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Fact sheet

A mm-scale liquid-enabled robotic exoskeleton

Liquid has paramount importance in every living organism, sometimes with interest-
ing multi-functionality, e.g. in spiders. This work aims to understand the benefits
and critical factors of liquid enabled exoskeletons with internal muscles in mm-scale for
possible robotics implementation. For this, electrochemically active tube-shaped linear
polypyrrole (PPy) actuator was combined with an inactive variable stiffness two photon
polymerised (2PP) IP-Q photoresist exoskeleton immersed in propylene carbonate (PC).
Model-based design of continuous exoskeletons with the characterised parameters resulted
in two configurations based on the movement direction of the pulling force of the PPy
artificial muscle - to-bend and to-straighten. The passive exoskeleton and active muscle
configuration in the to-bend version resulted in a maximum of 15° and 5° angle. Future

perspective of vascular soft robotics with robotic blood can be foreseen.

Keywords: soft robotics, bioinpired, exoskeleton, actuator, polypyrrole, conductive

polymer actuator, movement analysis

CERCS code: T150 - material technology; T390 - polymer technology, biopolymers

Millimeetriskaalas vedelikvoimaldatud robootiline

eksoskelett

Igas elusorganismis on tahtis roll vedelikul ning see voib olla multifunktsionaalne nagu nt
amblikes. T606s iseloomustati &mblikutest inspireeritud pidevat eksoskeletti, mille t66d
voimaldab multifunktsionaalne vedelik. Selleks iseloomustati esiteks elektrokeemiliselt
stinteesitud torukujulise poliiptirrooli (PPy) taiturmehhanismi ja propiileenkarbonaadiga
(PC) immutatud kahe footon poliimerisatsiooniga (2PP) poliimeriseeritud fotoresisti IP-

Q elastsusomadusi. Iseloomustatud parameetritega pidevate eksoskelettide simuleerimise
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abil saadi PPy kunstlihase tombejou liikumissuunal pohinevad konfiguratsioonid - painu-
tus ning sirutus. Mitteaktiivse eksoskeleti ja aktiivse lihase konfiguratsiooni korral painu-
tusega versioonis saavutati maksimaalne ja tiilipiline paindenurk vastavalt 15 ja 5 kraadi.
Tulevikuperspektiiviks on voimalik ette ndha rakendusi néiteks robotverega vaskulaarses

pehmerobootikas.

Marksonad: pehmerobootika, bioinspiratsioon, eksoskelett, taitur, poliipiirrool, juh-

tivpoliimeertaitur, liikumisanaliiiis

CERCS kood: T150 - materjalitehnoloogia; T390 - poliimeeride tehnoloogia, biopolii-

meerid
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Introduction

After several billions of years, Nature has experience developing organisms, materials and
mechanisms with impressive efficiency. Making use of this, bioinspiration is an approach
where biological systems are used as a source of inspiration for various technical solutions.
For example, bullet trains inspired by kingfishers, hydrophobic surfaces inspired by the
lotus leaf or Velcro inspired by burdock burrs are just some examples of Nature’s design

put into technical use.

When finding a suitable biological model, the high functionality in the researched appli-
cation is paramount. In a broader view, there would not be life without water. More
specifically, liquid enables life as often water is the primary solvent in a solution with
inorganic (salts, minerals etc.) and organic (proteins, enzymes, etc.) parts. Liquid can
be used as a living habitat (oceans, lakes), nutrient transportation medium (blood) or
even as a tool (hunting archerfish). To be inspired by the (multi)functionality of liquid

in life can be a winning method.

One of the many multi-functional uses of liquid can be found in small organisms with
continuous exoskeletons, such as spiders. The delicate limbs are enabled by liquid with
hydration dependent stiffness of the exoskeleton and haemolymph (the spider equivalent

of blood) used for nutrient transportation and critical joint extension.

This work aims to understand the benefits and critical factors of mm-scale functional lig-
uid enabled actuation of compliant continuous exoskeletons with internal artificial mus-
cles. For this, based on the spider as a model organism, two photon polymerised (2PP)
continuous structures are immersed in a functional electrolyte to increase compliance and
actuated with ionic electroactive polymer polypyrrole. Simulations are used to determine
the effective elastic modulus of the immersed structures and aid the joint’s design. The

performance of the joint is analysed.

The reader can find the literature review about bioinspiration, exoskeletons and technolo-
gies for milli-scale robotics in the first chapter. Next is the aim and approach of this work

with the concept. In the third chapter, the workflow, fabrication and characterisation
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methods for electrochemical synthesis, 2PP and simulations are described. The fourth

and final chapter is devoted to the results and discussion of this work.

This thesis is a part of an international collaboration with the Italian Institute of Technol-
ogy (IIT) Bioinspired Soft Robotics Center led by Barbara Mazzolai, PhD and Intelligent
Materials and Systems (IMS) laboratory in the University of Tartu. The author worked
closely with Edoardo Sinibaldi, PhD and Isabella Fiorello.



1 Literature overview

1.1 Inspiration

1.1.1 Bioinspiration from Liquid Enabled Life

Life has evolved on Earth for billions of years, and that process has optimised the func-
tionality of all living beings. Thus, it is an excellent source of inspiration for scientists
and artists for practical application. By studying biological models, it is possible to gain
insight into more effective designs and functions. One success story is the invention of
a common mechanical attachment strip, Velcro, by a Swiss engineer George de Mestral
[1, 2] who found the inspiration from burdock burrs on a regular walk with his dog. He
not only found and studied the biological mechanism but adapted it to perform superbly
with known and yet unknown technological methods. This allowed the invention to be

produced en masse and in a cost-effective manner with widespread applications to follow.

The key part in bioinspiration is defining and abstracting the solutions in contrast to
biomimicry which is the copying of the exact materials and morphologies in Nature [1].
It is not always necessary, reasonable or possible to copy naturally occurring materials
or structures. As with the Velcro example - the exact materials were not copied, and by
implementing state-of-the-art technologies, a solution with high functionality was born.
The general process of bioinspired design with the example of robotics is described in
figure 1.1. What is important to notice is the circular workflow of the process - inspiration

to abstraction to implementation and back again to inspiration.



1. Literature overview 4

Translational

~ Review of creativity
biological systems Applications
in robotics
Interdisciplinary \NSPIRG
curiosity Openness for
Desi unconventional
esign designs
validation
Bioinspired
. Experimental
System |2 RobotDesign B onaves
optimization Ty} (94} Y
S @
_ VY Sy Biomimetic
Prototyping )0' .Sb exploration
and fabrication lp »)
/4 % -
Modelling
Material and simulation
selection  Product Principle
design definition
frameworks

FiGURE 1.1: The bioinspired robot design process that could be applied to other ap-
plications as well [1]

Most living organisms are enabled by liquid - may it be the ocean as a living habitat,
blood as oxygen, carbon dioxide and nutrient transportation medium, or water as a
means to hunt prey by archerfish [3]. Such ample use of liquid in life gives plenty of
reason to be inspired by its multi-functionality. Liquid can enable actuation in many
ways - one interesting being the spiders’ dual-actuated joints with hydraulic pressure
used for extension [4] as well as for the hydration of the exoskeleton [5] and nutrient

transportation.

