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ABSTRACT

Nowadays, one of the most ambitious challenges in soft robotics is the development
of actuators capable to achieve performance comparable to skeletal muscles.
Scientists have been working for decades, inspired by Nature, to mimic both their
complex structure and their perfectly balanced features in terms of linear

contraction, force-to-weight ratio, scalability and flexibility.

The present Thesis, contextualized within the FET open Horizon 2020 project
MAGNIFY, aims to develop a new family of innovative flexible actuators in the
field of soft-robotics. For the realization of this actuator, a biomimetic approach has
been chosen, drawing inspiration from skeletal muscle. Their hierarchical fibrous
structure was mimicked employing the electrospinning technique, while the
contraction of sarcomeres was designed employing chains of molecular machines,
supramolecular systems capable of performing movements useful to execute
specific tasks. The different chapters of this thesis cover some steps of the project,
still in progress, that are paving the way for the realization of a new generation of
soft actuators. The first part deals with the design and production of the basic unit
of the artificial muscle, the artificial myofibril, consisting in a novel electrospun
core-shell nanofiber, with elastomeric shell and electrically conductive core,
coupled with a conductive coating, for the realization of which numerous strategies
have been investigated. The second part deals instead with the integration of
molecular machines (provided by the project partners) inside these artificial
myofibrils, preceded by the study of several model molecules, aimed at simulating
the presence of these molecular machines during the initial phases of the project.
Finally, the last part concerns the realization of a novel electrospun multiscale
hierarchical structure, aimed at reproducing the entire complex muscle morphology
and fibrous organization. All these research will be joined together in the near future
like the pieces of a puzzle, recreating the artificial actuator most similar to
biological muscle ever made, composed of millions of artificial myofibrils,
electrically activated in which the nano-scale movement of molecular machines will

be incrementally amplified to the macro-scale contraction of the artificial muscle.
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SOMMARIO

Ad oggi, una delle sfide piu ambiziose della soft robotics é rappresentata dallo
sviluppo di attuatori in grado di raggiungere prestazioni paragonabili ai muscoli
scheletrici. I ricercatori hanno lavorato per decenni, ispirandosi direttamente alla
natura, per imitare sia la loro complessa struttura che le loro caratteristiche
perfettamente bilanciate in termini di contrazione lineare, rapporto forza-peso,

scalabilita e flessibilita.

La presente tesi, contestualizzata all'interno del progetto FET open Horizon 2020
MAGNIFY, mira a sviluppare una nuova famiglia di attuatori flessibili innovativi
nel campo della soft robotics . Per la realizzazione di questo attuatore é stato scelto
un approccio biomimetico, traendo ispirazione dal muscolo scheletrico. La
struttura fibrosa gerarchica tipica di questi tessuti € stata riprodotta utilizzando la
tecnica dell'elettrospinning, mentre la contrazione dei sarcomeri € stata progettata
attraverso I’impiego di catene di macchine molecolari, sistemi supramolecolari in
grado di eseguire movimenti che possono essere sfruttati per eseguire compiti
specifici. I diversi capitoli di questa tesi coprono alcune fasi del progetto, ancora in
corso, che stanno aprendo la strada alla realizzazione di una nuova generazione di
attuatori per soft robotics. La prima parte di questa tesi si occupa della progettazione
e della produzione dell'unita di base del muscolo artificiale, la miofibrilla artificiale,
che consiste in una innovativa nanofibra elettrofilata core-shell, con shell
elastomerico e core elettricamente conduttivo, accoppiata ad un rivestimento
conduttivo, per la cui realizzazione sono state studiate numerose strategie. La
seconda parte riguarda invece l'integrazione delle macchine molecolari (fornite dai
partner del progetto) all'interno di queste miofibrille artificiali, preceduta dallo
studio di diverse molecole modello, volte a simulare la presenza di queste macchine
molecolari durante le fasi iniziali del progetto. Infine, l'ultima parte riguarda la
realizzazione di una nuova struttura gerarchica multiscala elettrofilata, volta a
riprodurre l'intera complessa morfologia muscolare e la loro natura fibrosa. |
risultati di tutti questi lavori saranno combinati nel prossimo futuro come i pezzi di

un puzzle, dando vita all'attuatore artificiale piu simile al muscolo biologico mai



realizzato, composto da milioni di miofibrille artificiali, attivate elettricamente, in
cui il movimento su scala nanometrica delle macchine molecolari sara
incrementalmente amplificato fino alla contrazione su scala macroscopica

dell’intero muscolo artificiale.
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Chapter 1: Introduction

1.1 Soft Robotics and artificial muscles

The world of robotics nowadays is dominated by hard robots, which are present in
a multitude of environments. These devices, characterized by several
interconnected hard components, can be considered a well-established technology,
having been used and developed over several decades. They are usually designed
for precise, fast and repeated tasks, highly specialized, complex, and strictly related
to their field of application [1]. Because of their specificity and the complexity of
the tasks they are assigned, their operating environment is usually artificial and
predefined. These characteristics also automatically define what are the limits of
this category of robots, limits that are difficult to solve, and it is in this context that
an emerging branch of robotics, the soft robotics, has developed. Soft robotics
represents a change in the scientific paradigms that drive robotics itself, according
to which a robot, in order to be functional and efficient, must necessarily consist of
a set of rigid structures. Soft robots are made of soft and flexible materials, are
inspired by nature, and are able to interact more safely with humans and the external
environment. This shift in the approach has paved the way for new opportunities to
use robots for new applications such as prosthetics, surgical robots, rescue robots,
collaborative robots that can closely interacts with humans, fields of use that had
strong limitations in the previous generation of rigid robots [2], [3]. The

development of soft robotics originated by addressing mainly the following issues

[41-[6]:

o Relation with the working environment: controllable compliance (or
softness) is important for regulating the natural dynamics of the robot and
tuning it with its working environment, in order to achieve the desired
movement. In addition, the adaptable compliance allows the elastic energy to
be slowly stored and then released in an explosive phase or to perform short

duration but extremely fast movements.
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o Safety: classical robots, due to their rigid components and their joints, are
frequently a source of risks, limiting their use especially in the assistance of
people or animals. This is also important when handling fragile or soft
objects. Soft robotics is willing to solve this issue by introducing mechanical
compliance and damping with soft or intelligent materials, capable of

adjusting their stiffness based on external forces.

o Resilience: the robot should interact with its environment avoiding the risk
to get damaged by itself. By employing soft materials capable to better absorb

shock and reduce accelerations, soft robots try to overcome this problem.

iSprawl Soft gripper OCTOPUS Universal gripper Tuft Softworm Inflatable robotic arm

X-RHex Soft robotic fish PoseiDrone Origami robot Rehabilitation glove Octobot

Entirely soft

Figure 1. Different soft robots design approaches. From the left, the picture shows robots mainly
composed of stiff parts with few selectively compliant elements; to the right, with almost entirely

soft structures (reproduced from [3]).

As previously mentioned, one of the main aims for soft robots is the capability to
be deployed in unpredictable environments. Observing living organisms, it comes
straightforward that the answer for this issue lies in the use of extremely flexible
components, which imply deformations distributed along the entire structure of the
robot (Figure 1). Therefore, these structures are hyper-redundant and have a
tendentially infinite number of degrees of freedom, enabling them to perform a
motor task and reach a point in their workspace through an infinite number of
possible configurations [7]. For the same reason, the control system must also be
adapted to this different philosophy. Standard controls are usually based on two
architectures: position-based and torque-based, not compatible with the wide

mechanical compliance typical of soft robots [4] (Figure 2). Again, inspired by
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nature, the motion control systems currently under development are based on the
autonomous reaction, deformation and adaptation to the interaction forces with the

surrounding working environment [3], [5], [8].

Soft Perceptive Robot
TACTILE SENSING

4 .. contact
\ \ shear force

\ pressure
e
N

elongation \ -
\ 1

v\ 3 IS
bendiN\-\-..’f;,f

twisting

obstacle /

PROPRIOCEPTION

Figure 2. Control systems of soft robots should be based on autonomous reaction from the unknown
surrounding environments, like tactile sensing, and from themselves, like proprioception, in order

to perform tasks (adapted from [9]).

The principle of biomimicry, which deeply inspires this field of robotics, is even
more important if these devices are expected to replace, temporarily or
permanently, a part of a living organism such as a limb. The choice of
biocompatible materials in this case is fundamental in order to avoid rejection of
the device and to promote an orderly growth and a favourable integration of
biological tissues on it.

As with classical rigid robots, soft robots also require actuators, i.e., devices capable
of transforming energy from a given physical domain into motion [10]. To date,
most of the actuators used in robotics exploit principles that have been known for
decades, if not centuries. This is the case, for example, of combustion engines,
electromagnetic, hydraulic and pneumatic ones [11]. These technologies, now

extremely consolidated and optimized, are not however suitable for use in soft
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robotics. These actuators are in fact usually rigid, heavy and bulky, making them
not compatible with the principles of softness, safety compliance and resilience

indicated above.

Recent advances in the field of soft and smart materials have led to an increasing
interest in imitating what can be considered the best known natural soft actuator:
skeletal muscle [5], [12]. Compared to classical actuators belonging to rigid
robotics, muscles do not overcome them in many characteristics, such as specific
power. However, they are considered the best existing actuators due to their extreme
flexibility of employment and the perfect balance of their characteristics [10], [13].

There are, however, some peculiarities that make muscles a unique actuator: the
recruitment mechanism, for example, allows this tissue to scale the force produced
by recruiting and contracting only a certain portion of muscle fibers [14]. Muscles
also have a highly efficient power mechanism, through the conversion of chemical
energy in the form of adenosine triphosphate (ATP) into mechanical energy. It has
been calculated that this process has a fuel energy density two orders of magnitude
higher than the batteries currently produced [1]. Another fundamental characteristic
of these natural linear actuators is their fibrous and hierarchical organization that
extends almost indefinitely their field of use [10]; although all muscles are based
on the same basic architecture formed by myofibrils, the hierarchical organization
allows the formation of muscles a few millimetres long as those of the auditory
system to those meters long as the quadriceps of an elephant. In recent years, the
growing interest arisen around the study of muscle has given a strong impetus to
the development of the first artificial muscle prototypes. The approaches used have
been of the most varied, from the use of piezoelectric or electrostatic materials,
conductive polymers, shape memory alloys and polymers, etc [11]. However,
research is still far from reaching the features of natural muscle, especially with
regard to the compromise between flexibility and generated forces [10]. The
following table shows some examples of materials used for the realization of
artificial muscles with their mechanical properties, compared to the biological

muscle.
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Table 1. Mechanical properties of materials employed for the realization of artificial muscles,
compared to natural muscle [12]. It can be seen that biological muscle does not dominate for any of

these properties but presents the most complete and balanced characteristics overall.

Active Peak Active  Strain

. Peak/Mini . .
Class [Dker}:tsy] Stress Stiffness esati f/fn(;:s"(nAu)m Strain Rate ['::I‘;:(er] [Ekrjjr:iy] CLIchees Efﬁ;;]ncy
8 [MPa] [GPa] % IsY g v i
Muscle 1037 0.35 0.06 5 >40 5 >100 0.8 >10° >35
(skeletal)
Muscle 1037 0.1 0.0 5 >40 4 >100 058 >10° >35
(cardiac)
Piezo-
electric 7500 35 40 11 0.09 >10 > 1000 >10 > 108 >30
(ceramic)
Piezo-
electric 1780 3 3 >1.2 0.1 >1 > 100 >1 > 108 <1
(polymer)
SMA (NiTi) 6450 > 200 78 3 >5 3 > 1000 >10 >10° >3
Polymer 1300 03 <0.1 10 > 40 0.1 >5 0.4 >10° 30
(gel)
Polymer 1500 180 5 17 >2 >1  >1000  >1 >10° >30
(conducting)
Magneto
strictive 9250 70 35 1.4 0.2 1 > 1000 >10 >10° <30
(rare-earth)
2T EH A 1061 0.04 <0.01 - >10 >1 >10 1 - >20

(polyimide)

The main figures of merit used for the evaluation of the actuator’s performances are
primarily their maximum stress and strain values. The actuation speed of the
muscle, expressed in terms of strain rate, is another fundamental parameter to
evaluate the feasibility of an actuator [10]. Work density (the amount of work
produced by an actuator during a cycle, normalized by its volume), efficiency and
specific power (the ratio between power output and mass) are also very important
parameters. Finally, other figures of merit are the level of reversibility of the
actuator, its durability and controllability. It is noticeable, when compared to the
values of the natural muscle, how the artificial solutions overcome them in some
aspects, but at the same time have significantly inferior characteristics in other
features (Table 1). To satisfy these requirements and to better mimic the perfectly
balanced skeletal muscle performances, many efforts have been made researching
the employed materials. However, learning from Nature, it is clear how the
geometrical and morphological structure of these materials is also fundamental
when designing an artificial muscle [10]. By working in the nanoscale it is possible
to assemble nano-actuators and to scale up forces and contraction, mimicking the

same approach of biological muscles [15]. Moreover, most of the activation systems
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of these soft actuators rely on inward perfusion of heat or electrolytes. A structure
with high area to volume ratio, such as nanofibrous structures, are able to increase
the rate of mass, electronic or heat transport [16]-[19]. This approach, widely used
by natural evolution, has often been a source of inspiration but not of practical

implementation, due to the complexity and often lack of technology.

To date, the field of soft robotics still misses a flexible actuator capable of actually
mimicking skeletal muscle, both in terms of its hierarchical structure and
performance. Such a device would find uncountable fields of use, from assistive
and rehabilitation devices that require safe interaction with humans [20], to

prosthetic devices, exoskeletons, and surgical instruments [3], [21].

1.2 The MAGNIFY project

The following PhD thesis is part of the MAGNIFY project, funded by the Horizon
2020 Research and Innovation programme and developed by the University of
Bologna in collaboration with the University of Groningen, the CNR (National
Research Council) and the CNRS (Centre National de la Recherche Scientifique).
The MAGNIFY (from nano to MAcro: a GrouNdbreaklIng actuation technology
For robotic sYstems) project aims to develop a new generation of innovative
flexible actuators within the field of soft-robotics. Using a biomimetic approach,
the skeletal muscle, with its highly hierarchical and specialized structure, was
chosen as inspiration for the realization of these actuators. The idea behind the
project, and its scientific breakthrough, consists in the use of billions of molecules,
embedded in polymeric nanofibers, that can be activated and controlled by
electrical stimuli, called molecular machines. The movement of these small
molecular units, imitating the natural sliding mechanism occurring in human
skeletal muscles, is amplified using a bottom-up approach up to the macroscopic
contractions required by an artificial muscle. This hierarchical approach in the
design of an artificial muscle paves the way for a new generation of actuators in the

field of soft robotics.
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The molecular machines should first be realized in the form of monomers,
consisting of a doubly interlocked rotaxane (or, more precisely, [c2]daisy chain)
molecules [22], able to reversibly change their nanoscale length in response to an
electrical signal. At the extremities, the rotaxanes must be endowed with reactive
groups enabling them to connect and form polymeric chains and thus the so called
“artificial synchronous movement mechanism”. When the latter is triggered by an
electrical stimulus, all the monomers should collectively expand or contract, scaling
up of the contraction from the nano- to macro scale. The rotaxanes chosen for this
project are multicomponent switches designed on the basis of the vast knowledge
available in the literature [22]-[25].

As in skeletal muscles the actin filaments slide along the myosin filaments in a
process called “sliding filament mechanism”, the artificial synchronized movement
mechanism actuates the MAGNIFY myofibril. This artificial myofibril, the
elementary unit of the artificial muscle, must be reproduced with a polymeric

nanofiber, able to fulfil the following requirements:
- incorporates the molecular machines within it,
- ensures longitudinal alignment of the molecular machines within the nanofiber,

- develops a system capable of conveying an electrical control signal directly to the

molecular machines.

Another fundamental requirement involves the possibility to electrically stimulate
the molecular machines uniformly along the nanofiber. Direct stimulation, at the
ends of the nanofiber, is expected to be subjected to a potential drop along it, leading
to non-uniform electrical stimulation. Therefore, a coaxial, cable-like structure was
chosen to reproduce the artificial myofibril. The technique employed for the
fabrication of these peculiar nanofibers is the coaxial electrospinning, which is
capable to spin core-shell nanofibers made of two concentric layers of different
materials. In particular, MAGNIFY's artificial myofibril has to be made of three
components (Figure 3):

- a shell consisting of a carrier polymer with embedded the artificial synchronous

movement mechanisms,



Chapter 1: Introduction

- a core consisting of a conductive polymer,

- an external conductive coating, deposited at a later stage.

Artificial Myofibril

magnify

Artificial Muscle

Molecular
Motors

Conductive
core

Conductive §
coating

Elastomeric
Shell

Y Artificial Muscl
Artificial Muscle ticiai Muscle
. Fiber
Fascicle

Figure 3. MAGNIFY project hierarchical fibrous concept.

The purpose of this type of structure is to convey an electrical stimulus in the form
of an electromagnetic field between the core and the conductive coating, along the
nanofiber. This field will then stimulate the electronic mobility within the shell and
therefore the artificial synchronous movement, causing the synchronous contraction

of the molecular machines along the nanofiber.

The choice of materials for the fabrication of core-shell nanofibers plays a key role
in determining the final properties of the artificial nanofibers, both in terms of
mechanical and electrical properties. Accordingly, after a careful literature review,

two polymers were selected in the design phase of the project:

- for the shell a particular type of polyurethane, (poly[4,4'-
methylenebis(phenylisocyanate)-alt-1,4-butanediol/di(propyleneglycol)/
polycaprolactone], which has a small amount of crystalline phase that
determines its required mechanical properties, i.e., low elastic modulus but
adequate mechanical strength.
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- for the core the conductive poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS), which is known in the literature as one of

the most widely used polymers with electrical conductivity characteristics.

The choice of material for the outer conductive coating is also critical. Although
the use of a gold coating was suggested at the design stage, many other strategies
were investigated during its development and as part of this PhD thesis. The project
also involves the complete morphological, thermal, mechanical, and electrical
characterization of core-shell nanofibers. The next part of this project concerns the
production of the same core-shell nanofibers including the molecular machine
chains (the artificial synchronous movement mechanism) within the elastomeric
shell.

The electrospinning of the molecular machines required preliminary tests using
model compounds, which have been provided to the University of Bologna by the

consortium partners.

Once obtained artificial myofibrils able to be activated and to contract, the project
foresees the scale-up towards larger structures, using a hierarchical and modular
approach directly inspired by biological muscles (Figure 3). Starting with mats of
aligned artificial myofibrils, bundles of nanofibers called artificial muscle fibers
will be produced. The latter, in turn, are gathered into parallel bundles and wrapped
in a membrane, which will also be electrospun. These structures will be called
artificial muscle fascicles. With a similar procedure, several fascicles will give rise
to the final artificial muscle. This procedure will also lead to the scale-up of the
contraction force produced by the muscle.

As in the previous case, this experimental procedure of hierarchical manufacturing
was first tested on simple polyurethane nanofibers, which are easier to produce and

require materials immediately available from the beginning of the project.

In the following part of this introductory chapter, a brief overview on the
electrospinning techniques for the realization of core-shell structures and on the
main strategies of conductive coating, propedeutical for the realization of the

artificial myofibrils, is given. In order to better understand the context, the



Chapter 1: Introduction

subsequent paragraph will introduce the molecular machines, despite the fact that
their synthesis is not the subject of this thesis work. Finally, the realization of
bioinspired electrospun multiscale hierarchical structures will be introduced, which
was used to produce a prototype for the scaling-up of the artificial myofibrils toward

higher order structures such as fibers, fascicles, and artificial muscles.

