner shows the reference characteristic in blue, which is kept constant across the four
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sub-graphs. The other plots vary a specific parameter while keeping the others at their
reference values. More specifically, several characteristics were examined by arbitrarily
varying the voltage V', the width w and the thickness ¢ of the pouch, while maintaining
the orders of magnitude determined by the two algorithms.

Equation has already shown how the force varies as a function of these different
parameters. However, the graphs also illustrate how the stiffness varies with these
parameters. In general, the slope of the characteristic becomes steeper as the parameters
increase, with the exception of the sub-graph representing the different pouch thicknesses
t, for which the opposite effect is observed. This translates to an increase in the linear
stiffness of the muscle and thus of the angular stiffness R of the joint.

\— v=7kv, w=8 m, t=22 um — V=7 kV
—_ — V=4 kV
z 400 4 z 400 4 V=2 KV
[} 0] — V=1kV
bt e
© 200+ S 200
(1S [
0- 0 ..¥\ o
00 02 04 06 08 00 02 04 06 08
displacement x [m] displacement x [m]
— w=8m 800 1 — t=22 uym
— w=6m — t=20 pm
= 4007 — w=3m | Z 600 —— t=16 ym
O] — w=1lm Q — t=14 um
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Figure 5.5: F' — x characteristic study for multiple values of w , t and V' with L, =
dm,og = 30 °
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Figure 5.6: ' — x characteristic study for multiple values of L, and oy with w = 7m,
t =14pm, V = 1kV

Figure illustrates different characteristics force-displacement (F' — x) for different
values of L, and oy. The impact of L, on the characteristic curve is a linear scaling of
the displacement x, which causes the curve to flatten and translates to an overall lower
actuator stiffness. This observation can also be seen from a mathematical point of view.

Taking Eq. and making L, explicit , we obtain:

sinfon) |, o (1 ) sm<a>> J (ao — sin(ay) Cos<ao>)] (53)

ap Qg a a — sin(«) cos(a)

z(a) = Ly

where the linear relationship between x and L, is clearly emphasized.

Regarding «q, it has an impact on both the force and displacement. Indeed, oy
regulates the initial force Fj of the actuator. Observing the right graphs of Fig. the
results clearly indicate that as ap increases, the force Fy obtained for x(a = ag) = 0
decreases leading to a global lower characteristic. Regarding its effect on the stroke z it
appears that a maximal free stroke of max is associated with a certain value of . This
can be confirmed by plotting this maximal free stroke for several values of aq as it is done
in Fig. [5.7. The stroke seems to reach a peak value for oy = 35°. This observation is
similar to what Kellaris et al. observed in their work [I6] for the electrodes ratio f. i. e.
the surface of the pouch covered with electrodes on the total surface of the pouch. In
particular, using the equation linking g to f. we can deduce:

L. 7 (o —sin(ag) cos(ap)
c=—=1—,|= =0.22 5.4
/ L, \J 2 < a? (54)
which corresponds to the value obtained by Kellaris. The arc length L. ensuring the
maximum stroke ¢ ymax corresponds therefore to 20 % of the total arc length L, of the
pouch. This last result is only valid assuming optimum filling as Eq. was derived
based on this hypothesis.
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Figure 5.7: Maximal free stroke evolution as a function of ay

This can also be interpreted from a physical point of view. As «q increases, the pouch
is more filled and approaches the optimum filling state where oy = 7. Therefore, it limits
the stroke x as the range that o can take is reduced. Similarly, for low values of ag, the
actuator is not able to contract as the blocking force Fj is insufficient to zip the electrodes
together.

5.6.2 Relative permittivity

Another key factor influencing our results is the selected material. So far, we have
assumed that we are working with [BOPPl As previously stated, this material has a
relative permittivity €, = 2.2 and a breakdown voltage of 8 kV for a thickness of 14 pm.
It also restricts the thickness range to ¢ € [14, 50]pm. This material was chosen because
it is the standard sealing material used in practice. It has relatively good mechanical
properties, is durable and possesses exceptional electrical properties. Furthermore, it is
easy to manufacture while remaining affordable [25]. Tts main drawback lies in its low
relative permittivity.