1.1.2 Case Study - Spiders

Spiders are versatile arthropods with interesting abilities. In addition to their unique
capability of weaving complex webs with various shapes, sizes and functions, their loco-
motion and movement mechanism has been an inspiration for various technical appliances

for close to 50 years [6]. This interest has resulted in plenty of information sources like



1. Literature overview 5

books and articles ([4, 6-9] to name a few), making the spider a relatively easy subject

to study as a biological model for robotic application.

The spider leg has seven leg joints [4] which control the positioning of the leg (see fig
1.2). Mobility is determined by the musculature as well as the type of joint. Ball joints
with multiple degrees of freedom are found near the trunk, with most of the many mus-
cles required to operate the joints located in the body instead of the limbs themselves.
Hinge joints are found in the middle portion of the leg as they do not need muscles for
stabilisation perpendicular to the main movement plane. Most distal joints are often ac-
tuated with long tendons. [10] The musculature does not vary greatly between different
species of spiders - there tends to be around 30 different leg muscles in a single spider leg.
What can vary is the muscle development stage, which is explained by the various habits
the spiders have - spiders who need to keep down struggling pray have more developed

muscles than those who wrap it in a web.

125°

Tarsus Metatarsus Tibia Patella Femur Troc;;nter Sg?xa

70°

F1GURE 1.2: Spider leg links and movement range as measured on a live wandering
spider Cupiennius [4].

Most spider joints [4] use either conventional antagonistic actuation with muscles or are
tendon-driven. Interestingly, the two most important joints - tibia-metatarsus and femur-
patella - are with a dual-actuation mechanism. Instead of using antagonistic muscles for
extension and flexion, only flexion muscles exist in these joints. Extension is achieved
with hydraulic pressure created in the prosoma of the spider with muscle contraction.
Haemolymph - spider’s equivalent of blood - is used as the pressure medium, and it flows

through the gaps in the muscles called lacunae (see fig 1.3).
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section: A-A

FIGURE 1.3: Spider leg musculature positioning coloured from [9]. Purple - muscle,
green - lacunae.

The muscles are attached to a hard external skeleton called the exoskeleton, which pro-
tects and supports the soft inner organs and musculature as well as plays an important
role in sensing. An exoskeleton is made of cuticle in which various layers with different
properties can be distinguished, although the basic components are the same - chitin
and various proteins. As seen from figure 1.4 the exoskeleton is thin and soft in the
so-called articular membrane (see fig 1.5) to allow for movement of the joints.[4] The
articular membrane has not been researched in depth [6]; however, it has been described
bellows-like [9, 10] with possible sliding of the folds into each other [6].
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FIGURE 1.4: Cupiennius salei cuticle composi- FIGURE 1.5: Articular mem-
tion at different body locations after a widely brane in the spider leg joint
used connective tissue visualisation technique is a thin section of the ex-
Mallory’s stain [8]. The composition varies oskeleton that allows for the
greatly dependent on the function of the body movement of the leg with the
part. Note the thickness and almost singular bellows-like shape. Image
composition of the articular membrane. from [11].

What is interesting, it has been experimentally proven that the degree of hydration of the
insect exoskeleton protein matrix influences the mechanical properties (stiffness, hardness,
toughness and strength)[5] of the exoskeleton to be more flexible when hydrated [12].
The elastic modulus of insect cuticle can cover more than eight orders of magnitude due
to variations in cross-linking between the proteins of the matrix, quantity and spatial

orientation of crystalline chitin fibres in the matrix, as well as hydration levels [12].

1.1.3 Spider as a model organism for robotics

The spider leg has been an inspiration for robotic applications for 50 years [6] with both
the hydraulic actuation mechanism and/or soft bellows-like articular membrane being the
main inspiration [6, 11, 13-15]. A thorough overview was written by Landkammer et al

in 2016 [9] which lists the main works on this topic.

More recent developments in this field have visited the concept of combining an inactive
structural part with an active actuating part, for example Han et al with light activated
nodes intermittent with poly(methyl methacrylate) inactive links [16] and Ma et al with

pH active muscles embedded on an inactive skeleton [17].
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One recent addition by Gottler et al in 2021 [6] proves the relevance of the topic as
well as the direction of moving closer to the bioinspired design of the joint, not just
the functionality as previous work had used the concept of soft bellows. This work
is significant due to the fact that it thoroughly focused on characterising the articular
membrane, identifying the key aspects such as reinforcing hoops and applying them to
the 3D design of hydraulic actuation with improved results over classical bellows with

fused deposition modelling 3D printed joints.

The effort to combine electric control with fluids in spider-inspired artificial joints can be
seen from the recent work by Kellaris in 2021 et al [18]. The electrohydraulic actuators
combined the use of electrostatic forces to locally pressurise a hydraulic liquid which
resulted in flexion of a segmented structure. The actuation requires high voltage (up to

9 kV), but succeeds in combining the relatively different actuation modes.

Interestingly, one of the first works on spider-inspired joints by Schworer et al [13] was
one of the few in similar size scale as spiders with joint size around 1 mm in length.
Later works (e.g. the ones described by Landkammer et al in 2016 [9]) are larger in scale,

mainly from a few to tens of centimetres.

As can be derived, previous work has focused on the dual-actuation of the joint by using
the hydraulic mechanism as an inspiration source and/or the compliant bellows to design
joints. The incorporation of liquid to change the joint outer shell (exoskeleton) material’s
elastic properties as hydration levels change the behaviour of arthropod exoskeleton’s
elastic properties as well as enabling the function of the actuator has not been deeply

explored to the author’s knowledge.

1.1.4 Artificial Exoskeletons

The spider-inspired joint shells with a continuous structure for liquid or gas containment
(for hydraulic of pneumatic actuation) mentioned in the previous chapter have not been
usually considered as exoskeletons. It seems that the term "exoskeleton" is mostly used
in (human) wearable assisting devices. Artificial exoskeletons of a sort have existed since
the beginning of combat - from wearing animal skins to medieval metallic armours to
lightweight, modern flexible protective wear [19]. Since at least the early 2000 focused
development of exoskeletons in rehabilitation (e.g. neuromuscular impairments [20]) or

performance improvement [21| for example occupational tasks [22] has been ongoing.
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As for other use cases, such as walking or gripping robots, there have been other solutions.
For example, Jiang et al [23| developed a new design and fabrication process inspired by
insect exoskeletons targeting the sturdiness and flexibility of natural exoskeleton. Their
solution, however, was not continuous and resulted in an open structure. Furthermore,
work has been done on biohybrid systems to combine muscle tissue with artificial scaffolds

in order to replace artificial muscle that cannot compare to native muscles [24].

In this work, the term "exoskeleton" is used in a soft robotic setting to describe an integral

part of the actuating joint which protects and encases the liquid and actuator inside.

1.2 Technologies for Milli-scale Robotics

To achieve milli-scale structures, conventional formative and subtractive technologies are
used, such as milling, lithography. However, for higher complexity, these technologies may
not be sufficient due to low resolution, high cost or technical unfeasibility. To counter

this, 3D fabrication can be of use.