1.2.1 Single-needle and coaxial electrospinning

The first electrospinning patent was filed more than a century ago [26] but has
assumed its current name, derived from the combination of the two words
"electrostatic spinning”, only since the early 90s [27]. In fact, those years witnessed
a major development of nanotechnology that affected almost every field of
scientific research. This is mainly due to the extremely different properties that
materials exhibit at nanometric sizes, compared to the macroscopic ones [28]. For
example, an enormous increase in surface area to volume ratio of many of these
new nanomaterials, such as nanorods, nanotubes, nanocables, nanospheres or
nanofibers, is observable [28]-[31]. In particular, the electrospinning technique is
an effective manufacturing process used both industrially and at the laboratory
research level to produce fibers with extremely small diameters, typically less than
a micron, down to a few nanometres [32]-[35]. This technique is capable of
producing fibers with a surface area to volume ratio up to two orders of magnitude
higher than other conventional fiber production methods such as melting and
dry/wet spinning [36]. It represents the most widely used technology in nanofibers
production due to its ease of use and control [37]-[39]. In terms of process
versatility, electrospinning allows for the continuous fabrication of fibers from
polymeric materials that can be dissolved in appropriate solvents. It is also possible

to use a wide range of polymeric materials, both synthetic and biological [40].

This process is essentially based on the application of high voltages between a
metallic needle of a syringe, loaded with a polymeric solution, and a grounded
collector [34]. The polymeric jet that is generated is accelerated and stretched by an
external electrostatic field and, during its flight towards the collector, it undergoes

10
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a stretching and thinning. The solvent evaporates along the way leaving solid and
continuous nanofibers deposited on the collector.

The basic electrospinning setup involves a syringe pump controlling the extrusion
flowrate of a polymer solution, a metallic needle, a metallic collector placed at a
certain distance from the needle and a high voltage generator, usually operating
between 5 and 30kV [36] (Figure 4).

Electrospun
Fibers

Polymeric Solution

i
[- Syringe Pump -J

Collecter
Al Foil

DC Supply

Figure 4. Basic electrospinning setup [41].

The latter, having its positive connected to the needle and the negative/ground
connected to the collector, produces a powerful electrostatic field between them.
During the process, a droplet of polymer solution emerges at the tip of the needle
and is shaped by the instability created by the opposition between the mutual
repulsion of the charges and the surface tension of the liquid. As the repulsion forces
overcome the surface tension, the droplet assumes a conical shape called "Taylor's
cone" until, reached a critical level, a polymeric jet emerges from the cone in the
direction of the collector. Under the stretching of the electrostatic force, the
polymeric jet initially assumes a linear trajectory (for about 1-2 cm), then enters a
whipping phase or spiral movement, commonly called bending instability of the
electrified fiber jet. This bending instability further stretches the fibers making them

thinner and thinner through large plastic deformations, finally achieving nanometric

11
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diameters once the collector is reached [42], [43]. During the flight of this jet, the

solution solvents evaporate almost completely, leaving solid, well-defined fibers on

the collector.

Electrospinning, in spite of its simple operating principle, is governed by a large

number of parameters, which can be collected in three macro categories: solution

parameters, process parameters and environmental parameters [44].

Solution parameters: Solution viscosity represents a key parameter for the
success of the entire process [45]. A value too low will not allow the
formation of continuous fibers while a value too high would require an
excessive attraction force by the electrostatic field to produce the polymeric
jet [46]. Viscosity is in turn influenced by certain characteristics of polymers
such as their molecular weight [47]; a high molecular weight favours the

formation of smooth fibers without the presence of beads. Solution
concentration is another key parameter, closely related to molecular weight
and directly affecting viscosity. At too low concentrations, fiber formation
does not occur [48], while too high concentrations would result in excessive

viscosity. The surface tension and surface charge density of the solution are

also parameters that influence the success of the process. The solvents in
turn must be capable of completely solubilizing the polymer(s) and should
possess a boiling point compatible with the process: too low values will
result in premature evaporation and the potential formation of clogs in the
needle, while too high values may result in the solvent not evaporating
completely once it reaches the collector.

Process Parameters: The voltage is the main parameter [49]; this
determines the magnitude of the electrostatic field generated between the
needle and the collector. A critical value exists, varying from solution to
solution but generally always above 6 kV [50], which is necessary for the
formation of the jet. From this point, increasing the voltage, thinner and
thinner and drier fibers (due to the greater electrostatic dragging) [51], are
obtained, without the presence of beads. Beyond the optimal voltage value,

the process can become unstable. The flow rate is another important

12
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parameter that directly influences the diameter, porosity, and geometry of
the electrospun nanofibers. A minimum value is necessary to obtain
continuous fibers [52], and too low values will affect the productivity of the
process. Increasing flow rates is associated with larger diameters, too high
rates with bead formation [53]. The distance between the needle and the
collector is correlated with the size and morphology of the fibers. If the
distance is too small, the nanofibers will not be stretched sufficiently to
achieve the desired diameter and the solvent system will not have enough
time to evaporate completely, resulting in beaded or defective fibers [42].
Conversely, increasing the distance too much may excessively reduce the
dragging force of the electrostatic field. The collector is a critical
component in the electrospinning system. The morphology and alignment
of the nanofibers depend directly on its shape, position, and movement [27].
The basic configuration consists of a grounded metal plate positioned in
front of the metallic needles, at a certain distance from them [54]. This
collector is used to obtain nanofibers with random configuration. The
second most used configuration is a high-speed rotating metal drum:
nanofibers are "captured” by the collector and deposited as aligned mats
[55]. In addition to these two main collector categories, several other
solutions have been proposed, designed to obtain nanofibers with a certain
alignment or with better mechanical properties [39], [56]. Theron et al. [57]
and Xu et al. [58] used a high-speed rotating collector disk, obtaining
extremely aligned fibers at the cost of limited collecting capacity. Dalton et
al. [59], on the other hand, used parallel ring collectors, positioned opposite
each other, one of which rotating in order to obtain twisted fibers. Teo and
Ramakrishna [39] used two parallel, negatively charged blades positioned
perpendicular to the jet to get fibers with a high level of alignment. To
produce longer, continuous nanofibers, Khil et al. [60] and Smit et al. [61]
electrospun the fibers directly into a grounded water bath and then collected
the nanofibers from the liquid using a take-up roller. Teo et al. [62] used a
similar process but collected the nanofibers from a hole located at the base

of the water tank.

13
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- Environmental parameters: Temperature directly affects the solvent
evaporation rate of the solution and its viscosity. Increasing the temperature
will result in smaller fibers diameter, due to the greater stretching exerted
by the electrostatic field on a solution with lower viscosity [63]. Relative
humidity, on the other hand, directly influences morphology. For
conventional electrospinning processes, a relative humidity of less than 40%
is recommended [36], higher values can lead to the formation of beads or
completely inhibit the process [42]. However, there are cases where this
phenomenon is exploited to obtain porous fibers, as reported by Casper et
al. [64]. These pores are due to the late evaporation of a few drops of solvent,
which occurs when the fiber is already formed, leaving behind a cavity.

However, simple single-nozzle electrospinning, with a regular blunt-ended needle,
presents some limitations. In fact, it is not possible to obtain fibers of different
polymeric materials, unless in the form of blends [65]. It is often difficult to obtain
fibers employing low molecular weight polymers. Many polymers and other
materials, lacking the requirements described in the previous paragraph, are
therefore not suitable for electrospinning. A modified version of this process,
namely coaxial electrospinning, can partially address these issues [65]. In coaxial
electrospinning the spinneret is composed of two concentric needles, fed by two
syringes containing different polymeric solutions, an "Inner fluid" and an "Outer
fluid". Once subjected to high voltages, a "compound Taylor’s cone" is generated,
characterized by a core-shell structure [66]. A polymeric jet is ejected from the cone
and maintains the coaxial structure during the whipping phase until it is deposited

on the collector (Figure 5).
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Figure 5. Coaxial electrospinning setup. Compound Taylor’s cone in the inset.(adapted from [67] )

The process is quite similar to what has been described for single-nozzle
electrospinning, with the difference that core-shell nanofibers are obtained on the
collector. With this technique it is also possible to electrospin, as core, low
molecular weight polymers or non-polymeric materials, considered not
electrospinnable with the classical process, exploiting the viscous dragging by the
shell, which must be an electrospinnable polymer [65]. In general, for coaxial
electrospinning, the optimization of the process parameters is much more
challenging than the classic electrospinning. This particular technique, widely used
in the MAGNIFY project, will be further investigated in Chapter 3.

1.2.2 Conductive coatings

The next step of the MAGNIFY project, once the core-shell nanofibers are
obtained, consists in the deposition of an electrically conductive layer on the
nanofibers’ shell. The relative approaches, which can be referred to as coating
strategies, have been extensively studied and used on a multitude of substrates over
the years. At first, these techniques were used primarily to improve the mechanical
or abrasion properties of the substrate to be treated [68]; subsequent advances in
nanotechnology have seen the application of these coatings to more complex
structures, i.e. nanofibrous-based energy storage devices or electrical conductive e-
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textiles [69]. Coatings are also used to confer biocompatible properties to materials
that would otherwise not be so, or, in analogous cases to this project, to confer
electrical conduction properties to materials that would otherwise be insulators.
Concerning the latter case, the most employed materials are metals, carbon-based

conductive materials like carbon nanotubes or graphene and conductive polymers.

The most common strategies reported in the literature include physical and
chemical vapour deposition, sol-gel methods, electrospray and plasma spray

deposition, electroless plating, and, most commonly, dip coating [70].

Dip coating is a very simple and versatile technique widely used in the industry. It
consists of the deposition of a liquid phase solution on the surface of a substrate,
which can be of several materials: metallic, ceramic, polymer films or fibrous
materials [71]. The substrate is immersed in the solution containing the liquid phase
coating for a certain amount of time, allowing the formation of chemical
interactions. Subsequently, the substrate is removed from the liquid, allowing the
excess to be removed and leaving a thin wet layer on the substrate surface. The
solvent is finally left to evaporate, allowing the solid coating to be formed on the
substrate (Figure 6). Despite the ease of the process, there are several physical and
chemical parameters to consider, such as the immersion time, how many immersion
cycles to perform, the density, the viscosity and surface tension of the coating
solution, the characteristics of the substrate surface, and how the solvents evaporate
[72]. For dip coating of fibrous materials specifically, strategies called sol-gel
approach, vacuum-assisted or spin-assisted coating or the simple immersion

described above are used.
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Dipping Withdrawal Evaporation
(Wet layer formation)

Figure 6: Dip coating procedure [73].

Physical vapour deposition (PVD) is another simple and widely used industrial

strategy to deposit thin, homogeneous metal layers on the desired substrate. The
process involves the acceleration of ionized atoms (usually argon) that are used to
impact a solid surface, called a target, which in turn will eject atoms due to
momentum transfer [74], [75]. These ejected atoms then condense on the substrate
to be coated, nucleating a thin film made of the target material (Figure 7) [75]. This
procedure is also commonly used to prepare samples prior to visualization by

electron scanning microscopy (SEM).
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Figure 7: Diagram of DC sputtering process. Adapted from [76].

Electroless plating, also known as auto-catalytic plating, is an easy and low-cost

plating method to produce metallic coatings. It is a non-galvanic process that does
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not require an electric current to reduce dissolved metal cations in an aqueous
solution. The substrate to be coated does not necessarily have to be conductive
either. The main advantage of this technique lies in the possibility of producing
uniform coatings over very complex structures, such as nanofibrous mats [77], [78],
without compromising their morphological properties. This technique has found
employment to improve the toughness and corrosion resistance of materials, as well
as to create protective and biocompatible coatings [79]. The process is based on a
redox reaction involving a complex compound and a reducing agent (such as
glucose or formaldehyde). It requires a source of metal ions, such as water-soluble
salts (sulphates, chlorides, nitrates), a complexing agent to stabilize the solution,

and a reducing agent (Figure 8).

@ : lons of plating material
: Aqueous solution
[: Workpiece

Figure 8: Electroless plating process [80].

These techniques and their use in the production of conductive coatings for
nanofibrous substrates will be investigated in more detail in Chapter 4, where the

strategies employed within the MAGNIFY project will be presented.

1.2.3 Molecular machines

The main feature that drives the MAGNIFY project is the philosophy behind the
actuator design. The traditional rush to miniaturization, a "top-down" approach that
is still driving most of the manufacturing industry, is abandoned. In its place instead
a bottom-up approach is employed, which is the basis of nanoscience and
nanotechnology: individual parts of the system are defined in detail, and then

connected to form larger components, which in turn are interconnected to form a
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complete system. In this project, therefore, this type of approach is used both with
regard to the "body" of the artificial muscle -that is, the hierarchical nanofibrous
structure-, and with regard to the actuator, represented by the molecular machines.
Molecular machines have been defined as "an assembly of molecular components
that are designed to perform machine-like movements (output) as a result of an
appropriate external stimulation (input)” [81] and their development has been
directly inspired by Nature. In biological organisms there are in fact a multitude of
micro-operating systems, such as enzymes, capable of performing the functions
necessary for life. Some of these systems operate through rotational or translational
movements, therefore they can be considered real machines of nanometric
dimensions.

One of the most studied nanomachines is certainly the ATP-synthase, responsible
for the synthesis of adenosine triphosphate (ATP), molecule which provides energy
for vital functions [82]. Another example is represented by protein kinesin, which
moves loads inside cells far from the nucleus, along microtubules, and dynein,
which produces the axonemal beat of the motile cilia and flagella. The complex
ciliary motility has been described as a molecular machine composed of more than
600 proteins in molecular complexes, many of which also function independently
as nanomachines [83].

The most known example of a natural motor, at the basis of skeletal muscle
function, is the protein myosin, while the term actually refers to several classes of
proteins that underlie all voluntary and involuntary muscle movement. Myosin,
consisting of a long tail to which two large heads are attached, uses these heads to
cling to another ladder-shaped protein, called actin [14]. Myosin moves along this
"ladder" because of the energy provided by ATP. In a rapidly contracting muscle,
each myosin unit moves 5 times per second, covering about 10 nm [84]. This
mechanism is at the base of all our voluntary and involuntary motions.

Molecular machines can be considered possibly the artificial device ever produced
closest to the functioning of a sarcomere, a fortiori considering their size. As for
macroscopic actuators, even for molecular machines some characteristics can be
identified:
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- the type of energy used for their operation

- the type of movement they can produce

- the control system

- the need to operate in a cyclic and repetitive way
- the time required to complete a cycle

- their operational purpose

Molecular machines are usually obtained by exploiting the principles of self-
assembly and supramolecular interactions, through new methods of non-covalent
synthesis [23]. Mechanically interlocked molecules (MIMs) are connected because
of their topology in a quite analogous way to the keys on a key ring [85]. Their
different parts cannot be separated without breaking at least one covalent bond,
referred to as mechanical bond [85]. Examples of MIMs are catenanes, rotaxanes,
and molecular knots (Figure 9).

~4- 040

[2]pseudorotaxane * [2]rotaxane
L - C) AT trefoil
U -
[2]catenane [3]catenane

Figure 9. Examples of MIMs.

The pseudorotaxanes, - composed of a macrocycle surrounding a rod-shaped part -
are showed in figure although they cannot be defined as MIMs due to the absence
of a mechanical bond. However, they are widely employed precisely to construct
MIMs. A [2]rotaxane, for example, is no more than a pseudorotaxane with two
bulky stoppers attached to the ends.

Catenanes are molecular architectures consisting of two or more interlocking
macrocycles, resulting in a chain-like geometry. Lastly, molecular knots are

mechanically interlocked architectures exhibiting similarities to a macroscopic
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node. These systems are usually realized using ion template synthesis or template
synthesis based on n-electron donor/acceptor interactions [86], [87].

By combining a rotaxane and an electron deficient macrocycle and inserting two
stations with electron-rich aromatic groups along the axis, the macrocycle will be
able to slide along it, reversibly, going back and forth from one station to the other
in response to an external stimulus. This device is called molecular shuttle (Figure
10) and was firstly synthesized by Anelli et al. in 1991 [88].

Figure 10. Two-station molecular shuttle. Adapted from Silvi et al. [89].

The switch between stations can be achieved by altering the properties of one of the
two recognition sites; usually an acid-base or electron transfer reaction, such as a
redox, is exploited [90]. Observing these nanometric devices, however, some
substantial differences still emerge compared to the mechanism of muscle
contraction; although there is a sliding of one component over the other, the
rotaxanes that composes the molecular shuttle do not shorten, making it difficult to
apply this mechanism to a work production.

A particular variation of rotaxane was proposed by Stoddart and co-workers in 2014
[91]. It consists of a bistable [c2]daisy chain, activated either by metal ion exchange,
pH change, or electro-switching [92]. The synthesized system consisted of a
cyclobis(paraquat-p-phenylene) macrocycle (also called Blue Box) and two
stations: a 4,4'-bipyridinium unit and a naphthalene unit. The switch occurs through

the reduction of the six electroactive 4,4'-bipyridinium units. The possibility of
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electro switching these molecules appears to be the most intriguing, as it appears to
be the best suited strategy for a complex and selective activation using electronics.
Furthermore, this type of molecular machine exhibits a real shortening (and
lengthening) of the system following its activation, making it incredibly similar to
the sliding of thin actin filaments on thick myosin filaments within the sarcomere

of the biological muscle (Figure 11).

Il
-
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@

Figure 11. Similarities between a natural sarcomere (a) and a daisy chain rotaxane (b) contraction
(adapted from [93]).

This type of molecular machines has been extensively studied and refined during
the last years, but only recently the idea of amplifying these movements to a
macroscopic level, up to the realization of an artificial muscle, has made its way.

The first examples involved the supramolecular assembly of the previously
described molecular machine units, aiming to new materials applied to sensing,
electronics, or drug delivery [94]. Several examples are shown in Figure 12, which

includes the assembly of catenanes (a-d), rotaxanes (e-f), and dendrimers (g).
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Figure 12. (a) Main-chain [n]catenanes; (b) bridged poly[2]catenanes; (c) pendant

(9)

poly[2]catenanes; (d) side-chain poly[2]catenanes; (e) main-chain [n]rotaxanes; (f) linear

poly[c2]daisy chains; (g) mechanically interlocked dendrimers.

The most suitable for the realization of an artificial muscle similar to the sarcomere
is the poly[c2]daisy chain. Stoddart et al. [95] realized a [c2]daisy chains oligomer,
controlled by pH variations, where the stations consisted of an ammonium and a
4,4'-bipyridinium unit. However, the level of scaling up was only embryonic,
involving low degrees of polymerization, at most of 22 monomeric units. In a
subsequent study, Prof. Giuseppone group [96] succeeded in significantly
increasing the level of polymerization by exploiting a metal-supramolecular
approach. This resulted in chains of thousands of molecular machines operating
coherently, resulting in a marked amplification of linear muscle-like actuation
(Figure 13).
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Figure 13. Contracted and extended configuration of a supramolecular [c2]daisy chain polymer,

activated by pH variations.
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Subsequently, using a different approach, the same research group synthesized a
ureidopyrimidinone-(Upy)capped bistable [c2]daisy chains, where by exploiting
lateral interactions between the chains, Upy units were able to self-recognize and
dimerize, forming a hydrogen-bonding supramolecular polymer [92].

Although having obtained polymer chains containing a high number of units, it
remains theoretically prohibitive to achieve an adequate length for the realization
of macroscopic muscles, with dimensions exploitable to perform a job. For this
reason, the MAGNIFY project also rely on the electrospinning technique,
exploiting the plausible natural tendency that the chains of molecular machines
would have to align along the newly formed nanofiber, as suggested by other studies
[97].