Other materials specialized for high-voltage applications have been developed, such
as Polyvinylidene Fluoride PVDEF], which has a relative permittivity of ¢, = 50 and a
breakdown voltage of 6 kV at a thickness of 10 pm[I0} 25]. With a relative permittivity
twenty times greater than that of BOPP| this material allows for the application of much
greater forces. The disadvantage of this material is that it has poor mechanical properties,
which makes the actuator more fragile and more prone to breaking. Furthermore, its
fabrication is more complex than that of

Theoretically, increasing ¢, and reducing t results in greater blocking forces. This
could allow the system to meet the stiffness and torque requirements without driving the
algorithm toward disproportionate geometric dimensions and excessive masses. However,
Fig. [5.8 and the 2D projections in Fig. present the results we obtained using a
[PVDH plastic film (by modifying the lower thickness limit to 10 pm and the maximum
voltage to 6 kV while keeping the other specifications, variables and constraints constant).
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Although the mass, height, and width are significantly reduced, the overall results remain
unfeasible, leading us to conclude that the specifications we hoped to achieve by using
[HASETL muscles in an antagonist configuration are overly restrictive. The following section
proposes a reverse-engineering approach to review these specifications and identify more
reasonable ones, taking into account the standard dimensions of [TASEIL] muscles.
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Figure 5.8: [CMOPSO] Pareto front using [PVDF] with €, = 50
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5.7 Specifications for existing [HASEL actuators

Based on the insights gained regarding parameters influence on the F'—z characteristic,
a reverse engineering approach is applied to identify specifications that currently existing
[HASELI technology is able to satisfy. To do so, we consider the following parameters
extracted from the annex files in [16]:

L, mm] | w [mm] | ¢ [pm] | liquid fill [ml]] | €, [-]
20 90 18 3.1 2.2

Table 5.3: Peano{HASET] actuator properties|[16]

The liquid fill of the pouch was computed assuming optimum filling, i.e. assuming that
the bottom half of the actuator forms a perfect cylinder under full actuation. Knowing
the oil volume and the width of the actuator, the cross-section A can be computed to
finally deduce the initial opening angle o of the pouch using a non-linear solver. The
corresponding value is 46.5°. Using this data, we can calculate the blocking force and free
stroke of this muscle, assuming an operating voltage of 8 kV:

F, = 41]N]

zy = 3[mm] (5:5)

This allows us to calculate the maximum angular amplitude we can cover for the same
radius as the one found by Crevecoeur using equation [3.10;

Ly
L >A .
5y = Ormax (5.6)

This corresponds to an angular range of [-4,4]°, which is 20 times smaller than the range
we wanted to cover. Regarding the stiffness range, we can reverse the reasoning presented
earlier in Chapter 3| to find the angular stiffness corresponding to the characteristic defined
by the geometry of Table [5.4l The resulting stiffness range spans from 4 to 21 Nm/rad,
which is roughly 10 times higher than the target specifications. However, special attention
should be paid to the physical meaning of this value. Although muscle models typically
exhibit positive stiffness to ensure joint stability,as seen previously, the slope of the F' — x
curve is negative yielding a negative linear and angular stiffness. This leads to an unstable
system behavior. The range described above is therefore considered in absolute terms. To
this range corresponds a torque 7 equal to 0.16 Nm which is again lower than the inital
target torque of 2 Nm specified by Crevecoeur.

Similar to Table [5.1] we can therefore compile the following table summarizing the
specifications for the muscle described above:

Specifications
[Rmina Rmax] [4721] [Nm/rad]
T 0.16 [Nm)]
[Aeminv AQmax] [_4’4] [o]
A 0 [
r 40[mm)]

Table 5.4: Specifications obtained for existing [HASEL] technology given an operating
point (7, Af)
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Chapter 6

Discussion and possible
improvements

This final chapter provides a discussion on the algorithms implemented as well as on
current [HASET] technology and its limitations. Next, the boundaries and assumptions of
the analytical model used to derive the algorithms are addressed. Finally, a conclusion
summarizes the key elements developed in this master thesis.

6.1 Methods Implemented

Regarding the grid search method, several improvements can be made to enhance
both the computational speed and the results obtained. First, the method implemented
is using four constant steps related to the four geometrical variables (L,, ap, w,t). This
forces the algorithm to sweep across the entire search space at a constant rate. To improve
this rate, we could use variable steps performing in a first place a coarse space search
and then making a second sweep refining the steps in the areas of the space showing the
majority of solutions. This would ensure a faster computational rate while maintaining
the exhaustiveness of the algorithm. Another improvement that can be done is the
optimization of the data structure. The algorithm is using a CSV file structure to store
the different results. This requires writing solutions in a CSV file whenever they meet
the constraints discussed previously. This operation of opening and writing in a csv files
for each solution costs a lot of computation time. Using alternate data structure such as
dictionary in which we would temporary store the solution before writing them once the
search is over would be more efficient.