1.2.1 3D Microfabrication

The use of additive manufacturing (also known as 3D printing or rapid prototyping) is
gaining importance nowadays. The freedom of creating shapes in a computer-aided de-
sign (CAD) software and manufacturing the objects in an automatised successive layer-
by-layer material deposition makes this a unique method to realise one’s imagination.
In addition, a wide range of materials is being developed for 3D printing, such as poly-
mers, metals, glasses, composites and active materials.[25] One interesting possibility in
biomimicry and bioinspiration is the potential to 3D scan the model organism or structure

and subsequently (with possible editions) create an artificial replica.|26]

3D printing is especially attractive for microrobotics due to the possibility of anticipated
robot printing to order similar to printed circuit boards. In a recently published review
[25], one of the most important technologies for microscale robotics is considered to be

laser-based 3D printing (especially direct laser writing DLW).
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Direct Laser Writing

In DLW [27-29] the femtosecond (fs) laser is used to photopolymerise a photopolymeris-
able resin with high precision by using the two photon polymerisation (2PP or TPP)
technique which is based on the two photon absorption (TPA) principle. This method
requires neither masking nor iterative processes. TPA is an optical non-linearity in which
the photo-excitation of a single atom/molecule is caused by multiple photons. This re-
quires high photon density, which induces the simultaneous or sequential absorption of
the photons by an electron, resulting in an excited state of the atom/molecule. With a
high numerical aperture, it is possible to focus the laser beam so that the TPA induced
photopolymerisation is realised in a very small volume where the laser intensity is higher
than the TPA threshold (so-called voxel, the 3D analogue of the 2D pixel, see figure 1.6).
This is why it is possible to achieve voxel sizes below the used laser’s wavelength to sizes
below 100 nm. High laser pulse rates reduce the probability of autopolymerisation in-
duced by thermal effects as the photon energy is released faster than the electrons could

pass on.

Focused laser beam

N

hd

FIGURE 1.6: Working principle of 2PP. a) Focused laser beam will polymerise a pho-

tosensitive polymer only where the laser intensity is higher than TPA threshold by

user-determined structure. b) Voxel is the photopolymerised area in which the laser

intensity is highest. Voxel size is used to describe the resolution of the 3D structure.
[28]

The photosensitive materials used for 2PP consist of photoinitiators, monomers/oligomers,

crosslinkers, photosensitisers, quenchers and solvents for dilution. The range of available
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photoresists is wide and continuously expanding as interest in this field is increasing. Vari-
ous functional photoresists are being developed for various applications such as biomedical
engineering, MEMS and actuators. One option for actuation would be to print intrin-
sically functional resists (e.g. butylmethacrylate and propoxylated trimethylolpropane
triacrylate used by Tian et al for a micromachine actuated by solvent induced swelling
[30]) but rational design and tailored operating conditions with commercial resists can

also be utilised for a good performance [29].

2PP has been used extensively for microrobotics [17, 31-36]. One perspective field of ap-
plication for these microrobots has been considered to be biomedical, namely minimally
invasive surgery, drug delivery, biopsy and diagnosis [32]. Various driving methods have
been studied and exploited, e.g. magnetic force, optical tweezer, acoustic wave, electro-
static force, hydraulic force and stimuli-responsive materials [31]. Creating soft structures
with 2PP is can be realised by printing moulds for casting or printing intrinsically soft

materials [29)].

1.2.2  Artificial Muscles

All moving systems need something to induce the movement - an actuator. Conventional
solutions include robust hydraulic or pneumatic systems, electric or fuel engines et cetera,
but with increased automation and need for safe human-robot interaction, soft robotics,
and compliant actuators [37] have gained importance. The field of compliant actuators
is wide, and several review articles have focused on the materials and technologies used
in soft robotics, [37-40] to name a few, as are focused reviews of actuators for small-scale

use (nanometre to centimetre [41]).

One class of materials also used in small scale robotics is ionic electroactive polymers
(iEAP) [41] and of , conductive polymers (CPs) represent a class of materials with shape
change induced by electric charge due to the mobility and diffusion of ions [41, 42|.
The doping of conjugated polymers by adding or detaching electrons to the polymer
backbone increases their conductivity [41] and enables actuation via oxidising or reducing
the polymer chains, which results in volume change. CPs have low driving voltages up
to 3 V, are typically lightweight, flexible, have negligible self-discharge and are feasible
to manufacture in the micro-and nanoscale [41]. The actuation process, however, is

dependent on the mobility of the ions and thus by material thickness, and requires an ion
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source (e.g. electrolyte solution environment) [43| (see fig 1.7 for actuation reference).
Some of the most used CPs include poly(3,4-ethylenedioxythiophene) (PEDOT) [44],
polyaniline (PANI) and polypyrrole (PPy) [41].
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FIGURE 1.7: CV actuation of bending actuators. Anion active CP volume decreases
with applied negative potential (a), cation active CP volume increases with applied
positive potential (b). Adjusted from [44]

A single piece of CP can act as an actuator as the volume change is the intrinsic material
property. To increase the performance (strain, angular change etc) of the actuator, various
configurations can be used for different motions, e.g. bulk, linear, bending or out of plane
[42]. For linear movement, freestanding films, strips, fibres [42] and tubes [45] can be
used. The hollow fibres of PPy(DBS) have shown to achieve larger strain and faster
actuation compared to thin film, possibly due to the fact that expansion in the radial

direction is converted to the axial direction [42, 45].

PPy is common as a CP actuator due to its low monomer price, stability in oxidised
form, high conductivity, and biocompatibility [46]. The preferred synthesis method for
high conductivity and actuator application is electrochemical polymerisation as the elec-
tric control gives more control over the synthesis product, yield is close to 100% and the
deposition of the PPy is on the electrode surface [46]. Synthesis parameters (e.g. temper-
ature, species concentrations, electrolyte, solvent, current/voltage value and application
method, additives such as plasticisers, electrodes etc) can be varied to achieve desired
PPy properties [47]. Naturally, all the synthesis cell materials must be corrosion resistant

in the chosen voltage range and chemicals.
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IMS lab experience shows that low temperatures are optimal for PPy electrochemical
synthesis for actuator applications as well as galvanostatic (constant current) synthesis
with current density of 0.1 mA cm™2 [48-50]. Synthesis from 1:1 v/v water and ethylene
glycol (EG) solution and actuation in propylene carbonate (PC) solution have given higher
performance of PPy-LiTFSI-PEO (lithium bis(trifluoromethanesuflonyl)imide) actuators
in regards to strain, stress and charge-efficiency [51]. PEO (poly(ethylene oxide)) has

been shown to increase both electrical and mechanical properties of PPy [51].

The mechanical properties of PPy have been known to be highly dependent on synthesis
and actuation conditions, causing trouble PPy performance and mechanical properties
have been shown to change at different potentials [52] as well as due to synthesis param-
eters e.g. electrolyte [52], and electrolyte concentration [53|. What is more, the driving
ion can change due to mechanical loading as well as change of solvent [54]. It is essential
to know the mobile species and establish an as pure as possible cation or anion driven

system in order to achieve control over the actuator [55].