1.2.4 Hierarchical electrospun structures for artificial muscles

Once the artificial myofibril, composed of the core-shell nanofiber, the molecular
machines and the conductive coating, has been obtained, the MAGNIFY project
and this work aim to scale up this structure to produce an artificial muscle of
macroscopic size. The possibility to replicate the complex hierarchical muscle
structure opens great opportunities both in the field of soft robotics and tissue
regeneration. The artificial muscles proposed in this project aim to mimic their
biological counterparts both from the point of view of their active and passive
functioning. The "active" contraction of the muscle is the result of the shortening
of the sarcomere and, as seen above, has to be mimicked with the use of molecular
machines. From the passive point of view instead, the hierarchical structure is
emulated by electrospun fibrous assemblies for each structural level.

Artificial myofibrils are produced in the form of aligned mats. These in turn will be
rolled into bundles to create the structural equivalent of muscle fiber, with diameters
in the order of hundreds of micrometres. The bundles in turn will be joined into
muscle fascicles, by electrospinning a randomly arranged nanofibrous sheath
around them to keep them tightly together and aligned. By the same process, the
finalized artificial muscle will be obtained from multiple fascicles.

This production technique is based on previous works within the research group of

electrospinning of the university of Bologna, mainly aimed at the production and
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characterization of electrospun polymeric structures for the reproduction or
replacement of tendon and ligament tissues [98]-[101]. Tendons in fact present a
fibrous hierarchical structure very similar to the muscles one. Considering this
previous knowledge, in the initial stages of the project these structures were re-
designed with more suitable materials, more elastomeric and with a lower elastic
module, such as the polyurethane shown above. The hierarchical structures
produced will be presented in detail in Chapter 7. In a future phase of the project,
however, the same structures will need to be reproduced using core-shell, coated,
artificial myofibrils, embedding the molecular machines inside the shell.
Appropriate strategies will also have to be designed to connect, separately,
electrodes to the cores and to the conductive coatings, in order to electrically

stimulate the myofibrils while avoiding short circuits.
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1.3 Study Aim

The aim of this PhD Thesis was to design, develop and characterize a hierarchical
multiscale electrospun artificial muscle, to pave the way to a new generation of soft
actuators for soft robotics. The work here presented followed the steps of the
MAGNIFY project, to which is strictly connected to. The research areas involved
with this work are several, from mechanical and biomedical engineering to
chemistry, and were performed in close collaboration with other colleagues in the
research consortium. To reach this goal, core-shell nanofibers with a conductive
core and an elastomeric shell were developed and produced, mimicking the
nanometric structure of the skeletal muscle myofibril. Extensive research on the
best conductive coating for these nanofibers were performed, investigating different
approaches, materials, and techniques. Molecular compounds, useful to test several
aspects of the upcoming molecular machines, were electrospun in blend with the
designed carrier polymer for the shell, the polyurethane. Once the molecular
machines were received from the consortium, the same abovementioned
investigation was performed. A polyurethane multiscale hierarchical electrospun
structure, resembling morphologically and mechanically the skeletal muscle was
also designed, produced, and characterized. These research efforts represent " parts
of an unfinished puzzle" that will be joined together in the near future to shape the
artificial muscle. The molecular machines will be inserted into the core shell, and
these nanofibers will be coated with the most suitable conductive coating. Using
the knowledge acquired from the development of the polyurethane multiscale
structure, they will then be assembled into bundles, fascicles, and finally into an

artificial muscle.
Summarizing, this thesis work will try to answer the following research questions:

e RQI1: What is the current state-of-the-art of fibrous artificial muscles,
especially the ones suitable for a hierarchical arrangement like the natural
skeletal muscles?

e RQ2: Isit possible to reproduce a muscle myofiber with a nanometric cable,
capable to deliver an electrical signal across its length, employing

elastomeric polymeric materials?
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RQ3: What are the best strategies to obtain a conductive coating on the
proposed artificial myofibrils? Will this coating impair the mechanical
properties of the artificial myofibrils?

RQ4: Are the delivered molecular machines suitable to be electrospun in
continuous and smooth nanofibers? Is the mechanical activation of these
molecules, through electrical stimulation, feasible inside a solid state
polymeric matrix?

RQ5: Are polyurethane and the electrospinning technique suitable for the
production of hierarchical fibrous structures, comparable to the biological

skeletal muscles?
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1.4 Outline of the Thesis

This Thesis work will be presented in separate steps, corresponding to the research
topics addressed to develop the several components needed for the final artificial

muscle.

- Chapter 2 will present a comprehensive literature review article, already
published, on the state of the art of artificial muscles realized through
hierarchical fibrous structures. It will also provide an overview of the
anatomy, physiology, and mechanical characteristics of biological skeletal

muscle.

- Chapter 3 will cover the research activity aimed at the development of core-

shell nanofibers, realized by coaxial electrospinning.

- Chapter 4 will cover the different coating strategies employed to realize a

proper electrically conductive coating on the produced nanofibers.

- Chapter 5 will address the electrospinning and characterization, in blend
with the shell carrier polymer (polyurethane), of two molecular compounds,
4,4'-Bipyridinium and a bifunctional UPy derivative. These two compounds
aim to simulate the redox-active unit of the molecular machines the former,
and how the molecular machines will assemble inside the electrospun

nanofibers the latter.

- Chapter 6 will present the electrospinning of the molecular machines,
either in blend with the shell carrier polymer (polyurethane) or as
standalone.

- Chapter 7 will finally present a published study on the design,
manufacturing, and characterization of an electrospun multiscale
hierarchical structure in polyurethane, which lays the foundation for the

final scaling-up of the future artificial muscle.
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Chapter 2: Hierarchical fibrous structures for muscle-inspired soft-actuators: a review

Abstract

Inspired by Nature, one of the most ambitious challenge in soft robotics is to design
actuators capable of reaching performances comparable to the skeletal muscles.
Considering the perfectly balanced features of natural muscular tissue in terms of
linear contraction, force-to-weight ratio, scalability and morphology, scientists
have been working for many years on mimicking this structure. Focusing on the
biomimicry, this review investigates the state-of-the-art of synthetic fibrous,
muscle-inspired actuators that, aiming to enhance their mechanical performances,
are hierarchically designed from the nanoscale up to the macroscale. In particular,
this review focuses on those hierarchical fibrous actuators that enhance their
biomimicry employing a linear contraction strategy, closely resembling the skeletal
muscles actuation system. The literature analysis shows that bioinspired artificial
muscles, developed up to now, only in part comply with skeletal ones. The
manipulation and control of the matter at the nanoscale allows to realize ordered
structures, such as nanofibers, used as elemental actuators characterized by high
strains but moderate force levels. Moreover, it can be foreseen that scaling up the
nanostructured materials into micro- and macroscale hierarchical structures, it is
possible to realize linear actuators characterized by suitable levels of force and

displacement.
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ATP: adenosine triphosphate

PVC: polyvinyl chloride

PVA: polyvinyl alcohol

DC: direct current

NFES: near field electrospinning
CVD: chemical vapour deposition
CNTs: carbon nanotubes
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PEVA: poly(ethylene-co-vinyl-acetate)
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C: carbon

Sn: tin

Al: aluminium

Cu: copper

p-TSA: para-toluene sulfonic acid
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TPU: thermoplastic polyurethane
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PVA+H2S04: polyvinyl alcohol + sulfuric acid
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2.1 Introduction

Bioinspiration is getting an increasing attention in the production of innovative
robotic actuating systems [1], [2]. In particular, the last decade has seen the
outstanding arise of bioinspired structures in the field of soft robotics [3]. The main
aim that distinguishes this branch of robotics is to design a new generation of

compliant actuators able to mimic the skeletal muscle performances.

Skeletal muscles properties mainly rely on their hierarchical structure, composed
of fibrous actuators organized in different levels of aggregation. This structure can
produce force by the shortening of their elementary contractile units, the
sarcomeres, making muscles classifiable as linear actuators. This complex
organization also permits a fine control on the separate activation of their subunits,
conferring them a high scalability and modularity. This linear shortening, matched
with the skeletal lever system, allows a wide range of motions with a controllable
stiffness, also reducing the muscle clutter. Considering all these properties and the
perfectly balanced mechanical performances, the skeletal muscle is considered the

best actuator in Nature [4].

Aiming to mimic skeletal muscles and the features listed above, several innovative
strategies were investigated to obtain synthetic soft-actuators, such as smart textiles,
additive manufactured devices, shape memory alloys, pneumatic, hydrogel
composites, origami / kirigami structures and many others, revolutionizing the field
of the classic robotics [3], [5]-[8]. Among these, some works tried to faithfully
reproduce the hierarchical morphology of muscles and their linear actuation, by
using scalable and modular fibrous structures. This approach will be of extreme
interest for all those applications in which a biomimetic load transfer matched with
reduced weight, clutter and high softness are required, such as in advanced surgical
instrumentations, orthosis, prosthetic devices, exoskeletons and biologically-
inspired robots [9]-[17]. In this review we purposely focus only on linear actuators
with fibrous structure and nano or micro dimensions, considered eligible to be
arranged in a bioinspired hierarchical fashion, enhancing their force and strain
capabilities with the same strategies chosen by the evolution in the biological

skeletal muscles.
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The paper is organized as follows. A brief review of the morphology, mechanical
properties and physiology of skeletal muscles is given in chapter 1. In chapter 2,
the most common features that are required for a muscle-inspired soft-actuator are
investigated. The main technologies for nano- and microfibers production are
presented in chapter 3 along with, in chapter 4, the most frequently employed
materials for artificial muscles production. In chapter 5, an analysis of the state-of-
the-art of muscle-inspired actuators is presented. Specifically, chapter 5 is divided
in four sections, depending on the hierarchical level of complexity of the actuator:
single fibers, flat mats of fibers, bundles/yarns and finally coiled and/or plied
structures. For each work cited in this chapter, the structure proposed by authors,
the material used, the manufacturing process and the principal outcomes are

summarized. Finally, concluding remarks are drawn in chapter 6.
2.1.1 Hierarchical morphology of skeletal muscles

A skeletal muscle is an organ mainly composed of striated muscular tissue. It is the
major actuator of human body, providing its movement capabilities being
composed of contractible cells called myocytes. A skeletal muscle has three other
main functions: to support the body, to generate heat during contraction, and to
protect bones and organs. It is the only type of muscle tissue classified as voluntary;
whose contraction is regulated by our conscious cerebral activity. It is also called
striated muscle because it alternates light and dark bands, which are visible under
the optical microscope. Skeletal muscles form about 40% of the entire body weight
and they are made up of water (75%), proteins (20%) and other substances, such as
salts, minerals, fat, and carbohydrates (5%) [18]. The protein content mainly
consists of collagen (Type I, H1I, IV and V) for the tissue sheaths [19], and myosin,
actin, titin and nebulin for the inner parts [18]. It is a composite structure, made by
contractile materials and, in minor amount, by blood vessels, nerves and connective
tissue [20], [21]. The skeletal muscle shows a hierarchical architecture of aligned

structures like other connective tissues, such as tendons and ligaments.

The fundamental building-block of the skeletal muscle is the sarcomere, which is
composed of different filamentous proteins, called myofilaments (Figure 1A) [22].
Sarcomeres are connected through a plate-shaped region of dense protein material,
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called the Z-line. The myofilaments are divided in thick, thin, and elastic ones.
Thin and thick filaments overlap on each other with a process called sliding
mechanism [22]. This is the mechanism that the muscle employs to shorten itself
and produce a contractive force. The amount of overlapping depends on the muscle
level of contraction. Thick filaments are made of about 200 myosin molecules and
have a diameter of about 16 nm [18]. Thin filaments are placed on the side of the
thick ones and extend from the Z-lines to the beginning of the H-zone, the region
in which no overlaps with thick filaments are present. Thin filaments are made of
actin molecules joint together in a helix pattern, with a smaller amount of two
proteins called tropomyosin and troponin. The elastic filament is composed of the
titin protein and links the thick filaments to the Z-line. The titin function is to
stabilize and confer an elastic recovery to the myosin [23]. This overlapping of
myofilaments provides the typical striated appearance to skeletal muscles (Figure
1B). Sarcomeres are connected each other both in a parallel and longitudinal way.
Thousands to millions of these sarcomeres form an upper level structure called
myofibril (Figure 1B). Myofibrils have a mean diameter of 1-2 um. Several
myofibrils, parallelly arranged and wrapped inside a sheath of connective tissue
called endomysium, produce the muscle fiber (Figure 1C). Endomysium is primally
composed by collagenous fibers (Type I, 111, 1V,V) [19]. Each muscle fiber has a
mean diameter of 10-100 um with a typical length of 100 um [18] and can be
considered the biological structural unit of skeletal muscles, being composed of a
single, multinucleated cell called myocyte. Moreover, the whole size of the muscle
is determined by the number and dimension of its individual muscle fibers [18].
The cell membrane of these fibers is named sarcolemma and surrounds its
cytoplasm or sarcoplasm. Excluding their water content, muscle fibers are mainly
(80%) composed of proteins (listed by specific function such as contractile,
regulatory, and cytoskeletal ones) and sarcoplasm (8%) [18]. Being a cell, the
muscle fiber is irrorated by capillaries and connected with nerves through
neuromuscular junctions. Inside and around the muscle fiber a membrane-bound
structure, the sarcoplasmic reticulum, is found [24]. Its main function is to store
calcium ions (Ca2*) which are essential for contraction. Sarcoplasmic reticulum

presents also enlarged areas named terminal cisternae, that surround introflexions
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of the cellular membranes (i.e. T-tubules) inside the fiber. Bundles of muscle fibers
form a muscle fascicle (Figure 1D). This structure is surrounded by another
connective tissue sheath, the perimysium, composed of collagen Type I, Il and V
fibers [19]. Groups of fascicles, bundled together, generate the whole muscle belly
(Figure 1E). The whole muscle is coated by a layer of dense, irregular connective
tissue sheath named epimysium. This membrane is primally made of large collagen
filaments (Type | and I11). The terminal side of the muscle progressively changes
composition, increasing the collagen amount and decreasing the cellular part,

becoming a tendon that connects the muscle to a bone [25].

Diameter: 1-2 um | 10-100 pm 0.5-30 mm]|

Sarcoplasmic

: Bone
Reticulum

Capilla
Nerve Nuclei s

Actin Myosin ' 9 Perimysium : Epimysium

Endomysium

Muscle Fiber Tendon

Figure 1. Hierarchical structure of skeletal muscle. A) Sarcomere morphology and sliding
mechanism (Scalebar 0.5 nm): Actin (red), Myosin (blue) and Titin (yellow) filaments are showed
in the relaxed state (I) and during the contraction (I1). The jagged sides represent the Z-lines. The
central space without actin filaments is the H zone. B) Transmission Electron Microscopy (TEM)
image of myofibrils (scalebar = 1 nm. Reproduced under CCO 1.0 Universal Public Domain
Dedication. Author: Louisa Howard). C) Phase Contrast Microscope (PCM) image of skeletal
muscle fibers. Dark violet elliptical elements are the myocytes nuclei (scalebar = 50 um. Reproduced
under CCO 1.0 Universal Public Domain Dedication. Author: Berkshire Community College). D)
Histological image of a fascicle cross-section. Larger white bands are the perimysium membranes.
Circular structures are the muscle fibers, while the darker violet dots are the myocytes nuclei
(scalebar = 100 um. Reproduced under Attribution-ShareAlike 3.0 Unported. Author: Ganimedes).

E) Histological image of a portion of muscle cross-section. In the upper part, the epimysium
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membrane is visible (scalebar = 0.5 mm. adapted from [26], reproduced under permission. Copyright
2008, Elsevier B.V.).

2.1.2 Skeletal muscles mechanical properties and contraction mechanism

The mechanical properties of skeletal muscles can be divided in two categories: the
passive ones, which depend only on the tissue mechanical response while stretched;
and the active ones, which are derived from the activation of the contractile
elements. The internal biological structures that provide those properties are not

always anatomically distinct [27].

Passive properties are often obtained imposing an artificial stretch to the muscle,
avoiding the activation of the contractile elements. Due to the high variability of
muscle tissue, caused by the differences between the species tested and the intra-
species variability, the mechanical properties listed in literature vary widely.
Furthermore, there are not conventional techniques to test the passive mechanical
properties of these tissues, and this cause additional variability [28]. The passive
properties of the muscle belly depend on the intramuscular connective tissues
(epimysium, perimysium, endomysium) [22]. However, recent evidences suggest
that muscle cells are also responsible for their passive mechanical properties [27],
[29]. Moreover, the titin, the most abundant component of elastic filaments, is
nowadays considered the structure that mainly bears the passive stress inside a
muscle [20], [23], [28], [30]. The two main passive mechanical features of a skeletal

muscle are:

i)  Extensibility: the muscles ability to be macroscopically stretched until a
certain limit without being damaged [22].

i)  Elasticity: the muscles ability to recover the initial shape and length after
being stretched [22].

The most practical way to compare values from different muscles types is to
normalize their produced force on their cross-sectional area. This index is known
as specific stress [31]. When an isolated muscle is stretched in vitro at different

strains, the stress response can be plotted in a passive stress—strain curve, that
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exhibits the typical non-linear behaviour of soft connective tissues caused by the
progressive alignment of the fibers (Figure 2A) [32], [33]. After a toe-region, the
muscle starts to develop stress linearly (i.e. linear region) (Table 1) [23], [27], [28].
The slope of this curve region determines the module of elasticity of the muscle.
The relaxed muscle shows also a time dependent viscoelastic behaviour [32], [34].
Viscoelasticity is due to the mechanical properties of intracellular and extracellular
proteins, like collagen. When stretched and held at constant length, the stress
decreases over time to a plateau (stress relaxation) [27]. Otherwise, if stretched at
constant stress over time, the muscle lengthens to a new value (creep). Muscles also

show different stress-strain curves if stretched and relaxed repeatedly [27].

Table 1: Typical ranges of animal skeletal muscle passive mechanical properties.

Elastic Modulus Failure Strain Failure Stress
[kPa] [%6] [kPa]

Myofibril 25-40 [35], [36] 30-60 [37]-[39] -

Fiber 20-100 [23], [40]-[42]  30-60 [37]-[39] 430-1973 [43]
30-8000 [20], [38], [43]-

Whole Muscle 146] 30-60 [37]-[39] 70-800 [39], [43], [47]

The active mechanical properties of the skeletal muscle depend on its contractile

behaviour. The two principal active properties of skeletal muscles are:

i)  Excitability: the muscles ability to respond to a chemical stimulus, delivered
by the release of a neurotransmitter by a nerve or a hormone, generating an
action potential [22].

i)  Contractility: the muscles ability to generate a force and to produce a work
by shortening. Muscles contract in response to one or more action potentials
[22].

Being an actuator, the most important attribute of a muscle is the force that it can
generate. The major determinant of the maximum potential force is the muscle size
[48]. Human skeletal muscles show maximum active stress values in the range of

60-200 kPa [31], [48]. These stresses are normally achieved during an isometric
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contraction, that occurs when the muscle generate force without changing its length.
An important information about the muscle contraction is the relationship between

the active stress and the sarcomere length (Figure 2B) [22].
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Figure 2. Passive and active mechanical behaviours of skeletal muscles. A) Typical passive stress-
strain curve. B) Typical sarcomere active stress (expressed as a percentage of the maximum)
compared to the sarcomere length (expressed as a percentage of its optimal length). The active stress
is maximum in correspondence of the sarcomere optimal length Lo. The pictures show the different
levels of sarcomere overlap. C) Total stress-length behaviour during a contraction. Length is
normalized by the resting length (RL) of the muscle. The total curve (Tot) is the composition of the
active curve (Act) and the passive one (Pas). The active curve finds its maximum in correspondence
of the optimal length of the sarcomere (RL). D) Typical force (expressed as a percentage of the
maximum) compared to the speed of contraction (normalized by the optimal length of the

sarcomere).