For the heuristic algorithm we presented the [CMOPSOL While requiring careful tuning
on hyper-parameters like the mutation rate or the weights linked to the position update,
this algorithm ensures convergence toward a Pareto Front (or at least local optima). The
drawback of this algorithm is the competition mechanism described in Chapter [l As
mentioned before, this mechanism divides the population in two sides the winners and
the losers. While the losers update their positions based on the winners positions, the
winners themselves remain stationary during that iteration decelerating the exploration of
the search space and the overall algorithm. Moreover, depending on the tuning of the
hyper-parameters, the losers might converge too rapidly towards the winners jumping over
local or global optima. Hyperparameters tuning require thus an extra care in order to
avoid non desired behaviors. More traditional algorithms like could have been
used even though they are slower than [CMOPSOL
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6.2 [HASEL limitations and future improvements

As described in Chapter [ the [HASET] technology suffers from several limitations
such as high voltage requirements and moderate strains achievable. Kellaris et al. were
able to obtain a contraction x equal to 15 % of the total length of the actuator [16].
The decreasing shape of the force displacement (F' — x) characteristic heavily limits the
performance of the actuators.

This performance can be enhanced using series and parallel configurations presented
in Section [2.4] In particular, the series configuration reduces the total mass my, of the
actuator while the parallel configuration scales up the output force F'. However, both
configurations require design trade-offs as the number of pouches increases rapidly.

Additionally, the manufacturing processes were not discussed but need to be taken
into account as they could introduce parasitic effects such as air bubbles in the pouch.
Moreover, the availability of the materials used for the fabrication of [HASELK makes
them more suited for industrial production rather than specific uses. The latter shows
that even if it is possible to meet the target specifications, it may be difficult to find the
adequate materials or film thickness ¢ for example.

To compensate for limitations, Kazemipour et al. proposed adding electro-
static clutches in series with the [HASET] actuators [14]. These clutches were used for the
extension of the muscle while the contraction was handled with [HASEIs. They showed
good performance capable of achieving an angular range of 150°. Moreover, since the
clutches do not require a significant voltage to be actuated ( ~ 100 V) they can use the

same power supply as the [HASELE.

6.3 Limitations of the analytical model

As mentioned before, all results produced were based on the analytical model developed
by Kellaris and his team [16]. This model is based on several hypotheses presented in
Chapter [2] and recalled below:

1. The dielectric film is inextensible and its bending is neglected
2. The mechanical energy stored in the actuator is neglected

3. The only electrical energy contributing to the total free energy of the system is the
one coming from the electrodes zipping

4. Optimum filling allowing for the maximal strain and deformation of the pouch to

ay =3

Therefore, it does not account for all the physical effects that can affect the performance
of actuator. For example, depending on the load and material used, the force
that the actuator is sustaining could deform the shell plastically. Other effects such as
the non-uniform zipping of the pouch or parasitic air bubbles coming from manufacturing
processes were also neglected. In particular, these air bubbles influence the permittivity
inside the shell and can lead to the formation of electric arc. Moreover, air being more
compressible than oil, they diminish the hydraulic pressure within the shell. Additionally,
this model ignores the wear of the electrodes and material fatigue that can have negative
effects on the performances over long term use.
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By neglecting the internal mechanical energy of the actuator, the balance of the total
free energy U, slightly overestimates the force F' produced by the actuator.

The Optimum-filling hypothesis states that the pouch is fully deformed with a free
angle ay = 7 when the electrodes are fully zipped. However, as seen before, in practice
deviations from this ideal configuration lead to sub-optimal behavior. For instance, if the
pouch reaches the fully-deformed state when the electrodes are not yet entirely zipped,
this impacts the total stroke = achievable as the angle o cannot reach its maximum value.

6.4 Conclusion

This master’s thesis addressed the dimensioning of [HASELE pouches for an antagonistic
application. Following a literature review of soft actuator technologies with particular
emphasis on [HASELE artificial muscles, their distinct geometries, operating principles
and the analytical model developed by Kellaris et al. for PeanodHASEI] actuators
were examined in detail. Then, the antagonistic configuration was formally defined,
highlighting its divergence from biological inspiration and establishing its constraints
and its specifications. Following that, two algorithms were implemented: a Grid Search
algorithm, providing discrete and exhaustive coverage of the solution space, and a
Competitive Multi-Objective Particle Swarm Optimization algorithm offering
a continuous heuristic approach optimizing the objective vector F'.

Next, examination of the results revealed that over-restrictive constraints significantly
limited the number of viable solutions. An analysis of the F'— x characteristic highlighted
how the geometry of the pouch and its material influence the specifications. Conveniently,
the existence of a trade-off between operating voltages and geometric dimensions was
established.

Afterwards, several ways to improve the results were proposed. These included the
consideration of alternative materials, such as [PVYDE], for the fabrication of the shell
enabling higher closing force and dielectric breakdown voltage. Furthermore, specifications
for existing [TASEI] technology were formulated. Finally, a discussion regarding the work
conducted, its limitations and some areas for improvement concluded this master thesis.
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