1.2.3 Model Based Design and Simulations

Modelling and simulations are widely used in engineering as the underlying mathematical
models of materials, and system dynamics have been proven in many real-life applications
[56]. A model is here [56] defined as a set of mathematical equations to describe a physical
system along with the computational expression of these equations. A simulation is the
result of using the model to study a specific motion or event, e.g. to analyse the the motion
resulting from the application of forces (dynamic simulation). In addition to geometric
systems like musculoskeletal systems, [56], simulations can be used to study ecosystem-
scale changes such as the invasion and emergence of forest pests and pathogens [57|, or
small scale systems such as living cells [58]. Furthermore, simulations can be aligned with
experimental data to determine system (e.g. material properties like cohesive strength and
fracture energy [59]) properties by calibrating the property of interest until the simulation

results match the experimental results.

Biomechanical modelling of motion, especially human mobility [56, 60|, is extensively
researched to understand the fundamental principles as well as designing assistive devices
and planning rehabilitation [56]. What is more, the understanding of the joint mechanisms

is important to design bio-inspired mechanical joints, e.g. by the example of human or
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animal limbs [60]. Animal exoskeleton modelling has been considered to be a potential
source of inspiration for new robotic solutions as well as biological system analysis and
understanding [61]. For example, Rajabi et al [62] researched the stiff but compliant
antennae of stick insects with a combination of biomechanical experiments and numerical
modelling. The most substantial influence on the static biomechanical behaviour of the
antennae was found to be the tapered shape via modelling. This vital feature highlighting
simplifies the complex system and can be used as a basis for the mechanical design of

biomimetic touch sensors.



2 Aim and Approach

2.1 Aim of this Work

This work aims to understand the benefits and critical factors of liquid enabled exoskele-
tons with internal muscles in mm-scale for robotics implementation. For this, the struc-
tural /material and actuation cues from (Araneae) exoskeletons (based on research found

in detail in chapter 1.1.2) will be used:

e Deformation enabled by exoskeleton thickness and shape variation
e Same material throughout exoskeleton (as in spiders) (no multi-material printing)

e Actuator, based on volumetric change, inside exoskeleton (as in spiders)
As a result, a liquid enabled active exoskeleton at the mm/sub-mm scale will be created:

e Functional liquid component filling (and protected by) a deformable exoskeleton,
potentially allowing for simultaneous actuation/stiffness modulation (based on flu-

idic/electrolytic effect)

e Focused demonstration of a charge driven, actuated exoskeleton portion: 2PP
printed compliant structure (mm/sub-mm scale profiled joint between two links)

encasing electrolytically active element (PPy fiber/muscle)

e Experimental characterisation

2.2 General Joint Working Principle

The general joint working principle is based on combining a passive exoskeleton with an

active internal artificial muscle as in spiders. The linear elongation and compression will

15
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actuate the exoskeleton resulting in movement of the joint (see fig 2.1. More specifically,
the muscle is designed to work to compression so that the pulling force applied on the
exoskeleton due to the compression of the muscle will result in a change from the neutral

state of the joint into the actuated one.

Increased
compliance \ Liquid

/enabled
o e oy | Multifunctional
\

AL s liquid

Variable thickness
exoskeleton ~—__

)
™~_Linear

Bending actuator

movement

FIGURE 2.1: The joint working principle.

For the artificial muscle, an electrochemically synthesised polypyrrole (PPy) tube will be
used. The tube shape will ensure the linear actuation of the muscle as the shape will limit
bending in unwanted directions. The properties of the PPy muscle will be characterised

to design the exoskeleton.

Two photon polymerisation (2PP) will be used for the exoskeleton fabrication to ensure
high resolution structure in the mm to sub-mm scale. The properties of solvent hydrated
2PP structure will be studied, and based on this and the properties of the PPy tube, the

simulation-aided design of the exoskeleton will be done.

The liquid used in this study is 0.2 M LITFSI in propylene carbonate (PC) due to its
known use in PPy actuators as an electrolyte [49, 51, 55|, the low vapour pressure of PC
and ability to affect the 2PP photoresist IP-Q) (unpublished work).



3 Methods

3.1 Workflow

The methods used in this work are from different fields of research and not commonly
used together. In addition to this, the activities are dependent on the results as the
results of some methods provide the input to others. The overall workflow is as follows
(see fig 3.1):

1. PPy synthesis, mechanical and electrochemical properties characterisation

2. PC immersed IP-Q photoresist effective elastic modulus determination

3. Simulation aided design of the exoskeleton with parameters gathered from points 1
and 2

4. In parallel with 3, testing of the PPy attachment and designing the joint actuation

system

5. Characterisation of the joint

17
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FIGURE 3.1: The workflow of the thesis.

This thesis is a part of an international collaboration between the Italian Institute of
Technology (IIT) and the Intelligent Materials and Systems (IMS) laboratory (UT). PPy
synthesis and characterisation are in the research field of IMS. The author received guid-
ance from her supervisors Indrek Must, PhD and Tarmo Tamm, PhD, and other IMS
colleagues. Two photon polymerisation with Nanoscribe was done with Isabella Fiorello
(IIT), and the simulations for the effective elastic modulus of PC immersed IP-Q, and
joint design were created with Edoardo Sinibaldi, PhD (IIT).

3.2 Materials

The chemicals used in this study were as follows: pyrrole (Py) from Aldrich (101527050)
was distilled and kept at -18 °C. 99.9 % lithium bis(trifluoromethanesuflonyl)imide (LiTFSI)
was obtained from Solvionic (S001A250). Polyethylene oxide (PEO) with average mo-
lar weight of 100000 gmol~! was obtained from Alfa Aesar (42236). Ethylene glycole
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(EG; 99% reagent grade) was obtained from Sigma-Aldrich (102466M). MilliQ and millip
deionised water was used for synthesis and cleaning along with analytic isopropanol,
ethanol and acetone. IP-QQ photoresist was used with silicon substrates 3D LF DiLL+,
both from Nanoscribe GmbH.

Platinum (99.9 %) wire with a diameter of 0.3 mm was obtained from Alfa Aesar (43014).
Stainless steel mesh was used as a counter electrode for electrochemical cleaning and

synthesis. The reference electrodes used are Ag/AgCl 3 M KCI.

3.3 Exoskeleton Design and Simulation Parameters

The joint model-based design was based on the material and actuation cues from spiders:
the deformation enabled by exoskeleton thickness and shape variation, same material
throughout the exoskeleton and actuator inside the exoskeleton. The general layout of
the joint involves two straight links working as the rigid part of the spider exoskeleton
and a compliant bellows between the links functioning as the spider articular membrane
(see fig 3.2). COMSOL Multiphysics 5.5 was used for the model build and simulations.
The variation of selected parameters altered the geometry of the joint, whereas some
geometrical constraints were set due to the physical capabilities of the system (described
below).

The material properties - effective elastic modulus of IP-Q photoresist in PC (determined
in this work), Poisson’s ratio (NanoScribe) and density of polymerised IP-Q photoresist
[63] - were not varied. Maximum force was derived from the PPy force measurements
(see chapter 3.5.1 for measurement method and chapter 4.1.1 for results) and effective
elastic modulus of IP-(Q) photoresist in PC was determined with numerical-experimental

method (see chapter 3.5.2 for measurement method and chapter 4.1.2.1 for results).
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FIGURE 3.2: Rigid links (blue) and compliant bellows (red) are derived from the general
structure of the spider leg. Spider exoskeleton was captured by the author.