The skeletal muscle exerts stress when myosin (from thick filaments) connects to
actin (from thin filaments) through cross-bridges. The muscle develops its
maximum force when there is an optimal overlap between thin and thick filaments.
When sarcomere length is about 2.2 um (optimal length in humans, Lo) the force it
can provide is maximum [22], [28]. Further stretching the muscle results in a
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decrease of the contraction force and, when the sarcomere reaches about 175% of
its optimal length, no force can be developed. The exerted stress is expressed as
percentage of maximum active stress, achievable during a tetanic contraction.
Muscle stress increases along with the stimulus frequency, until reaching a plateau
that corresponds to the maximum tetanic force [28]. The combination between the
passive and the active mechanical properties generates the total stress-length
relationship (Figure 2C) [49].

Skeletal muscles are also able to regulate the force to be adequate to the load that
they bear during the shortening. Moreover, a force-velocity relationship can
describe the limits to muscle speed and force output [33]: for fast movements, the
force produced by the contractile system is low, and vice versa (Figure 2D) [50],
[51]. Skeletal muscles produce work only by contraction, reducing or holding the
joint angle between the two bones to which they are connected through connective
tissues (usually tendons). Being only able to contract, skeletal muscles usually work
in pairs at the opposite side of a joint (in an antagonist setting) [2]. Each motor
signal, originating into the motor neurons in the central nervous system, stimulates
up to 1000 muscle fibers. The combination between a motor neuron and its
connected fibers is called motor unit [24]. When the action potential has reached
the axon terminal of the motor neuron, it promotes the release of chemical
neurotransmitters at the neuromuscular junction. This complex is called synapsis
[52]. When the neurotransmitter reaches the receptors located on the muscle side,
they bind together causing the opening of sodium ions channels (Na*). The related
change in the fibers resting membrane potential triggers an electrochemical
depolarization (i.e. action potential) that travels through the sarcolemma. The action
potential passes into the muscle cell through T-tubules of the sarcoplasmic
reticulum that stores calcium ions (Ca?*). Then, voltage-gated channels located in
T-tubules open, allowing an inward current of Ca?*. This current further opens other
channels, releasing a large amount of Ca?* from sarcoplasmic reticulum cisternae.
The Ca?* high concentration removes the protein tropomyosin that inhibits the
linking between the thin and the thick filaments. This process starts the filaments
to slide one on each other, shorting the sarcomere [22]. The muscle contraction also

requires energy for the sliding, obtained with the hydrolysis of the organic complex
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adenosine triphosphate (ATP), that binds to the myosin heads. The sarcomere
shortening draws the Z-discs closer to each other, leaving the length of the filaments
unchanged. When the contraction reaches the peak value, the sarcomere can
decrease its length to a half. The relaxation occurs when the motor neuron stops to
stimulate the fibers. The neurotransmitter is broken down and the muscular action
potential is not generated anymore on the sarcolemma. Cell membrane ion
transporters, called Ca?* pumps, rapidly remove calcium and restore the original

concentration, leaving tropomyosin able to bind again and inhibit the sliding.

The fibers contraction is an all-or-none activation [22]. When the fibers are reached
by the action potential, they contract to their fullest extent. Muscles can perform
graded contractions, with variable force, regulating the number of contracted fibers
and their frequency of stimulation by the motor neurons. Relaxed skeletal muscles
always present a few fibers in the contracted state to maintain the muscle firmness,
which is named tone. If a skeletal muscle is overstimulated, it will rapidly lose
strength. For this reason, during a contraction, not all fibers work. The pattern of
firing of motor neurons changes, maintaining the contraction for longer periods by
alternating the fibers involved. This prevents muscular fatigue at best, and it is also

used to produce smooth movements instead of jerks[49].

Considering this, it is clear how the evolution aimed to enhance aspects like force,
contraction ratio, activation control and fatigue resistance by exploiting the
superposition concept in its hierarchical fibrous structures. Working in parallel,
myofibrils, fibers and fascicles scale up the force output of the muscle, while

sarcomeres, serially arranged, enhance the shortening during contraction.
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2.2 Requirements for a muscle-inspired soft-actuator

The contractile mechanism and the hierarchical structure of skeletal muscles are
drawing an increasing attention in the robotic research field, especially in the

production of actuators.

A robotic actuator is defined as a device capable to transform energy, coming from
any physical domain, to a motion by applying mechanical forces on a robotic joint,
an object, or on the surrounding environment [53]. Nowadays, the actuation
systems mainly rely on combustion, electric motors, or pneumatic/hydraulic. These
technologies are well established and had been refined since their early discoveries
around the middle of XIX century. However, to date, an established technology
with properties similar to the skeletal muscle is still missing. This paragraph will
focus on the process that brought researchers to investigate a new generation of
artificial soft-actuators trying to mimic the biological structure and the linear

actuation system of skeletal muscles.

Actually, muscles do not overcome artificial actuators in any aspect [54]. For
instance, both combustion and electric motors have higher specific power [55]. It is
for their incredibly well balanced performance and features, and not for any single
dominating characteristic, that muscles are considered the best existing actuator [4].
Force, for example, can be finely tuned with the recruitment mechanism, optimizing
energy consumption, and refining movements. Muscles have also the ability to
change their stiffness [54]. They convert chemical energy to mechanical one
“combusting” ATP molecules, obtaining a fuel energy density up to two order of
magnitude higher than artificial batteries [54]. Moreover, thanks to the hierarchical
structure, skeletal muscles amplify the microscopic movements of the actin-myosin

complex, obtaining macroscopic displacements [56].

Today, most of artificial actuator technologies are hard, noncompliant, heavy and
noisy [53]. They have the advantage of being usually precise, fast and powerful

when used in their specific application domain, but lack of adaptability when the
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environment of operation is not well known [57]. They, therefore, require complex
transmission systems to be usable in non-repetitive tasks.

Nevertheless, in the last years, Nature has become more and more a source of
inspiration for robotics and machines in general. Softness, compliance, and reduced
complexity are key features often exploited in living beings. These features are also
chased by robotic research to produce actuators capable to be used into unknown
environments, overcoming the current drawbacks of classical ones [2], [3]. This
research culminated in the birth of a new class of systems, currently growing,
referred as soft robots [58]. For the purpose of soft robotics application, a variety
of emerging actuator technologies had been exploited [59], [60]. Soft-actuators and,
more specifically, artificial muscles, share some common generic requirements.
Adequate stress and stain values should be exhibited to be of practical use. The
strain rate (i.e. the average change in strain per unit time during an actuator stroke)
should be sufficient to ensure a rapid responsiveness [54]. Other key-figures of
merit are considered to evaluate artificial muscles, like the work density (i.e. the
amount of work generated in an actuator cycle normalized by its volume), the
specific power (i.e. the power output per unit mass) and the efficiency [54]. High

reversibility and controllability would be also suitable [61], along with durability.

To satisfy these requirements with desired performances, many efforts have been
made researching the employed materials. However, learning from Nature, it is
clear how the geometrical and morphological structure of these materials is also
fundamental when designing an artificial muscle. Working in the nanoscale it is
possible to assemble nano-actuators and to scale up forces and contraction,
mimicking the same approach of biological muscles [62]. Moreover, since most of
researched actuators activation mechanism rely on the inward electrolyte or heat
perfusion, their power output tends to increase at smaller dimension due to faster
mass, electronic and heat transport, or higher surface area to volume ratio. This is
the choice “made” by the evolution for biological muscles and for this reason,
solutions involving small-diameter actuating fibers had been proposed [63], [64].
This approach is often limited by the laborious fabrication and sometimes by lacks

in technology.
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Another advantage brought by the mimicking of muscles could be the fine tuning
of actuation force and stroke, in a similar way of the recruitment phenomenon. This
mechanism is currently being investigated, through the exploiting of many textile
architectures obtained using knitting, weaving, and braiding techniques [63]. For
obvious morphological similarities, aligned fibers-structured artificial muscles
would be favourable. High surface-to-volume ratios, along with high degree of
porosity brought by the nano- or micrometric size gaps of fibrous hierarchical

structures, could enhance their actuation performance and response [61], [64], [65].

To date, an unsolved topic in the soft robotics field is to realize flexible actuators
capable to develop high forces, performances, and functionality by mimicking the
hierarchical morphology of skeletal muscles in the animal body. These kind of
actuators are specially needed for assistive and rehabilitation devices that must
safely physically interact with human beings [66], for example artificial limbs,

prosthetic devices, exoskeletons, or even surgical instruments [3], [67].
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2.3 Technologies for nano- and microfibers production

In order to achieve fibrous hierarchically structured actuators, few manufacturing

processes were chosen by researchers, which will be overviewed in this Section.
2.3.1 Spinning

Spinning is a manufacturing process involved in the production of polymer fibers.
The three major techniques (melt spinning, dry spinning and wet spinning) are used
for the production of most of commercial synthetic fibers, usually with a diameter
in the micrometric or millimetric scale [68]. In order to produce fibers with
diameters in the nanoscale, electrospinning or near-field electrospinning are usually

employed.
2.3.1.1 Melt Spinning (Extrusion)

The melt spinning is a widely used and well-established process in the manufactory
industry (Figure 3A). A bulk material is pushed through a die, creating objects with
fixed cross-sectional profile. The end-plate die determines the shape of the extruded
material. When polymers are extruded, the raw material is stored into a hopper in
the form of pellet and conveyed through a feeding screw to the die. During this
process, the material is also heated with a controlled temperature. Extra-heat results
also from the intense pressure and friction taking place between the screw, the
material and the barrel. The continuous polymeric filament produced is then cooled
by air or liquid [69]. Melt spinning process outcome depends on several parameters
such as the polymer viscosity with its variations (due to shear stress and
temperature), and its elasticity. Process parameters that should be monitored, are
[69]:

i)  Barrel temperature: it is usually chosen equal to the glass transition or the
melting temperature of the polymer.
i)  Feed rate: it should be constant and linked to the screw speed. These two
parameters are critical to obtain a homogeneous infill of the extrusion.
iii)  Motor load and melt pressure: These parameters also depend on the feed

rate and the screw speed, along with the molecular weight of the polymer.
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Like in the microfabrication, the micro-scale melt spinning follows the same
process [70]. Fishing line, for example, is usually made with an extruded polymer

that had been melted, before being forced through a micro-scale hole.
2.3.1.2 Dry Spinning

This methodology is employed for those polymers that need to be dissolved in a
solvent, due to their thermal degradation temperature lower than the melting one.
In the dry spinning, a volatile solvent is first used to dissolve the polymer into a
solution. This solution is then purified by a filter and pushed through a spinneret
into a warm air chamber to force the solvent evaporation. The polymer then
solidifies into a thin filament that is wound around drums. The key variables of the
dry spinning are the heat transfer, the mass transfer and the filament stress [68].
Common dry spun fibers include acrylics, polyvinyl chloride (PVC) and polyvinyl
alcohol (PVA).

2.3.1.3 Wet Spinning

This methodology is used, like dry spinning, for polymers that need to be dissolved
to be spun. The solution is extruded through a spinneret directly into a chemical
liquid bath. This causes the fiber precipitation and solidification. The solvent is then
removed, and the filament is wound around a drum. The rate of extrusion is crucial
to avoid micro-void formation into the fiber. Common wet spun fibers include

acrylics, rayon, spandex, lyocell [71].
2.3.1.4 Electrospinning

The electrospinning process was developed in the early twentieth century [72] but,
only in the last three decades, it has drawn increasing attention due to the
exponential development of nanotechnologies [73]. This technique has proved to
produce size-tuneable fibers in the nano- or micrometric scale and is widely
employed to mimic the morphology of many biological tissues, such as tendons,
ligaments, and muscles in the tissue engineering field [73]-[79].

The process is based on the stretching of a polymeric solution through a high
electrostatic field (Figure 3B). The system consists of a syringe with a thin metallic
needle, loaded with the polymeric solution, a syringe pump to control the flow rate,
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and a metallic collector positioned at a certain distance. The needle is linked to the
positive of a direct current (DC) power supply, while the collector is grounded. The
voltage applied is of several kilovolts (5 - 30 kV) [80]. This produce a high
electrostatic field between the needle and the collector. Then, the solution droplet
flowing out of the needle is stretched by the electrostatic field to form a conical
shape, called Taylor cone (Figure 3B). A jet stream emanates from the cone apex,
firstly with straight trajectory, then with a whipping movement towards the
collector. This motion induces the polymeric chains to stretch and the stream to
shrink. This elongation, along with the evaporation of the solvent, produce a
continuous fiber with a tuneable diameter from the nano to the macro scale [81]-
[83]. The outcome of the electrospinning process depends on three families of
parameters [73], [81]:

- Solution parameters: the polymer(s) and the solvents chosen, their
concentrations, conductivities, and viscosities [84].

- Process parameters: the applied electrostatic field, the needle—collector
distance, the collector shape, the collector rotational speed, the flow rate and
the needle diameter [85].

- Environmental parameters: the relative humidity and the temperature.

Tuning these parameters, different fiber morphologies, cross-sectional areas and
porosities are attainable. By changing the shape of the collector, it is also possible
to introduce a preferential alignment of the fibers [72], reproducing the parallel
arrangement of the skeletal muscle ones. This allowed to produce scaffolds (even
resorbable) for muscle regeneration, able to guide the growth of different tissue
cells [86]-[89]. For all these reasons, electrospinning is one of the most promising

techniques also employed in the development of bioinspired muscle-like actuators.
2.3.1.5 Near field Electrospinning

The near field electrospinning (NFES) is a spinning process where solid nanofibers
are deposited in a direct, continuous and controllable way (Figure 3C) [90]. “Near
field” means that the process aims to deposit the nanofiber on the collector when it
is still in the stable liquid jet zone. Conversely to the classic electrospinning, the

whipping zone is absent. The typical tip—collector distance is in the range 0.5-3 mm
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[90]. Because of such a close distance, the required electrostatic voltage is reduced
[91], maintaining anyway the typical value of the electrical field in the region (about
107 V/m) [90]. With this process single, thin (even less than 100 nm diameter) and
several centimetres long nanofibers can be obtained [91], [92]. The fibers are
deposited in a similar way of the 3D printing and moving the collector with
adequate speed allows to draw the fibers in a controllable manner [93]. The
morphology of the fibers can be tuned changing the solution concentration, the
electrode-collector distance, the applied voltage, the tip diameter, the size of the
droplet [90], [91], [93]. The environmental parameters are the same of the

conventional electrospinning listed above.
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Figure 3. Typical manufacturing processes employed in the production of microfibers and
nanofibers: A) polymer melt spinning; B) electrospinning (the inset shows the Taylor cone); C) near

field electrospinning; D) chemical vapour deposition.
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2.3.2 Chemical vapour deposition

The chemical vapour deposition (CVD) is a synthesis technique used to obtain a
solid support from a molecular precursor (Figure 3D). It consists in the thermal
decomposition of a hydrocarbon vapor in presence of a metal catalyst. It is the most
employed methodology to produce carbon nanotubes (CNTS), that are carbon-based
nanostructured tubular elements. Since mid-twentieth century, CVD is an
established method for microfibers production and in 1952 researchers obtained 50-
100 nm diameter CNTs. The CVD for CNTs manufacturing consists in a
hydrocarbon vapor flowing through a cylindrical reactor, in which a metal catalyst
is present. The catalyst, heated at a proper temperature (600-1200 °C), decomposes
the hydrocarbon from the vapor into carbon and hydrogen species. Hydrogen flies
away and carbon gets dissolved into the metal [94]. Once the solubility threshold
of the carbon in the metal is reached, it precipitates and crystallize in a network-
shaped structure energetically stable, the CNT. Upon cooling the system, the CNTs
are collected. However, the CNT growth mechanism is still not well known [94].
The CVD is widely used because of its reasonable processing cost, high production
yield, the ability to control the crystal structure and the deposition rate [95]. Many
parameters can be set to tune the CNTs structure: the hydrocarbon type, the catalyst,
the temperature, the pressure, the gas-flow rate, the deposition time and the reactor

geometry [94].

57



Chapter 2: Hierarchical fibrous structures for muscle-inspired soft-actuators: a review

2.4. Materials employed in muscle-inspired fibers

production

In order to produce fibrous actuators, different materials with specific peculiarities
had been used. A class of materials frequently employed is represented by
conjugated polymers: organic semiconductors characterized by single or double
bonds alternated along the polymeric backbone [60]. This configuration confers
them electrical conductivity: once an anion approaches the chain, it forces the
polymer to reconfigure itself, sliding its double bonds along the chain. This creates
a flux of electrons and, consequently, an electronic current. Applying a potential to
the polymer ends, a volumetric change occurs, a phenomenon mainly caused by
mass transport. The applied potential creates a charge mismatch, balanced by the
entrance of anions or cations (often solvated) into the interstices of the polymeric
chain. The polymer thus contracts or expands by changing its volume. Polyaniline,
polyacrylonitrile, polypyrrole and poly(3,4ethylenedioxythiophene) belong to this
class. These materials can be used both as electro-active coating and to produce

fibers themselves.

Carbon is also frequently used. Specifically, CNTs are a class of allotropes of
carbon with cylindrical nanostructure. They have appealing properties like low
density, high tensile strength, high conductors of electricity and/or heat. CNTs are
often obtained in form of multi walled carbon nanotubes (MWCNT), consisting in
several concentric graphene tubes [96]. They can be grouped in yarns and twisted
to make spring-shaped structures able to contract axially and to rotate in response
of various kind of stimuli [97]-[99].

The same principle is shared with some non-conductive polymer or natural fibers
that, when over-twisted, rely on their anisotropic thermal expansion coefficients to
produce actuation[99]. Other passive fibers, like silk, can be used as bulk materials
to produce nanofibers. This fibers are often responsive to humidity changes, making
them suitable for soft-actuators production [100]. Other materials, usually
conjugated polymers, are frequently used as coating on the fibers, to achieve a

response to the stimuli [101]. Recently, molecular motors (MM) had been
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developed starting directly with the artificial assembly of a molecule capable to

change its length in response to a stimulus [102]-[106].

Table 2. Materials used to produce muscle-inspired actuators

Acronym Extended Name Manufacturing technique References
PANi Polyaniline Electrospinning [4], [62], [107]
PAN Polyacrylonitrile Electrospinning [108], [109]
. . [12], [14], [61],
CNT Carbon Nanotube Chemical Vapour Deposition [110]
PPy Polypyrrole Coating [66], [101]
i . . [66],  [101],
PEDOT Poly(3,4ethylenedioxythiophene) Coating [111]
PES Polyester - [66]
- Nylon 6.6 Dry / wet / Melt spinning [112]
) Silk Electrospinning [101]
Natural harvesting
PVDF Polyvinylidene fluoride Electrospinning [113]
MM Molecular Motors Solvent Casting [106]
PAA Polyacrylic acid Electrospinning [114]
o [107], [113],
- Cellulose Electrospinning
[115]
. [10],  [116],
PET Polyethylene Melt Spinning
[117]
PU Polyurethane Electrospinning [62]
ZrO2 Zirconia Electrospinning [118]
- Spandex Melt Spinning [119]
UHMWPE  Ultra-molecular weight polyethylene Melt Spinning
GO Graphene Oxide Wet spinning [120]
Nb Niobium Etching [9]
PEVA Poly(ethylene-co-vinyl-acetate) Melt Spinning [121]
- Wool Natural harvesting [122]
- Cotton Natural harvesting [122]
- Flax Natural harvesting [122]
- Cotton Natural harvesting [123]
- Viscose Melt Spinning [124]
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Table 3. Coating, electrolytes, and additives used to enhance muscle-inspired actuators contraction

Acronym Extended Name Usage References

PANi Polyaniline Coating / Particles inclusion . o2
[107]

PPy Polypyrrole Coating [62], - 101},
[125]

MWCNT Multi Walled Carbon Nanotubes sheet Coating [112]

PEDOT Poly(3,4ethylenedioxythiophene) Coating [66], [101]

- Graphene Coating [126]

Pt Platinum Coating [127]

Ag Silver Coating [10], [66]

Au Gold Coating [66]

C Carbon Particles inclusion [66]

Sn Tin Coating [66]

Al Aluminium Coating [121]

Cu Copper Coating [66]

p-TSA Para-toluene sulfonic acid Coating [101]

NaDBS Dodecylbenzenesulfonate Coating [101]

- Wax CNT-structures guest material ~ [128]

PDDA Poly(diallyl dimethylammonium chloride) CNT-structures guest material ~ [129]

TPU Thermoplastic Polyurethane CNT-structures guest material ~ [97]

PVDF-co-HFP  +Poly(vinylidene  fluoride-co-hexafluoropropylene)  +

. Gel electrolyte [12], [13]
TEA-BF4 tetraethyl ammonium tetrafluoroborate
PVA + H2S04 Polyvinyl alcohol + Sulfuric acid Gel electrolyte [13]
: . 12}, [98],
TBA-PFs Tetrabutylammonium hexafluorophosphate Organic electrolyte [130]
PEO-SOs3 Sulfonated Poly(ethylene Oxide) CNT-structures guest material ~ [131]
Tetrabutylammonium hexafluorophosphate + .
TBA-PFe/PC Organic electrolyte [131]

Propylene carbonate
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2.5 Analysis of state-of-the-art of muscle-inspired actuator

In this Section, the state-of-the-art of muscle-inspired actuators is analysed.
Specifically, the literature will be classified considering the hierarchical level
reached and tested, i.e. single fibers, flat mats, bundles, yarns, coiled and/or plied

structures.
2.5.1 Single fiber actuators

Up to now, only a few works involved actuators made of individual fibers. In [114],
hydrogel nanofibers had been produced through the electrospinning technique. The
main aim of the work was to investigate the actuation performance of a single
hydrogel nanofiber made of PAA. The atomic force microscope (AFM) was used
to measure forces in the nanonewton scale [132]. The PAA nanofibers were directly
electrospun across two parallel 40 pm thick bars of a transmission electron

microscopy (TEM) stub, 50 um spaced from each other (Figure 4).
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Figure 4. Single fibers actuation. A) Optical microscope images of PAA nanofibers UV treated for
5 minutes and suspended between a TEM at different pH values (adapted from [114] and reproduced
with permission. Copyright 2012, The Royal Society of Chemistry): I) swollen fibers (pH = 8; scale
bar = 20 um); contracted fibers (pH = 3; scale bar = 20 um). B) Piezoelectric actuation of PVDF

nanofibers fixed between two aluminium contact pads (adapted from [133] and reproduced with
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permission. Copyright 2010, Elsevier B.V.): I) scheme of the electrostatic attraction forces between
the nanofiber and aluminium pads; 1) deformation of a PVDF fiber under positive (+E) or negative
(—E) electrical field as a result of (a) piezoelectric and (b) electrostatic effects; III) adding two

aluminium electrodes upside, the electrostatic force can be reduced.

After an ultra-violet light (UV) crosslinking the fiber was mechanically tested
hooking the AFM cantilever tip transversely to its axial direction. In a first test, the
nanofibers were deposited slack across the bars (Figure 4Al) and later activated by
pH variations of the bathing solution. Moving from pH 8 to 3, a swelling of the
nanofiber was observed, with a consequent axial contraction (response time = 1-4
s) until its complete stretching between the bars (Figure 4All). In a second test, the
nanofibers were pre-stretched with a constant strain by the cantilever tip movement.
With a series of tip oscillation and pH variations, the nanofibers mechanical
properties were determined: a 20-24% axial strain was reported during the free
stroke in the first test, while during the second one (comparable to an isometric
contraction) an elastic modulus of 8.5 MPa (pH=3) and of 5.1 MPa (pH=8) was
determined. The contractile force was 0.5 pUN, corresponding to a mean stress of
230 kPa, comparable to skeletal muscles [31], [48].

In [133], the NFES technique had been used to produce PVDF fibers (diameter =
2.6 um, length = 500 um) studying their individual actuation (Figure 4B). The
PVDF fibers were spun across two aluminium contact pads suspended over an
insulating glass substrate, fixing their ends with conductive epoxy on the pads
(Figure 4BI). PVDF has a negative piezoelectric coefficient, so positive or negative
electric fields cause respectively a shrinkage or elongation [133]. The suspended
fibers showed an initial downward deformation due to gravity force, measured with
a charge-coupled device (CCD) sensor as the variation of downward flexion in the
central part of the fiber (Figure 4BI1). The authors reported a bias in the data caused
by the electrostatic attraction of the fiber toward the pad. This side-effect was
minimized by placing two identical electrodes symmetrically over the main ones
(Figure 4BlIl). The PVDF electrospun fibers showed about a two-time higher
piezoelectric coefficient compared to commercially available PVDF films. This

coefficient is directly proportional to the induced mechanical strain. It was
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concluded that this improvement was due to the fewer defects and smaller domain
wall motion barrier in the PVDF electrospun fibers. Only a few works investigated
the properties of single fibers mainly because of the challenging testing procedures
according to the dimensions of the fibers and the infinitesimal forces to be measured
(from nN to a few pN [114]).

2.5.2 Flat Mat actuators

Trying to obtain a scaled up hierarchical complexity of their actuators, other
researchers focused on the production of fibrous mats. Preliminary works
investigated commercially available wet and dry spun PAN fibers [127], [134]-
[136]. In [134], an artificial muscle made of PAN fibers was activated through an
electric field. This activation was obtained bathing the structure in an aqueous
solution of sodium chloride in contact with one of the two electrodes. The local
acidity of the solution changed near the electrode, implying the contraction or
expansion of the artificial muscle depending on the polarity of the electric field. In
a later study the authors added two steps of annealing and chemical treatment to the
PAN fibers, reaching a 100% strain during the activation [135]. The force
dominating the contraction-expansion of PAN fibers were reported to be mainly
intermolecular Coulomb ones. Trying to increase their conductivity, the muscle-
inspired PAN fibers had also been coated with platinum [127]. However, the
contraction speed was quite low, reaching a 40% contraction in 10 minutes. To
increase the ions/solvents diffusional processes that governs the PAN contraction,
the contraction speed and the response time as well, the electrospinning technique
was adopted to produce mats of PAN nanofibers [109]. The same investigation
was carried on in [108], [137], where the shape changes of PAN nanofibers in
response to a pH variation had been observed. The changes of the nanofibers
diameters were also measured in-situ with an environmental scanning electron
microscope (E-SEM) and an AFM. A variation of more than 100% was observed
[135] with an increase of the mean diameter of PAN nanofibers from 250 to 750
nm, after the contraction [108], [137]. In [4], to improve the overall actuator
performances, a biomimetic perspective was investigated, exploiting the nanoscale
range and the higher molecular alignment within individual fibers to increase the

Young’s modulus [138], [139]. Electrospun PAN nanofibers were collected in
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randomly aligned mats and then annealed. Several stripes of the PAN mat were cut
and divided in three groups to be passively mechanically characterized in different
states: annealed, fully contracted (in a low pH solution) and fully expanded (in a
high pH solution). Each category showed different values of ultimate stress and
strain (i) annealed samples 0.07 MPa at 8%; (ii) fully expanded 3.5 MPa at 42%;
(iii) fully contracted 80 MPa at 125%. A composite actuator was then produced,
embedding a graphite electrode sheet between two layers of electrospun PAN
nanofibers. A 25% linear contraction in 1 minute was observed when electrically
activated, with a maximum strain of 58.8%, an ultimate stress of 77.1 MPa, and a
Young’s modulus of 0.21 MPa [4].

Cellulose combined with polymers is an alternative strategy when prototyping
contractile flat mats of nanofibers. An electrospun cellulose-polyaniline (PANTI)
bio-composite membrane was proposed as soft-actuator in [107], where the
cellulose acetate fibers, embedded with chopped PANI particles, were directly
electrospun. Just a low amount of this conductive polymer was sufficient to enhance
the performance of this cellulose-based biopolymer actuators [107]. The obtained
nanofibers were collected in randomly oriented mats and placed between thin gold
electrodes. The devices were electromechanically tested with harmonic responses
and current-voltage tests, showing an electrically driven bending deformation. The
entity of the displacement was correlated with the amount of PANI inside the
cellulose-acetate nanofiber [107]. The contraction was not linear probably due to

the random arrangement of the nanofibers.
2.5.3 Bundle and yarn structured artificial muscles

Following the hierarchical structure exhibited by biological skeletal muscles,
researchers investigated parallel (bundle) or twisted (yarn) fibrous topologies, to
enhance the actuation performances. A bundle of 50 um PET fibers, platinum
coated, were produced through melt spinning [125]. The whole bundle was then
coated with an additional layer of PPy. Since this kind of actuator needs a liquid
electrolyte, the bundle shape was chosen to facilitate the ion diffusion kinetics and
to decrease the electrical resistance, avoiding the limitations previously observed
in PPy-film actuators [140]. The device weight fraction, constituted by the active
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component was then calculated, resulting in an increase from 0.3 of the double-
sided laminated film (thickness = 100 pum; PPy coating thickness = 20 um), to 0.64
of a bundle of PET platinum coated fibers that occupies the equivalent area of the

film. The mechanical tests reported a maximum stress of 6.8 MPa.

Bundles of PAN microfibers, coated with conductive platinum, were produced in
[141]. These bundles were used inside a chemical electrolytic cell as an electrode
and activated with a 10 V DC power supply. A pH change in the vicinity of the
PAN bundle electrode was then observed, leading to a contraction of up to 100%
of the bundle within a few seconds.

In another study [66], the performances of seven different kinds of actuators,
produced starting from commercial yarns, were evaluated: spun yarns (of
polyamide, silicon or cellulose) with carbon particles inclusion; polyamide silver
coated; polyester yarn wounded by a stainless-steel wire; polyester yarn double
wounded by a copper wire; gold coated polyester yarn. Finally, all these yarns were
coated with a conductive PPy layer. The actuation of the yarns showed a linear
contraction in a range of 0.01 —0.1% [66].

Other groups instead worked on the development of artificial muscles based on
CNTs, which is one of the most prolific fields. Firstly, a novel method to obtain
yarns of multiwalled carbon nanotubes (MWCNTS) was introduced, inserting a
twist during their drawing from the, so called, nanotube forest [142] (Figure 5AI -
I1). These yarns have showed to achieve ultimate stresses greater than 460 MPa
with about 9% strain. In [143], MWCNTSs were used to develop a soft actuator. The
dependence of the actuation strain on the applied voltage were quantified. A linear
strain of 0.5% was obtained in response to a 2.5 V electrical stimulus. This
dependence was found to be quadratic, whereas the Young’s modulus was
independent from the applied load or voltage. A similar structure was proposed in
[130], where a muscle-inspired electromechanical actuator was produced with a
twisted CNT vyarn, filled with an electrolyte (i.e. 0.2 M TBA-PF6 in acetonitrile).
The yarn was firstly obtained by harvesting and twisting MWCNTs from a
nanotube forest. Then it was put, together with a counter electrode, in the electrolyte
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bath with an applied voltage between the two electrodes. For the electrochemical
double-layer charge injection, the yarn partially untwisted.
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Figure 5. Applications of fibrous bundles and yarns in the production of muscle-inspired soft-
actuators. A) Scanning electron microscopy (SEM) image showing the production of a MWCNTSs
yarn obtained by twisting during drawing from a nanotube forest (adapted from [144], reproduced
with permission. Copyright 2010, Elsevier B.V.): I) overview (scale bar = 500 pm); Il) zoom into
the carbon nanotube yarn (scale bar = 250 um). B) Electrospun silk fibroin electromechanically
actuated bundles (adapted from [101], reproduced with permission. Copyright 2017 The Royal
Society of Chemistry): I) production by rolling up nanofibrous mats on a drum collector; 1) different
chemically treated bundles (scale bar = 50 um); I11) SEM image of a bundle cross-section (scale bar

=200 pm). C) Nanofibrous bundle actuated by means of photo responsive MM (adapted from [106],
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reproduced with permission. Copyright 2017 Springer Nature): 1) Picture of a photo responsive
molecular machine; I1) self-assembly of molecules into nanofibers; 111) assembly of nanofibers in
axially aligned bundles; 1V) image of a bundle before the application of the UV light (axia
alignment = 0°; scale bar = 5 mm); V) bundles nanofibers bending after the UV light application;
VI) image of a bended bundle after the application of the UV light (radial bending = 90°; scale bar

=5 mm).

The actuation performances showed a reversible maximum rotation of 41 full turns,
corresponding to 3.4% of the twist inserted in the actuating yarn length. However,
the linear maximum contraction was about 1%, far from the one observed in skeletal
muscles (i.e. 20-40% during physiological activities [145], [146]). A slightly better
contraction was obtained in [147], by using left and right handed fibrous yarns of
similar twisted and aligned MWCNTSs, (diameter = 20 um) (Figure 5All). These
assemblies were firstly actuated in air, obtaining reversible lengthwise contractions
up to 2% and rotatory torsions larger than 360°. These results were equivalent for
both left- and right-handed yarns. Their rotations and contractions were quite fast
(< 0.4 s) and the developed stress reached 6 MPa during an isometric test onto a

table-top testing instrument.

In [128], a hybrid electrothermally powered MWCNTSs yarn had been produced,
by exploiting the same strategy that spiders use in Nature to eliminate uncontrolled
spinning at the end of the dragline. To damp unwanted dynamic oscillations, the
yarn was infiltrated with paraffin wax. Moreover, the wax, mixed with a triblock
copolymer, was characterized by a large thermally induced volume change that can
also enhance the yarn lengthwise contraction when activated [148]. In a later work,
the conductivity of MWCNTSs were increased by depositing graphene flakes on the
MWCNTSs sheets, during yarns production [126]. In this way, the conductivity of
the device increased to 9x10* S/m (from the 22x10* S/m of the pristine MWCNTS).

As an alternative to CNTs, niobium nanowires were proposed as high strength yarn-
based artificial muscles [9]. To extract highly aligned niobium nanowires, copper
had been etched from copper-niobium wires (diameter = 100 nm). These filaments
were later twisted into yarns of different diameters and electro-mechanically
characterized. The devices showed strong values of ultimate strength (from 0.4 to
1.1 GPa), higher conductivity than CNTs (3x10° S/m versus 3x10* S/m) and mean
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tensile moduli of about 19 GPa. The electrical activation, with a pulse of 4.8 V,
generated a maximum value of 1800 rpm, despite a tensile actuation of only 0.24%,
even lower than CNTSs actuators [143], [147].

The electrospinning technique was also proposed as a suitable tool to produce
bundles resembling the skeletal muscle myofibrils and myofibers. PU nanofibers
coated with PANi were proposed in [62]. PU was chosen because of its rubbery and
flexible nature in order to follow the contraction of PANi without blocking its
actuation. An axially aligned bundle was obtained with a gap collector during the
electrospinning process. The nanofibers were then coated with a 260 nm thick layer
of PANI, using an in-situ chemical polymerization of aniline. The device was then
tested with cyclic voltammetry, showing a high electroactivity. Current-voltage (I-
V) plots were obtained, reporting 50 S/m of conductivity, that was considerably
higher compared to the pure PU nanofibrous bundle (1.76 x 10° S/m). The
electromechanical characterization revealed a linear contraction of 1.65% at an
applied stress of 1.03 MPa. The bundle could stably be actuated without significant
creep, at an applied stress up to 2.263 MPa (linear strain of about 0.6%). The work
per cycle was reported with an efficiency above 75% during the actuation, even
beyond 100 cycles. The device was also passively tested, reporting an ultimate
strength of 35 MPa, higher than the ultimate strength of a pure PU nanofibrous
bundle (25 MPa).

In [101], the electromechanical actuation of electrospun silk fiber bundles was
proposed to mimic the muscle fiber. Silk fibroin was chosen due to its
biocompatibility, as demonstrated in drug delivery [149] and tissue engineering of
similar hierarchical biological structures [150]. Silk nanofibers were first
electrospun on a high-speed rotating drum collector in an aligned pattern; mats were
later rolled up directly on the drum (Figure 5BI) to obtain bundles with an average
diameter of 200-500 um (Figure 5BII - 111), the same order of magnitude of muscle
fibers. The fibers then underwent sequential chemical and electrochemical
polymerization to increase the hydrophilicity of the fibers and the incorporation of
the conductive polymer. These processes also changed the colour of the bundles
(Figure 5BII). Then, to form a silk-PPy interpenetrating network, a PPy deposition

was carried on in situ, soaking the bundles in a polymerization solution containing

68



Chapter 2: Hierarchical fibrous structures for muscle-inspired soft-actuators: a review

PPy and FeCls. This step turned the bundles sufficiently conductive to be used as
working electrodes for an additional conductive coating step, using p-TSA or
NaDBS as dopants (or PEDOT as an alternative to PPy). The resulting nanofibers
exhibited conductivities in the order of 10° S/m. Using a square wave of +2 V to
actuate the devices, the bundles coated with PPy and doped with p-TSA achieved a
maximum stress of 400 kPa, in the same range of skeletal muscles. While devices
employing PEDOT showed higher stresses and relaxation rates (0.12%/s), the PPy
coated and doped with NaDBS showed the longest lifetime, being fully operational
after 24 hours, but with a stress generation capacity dropped to a fifth of the initial
value. However, the maximum strain was still low when compared to natural

muscles, reaching maximum values of 1-2%.

In [106], a hierarchical self-assembly of photo-responsive amphiphilic MM [103],
[151]-[153] was proposed. This work relies on an unpreceded amplification of
motion, starting from the molecular level over various length scales, up to a
macroscopic contractile movement of a hierarchical fibrous structure [106]. Rotary
MM were synthetized in such a way as they automatically self-assemble in a
supramolecular unidirectional aligned system to form a nanofiber (Figure 5CI).
Then, the solution containing the MM was matched into an aqueous solution of
calcium chloride (CaCl.) with a pipette to automatically obtain a noodle-like bundle
of aligned nanofibers (Figure 5CII - IV). This string, about 10 mm long and
comprising 95% of water, was activated with a light source that induced the rotation
of the rotary MM and, thus, the bending of the string toward the light source (Figure
5CIHI - VI). The macroscopic bending of the string was caused by the orientational
changes of the bundles [106]. A 90° string bending was obtained in water after 60
s of irradiation; to restore the string original conformation, it was necessary to heat
the water for 3 hours. A similar test was carried on in air, with a 0.4 mg piece of
paper attached to the end of the string. After irradiation, the device was able to bend
of 65° in 60 s, lifting the paper. Even if the proposed actuator involves a bending
motion, which is far from one of the topics of this review, it is interesting to note
that in this case the basic actuating units are the molecules themselves. These MM
firstly self-assemble in aligned systems to form nanofibers and finally were grouped

together producing a bundle-like hierarchical structure.
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2.5.4 Coiled and/or plied structured artificial muscles

The amount of contractive strains and actuating forces is particularly critic for
muscle-inspired actuators. To overcome these problems, researchers adopted
techniques such as twisting, coiling, and plying [16], [154]. A coiled structure is
obtained by over-twisting a single yarn, while twisting several yarns together leads
to a plied assembly. These types of actuators can produce force through torsional
motion [155] or linear contraction. In this review, for the reasons presented above,
only the studies belonging to the latter category will be described. In [14], a guest-
filled MWCNT yarn actuator was designed. The need of an electrolyte (with a
counter-electrode and a packaging) is another common drawback of these devices
[130], [143]. In [14], the actuating guest (i.e., paraffin wax) between MWCNTSs was
incorporated in both solid and molten state to avoid this limitation. The volume
expansion of the wax drove the actuation (about 20%, while the temperature
increases from 30°C to 90°C). Wax was not extruded from the porous yarn due to
the high interfacial energies arising at the nanoscale [14]. This guest confinement
inside the nanoscale pores of the MWCNT yarn was intended to avoid hydraulic
and external heating systems. These hybrid yarns contained up to 99% in weight of
the guest substance without losing the flexibility and the properties of the CNT host
structure [13]. Furthermore, in [14], many different structures had been proposed,
starting from the harvesting of the MWCNT sheets from the CNT forest. During
the twist insertion of the sheets to form the yarn (Figure 5Al), the paraffin wax was
eventually inserted with the biscrolling technique. To incorporate the wax into the
yarns, the sheets were twisted in different-shaped structures depending on the
desired application [14]. The typical yarn-guest structures are known as Fermat,
Archimedean and dual-Archimedean scrolls and originates by the twist movement
that is imparted to the sheets during the yarn production [156] (Figure 6AI-III).
Furthermore, homochiral and heterochiral structures had been proposed (Figure
6BII and 1V) [14].
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Figure 6. Yarn configurations for linear and torsional actuators. A) Different methods of twist
insertion during spinning of a MWCNT sheet. The cross section of the yarn is shown in the inset
(adapted [156], reproduced with permission. Copyright 2002 Science Magazine): I) Fermat-type
twist insertion (scale bar = 75 um); 11) Archimedean-type twist insertion (scale bar = 250 pm); I11)
Dual-Archimedean-type twist insertion (scale bar = 300 um). B) Different muscle configuration
using twisting, coiling and plying techniques (adapted from [14], reproduced with permission.
Copyright 2012 Science Magazine): 1) two-end-tethered, fully coiled wax infiltrated homochiral
yarn; Il) two-end-tethered, half wax infiltrated, noncoiled homochiral muscle. A paddle, free to
rotate, separates in the middle the infiltrated and the neat part of the device; 111) one-end-tethered,
fully wax infiltrated, 4-ply homochiral muscle; 1V) two-end-tethered, fully wax infiltrated, 2-ply
heterochiral muscle. The paddle, free to rotate, separates in the middle the two opposite-twisted part
of the device. Red and green attachments are tethers that prohibit end rotation. Red ones prohibit
also translational displacement.