The maximum overall joint measurements were limited by the maximum printing area
of the Nanoscribe machine (maximum height 8 mm) and 10x objective (minimum wall
thickness of 20 pm). The compliance of the overall joint is defined by the section con-
necting the rigid links as this is the region where bending should happen. Furthermore,
this should still allow for the containment of all functional elements and withstand torque
(future work). Firstly, the wall thickness of the bellows should be as thin as possible yet
still preserve a self-supporting property. This is limited by the XY-resolution of the Nano-
scribe 10x objective, which is 20 pm at the very least. In order to leave room for possible
errors and ease of printing, the minimum wall thickness was chosen to be 30 pm. The
wall thickness of the rigid links (100 pm) was decided to be several times the thickness
of the compliant part to imitate the spider exoskeleton thickness variation (see fig 3.3).
The minimum inner diameter of the joint is 0.6 mm defined by the Pt wire (diameter 0.3
mm) used in PPy synthesis with an approximate diameter ratio of 2:1 estimated to be
sufficient to leave room for ion movement necessary for PPy actuation. A joint base was

added to fix the joint to the testing setup.
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FIGURE 3.3: The cross-section of the model.

The PPy artificial muscle is difficult to simulate due to the shape and positioning. As the
PPy muscle is aimed to work with contraction and elongation, it is difficult to know the
interaction between the muscle and the exoskeleton, e.g. contact with bellows. That is
why a working assumption that the PPy pulling force for the actuation of the exoskeleton
represented by a tip force is sufficient to describe the situation. The force was simulated
with an added cap on the distal end of the joint. The force was simulated perpendicular
to the lower cap area (see appendix 1 for the figure). The optimal fit of the parameters
was exported as an STL file, and a base was added with Solidworks 2019-2020 to the

dorsal end for the joint fixation to the characterisation setup.

The main area of adjustment was the compliant region with the bellows as the number
and shape of the bellows would define the compliance of the system (see fig 3.4. The
number of bellows (NN,) would increase the compliance up to a point where the bellows
would become too steep and the variation too sharp, making the system lose compliance
as well as be non-printable. The shape of the sine-based bellows is defined by the height
described by the scaling factor « (ay in the outer curvature side, oy for the inner curvature
side and g for the transverse region). The increase of the value of « increases the height
of the bellows and can also cause the bellows to be too steep for physical fabrication.
The decaying modulation of the bellows was introduced to smooth the transition from

compliant bellows to rigid link.
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The four parameters were varied one-by-one in the following ranges: N, - 1to 5, a; - 0 to
1.5, as - 0 to 1.5, a3 - 0 to 1.5. The optimum was decided based on highest displacement

and lowest relative stress.

a;

1 %Nb Rinner
—

|

Resulting outline at
the bellows peak

FI1GURE 3.4: The parameters varied for this thesis - N, a1, as and as. « is a scaling
factor that is used to add bellows by defining the increase of radius of the inner tube.
In the example, ag is zero.

3.4 Fabrication Methods

3.4.1 PPy Synthesis

The fabrication method for the PPy artificial muscle was derived from the knowledge of
previous work of the IMS group (|48-51|) for synthesis parameters as well as literature
[42, 64] for PPy shape configuration. The tubular shape of the final PPy actuator was
chosen as with isotropic volume change the tubular shape will direct the deformation
in the longitudinal direction, avoiding unwanted bending as can be the case with thin

films/strips (see chapter 1.2.2. PEO was added to increase strain as in [51].

For the manufacture of the artificial muscle, the Pt wire was cleaned electrochemically in
2 M H,SOy4 by polarising it against stainless steel mesh with "- 1.5 V" and "+ 1.5 V", 10
min for each. Galvanostatic electropolymerisation (PARSTAT 2273) in a two-electrode
cell was conducted at temperature -15 °C (Lauda Proline RP 1845 cryostat) with current

density of 0.1 mA cm™2 for 21200 s on a platinum wire with a stainless steel mesh as the
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counter electrode. The synthesis solution consisted of 0.2 M LiTFSI, 0.2 M of Py and 5
w% in a 1:1 MilliQ:EG solution by volume. After synthesis, the PPy thin tubular film
on the Pt wire was cleaned with ethanol and deionised water and air-dried for 20 min
before positioned into the actuation solution of 0.2 M LiTFSI in PC. PPy was removed

from the Pt wire in an HPCL grade acetone bath and returned to the actuation solution.

3.4.2 Exoskeleton and Bellows Fabrication

The printing models were designed in Solidworks 2019-2020 (bellows) or COMSOL Mul-
tiphysics 5.5 (joints), and the STL-files were processed for printing in specialised software
Describe (slicing distance 5 pm, hatching distance 1 pm, rectangular splitting mode).
Nanoscribe Photonic Professional (GT) system (Nanoscribe GmbH) was used to fabri-
cate the exoskeletons. Standard printing parameters for solid 10x silicon wafer substrates
were chosen (Toptica laser source with centre wavelength of 780 nm, 90% laser power,
scan speed of 50 mms~! for the base of the structure and 100 mms~! for the rest of the

structure).

Before printing, the silicon substrates were cleaned with a standard procedure of oxygen
plasma (Colibri Plasma RF 50 kHz — Gambetti Kenologia) and attached to the Nanoscribe
sample holder with Scotch tape. IP-Q was poured on the substrates and on the 10X
immersion objective used for the fabrication. The structures were developed in propylene
glycol monomethyl ether acetate (PGMEA, Sigma Aldrich 484431) for 75 min and washed
in isopropanol for 75 min and air-dried. The Nanoscribe was operated together with
Isabella Fiorello (IIT).

3.5 Characterisation

3.5.1 Actuator

The electrochemical properties were studied using the cyclic voltammetry (CV) technique
which is a widely used method [65] to study electrode kinetics. By sweeping the voltage
from E1 to E2 to E1 for n times at a scan rate given in units of Volt per second (Vs™!
or more often mV s™1) in an electrolyte solution with electrodes or chemical species un-
der interest, it is possible to interpret based on the resulting current vs voltage graph

(voltammogram) what processes are happening. CV is typically done in a three-electrode
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cell with the electrode-of-interest working electrode (WE), counter electrode (CE), which
is polarised and completes the electric circuit and reference electrode (RE), which is with

a known potential and is used to measure the WE potential with more accuracy.

The mechanical properties of polypyrrole were determined to parametrise the design of
the exoskeleton. It is important to know the strain and stress the PPy muscle can
exert on the exoskeleton. For that, a custom setup was designed, which incorporated a
three-electrode electrochemical cell as well as the stress-strain measurement setup (see
measurement scheme on fig 3.5 and execution on 3.6). PPy muscle was clamped with
gold contact and fixed in a Teflon slit attached to the bottom of the cell. The upper
attachment of the PPy muscle was made with Teflon, which was connected to the strain
gauge. Custom force sensor based on two strain gauges connected in half-Wheatstone-
bridge mode used for the electrochemical measurements was previously described by Must
et al [66] and for larger force range a commercial force sensor (TRI202PAD, Panlab) with
a higher region of measurement was used. The electrochemical cell was attached to a
stage with a micro-stage for fixation and pre-straining of the PPy muscle and the main
Z-stage to allow static force measurement. For isotonic PPy strain measurement, feedback
from the force sensor was relayed to the Z-stage in order to keep the force constant. For

blocking force measurement, 7Z was constant, and force was measured.