The latter were obtained by inserting a paddle in the middle of the yarns: in this
way, one half was twisted in the opposite direction of the second half. A coiled

dual-Archimedean neat (without wax) yarn was firstly tested by heating, showing
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a 7.3% contraction under 3.8 MPa of applied stress. The contractile work capability
(scaled on the yarn weight) was 0.16 kJ/kg. A two-end-tethered coiled Fermat wax-
filled yarn was thermoelectrically activated with a square wave stimulus of 18.3
V/cm at 20 Hz. The devices showed for 1.4 million cycles a tensile contraction of
3% at a rate of 1200 cycles/minute, lifting 17700 times their own weight. A fast
passive cooling of 25 ms was necessary between cycles. The same device was then
optimized by increasing the electrical stimulation at 32 V/cm, reaching the
capability to lift 175000 times its own weight, a contractile work of 0.836 kJ/Kkg,
and a power output of 27.9 kW/kg, which was 85 times the peak value for
mammalian skeletal muscles (0.323 kW/kg). As a drawback, a decreased life cycle
of the device had been reported. To optimize the level of coiling of the actuators,
an investigation was carried on yarns having different levels of inserted twists [14].
A coiled Fermat yarn with an intermediate twist (3990 turns/minute) showed a
maximum contraction of 5.6% was observed with a 5.7 MPa of applied stress.
Increasing the twist insertion by 6.8% (4263 turns/minute) resulted also in an
increment of the maximum contraction (16.4 MPa at 5.1% strain) and of the
contractile work (1.36 kJ/kg at 84 MPa). Conversely, the reduction of the twist
insertion by 41% eliminated the coiling, thus reducing the maximum contraction at
0.7% and the contractile work to 0.31 kJ/kg. A partially coiled dual-Archimedean
yarn produced a 10% of contraction at 5.5 MPa of applied stress. This improvement
was achieved by increasing the yarn diameter of about 13 times; as drawbacks the
cooling time increased to 2.5 s and, thus, the contractile power lowered to 0.12
kW/Kkg. A two-handed-tethered homochiral Fermat yarn, half wax impregnated and
half not (separated in the middle by a pad) was also tested. When thermoelectrically
activated, the actuator was able to rotate the paddle at 11500 rpm, first in one
direction then in reverse. The device showed a high life cycle, due to the
simultaneous twisting of the unactuated half during the untwisting of the actuating
half (the unactuated half acted as a torsional return spring [128]) (Figure 6BIV).
Furthermore, the same work showed how the wax infiltration and the coiling
increased the tensile contraction of yarns as well as how the reversibility of the
actuation was greatly enhanced by having a sufficient twist to cause coiling [14].
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A similar guest-filled hybrid CNT torsional and linear yarns were proposed in [13].
The peculiarity of these actuators was the solid gel electrolyte (PVDF-co-HFP
based TEA-BFs) in which they were embedded. These actuators were
electrochemically driven, a method used to increase the efficiency compared to
electrothermal activation [13]. A MWCNT sheet was pulled from a forest and a
twist was inserted to produce yarns with a high oriented fibrous structure (Figure
7Al and I1).
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Figure 7. Muscle-inspired plied and coiled soft-actuators. A) SEM images of different hierarchical
assemblies (adapted with permission from [13], Copyright 2014, American Chemical Society): I)
aligned CNTs on a yarn surface (scale bar = 1 um); Il) CNTs yarn of twisted nanofibers (scale bar
=20 um); H1) two twisted CNTSs yarns (2-ply yarn) (scale bar = 60 um); 1V) single ply coiled CNTs
yarn (scale bar = 60 um); V) 2-ply coiled CNTs yarns (scale bar = 100 um). B) Different applications
of CNTs twisted and plied yarns soft-actuators (adapted from [110], images reproduced with
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permission. Copyright 2015, Springer Nature): 1) CNTs yarn of aligned nanofibers (scale bar = 10
pum); 1) twenty CNTs yarns twisted together (scale bar = 30 um) until the over twist causes Il1)
coiling (scale bar = 30 um); 1V) scheme of the contractive and rotary actuations of twisted or plied
CNTs yarns. 1V) A copper paddle with a mass fixed in the end of the assemblies, generated
contractive and rotary forces simultaneously, when in contact with the solvent. V) The Twenty yarns
twisted together in I1) are progressively aligned by the contact with the solvent (scale bar = 40 um);
VI) the coiled structure in I11) appears tightened by the contact with the solvent (scale bar = 100
um); V1) schematic representation of a plied CNTs spring interacting at a distance (d) with a
solvent; VIII) progressively self-contraction of the plied spring at a distanced =5cmand IX)d =4
cm (scale bars = 2 cm). C) Electrochemically actuated CNTs muscle-inspired structures (adapted
from [12], reproduced with permission. Copyright 2017, John Wiley and Sons): I) coiled CNTs yarn
(scale bar = 200 pm); 1) 2-ply CNTs yarn (scale bar = 500 um); 111) assembly actuation and
shortening when immersed in liquid; 1V) parallel pair of 2-ply coiled yarn coated with a solid gel
electrolyte; V) cross-sectional schematics of the actuation mechanism of a 2-ply coiled all-solid-
state actuator; V1) example of a braided muscle made from four 2-ply coiled yarns (red = cathode,
green = anode, blue = gel electrolyte). D) Fishing line-based artificial Nylon 6,6 muscles (adapted
from [112], images reproduced with permission. Copyright 2014, The American Association for the
Advancement of Science): 1) optical microscope images of a fiber (scale bar = 300 um); 1) the fiber
after coiling by over twist insertion; I11) a two-ply muscle formed from the coil; 1V) a hierarchical
textile braid formed from several two-ply, coiled, fibers; V) a coil formed by inserting twist in a
fiber thermally annealed (scale bar = 1.5 mm) and coiling it around a mandrel; VI) helically
wrapping a fiber with a forest-drawn CNTSs sheet; VII) SEM images of a CNTs-wrapped fiber (scale
bar = 75 um) before and VII1) after coiling by twist insertion.

To produce torsional actuators, two yarns were firstly embedded in the gel
electrolyte and, subsequently, were plied together in a two-ply (2-ply) mechanically
coupled assembly, using opposite directions of twist (Figure 7Alll). The two yarns
were then used as anode and cathode. A square-wave stimulation of 2.5 to 5V
resulted in a reversible torsional stroke of 14-53°/mm with a minor hysteresis.
Conversely, the linear actuators were obtained using two fully coiled yarns (Figure
7AIV). These two coiled yarns (i.e., anode and cathode) were simultaneously
infiltrated and coated with an aqueous solid gel electrolyte (PVA in sulfuric acid)
and plied together in a 2-ply artificial muscle (Figure 7AV). A linear contraction of
0.52% was obtained, applying a square wave of 1V (at an applied stress of 11 MPa).
Other trials in the same work [13] obtained 1.3% contraction at 10.1 MPa with a
stimulation of 2.5 V. While it was quite fast (about 1 s) to obtain the first 1% of

74



Chapter 2: Hierarchical fibrous structures for muscle-inspired soft-actuators: a review

contraction, the stimulation needed to achieve its maximum contraction was quite
longer (about 20 s). Unlike the electrothermally powered artificial muscles, these

devices did not require any further energy input to maintain the contraction.

Another actuation method, solvents and vapours, was employed in [110][61] to
drive helical CNTs artificial muscles (Figure 7B). Using the dry-spinning
technique, MWCNTSs were drawn from a forest to form a yarn (named primary
fiber; diameter = 15 um) (Figure 7BI). Twenty yarns were then plied together in a
2-levels hierarchical structure (Figure 7BII)., later over-twisted to became fully
coiled (3-levels hierarchical structure) (Figure 7BIII). These structures were made
with different helical angles: 0°, 8°,16°, and 32°, using a left-handed twisting. The
3-levels structures were then exposed to a polar solvent, an ethanol droplet, showing
a rapid reversible contraction (about 0.5 s) able to last for 30 cycles (Figure 7BIV
and 7BVI). The contractive peak stress of 1.5 MPa was reached with the 32° helical
angle 3- levels structures. This actuator rotated at 6361 rpm, resulting capable of
738 turns/mm of the muscle length. The maximum linear contraction was about
10%. The total work density calculated, including rotatory and contraction outputs,
was 26.7 J/kg. The response rate was further investigated, reporting a contractive
strain rate of 340%/s [110]. The 2-levels structure was also tested (without coiling)
using the ethanol droplet, showing an excessive irreversible untwisting, confirming
that the coiling process enhanced the reversibility of the actuation (Figure 7BIV and
7BV). The 3-levels structure, instead, was shaped into a spring with a left-handed
chirality, showing up to a contraction of 59% when activated through the narrowing
to a liquid surface of dichloromethane (Figure 7BVII to 7BIX). Finally, many 3-
levels structures were woven in a net that, when sprayed with ethanol, was capable
to lift a ball 100 times heavier than the net itself for 4.5 mm within milliseconds.
For comparison, a single-ply helical fiber (SHF) actuator was produced over-
twisting (plying) directly 20 layers of MWCNT sheets [110]. Even if the generated
stress, once activated with ethanol, was similar to the 3-level structure, the stress
rate was three times lower and the efficiency of the actuator markedly decreased
after 15 cycles due to partial untwisting of the coils. The rotation speed was of 760
rpm, with 223 turns/mm of the muscle length. The responsiveness and the strain

rate were 6.7 and 11.3 slower than the 3-levels structure. These differences were
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explained with the higher capacity of the solvent to infiltrate in the microscale gaps
in the 3-levels structure, which were absent in the SHF actuators. Both types instead

showed nanoscale gaps between CNTs [110].

In a later study, a 2-ply structure (Figure 7CI and I1) was infiltrated by an organic
electrolyte (TBA-PFe dissolved in propylene carbonate) [12]. When activated with
a pulse of -3.5 V (20 s long), repeated every 40 s, the obtained contraction was
16.5% (Figure 7CIII) (maximum work density = 2.2KJ/Kg). Moreover, to avoid
their immersion in an electrolyte bath, two parallel identical 2-ply coiled cathode-
anode yarns were coated with a gel electrolyte made of TEA-BF4 in PVDF-co-HFP
(Figure 7CIV and V). Actuating this device, the maximum contraction (11.6%) was
obtained with an applied stress ranging from 12 to 30 MPa. The maximum work
density was 1.12 kJ/kg, obtained at 45 MPa. Finally, to increase the hierarchical
complexity, an all-solid-state artificial muscle with a braided core anode and a
braided sheath cathode, both woven using four strands of the 2-ply coiled yarns,
was fabricated (Figure 7CVI) [12]. The anode and cathode were then embedded in
a gel electrolyte (PVDF-co-HFP containing TEA-BF.). When driven by a square
wave of 5V at 0.1Hz square wave, the muscle showed a 5% contraction with an
applied stress of 24 MPa. Since the contraction was partially inhibited by the coils
contact, the tensile contraction increased with the load until the coil were separated
[12]. In order to analyse the mechanical behaviour of the hierarchical helical
actuators, a theoretical model, focused on the CNTs, was proposed in [157]. The
properties of a two-level multi-ply CNT structure were modelled to compare it with
its bundle counterpart, concluding that the mechanical behaviour of the two-level
structure can be controlled tuning features such as the CNTs handedness, number
and initial helical angle of its plies.

A hybrid CNT-guest artificial muscle was designed in [129], using humidity
changes or contact with water as actuation principles. MWCNT sheets were drawn
from a nanotube forest and then immersed in the guest substance PDDA. After
withdrawal from the solution, the sheets were twisted to form a wrinkled yarn, with
3700 turn/m of inserted twist, and then coiled. Upon activation, the yarn undergoes
dimensional changes (like increased diameter, linear contraction and yarn untwist),

enhanced by the guest substance [158]. The linear contraction capacity of this
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muscle resulted insensitive to both the water pH and temperature but depended on
the applied stress. The authors obtained a 14.3% of contraction with an applied
isobaric stress of 22.5 MPa, and a work capacity of 2.17 kJ/kg with a strain rate of
3.95%/s. At 0.54 MPa of applied stress the contraction reached 78%. When
increasing the muscle diameter from 50 to 150 um, using 21 MPa of applied stress,
the yarns kept almost the same contraction (about 15%) and work capacity (about
1.9 kJ/kg) but decreased the strain rate (0.46%/s).

In general, during the actuation of twisted/coiled CNTs muscles, it is challenging
to measure separately but simultaneously the linear strain along the yarn and the
diameter change. To overcome this lack (and to better understand the whole
actuation dynamic) an experimental setup was proposed in [159], employing a laser
scan micrometer for a real-time data collection. In this work, two different artificial
muscles were prepared: a neat CNT yarn obtained with a direct twist insertion on
MWCNT sheets, and a hybrid CNT yarn with paraffin wax as guest material. When
actuated, the system was able to measure a marked diameter change (about 10%)
and a low axial strain (0.3%) for the neat yarn, while a minor diameter change (4%)
and an improved axial strain (up to 2%) for the hybrid one.

CNT composite yarn-based muscles were investigated by electrothermal activation
in [97], in which TPU had been used as guest material. A continuous CNT yarn was
harvested by twisting MWCNTSs from a nanotube forest and later immersed in a
TPU/Dimethylformamide solution (i.e. 15% wt) for one hour. Four yarns were then
plied together obtaining a 4-ply assembly. These structures were over-twisted into
coiled yarns, annealed (with the two ends tethered) at 120° in a vacuum oven and
subjected to several contraction cycles as training, to enhance their strain and
recover ability. Once electrically activated, a maximum contraction of 13.8%in5s
was obtained. The maximum contraction was achieved with an applied stress of 3
MPa, which resulted in a specific work capacity of 78.6 J/kg. Conversely, the
maximum contractive stress achieved was 33 MPa, during a contraction of 3.6%,

showing also a maximum work capacity of 547 J/kg [97].

A tethering-free twist-stable production method for CNT yarn had been proposed
in [11]. Tensional tethering is generally needed to avoid excessive untwist of the
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muscle structures. Firstly, the authors prepared a CNT yarn from MWCNT sheets
and over-twisted it into a fully coiled structure. The two ends were fixed closely to
form a u-shaped yarn and a weight was hung in its central part: in this way, the yarn
self-plied into a twist-stable double-plied yarn. Moreover, this process maximized
the linear strain lowering near to zero the torsional stroke. When chemically
activated with a droplet of acetone, the muscle showed a maximum contraction of
13.3% at an applied stress of 4.8 MPa with almost null rotation. The first 7% of
contraction was obtained in 0.5 s and, to reach a contraction of 13.3%, it took
additional 4 s (restoring time = 5.5 s). With an applied stress of 2.24 MPa, the
contraction fell to 0.15%. The applied stress separated the coils making space for
contraction that was, at low stresses, almost impaired. The maximum specific work
of 847.2 J/kg was obtained at an applied stress of 9 MPa (about 8% contraction)
[11].

In order to overcome drawbacks of the CNT guest filled yarn actuators, like the
expensiveness and the difficulty to be activated in their entire volume, a sheath-run
artificial muscle was proposed [131]. The authors developed a muscle in which the
guest that drives the actuation is composed by a polymeric sheath that surrounds a
twisted or coiled core. The goal was to avoid the reduced mechanical power output,
caused by the limited chemical and transport times to access the volume of the yarn.
CNT cores were employed to design linear actuators, coating them with a PEO-SOs
or PU sheath. Upon activation, triggered by ethanol absorption, the actuator with
PEO-SO3 sheath showed a maximum contraction of about 15% at an applied stress
of 33 MPa, and a maximum work capacity of 2 J/g at an applied stress of 65Mpa.
The actuators with the PU sheath were electrothermally activated, showing about
13% of contraction at 42 MPa of applied stress. The maximum power density
reported was about 1.35 J/g at 55MPa. To demonstrate the possibility to replace the
CNT yarns of the core with an inexpensive material, commercial Nylon 6,6 fibers
were employed in a form of coiled bundle, covered with a CNT sheath. This
structure was electrochemically activated in a 0.2 M TBA-PF6 /PC electrolyte,
reporting up to a 20% of contraction at 10 MPa of applied stress and a maximum

2.3 J/Ig work capacity at about 50 MPa.

78



Chapter 2: Hierarchical fibrous structures for muscle-inspired soft-actuators: a review

Some works also proposed a new concept of inexpensive high-strength artificial
muscles, usually referred as twisted and coiled polymers (TCP) muscles, obtained
from twist insertion of polymer fibers used for fishing line or sewing thread [112],
[160], [161]. In [112], commercially available PET and Nylon 6,6 microfibers were
used, usually obtained through a melt spinning [162]. These fibers showed a large
volumetric thermal expansion and anisotropy, caused by the flexible and highly
oriented polymer chains, achieved during the spinning process [112]. Starting from
Nylon 6,6 fibers (Figure 7DI), an over twist was applied to obtain a fully coiled
structure (Figure 7DII). Once activated, to let the muscles contract, a load was
needed to firstly separate the coils, which came in contact each other during the full
coiling process. Moreover, to avoid untwist, two of these yarns were plied together
(Figure 7DIII). These Nylon 6,6 artificial muscles were activated by heating them
from 20° to 240°C. Keeping a static load of 7.5 MPa, the coiled Nylon 6,6 actuators
reached a contraction of 17% at 130°C. Then the adjacent coils touched and, with
further heating, the muscle began to slowly elongate. The structure also showed a
steep stiffening upon the coils contact, suggesting the possibility to obtain tuneable-
stiffness muscles [112]. In order to maximize the muscle contraction, the authors
also investigated the lowest applied stress to prevent inter-coil contact, showing a
22% of contraction at 22 MPa of applied stress. A 1.55 mm diameter coil was also
proposed, made by inserting a twist in a Nylon 6,6 fiber (Figure 7DI) and coiling it
around a mandrel, with a final thermal annealing (Figure 7DV). Once activated, this
structure showed a 49% of contraction with 1 MPa of applied stress. A braid (Figure
7DIV), made from 32 two-ply coiled Nylon 6,6 yarns, was used as a sheath of a
heating element, delivering a 16.4% of contraction once heated, capable to lift a
load of 630 g. In order to study the electrothermal activation, a conductive MWCNT
sheet was wrapped around a Nylon 6,6 fiber (Figure 7DVI-VI1) that was later coiled
(Figure 7DVIII). This device was able to produce a contraction of 10% with a 22
MPa applied load. In the same work, PET muscles were also investigated, reaching
lower contractions (up to 16%) due to the inferior melting temperature. However,
PET coiled structures showed higher modulus and strength compared to Nylon 6,6
ones, making PET actuators suitable for lifting heavy loads with increased energy
efficiency [112].
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Later, the same polymer was employed to realize surface-modified twisted and
coiled artificial muscles [10]. A PET fiber was twisted and coiled using a rotating
applied load, then thermally annealed and trained using a different load. Finally, the
assemblies were subjected to 10 heating-cooling cycles. Once thermally activated,
the maximum contraction was investigated at different loading conditions, showing
a maximum contraction of 8.6% with 500 g of applied load. Then, in the same work,
another actuator using surface-modified PET fibers was proposed [10]: the PET
yarn actuator, previously described, underwent a silver coating process to form an
electrical conductive layer. The device was then activated through Joule heating,
achieving a maximum contraction of 12.1% at 6V of applied voltage.

In order to introduce a strain self-sensing ability within a TCP actuator, in [163] the
authors integrated a stretchable optomechanical film sensor into a TCP actuator
based on Nylon 6.6 and Ag commercial fibers. Once activated by electrical
stimulation, the actuator contraction gradually increases, leading to a colorimetric
change of the sensor. The maximum contraction (33.3%) was achieved at 80 mA,

with a developed force of 1.39 N.

Chemically cross-linked PEVA, a shape memory polymer (SMP), was also chosen
to realize a coiled artificial muscle [121]. PEVA was melt extruded to form a
precursor microfiber that was later wrapped by a Teflon tape and then by an
aluminium foil. The PEVA-wire so obtained was then over-twisted to form a coiled
artificial muscle. This structure and the neat straight PEVA microfiber were tested
at the constant applied stress of 0.38 MPa and 0.55 MPa respectively, both activated
by heating them from 20°C to 70°C. The neat PEVA fiber showed a maximum
contraction of 19%, whereas the coiled structure 68%.

In another work the researchers investigated a twisted and coiled tensile actuators
made of GO-based fibers with infiltrated Nylon 6,6 polymer, obtained with wet
spinning [120]. The tensile actuation was driven by a volume expansion of the
Nylon 6,6 once heated, whereas GO maintained a structural integrity at
temperatures over the melting point of Nylon 6,6. The authors proposed both
reversible contracting and elongating actuators, depending on the chirality imparted
to the coiled GO-Nylon yarns (homochiral for contraction and heterochiral for
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elongation). When heated from 20 °C to 200 °C, the muscles showed up to 80% of
linear contraction or a 75% elongation, depending on the chirality. The actuation
was reversible, and the devices resulted capable to lift over 100 times their own

weight.

More recently, in [117], the authors used an ultrahigh molecular weight
polyethylene (UHMWRPE) xerogel fibers, manufactured by extrusion. The coiled
artificial muscle thus developed could be thermally activated by exploiting the

shape memory effect, reaching maximum contractions of 87%.

To further implement biomimicry, in [119] a system of actuators consisting of two
twisted and coiled bundles of Spandex (a commercial fiber based on polyurethane)
capable of reproducing the functioning of an antagonistic pair of muscles such as
the bicep and the triceps, was developed. To demonstrate their functionality, the
authors also designed a robotic arm driven by these actuators and a validation

system.

The twisting, coiling, and plying techniques were also used with many other
materials to produce linear actuators. For example, natural fibers such as wool,
cotton, and flax had been investigated to design miniature linear actuators [122].
These materials are highly anisotropic in response to moisture contact. These fibers
were firstly twisted in yarns, then over-twisted into coiled structures. The devices
were finally treated with surfactants to improve their wettability. These cotton-
made actuators produced a maximum contraction of 16.6% (applied load = 20 g)
and a maximum work capacity of 200 J/kg, using an applied load of 200 g (linear
contraction = 7%). The wool-made actuators achieved a maximum contraction of
38% (applied load = 12 g) and a maximum work capacity of 190 J/kg, using an
applied load of about 60 g (linear contraction = 15%). Finally, the flax muscles
reached a maximum contraction of 16.6% (applied load = 15 g) and a maximum
work capacity of 45 J/kg employing an applied load of 60 g (linear contraction =
17%).

Cotton was also used for a moisture-sensitive artificial muscle in [123]. Despite a
reported torsional stroke of 42.55 °/mm and a rotational speed of 720 rpm, this

actuator showed only a slight linear contraction < 1%.
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Trying to produce a cheap actuator, in [124] the authors proposed a device made
with fibers originating from natural sources, the viscose. This water responsive coil-

shaped artificial muscle could generate a contraction of 35 %.

In [164], the focus was on the improvement and simplification of a nylon TCP
muscle activation system. Trying to avoid the complex control for the heating and
cooling of a TCP muscle, the authors proposed a shape memory alloy to mutate the
activation mechanism into electrical. Several different specimens were produced,
both twisting nylon line on a SMA wire or twisting and coiling them together.
These muscles showed a contractive strain up to 44.1 %, driving up to 3.43 N of
loads and providing 6.77 W/m of power density. In a later work [165], an array

muscle for a soft finger with a variable stiffness was also produced.

The electrospinning technique was also applied to produce coiled and/or plied
artificial muscles. A new multi-responsive coiled yarn of Nylon 6,6, driven by
solvents and heating, was designed by [166]. The structure was manually produced
over twisting a non-woven, randomly aligned, electrospun mat up to the formation
of the coiled structure. Through solvent activation, the authors obtained a rotational
actuator, suggesting capillary force narrowing as the activation mechanism.
Through heating, instead, the actuator showed a shortening (up to 5.1% under a
load that was 1380 times its weight) caused by the thermal expansion of Nylon 6,6.
The reported work capacity was up to 34.5 J/Kg while the maximum stress achieved
was 2.5 MPa under a 1880 loading ratio.

Later, in [118], an electrospun artificial muscle suitable for operating at high
temperatures was proposed by using coiled yarns of shape-memory ceramic
nanofibers (SMC). Mats of zirconia-based nanofibers were wrapped around a glass
rod, resulting in SMC spring. Thanks to their shape memory, the authors obtained
contractions up to 5%, with reduced recovery time (0.16 s) through thermal
activation. The maximum stress obtained was 14.5-22.6 MPa, with a work density
of about 15-20 KJ /m3. These structures have also proved to be very resistant to

breakage, reaching values between 100 and 200 MPa.

Some of the actuators presented in this section have also found early applications

as prototypes of artificial muscles. Given their low cost and ease of production, TCP
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muscles are the most widespread, with examples of use in robotic hand grasping

[16], [167]-[169] or artificial muscle systems designed to imitate the principles of

recruitment and variable stiffness [170]. For this type of muscles some

mathematical models [171] have also been proposed in order to obtain valid tools

for the design and control of these actuators.

Table 4. Structure, activation type, mechanical performances, and materials of reviewed artificial

muscles.
Maximum  Maximum . . .
Structure Activation achieved achieved Main . Coatlrfg/addltlve/Guest Reference
Stress contraction Material material

Single Fiber  Chemical 230 kPa 24 % PAA - [132]
Piezoelectrical PVDF - [133]

Flat Mat Electrical 25% PAN - [4]
Electrical Cellulose PANI particles [107]
Chemical 100 % PAN - [135]
Chemical 100 % PAN - [108], [137]

Bundle Electrical 2.26 MPa 1.65 % PU PANi [62]

PPy + p-TSA
Electrical 400 kPa 2% Silk PPy + NaDBS [101]
PEDOT + NaDBS
Electrical 6.8 MPa PET - Pt PPy [140]
Electrical 100 % PAN PANi - PPy [127], [141]
Light Molecular i [106]
motors

Yarn Electrical 0.01% PA+C PPy [66]
Electrical 0.12% Silicon + C PPy [66]
Electrical 0.05 % PA Ag + PPy [66]
Electrical 0.06 % gellulose * PPy [66]
Electrical 0.05 % PES + Inox PPy [66]
Electrical 0.03 % PES + Cu/Sn PPy [66]
Electrical 0.02 % PES Au + PPy [66]
Electrical 0.5 % MWCNTs - [143]
Electrical 1% MWCNTs - [130]
Electrical 6 MPa 2% MWCNTSs - [147]
Electrical MWCNTSs Paraffin Wax [128]
Electrical MWCNTSs Paraffin Wax [148]
Electrical MWCNTSs GO [126]
Electrical 0.24 % Nb - [9]

Coiled/Plied  Electrical 84 MPa 7.3% MWCNTSs Paraffin Wax [14]
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2.6 Conclusions and future perspectives

The topic of the fibrous soft-actuators production is extremely challenging in the
smart materials research field. Skeletal muscle is a valid example of how the
evolution led to a perfectly balanced actuator by exploiting at best both a
hierarchical fibrous structure and the assembly and scaling up of nanometric linear
actuators, the sarcomeres. Giving a comprehensive overview on the state-of-the-art
for these fibrous actuators, this review underlined that, to date, the principal focus
of researchers was to magnify their contractile properties. To reach this goal,
various solutions were investigated, mainly through polymeric materials and CNTSs.
Several actuation mechanisms such as chemical, electrochemical, photochemical,
thermal or electrothermal were employed. Combining these mechanisms with the
classical textile manufacturing techniques (i.e. bundling, yarning, braiding, knitting
or waving) or producing spring-like assemblies (i.e. coiled or plied), researchers
have demonstrated the possibility to enhance the actuators linear contraction, with
extremely promising outcomes. However, despite these encouraging results, no
works still have proposed a proper biomimetic fabrication strategy, able to achieve
a linear contraction, while closely biomimicking also the hierarchical fibrous
structure of the natural muscles. Clearly, this would be a paradigm shift for the soft
robotic research field, to achieve all the features that made skeletal muscles so
successful: their perfectly balanced mechanical properties, their softness and most
of all their linear actuation. This last attribute confers them extreme scalability and
modularity, fine tuning on the control of the contraction and the stiffness, the
possibility to detach the force application point and a reduced clutter. These
properties, from our point of view, can presumably be reached only through the
faithful reproduction of skeletal muscles hierarchical morphology from the nano-
up to the macro-scale.
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Chapter 3: The artificial myofibril: coaxial

electrospinning of a conductive core-shell nanofiber

3.1 Introduction

In the design of the artificial myofibril of the MAGNIFY project, the molecular
machines are supposed to be electrospun in blend with a carrier polymer that, in
turn, must exhibit a sufficient elasticity in order not to hinder the contraction of the
molecular machines. To meet this requirement, a material with a low elastic
modulus, a polyurethane, has been specifically chosen. Polyurethane, however, is
electrically insulating and would impair any electronic mobility around the
molecular machines, inhibiting their activation by electrical stimulation. Hence, the
addition of a conductive additive to the blend, such as superP, was raised to increase
the fibers conductivity. However, this solution allows only local electronic
mobility, as the conductive additive cannot move along the fiber. In order to convey
a homogeneous electrical stimulus along the entire fiber, a coaxial structure was
preferred, featuring an electrically conductive core, a shell composed of the blend
polyurethane-molecular machines-conductive additive, and an external conductive
coating. Thus, by electrically stimulating the core and coating with two separate
electrodes, the system would behave like a coaxial cable: the electrical signal travels
in the form of an electromagnetic field bouncing between the core and the external
coating, locally moving the electrons of the conductive additive and thus activating
the redox reactions of the molecular machines. The electrons of the conductive
additive, not being able to move freely through the shell, will not cause undesirable
short circuits.

In order to realize core-shell nanofibers consisting of a concentric distribution of
two distinct materials, two methods are normally employed. The first is represented
by a particular electrospinning technique called coaxial electrospinning, already
mentioned in the introductory paragraph 1.2.1. The second is represented by
template synthesis, where polymer nanofibers ( typically made with an electrically
insulating polymer) are first electrospun and then covered with a conductive layer,

for example by thermal evaporation or in-situ polymerization. Since the conductive
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material needs to be inside, as a core, it was natural to choose the first method,
coaxial electrospinning.

The requirements for the shell, i.e. the low modulus of elasticity, must be met as
much as possible for the core as well. It is indeed necessary that the whole structure
offers the lowest possible mechanical resistance to the shortening caused by the
contraction of the molecular machines. Therefore, also the core material has been
researched within polymers, in this case within conductive polymers. In the
following paragraphs, a brief introduction on the materials chosen for the shell and

the core will be given.

3.1.1 The shell strategy: polyurethane nanofibers and their application in
artificial muscles

Polyurethanes are a family of materials which are soft and stretchable due to their
elastomeric properties. The entity of this behavior can be tuned by varying their
chemical composition. Polyurethanes are block copolymers consisting of
alternating soft and hard segments (Figure 1). The former determines their low
glass transition temperature (Tg), while the latter determine their mechanical
properties at temperatures above the T4 [1]. The soft segments typically consist of
amorphous chains of polyethers or polyesters, while the hard segments consist of
the aromatic links of the chain. The latter are connected to each other by the soft
segments, and simultaneously represent a chemical constraint for them. This
anisotropic nature gives polyurethane the ability to be deformed several times in a

reversible way.
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Figure 1. Example of PU structure.
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Electrospinning is the most common technique for the production of polyurethane
nanofibers. Electrospinning of polyurethanes is widely reported in the literature
[2]-[5] and does not present remarkable criticalities.

The above-mentioned features make polyurethane nanofibers ideal candidates for
the realization of both scaffolds for tissue engineering and artificial muscles. For
the former, electrospun structures have been used to guide the orderly growth of
muscle cell cultures, replicating the fibrous structure of skeletal muscle; in this
context, the biocompatibility and/or biodegradability showed by many
polyurethanes is also of crucial relevance [6]-[8]. Regarding artificial muscles,
polyurethane structures are an excellent choice to support and follow the
mechanical contractions or extensions that are usually provided by other
electroactive materials. For example, Bon Kang Gu et al.[9] reproduced artificial
muscle fibers using aligned polyurethane nanofibers subsequently coated with
polyaniline. Jin Kyoung Kwon et al.[10], on the other hand, proposed polyurethane
nanofibers reinforced with graphene nanoplatelets and subsequently coated with
poly(3,4-ethylenedioxy thiophene). Ebadi et al.[11], finally, coated polyurethane
nanofibers with a Polypyrrole coating, performed by electrochemical
polymerization, for the realization of a bending actuator.

3.1.2 The core strategy: Electrospinning of conjugated polymers

Conjugated polymers are a class of electroactive polymers (EAPs), which are
characterized by the ability to mechanically deform in response of an electrical
stimulation. They were accidentally discovered by Shirakawa et al. in 1977 [12],
during experiments on polyacetylene. Such polymers are also often referred to as
"synthetic metals" bringing typical metal related properties into the polymer field
as well. Conductive polymers include conjugated polymers, characterized by the
presence of an alternation between single and double bonds along the polymer chain
(backbone). The carbon atoms in conjugated polymers have three sp? orbitals which
form three sigma-type covalent bonds, unlike saturated polymers, where the carbon
atom is sp3-hybrid and forms four sigma bonds. Thus, the free orbitals of the carbon
atom of conjugated polymers provides a pathway for charge mobility along the

polymer chain, providing electrical conductivity to the material. Some of the best-
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known conjugated polymers include polypyrrole (PPy), polyaniline (PANI),
polythiophene (PTh), and poly(3,4-ethylenedioxythiophene) (PEDOT) (Figure 2).
Given their properties of electrical conductivity, low cost, low weight, corrosion
resistance and in some cases biocompatibility [13], they are currently widely tested
in various application fields such as sensors, solar cells [14], batteries, drug delivery
systems [15]-[17], electrochromic devices [18], tissue engineering [19] and
electroactive actuators. Considering the latter group, conjugated polymers are being
extensively studied as promising materials in the field of soft robotics. In fact, the
possibility of activating them using low voltages (1-3V) while obtaining large
deformations (up to 12%) is a very attractive feature in this field [20].

PEDOT PPy PANI L

Conductor and semiconductor
conjugated polymers

PATDPP

PLLA PVC

insulating/supporting
polymers

Figure 2. Chemical structure of conjugated and supporting polymers employed in electrospinning
[21].
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In order to produce conductive nanofibers employing conjugated polymers [22], the
most frequently adopted methods are mainly two: the direct electrospinning of a
blend between a conjugated polymer and a carrier polymer [23] or the realization
by template synthesis of conductive coatings on normal insulating polymeric fibers
(Figure 2). Conjugated polymers are typically not electrospinnable on their own
due to their low molecular weight, limited solubility and lack of elasticity of their
polymer chain [24]. These characteristics reduce the number of entanglements that
normally promote nanofiber formation during the electrospinning process [21].
Some exceptions should be mentioned, such as the production of poly-p-phenylenes
(PPVs), PANI and PPY nanofibers without the use of a supporting polymer [21],
[25]-[30]. However, the two methods mentioned above present some drawbacks:
blending conjugated polymers with non-conducting electrospinnable polymers
dramatically reduces the electrical conductivity of the nanofibers [24] or can lead
to an intermittent and not continuous alternation between the two phases [31], [32],
while coating by template synthesis allows to have a conductive layer on top of an
insulating one, that is the opposite of what is required for the production of the
artificial myofibril of MAGNIFY.

A third solution, more suited to the project requirements, is the coaxial
electrospinning. In fact, it is possible to electrospin polymers that normally would
not be electrospinnable by using them as cores. An electrospinnable polymer with
the appropriate viscoelasticity and molecular weight is instead employed as a shell
dragging the core with it during the formation of the nanofiber. This strategy was
selected for the MAGNIFY project, despite coaxial electrospinning has rarely been
employed to electrospin conductive polymers. In fact, it has been shown that a high
electrical conductivity of the core solution can cause it to break apart due to
excessive drag force [33]. The few cases reported in literature involve Yu et al.[34]
(PANI-PVA core-shell nanofibers), Zhang et al.[35] (PANI-PMMA core-shell
nanofibers), Kuo et al (P3HT-PMMA core-shell nanofibers) and Moreno-Cortez et
al.[36], [37] who instead produced PEDOT:PSS-PVP core-shell nanofibers, further
doping the core with Pbs nanoparticles in order to improve its electrical
characteristics. In some cases, researchers employed the conjugated polymers, in
blend, as shells [10], [38], [39]. Fabiani et al.[40], instead, developed PEDOT:PSS-
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PVDF-Trfe core-shell nanofibrous mats to be integrate in a hosting material (such
as epoxy resin or silicon rubber) for a mechanical impact piezoelectric sensor.

Among the conjugated polymers, PEDOT, due to its stability, simplicity of
synthesis, versatility, and tunable characteristics, has been widely studied lately
[41]. One of the most interesting features of this polymer is the possibility to adjust
its electrical conductivity, increasing it even by orders of magnitude, through
doping with appropriate solvents (Ethylene glycol, dimethyl sulfoxide, or iso-
propyl alcohol) or with light/thermal treatments [42]. PEDOT is commonly used in
the form of PEDOT:PSS, a mixture of two ionomers, in which polystyrene
sulfonate (PSS) is added to improve hydrophilicity and processability [43] (Figure
3). In fact, it is difficult to solubilize and is generally dispersed in water. In this
form it is commercially sold under the trade names of Baytron by Bayer AG,

Clevios by Heraeus, and as Orgacon by Agfa [44].
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Figure 3. Diagram of the structural disposition of PEDOT ad PSS. Adapted from [37].