Voltage was cycled with scan rate of 10 mVs™!) from 0 V to 1 V vs Ag-AgCl (3M
KCl) reference electrode in 0.2 M LiTFSI in PC with Ivium CompactStat.h potentiostat.
Carbon counter electrode was used. LabVIEW (National Instruments 2020) program
(curtesy of Indrek Must) was used to control the stage and record stage displacement,

strain gauge and force sensor data.
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FIGURE 3.5: Experimental setup scheme of PPy characterisation.

FIGURE 3.6: The electrochemical and electromechanical properties of the PPy muscle
were measured in 0.2 M LiTFSI solution in PC in this setup.
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3.5.2 Exoskeleton Material Characterisation

To determine the effective elastic modulus of IP-Q immersed in PC, the numerical-
experimental method was used. The experimental results were aligned with the numerical
via calibration of the elastic modulus until a suitable match between the simulation and
the experimental results was found. The Bellows shape (see figs 3.7, 3.8) was used as
a sample as the bellows shape was known to be flexible with prior experiments by the
author. The structure was immersed for at least 24h before measurements in 0.2 LiTFSI
in PC to imitate the conditions used in the joint. The IP-Q structure was placed on
an analytical scale in front of a horizontally placed optical microscope(see fig 3.9). The
structure was gently compressed multiple times with perpendicular loading to the bellows
top surface, and the analytical scale value and video image of the bellows were recorded.
Afterwards, the video of loading (force in grams) and compression (compression strain
derived with pixel study) were matched in time and data were extracted. The maximum
compression strain and force were selected to minimise errors due to inaccurate alignment

and value reading.
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FIGURE 3.7: Side view of the model
shape used for effective elastic modu-
lus determination. The original CAD
model of the bellows was scaled down
in Describe to achieve printing in one
piece to avoid attachment errors.

FIGURE 3.8: IP-Q bellows struc-
ture used for effective E testing.
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Compression force

strain
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FIGURE 3.9: The PC immersed IP-Q effective elastic modulus determination experi-
mental setup.

The experimental results were aligned with simulations made by Edoardo Sinibaldi, PhD
(IIT) in COMSOL Multiphysics 5.5. The simulations used the bellows geometry described
in fig 3.7 and material properties such as density (1.2 gcm™ from literature [63]) and the

Poisson ratio (0.3 from Nanoscribe website).

3.5.3 Joint Characterisation

For the joint characterisation, the aim was to capture the movement of the joint and to
derive the joint tip angle and displacement with image recognition software (LabVIEW
2020 program courtesy of Indrek Must). For the measurements, a setup with a horizontal
optical microscope, 3D micro-stage, joint mount, joint, flexible electrolyte vessel, attach-
ment for the PPy muscle and electrodes was designed and assembled (see fig 3.10 for the
principal scheme and figs 3.11 and 3.12 for execution). The flexible vessel (thin Teflon
sheet) was attached to the 3D micro-stage so that the vessel would allow for the move-
ment of the stage while staying fixed at one end. The joint mount was designed to have
a slot for the attachment of the joint and a tunnel for the PPy muscle to move (printed
with Nanoscribe). The joint mount was attached on the edge of the flexible vessel and

secured to the immobile side of the micro-stage. The PPy muscle was attached to the PC
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immersed IP-Q exoskeleton with a piece of fishing line (diameter 0.45 mm, Sufix SFX).
The other end of the PPy muscle was attached to the moving part of the micro-stage
with a steel plate; electric contact was made with a gold sheet (separated from the steel
attachment with Teflon).

A Three-electrode system was used (carbon paper with gold contact as counter electrode
and Ag-AgCl 3 M KCl as reference). CV with scan rate of 10 mVs™) from 0 V to 1 V
in 0.2 M LiTFSI in PC with Ivium CompactStat.h potentiostat was performed to data
about the electrochemical performance of the system. A standard of five to ten cycles

was completed.

RE
Potentiostat

Micro-stage
s a l

FiGURE 3.11: Experimental setup of F1GURE 3.12: Experimental setup of
the joint characterisation. Front view. the joint characterisation. Side view.
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The image recognition software based on the LabVIEW Visual Development module is
designed to find in an area of interest the marker (both predetermined by the user, see
fig 3.13 for an example) and give out the x and y position in pixels and angle. The area
of interest is used to speed up the program by defining the area in which the marker can
be found. The marker itself is an area with a characteristic object or part of the object
used as a template and fitted to each of the video frames in the area of interest to find
the best fit. The marker should be unmistakable, so only the data of the one point of

interest is received.

FIGURE 3.13: Angle and displacement determination from actuation video. Area of
interest is shown with the green box and selected marker is indicated with the red box.



4 Results and Discussion

4.1 Components

4.1.1 Actuator Performance

The tube-shaped PPy actuator showed desirable electrochemical performance. The rect-
angular shape of the CV (see fig 4.1) resembles the behaviour of a capacitor. The cycling
is repeatable with no apparent irreversible reactions identifiable with current peaks. To
characterise the repeatability of the actuation cycle, the positive and negative current
densities were summed per cycle, and an average of 91.62 mA cm~2 and -91.56 mA cm 2
respectively per cycle shows a total of less than 0.1 % inclination towards positive current
density. This is a relatively small difference and shows the stability of the actuator in
the given potential window. Further stability studies with thousands of cycles were out

of the scope of this study.

31
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FIGURE 4.1: CV shows excellent capacitor-like behaviour which is desired in actua-
tors. The difference between positive and negative current densities is 0.1 % on average
towards positive current density. The PPy muscle was under slight pre-strain (0.1 g).

Furthermore, the strain was calculated from the strain gauge data and aligned with
driving voltage data vs time (see fig 4.2). The mobile species in this actuator system is
TFEFSI as the strain increases with the voltage, indicating that the anion is moving into
the actuator polymer matrix to stabilise the charge and inflicting the volume increase
translated into elongation. There seems to be a slight delay (around 30 s) between voltage
and strain change in the actuator lengthening region which seems to lessen to around 10-
20 s in the discharge region. This could indicate that the insertion of the TFSI™ ions into
the PPy matrix is more difficult than the repulsion. This is not consistent with the slight
positive difference of 0.1 % towards positive current density as the higher positive current
density would indicate ease of oxidation. However, 0.1% is a relatively small difference

and does not hold great importance.
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FIGURE 4.2: Strain and voltage vs time of PPy muscle under slight pre-strain (0.1 g)
in order to measure strain.

The PPy muscle shortening is designed to actuate the exoskeleton, and elongation of the
muscle allows the return of the exoskeleton to the neutral or relaxed state. In order to
understand the force with which the PPy muscle is capable of influencing the exoskeleton,
the pulling force was measured. The PPy muscle was pre-strained, held at a constant
displacement, and a CV was conducted. In fig 4.3 the relative charge applied to the
PPy muscle and resulting force can be seen. With the increase of charge, the force is
lessened due to the TFSI™ anions moving into the polymer and causing an increase of
volume. When discharging, the change is linear until 1.3 g of force with the discharge of
one mC resulting in 0.25 g of applied force. The pre-strain of the system may be further
increased to achieve a larger force as the PPy muscle is slack in the upper quarter of the
applied charge region. However, the force gain to the increased pre-strain may not be

proportional as after 1.3 gram-force, the change is not linear anymore.
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FIGURE 4.3: The relative charge to force relation of pre-strained PPy muscle (1.5 g of
pre-strain)

4.1.2 Exoskeleton

4.1.2.1 Properties of the PC Immersed IP-Q

In fig 4.4 the experimental measurements and simulations are aligned in order to deter-
mine the best fit for the effective elastic modulus of PC immersed IP-Q. The optimal
fit between experimental results and numerical estimation of the tested conditions shows
that the effective elastic modulus of the PC immersed IP-Q is in the order of 30 MPa,
which is near 150 times less than the dry material property of around 4.5 GPa. The
variation of experimental results can be explained as the experimental values were gath-
ered from several compressions of the bellows, not a single compression which could have

resulted in slight changes of positions each compression.
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FIGURE 4.4: Experimental immersed structure stress-strain data and simulated mate-
rials properties. Seems that the effective elastic modulus of the IP-Q resist immersed in
PC for at least 24h is in the order of 30 MPa.

4.1.2.2 Simulation Aided Design of the Exoskeleton

Previous characterisation of the PPy muscle and the PC immersed IP-Q resist had given
the required input for simulations - the force that can be applied by the PPy artificial
muscle, strain and effective modulus of elasticity of the immersed IP-Q) photoresist. Based
on these parameters, the models for the joint were built. All the final parameters can be
found in appendix 1. These models were designed with Edoardo Sinibaldi, PhD (IIT).

With initial testing of the joint parameters, it became apparent that a slight pre-bending
would benefit the system. This would direct the relatively small force applied by the
PPy muscle to the exoskeleton into rotational movement. Two types of movements could
result with pre-bending - bending movement when force is applied on the tip of a joint
with small curvature (see fig. 4.5) and straightening movement if large curvature is used

(see fig. 4.7). However, at a certain pre-bending curvature the bending and straightening
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movements are nulled and the appliance of force of the magnitude in this study does not

have any influence.

The parameters varied in this work were the number of bellows NV, and scaling factors for
the bellows in three directions - a; in the outer curvature side, as for the inner curvature
side and a3 for the transverse region. The optimum number of bellows was found to be
4, as with four bellows, the exoskeleton had the highest displacement and lowest relative
stress. The simulations showed that it is beneficial to have bellows on the outer and inner
curvature side. The addition of the perpendicular element («3) increased displacement;
however, the displacement seemed at times to translate into compression (i.e. shortening
of the joint) more than angular rotation, which is the target of this work. To test the
activation of the perpendicular element, it was decided to test the all-around bellows (with
aq, ag and g activated) for to-bend configuration and opposite bellows (with oy and ay
activated) for to-straighten configuration. The latter showed more similar displacement
and stress for activation of both the opposite bellows and all-around compared to the

to-bend configuration, which showed clear increased performance for all-around bellows.

o

rface: von Mises stress (N/m?)

=

FIGURE 4.5: Working scheme of the FIGURE 4.6: Simulation result of the
to-bend exoskeleton. to-bend exoskeleton. The lines show
the neutral state of the exoskeleton.
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F1GURE 4.7: Working scheme of the FIGURE 4.8: Simulation result of the
to-straighten exoskeleton. to-straighten exoskeleton. The lines

show the neutral state of the exoskele-

ton.
4.2 Joint

4.2.1 Assembly

The assembly of the two configurations of joints had the same basic principle - the joint
was conditioned in a 0.2 M LiTFSI in for at least 24h and filled with the electrolyte
solution, attached to the characterisation setup, then the PPy muscle was inserted and
fixed. On figure 4.9 is a snapshot of the assembled to-bend configuration joint. Note that
the PPy muscle, as well as the distal attachment, is visible through the PC immersed
exoskeleton. The PPy clamping point is relatively close to the simulated force application

site.
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FIGURE 4.9: The assembled to-bend configuration joint. Note that joint is filled with
the electrolyte solution and the PPy muscle is visible through the exoskeleton.

4.2.2 Actuation

Experiments show that the actuation of the joint with the cycling of voltage was possible
only with to-bend structure. The volumetric change of the PPy visible through the

exoskeleton shows how the move is happening.

Maximum angular change visible with a pre-strained system was 15° (see fig 4.10). The
angle change of the to-bend structure in time is visible on fig 4.11. In this figure, the angle
measurement started from the activated state of the exoskeleton (maximum bending) -
the pre-strain applied to the PPy muscle before activating the voltage cycling can be seen
on the beginning stage of the actuation. The cyclic amplitude was 5° with a total drift of
3° evident until the third actuation cycle. It could be that the pretension applied to the
joint via the pre-strain of PPy muscle is elongating the PPy tube elastically for the short
duration before starting the measurement process with voltage cycling. The range of this
elongation seems not to be possible to replicate electrochemically, causing a drift as the
muscle relaxes into the pre-strained condition while still working. The force applied to
the exoskeleton by the PPy can be lower than estimated and with a different vector as

estimated (not perfectly perpendicular to the joint end surface). Another opportunity is
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that the previously determined effective elastic modulus of the immersed IP-Q is different

under these conditions (e.g. joint shape) for unknown reasons.

Centerline

Total
angular
“span

Approximate
rotational axes

Activated
configuration

FIGURE 4.10: The neutral state (relaxed configuration) and flexed state (activated
configuration) of the to-bend configuration. Maximum angle change of 15° was seen.
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FIGURE 4.11: The actuation angle and the applied voltage of the to-bend configuration.

The to-straighten configuration, however, did not exhibit the simulated deformation.
This was possibly due to friction between the PPy muscle and the exoskeleton at the
bellows as seen on fig 4.12 which results in an actual fixation point of the PPy muscle
in the bend area instead of the joint tip. Even if the friction is negligible, the contact
between the exoskeleton and the PPy muscle at the bend would have happened. The
fact that the contact resulted in a fixed region of the PPy, was not expected. The slack
muscle in the distal link is visible through the distal exoskeleton section as the rest of
the muscle is under tension. What is more, the tensioning of the PPy muscle resulted in
a barely noticeable bending movement which is opposite the direction designed with the
simulations. To conclude, the working assumption of a perpendicular tip load as the PPy
muscle in the to-straighten configuration did not describe the physical world adequately.
Changing the force application location could benefit the simulations, as well as different

positioning of the PPy muscle.
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FIGURE 4.12: The to-straighten configuration under PPy tension. The red arrows show
the fixation point of PPy muscle due to friction.

The CV of the in joint actuated PPy of both to-bend and to-straighten configurations was
compared to the actuation of the PPy tube in the actuation cell - same electric contacts
and electrodes as in in-joint CV; however, the electric circuit formation for PPy muscle
actuation was not hindered by the compact space in the joint (see fig 4.13). What is good,
both the in joint CVs and simply in the actuation flexible vessel tested PPy show similar
CV behaviour. The lessened electrochemical performance in the joint can be understood
by the fact that the PPy is under mechanical tension with first pretension and afterwards
by pulling the exoskeleton as well as the positioning of the electrodes is not optimal. The
slight difference between the slopes of early oxidation and reduction can imply that the
electric contact was better when the muscle was positioned inside the joint due to better

manipulation of the sample.



4. Results and Discussion 42

1 L 1 L 1 L 1 L | 1 |

1,0 H In the setup -
To-bend
o~ To-straighten —p
§
< 054 -
E
=
‘©
5
] 004 -
i<
o
3
-0,5 L
T

. . . ; . ; .
0,0 0,2 0,4 0,6 0,8 1,0
Voltage vs Ag/AgClI (3 M KCl) (V)

F1GURE 4.13: The CV of The PPy muscle in the joint testing setup - both outside of
the joint and in both configurations versions are shown.

4.3 Discussion and Outlook

This work has proven the viability of functional liquid enabled continuous exoskeleton
actuation with an internal linear actuator. The joint was enabled by the liquid filling by
both allowing for the actuation movement with increased compliance due to immersion
resulting in a decrease of effective elastic modulus and actuation functionality of ionic

volume change of the PPy muscle induced by electric charge.

In this work, the term "exoskeleton" was used in a mircorobotic application to describe an
inactive shell that enabled the movement of the joint. The components of the joint - the
exoskeleton, the PPy artificial muscle and functional electrolyte - were integrated to form
a harmonious whole. The exoskeleton was as a key component, not as an empowering

additive feature as are exoskeletons for human wearable use.
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As the bioinspired design is an iterative process [1], the next steps could be to look again

at the spider as a model organism with a new understanding gained with this work.

To understand the system better, it could be beneficial to attach the PPy muscle to a force
sensor to understand the forces with which the PPy is truly exerting to the exoskeleton
as well as fabrication of the working testing setup could be fine-tuned to achieve better
electrical contacts, for example. Further simulations could be run to understand and

increase the performance of the exoskeleton.

In the further future, the possibility of robotic blood could be researched with a more
integrated joint. The addition of hydraulic extension could be integrated into the muscle-
based actuation mechanism to study the effectiveness of the biological system. The
electrolyte inside the joint could be changed via an artificial bloodstream to provide new
chemical species (e.g. pyrrole for the in-situ developing synthesis of the PPy muscle). All

in all, an interesting new concept to study.



Conclusion

The performance of functional liquid enabled continuous exoskeleton actuated by internal
linear artificial muscle inspired by spiders was studied. For this, the biological model
was researched in terms of bioinspiration to determine key aspects to implement in the
artificial joint design. To achieve the life-size scale of the joint near to the spider’s,
microfabrication methods were studied, and complementary technologies 2PP and iEAP
PPy were chosen. Two configurations of the joint were researched in-silico based on the
resulting movement direction of the joint to the pulling force of the PPy muscle - to-bend
and to-straighten. The main parameters varied to increase the compliance of the joint

were the number and shape of the bellows.

As a result, in addition to the characterisation of the PPy muscle and PC immersed IP-Q
photoresist and simulation-based design, the assemblies of both of the joint configura-
tions were tested. The to-bend configuration showed promise with actuation up to 15°
maximum and 5° on average. Performance may be increased with higher PPy muscle
pre-strain, improved electrical contacts and reiteration of the bioinspired design process.
The to-straighten configuration was inhibited by parameters not possible to simulate -
mainly the contact of PPy on the exoskeleton. It was proven that the working assumption

of a perpendicular tip load was not descriptive enough for the to-straighten configuration.

All in all, current work introduces a new concept of functional liquid enabled continuous
exoskeleton in mm to sub-mm scale. Further work could benefit from detailed joint
actuation measurements with a force sensor and higher PPy pretension testing. The
future outlook of integrated vascular robotic systems with artificial robotic blood could

be foreseen.
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Appendix 1. Joint Simulation Extras

FIGURE 14: Fixed constraint area used in COMSOL simulations is showed in light blue.
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FIGURE 15: The boundary load area used in COMSOL simulations to imitate the
pulling force of the PPy muscle is showed in light blue.
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TABLE 1: To-bend configuration

No | Name Expression Description
1 | len 1.5[mm| length of links
2 | lenBellows 2|mm] length of joint
3 | lenCyl 1.2[mm)| cyl length (links)
4 | curv 0.2[1/mm]| curvature of mid segment
5| rIn 0.3[mm] inner (channel) radius
6 | thLarge 0.1|mm] larger thickness
7 | thSmall 0.03|mm] smaller thickness
8 | Nb 4 No of bellows
9 | alphal 0.9 st#1 for a(s) bellows
10 | alpha2 0.9 sf#2 for a(s) bellows
11 | alpha3 0.9 sf for b(s) bellows
12 | fTip 1.5e-3|kg|*g const tip force
13 | lenTap 0.2[mm] tap length (fictitious)
14 | rTap 0.45|mm]
15 | rhoCurv 1/curv curvature radius
16 | thetaMid lenBellows*curv [rad] ang span of midsegment
17 | vx cos(thetaMid) X, tangent versor distal link
18 | vy -sin(thetaMid) y, tangent versor distal link
19 | wx -vy X, normal
20 | wy VX y, normal
21 | 10 rIn-+thSmall
22 | XA -len
23 | xB -len+lenCyl
24 | xP rhoCurv*sin(thetaMid)
25 | yP rhoCurv*(cos(thetaMid)-1)
26 | xC xP+vx*(len-lenCyl)
27 | yC yP+vy*(len-lenCyl)
28 | xD xP+vx*len
29 | yD yP+vy*len
30 | areaLoad 0.5*pi*(rTap~2) tap area (fictitious)
31 | pTap fTip/areaload tap pressure (fictitious)
32 | deltaTh thLarge-thSmall
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TABLE 2: To-straighten configuration

No | Name Expression Description
1 | len 1.5[mm| length of links
2 | lenBellows 2|mm] length of joint
3 | lenCyl 1.2[mm)| cyl length (links)
4 | curv 0.6[1/mm]| curvature of mid segment
5| rIn 0.3[mm] inner (channel) radius
6 | thLarge 0.1|mm] larger thickness
7 | thSmall 0.03|mm] smaller thickness
8 | Nb 4 No of bellows
9 | alphal 1.25 st#1 for a(s) bellows
10 | alpha2 1.25 sf#2 for a(s) bellows
11 | alpha3 0 sf for b(s) bellows
12 | fTip 1.5e-3|kg|*g const tip force
13 | lenTap 0.2[mm] tap length (fictitious)
14 | rTap 0.45|mm]
15 | rhoCurv 1/curv curvature radius
16 | thetaMid lenBellows*curv [rad] ang span of midsegment
17 | vx cos(thetaMid) X, tangent versor distal link
18 | vy -sin(thetaMid) y, tangent versor distal link
19 | wx -vy X, normal
20 | wy VX y, normal
21 | 10 rIn-+thSmall
22 | XA -len
23 | xB -len+lenCyl
24 | xP rhoCurv*sin(thetaMid)
25 | yP rhoCurv*(cos(thetaMid)-1)
26 | xC xP+vx*(len-lenCyl)
27 | yC yP+vy*(len-lenCyl)
28 | xD xP+vx*len
29 | yD yP+vy*len
30 | areaLoad 0.5*pi*(rTap~2) tap area (fictitious)
31 | pTap fTip/areaload tap pressure (fictitious)
32 | deltaTh thLarge-thSmall
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