Considering these features, during the design phase of the MAGNIFY project,
PEDOT:PSS was designated as the main candidate for the core of the artificial
myofibrils. The choice of a polymer, as mentioned before, is mainly due to the need
to keep the overall elastic modulus of the nanofiber as low as possible. However, it
must be considered that these polymers are nonetheless rigid, in the case of
PEDOT:PSS a young modulus of 1.2 GPa has been reported [45]. These
measurements were carried out by testing PEDOT:PSS films, not nanofibrous

materials, for which no literature data is available.

104



Chapter 3: The artificial myofibril: coaxial electrospinning of a conductive core-shell nanofiber

3.2 Aims

The aim of this work is to realize core-shell (CS) nanofibers using coaxial
electrospinning. The selected materials will have to guarantee a high elasticity and
the possibility to carry electrical signals through the core, the latter made of a
conductive polymer. The produced samples will be characterized morphologically
by an analysis with scanning electron microscope (SEM) and transmission electron
microscope (TEM); thermally by thermogravimetric analysis (TGA) and
differential scanning calorimetry (DSC); and mechanically by tensile testing. The
conductivity of CS nanofiber cores will also be studied by investigating their 1-V
characteristic. The present work provides the basis for the realization of the artificial
myofibril of the MAGNIFY project, within which shell the molecular machines,
responsible for the contraction of the artificial muscle, will be subsequently
embedded.

3.3 Materials and Methods

3.3.1 Materials

Poly  [4,4-methylenebis(phenyl isocyanate)-alt-1,4-butanediol/di(propylene
glycol)/ polycaprolactone], hence called PU, constituted by hard segments of 4,4-
methylenebis(phenyl isocyanate) (MDI) and polyether-ester soft segments, was
purchased from Merck (Mw = 56,000 g/mol, PDI = 1,8, by Gel Permeation
Chromatography in THF calibrated with polystyrene standard).

Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS, 5.0% wt.,
conductive screen printable ink) was purchased from Merck. This compound,
delivered as a viscous gel (viscosity > 50000 mPa*s), is a mixture of diethylene-
glycol, ethanol, benzenesulfonic acid, 2,3-dihydrothieno[3,4- b]-1,4-dioxin

homopolymer and water.

Tetrahydrofuran (THF, 99.9%), N,N-Dimethylformamide (DMF, 99.8%) and

Formic acid ( 95%) were supplied by Merk and used without further purification.
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3.3.2 Electrospinning of Polyurethane nanofibers

Firstly, a solvent system for the electrospinning of pure PU nanofibers was
identified. PU pellets were dissolved in a 7% w/v THF:DMF 70:30 solvent system,
stirring the solution for at least 5 hours. Aligned electrospun mats were produced
using a custom-made electrospinning setup consisting in a high-voltage power
supply (Spellman SL 50 P/CE/230 10, New York, USA), a syringe pump (KD
Scientific 200 series, Massachusetts, USA), a glass syringe containing the solution,
connected through a Teflon tube to a blunt-ended stainless steel needle (Hamilton,
Bonaduz, Switzerland) with an inner diameter of 0.51 mm. The needle was set at a
distance of 18 cm from a high velocity rotating metallic drum (5000 RPM, v¢= 15.7
m/s). A potential of 19 kV was applied between the needle and the grounded
collector. The syringe pump flow rate was set to 1 mL/h. The drum was previously
covered with polyethylene (PE) coated paper in order to easily detach the mats from
the drum at the end of the process. All the operations were performed at room
temperature (19 — 25 °C) with a relative humidity ranging from 25 to 35%. All the

settings are summarized in Table 1.

Table 1. Electrospinning parameters for PU nanofibers.

) Applied Flow Needle-Collector
Solution Solvent System ) ) Speed
Potential Rate distance
THF:DMF
PU 7% w/v 19 kV 1 mL/h 18 cm 5000 RPM
70:30 viv

3.3.3 Electrospinning of core-shell PEDOT:PSS - PU nanofibers

For the electrospinning of core-shell PEDOT:PSS — PU nanofibers, a solvent
system for the core was first identified and tuned. An extensive investigation of the
solubility of PEDOT:PSS with the more common solvents is reported in Table 2.
The solubility of the material of the shell, the PU, was investigated as well, a
propaedeutical operation for the morphological investigation that will be discussed
in the next paragraph. PEDOT:PSS is provided as a viscous gel, which would make
its solubility hardly observable. Small pellets of solid PEDOT:PSS were obtained
drying the gel in hoven and employed for solubility tests.
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Table 2. Solubility tests for the shell and the core designed polymers. Legend: S: soluble; NS: not

soluble. The apex number indicates a solubility score (greater is better); H: soluble after heating.

PU PEDOT:PSS (dried)
Water NS NS
THF S S
MEK NS NS
EtOH NS NS
Acetone NS NS
Acetic acid NS SH2
Formic Acid NS GrE
Chloroform NS NS
Cyclohexane NS NS
Toluene NS NS
HFIP S NS
DMF S? S
DCM NS NS
Methanol NS NS
Acetonitrile NS NS
DMSO S S
TFE NS NS
DMAc S NS
2-Propanol NS S
Ethylene glycol NS S
1-Methyl-2-pyrrolidone S NS
TFA S NS

From these tests, formic acid (FA) was identified as the most suitable solvent,
therefore, for the core solution, PEDOT:PSS was dissolved in a 60:40 w/w mixture
with FA, then stirred overnight. The suspension was then heated at 40°C for 30
minutes prior to the electrospinning process. For the shell, the same solution
presented in 3.3.2 was employed.

For the electrospinning process, a coaxial needle (Spinbow, internal needle inner
diameter = 0.55 mm , external needle inner diameter = 1.20 mm ) was used (Figure
4), fed by two independent syringe pumps (KD Scientific 200 series) through two
PTFE tubes. The coaxial needle was placed above the rotating collector drum (5000
RPM), at a distance of 28 cm. The core flow rate was set at 0.1 mL/h, the shell one
at 0.72 mL/h. A high magnification camera (Dino-Lite AM4113ZTL, Dilo-Lite
Europe, Almere — The Netherlands) (Figure 4) was employed to monitor the
formation of the compound Taylor’s cone at the tip of the needle. Since the coaxial
electrospinning is a hardly stable process, it was necessary to repeatedly adjust the

voltage during the spinning, between 14 and 17 kV.
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Table 3. Electrospinning parameters for PEDOT:PSS — PU core-shell nanofibers.

] Needle-
) Applied
Solution Solvent System ) Flow Rate | Collector Speed
Potential )
distance
- THF:DMF
w PU 7% wiv 0.72 mL/h
(:,E) 70:30 viv
19 kv 30cm 6000 RPM

w PEDOT:PSS
x FA 0.1 mL/h
S 60 % wiw

Figure 4. Coaxial electrospinning Setup.

3.3.4 Morphological Characterization
The surface of both PU and PEDOT:PSS-PU core shell electrospun mats were

Compound Taylor’s cone

Collector

observed using a scanning electron microscope (SEM, Phenom Pro-X,
ThermoFisher Scientific, Waltham, MA USA) at 10kV, previously coating the
samples with a gold sputter (Quorum SC7620, Quorum Technologies, Laughton -
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UK). The mean diameters of the nanofibers were calculated by averaging 100

measurements, employing ImageJ software.

Since from SEM images of the nanofibers surface it is not possible to verify the
presence of the core shell structure, the cross sections of the mats were investigated.
The mats were soaked for 15 minutes in liquid nitrogen and then cut with a scalpel
transversely to the direction of the nanofibers. This method, by making the mat
stiffer, allows for the sharpest possible cut lines, despite the tendency of PU to
deform during the cut. The samples are then bathed for 120 seconds in a solvent
able to dissolve the core but not the shell. Formic acid was again selected from
Table 2. The formation of hollow nanofibers, which can be visualized by SEM, can
therefore demonstrate the successful formation of the core shell structures.

A Transmission Electron Microscope (TEM, Philips TM-10, Philips, Amsterdam,
The Netherlands)) was also employed with an acceleration of 80 keV to better
verify the distribution of the two concentric phases inside the nanofibers.
Nanofibers were collected on a TEM copper grid (100 um mesh), directly during

the electrospinning process.

3.3.5 Thermal Characterization
Thermogravimetric analyses (TGA) were performed employing a TGA Q500
thermogravimetric analyzer (TA Instruments, United States) from room

temperature to 700°C, using Hi-Res Dynamic mode, in air atmosphere.

Differential Scanning Calorimetry (DSC) analyses were performed using a DSC
Q2000 (TA Instruments, United States), equipped with a refrigerated cooling
system (RCS). The samples were subjected to three heating scans of 20 °C min™ up
to 250 °C (for pure PU mats) or 200°C (for CS and dried PEDOT:PSS) and a
controlled cooling at 10°C min™ to -90 °C applied between the second and the third
heating scans. The glass transition temperature (T4) was taken at half-height of the
glass transition heat capacity step whereas the melting temperature (Tm) was taken

at the peak maximum of melting endotherm.

TGA and DSC analyses were performed both on pure PU mats, CS mats and

previously dried PEDOT:PSS, in order to remove all solvents.
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3.3.6 Mechanical Characterization

The mechanical characterization was performed on samples retrieved from aligned
mats. Samples were cut along the fiber’s direction, obtaining five stripes of 50x5
mm for each batch. The specimens were fixed to a paper frame (outer dimensions
50 x 25 mm, inner dimensions 20 x 15 mm) through double-sided tape and
cyanoacrylate in order to easily mount them on the testing machine (Figure 5A).
The external paper segments are cut before starting the experiment, leaving a gauge
length of 20 mm. The tests were performed on a custom-made tensile testing
machine (Figure 5B), employing a £10 N loading cell. Before the tests, the weight
and the thickness of the samples were measured.

A Sample Paper
frame

50 mm
20 mm

Figure 5. Testing procedures for the mechanical characterization of the mats. A) Supporting paper
frame schematics; B) Sample mounted on custom-made tensile test machine. External segments of

the paper frame are cut prior to the tests.

The tests were performed under displacement control, with an average strain rate
of 0.33 % s, until failure. The apparent stress was obtained by dividing the force

by the cross-sectional area.
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The main figures of merit evaluated by the mechanical characterization are the
stress at failure (oF), the strain at failure (gf), the elastic modulus (E), the stress at

yield (ov), the strain at yield (gy) and the work at failure (Wk).

3.3.7 Electrical Characterization

In order to measure the electrical conductivity of the core of CS nanofibers, the
most challenging task is to obtain a stable electrical connection with the nanofibers’
cores (Figure 6A). For this purpose, it was assumed that a heavy gold coating,
made by gold resistive thermal evaporation, would penetrate the shell and come
into contact with the inner cores due to the high kinetic energy of the gold atoms
incident on the nanofibers. By applying this coating to two spaced portions of the
nanofibers it is possible to verify if they are electrically connected or not through

the core (the shell, as mentioned, is made of fully insulating PU) (Figure 6B).
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Figure 6. (A) This experimentation is aimed to obtain an electrical connection with the extremities
of the cores of CS nanofibers. (B) Selective gold coating is supposed to penetrate the nanofibers till
reaching the core, providing an easier way to connect the electrodes. In order to obtain an electrical
connection with the cores of multiple nanofibers, a covering mask is placed on the mat (C) prior to
the gold evaporation (D). Removing the mask, a series of gold coated segments are left along the
fibers orientation (E). (F) polymethylmethacrylate covering mask. (G) gold coated nanofibrous

mat.

Performing this type of selective coating and related measurements is extremely
complex on a single nanofiber; to overcome this problem, the coating was
performed on aligned mats, covering the areas not to be coated with a properly

designed shadow mask. The procedure is described in Figure 6 C-E.
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The shadow mask was designed using Autocad 2020 software (Autodesk, San
Rafael - California, USA), drawing different patterns of slots with varying width
and spacing. Then the mask was fabricated in collaboration with the AlmaLabor
makerspace by laser cutting (Trotec speedy 400, TroGroup GMBH, Wels, Austria),
engraving a 1 mm thick sheet of polymethylmethacrylate (Figure 6F).

Figure 7. (A) Probe station with source measure unit for 1-V characteristic measurements. (B)
Sample of gold coated CS mat connected to the probes. (C) Close up of the coated mats, indicating
the three different probe connection in order to obtain 1-V characteristics.

Once completed the coating procedure, 1-V characteristic of the sample was
investigated using a probe-station connected to a Keysight B2912A (Keysight
Technologies, Santa Rosa - California, USA) source measure unit (Figure 7A). The
following measurements were taken (Figure 7B — C) in collaboration with the
Pico-Femto lab (Department of Physics and Astronomy “Augusto Righi” -
University of Bologna):

i.  1-V characteristic of the gold coating by placing both probe tips on the same

gold coated segment.
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ii.  1-V characteristic of the surface of the nanofibers by placing both probes on
uncoated portions of the mat (aligned on the nanofiber axis).
iii.  1-V scan of the inner cores connection by placing the probes on different
gold-coated segments (aligned on the nanofiber axis).
Scans were performed with cycles from -100V to +100V, with 10V steps, (-10V to
+10V, step 1 V, for test (i)) aperture time 100 ms, delay per step 1000 ms,
compliance 1*10* A. Each measurement was performed in triplicate, taking care

to move the probes to different locations.

3.4 Results and discussions

3.4.1 Morphological Characterization

The SEM investigation of the electrospun PU mat reported smooth, continuous
nanofibers without the presence of defects such as beads (Figure 8A). The
nanofibers appear aligned, albeit with a wavy pattern, already observed in previous
works on PU [46]. This arrangement is due to the shrinkage that the nanofibers
undergo once removed from the collector and from the support paper; the elastic
tension stored during the deposition on the rotating drum is released, shortening the
mat but not the nanofibers, which reconfigure into a wavy disposition. The
nanofibers present a diameter of 603 + 220 nm. The PU mats, macroscopically,
show a deep white color (Figure 8B). TEM investigation revealed well-defined
fibers, with homogeneous dark appearance (Figure 8C), and was primarily

performed as a comparison tool with respect to CS nanofibers.
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Figure 8. (A) SEM image of the surface of PU mat (scale bar = 10 um); (B) Electrospun PU mat
(scale bar = 20 mm); (C) TEM image of a PU electrospun nanofiber (scale bar = 0.2 um)

SEM investigation on the surface of the CS mat reported, similarly, smooth and
homogeneous nanofibers, without beads, showing a similar wavy but aligned
pattern (Figure 9A). The nanofibers measured 646 + 200 nm in diameter. The slight
increment in diameter compared to PU could be due to both the different needle
diameter (0.51 mm for monolithic PU nanofibers and 1.20 mm for CS nanofibers)
and the lower potential used for coaxial electrospinning. The CS mats present a
homogeneous gray color, a color consistent with the deep dark blue of PEDOT:PSS

covered by a translucent white PU layer (Figure 9B).
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Figure 9. (A) SEM image of the surface of CS mat (scale bar = 10 um); (B) Electrospun CS mat
(scale bar = 10 mm); (C) Cross sectional SEM image of CS mat, after core dissolution (scale bar =
2 um); (D) Cross sectional SEM image of a CS nanofiber, after core dissolution (scale bar = 1

um); (E - F) TEM image of a CS electrospun nanofiber (scale bar = 1 um).

The SEM investigation of the cross section of the mat, obtained by its cutting in
liquid nitrogen and the subsequent immersion in formic acid, revealed the actual
presence of a coaxial structure within the nanofibers (Figure 9C and D). These
images show hollow nanofibers, as the PEDOT:PSS core, which cannot be

normally distinguished from the PU shell, has been dissolved by formic acid. The
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subsequent TEM investigation confirmed this finding, showing nanofibers with a
biphasic structure (Figure 9E and F), representing the light shell and the dark core
(which in these samples was not dissolved). It can be seen that in some cases the
structures are not concentric (Figure 9E), as the core is displaced towards one side

of the nanofiber.

3.4.2 Thermal Characterization

The thermogravimetric analysis, performed in air atmosphere, reported that for both
the electrospun samples (PU and CS) no solvent residues were present on the
nanofibers within the limits of the instrument detectability (Figure 10). The PU mat
is stable up to 288 °C, then the thermal degradation occurs in three weight loss steps
in the following ranges: (i) 280-330 °C , (ii) 330 - 425 °C, and (iii) 425 — 619 °C
(Table 4a).
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Figure 10. TGA curve of PU, CS and dried PEDOT:PSS.

Conversely, the PEDOT:PSS, previously solidified and dried in hoven at 100°C for
24 h, started degrading just past the beginning of the analysis, with two major
weight loss steps between (i) 75-425°C and (ii) 425 — 650 °C (Table 4b). The early
degradation suggests that it may still contained residual solvents such as water. The
degradation curve of the CS mat lays between the one of its starting components.

Its degradation begins a bit earlier than the PU, starting from a temperature of about
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260 °C. From 300°C, however, the curve closely follows the PU one, but moved to
slightly higher temperatures. At 619°C, the residue is null for PU mat, and
negligible for CS mat (1%) and dried PEDOT:PSS (3.9%).

Table 4a. Thermogravimetric data of PU and CS mats.
Am% Tdeg [°C] Am% Tdeg [°C] Am% Tdeg [°C] mres%
260-330°C  230-330°C  330-425°C 330-425°C  425-619°C 425-619°C 619°C

PU ‘ 30 319 55 372 15 521 0

CS ‘ 22 303 44 357 32 539 1

Table 4b. Thermogravimetric data of dried PEDOT:PSS.

Am% Tdeg [°C] Am% Tdeg [°C] mres%
75-425°C 75-425°C 425-650°C 425-650°C 619 °C
PEDOT:PSS
DRIED 53 350 44 588 3.9

From the first heating scan of the DSC analysis (Figure 11) the glass transition
temperature (T) of the PU mat can be identified at about -38 °C. Two melting peaks
can be recognized, ascribable to the melting of the soft phase (Tm = 61°C) and then
to the hard phase (Tm = 182°C) = of PU. These thermal transitions are also present
in the CS mat, at slightly lower temperature for the Tgand higher for the melting
peaks (Tg=-40°C, Tm=76°C and 190°C ) (Table 5). The dried PEDOT:PSS curve
shows a broad endothermic peak probably due to a loss of residual solvents, like

water. A glass transition is not detectable.
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Figure 11. First heating scan of PU mat, CS mat and dried PEDOT:PSS.

From the controlled cooling (Figure 12) it can be seen that the PU mat undergo a
crystallization process (T¢ = 83°C), that it is still visible in the CS mat, but of lower
magnitude and slightly shifted to lower temperature (T. = 80°C), suggesting that
the crystallization of PU could be affected by the presence of PEDOT:PSS (Table
5). No crystallization of the dried PEDOT:PSS is observable.

— PU Mat
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- —  PEDOT:PSS dried e

Exo

e
—— e
|

Temperature (°C)

Figure 12. Controlled cooling of PU mat, CS mat and dried PEDOT:PSS.
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The Third heating scan (Figure 13) revealed that only a melting peak related to the
hard phase of PU is present, with a temperature (Tm =161°C for PU mat and Tm
=154°C for CS mat ) shifted to lower values (Table 5). The CS melting peak
appears less pronounced but wider, as well as shifted to lower temperatures than
PU, suggesting again the influence of the PEDOT:PSS core, which influences the
PU crystallization during the controlled cooling. In the case of dried PEDOT:PSS,
in the third scan the peak related to the solvent loss is not present anymore. A
thermal transition, observable at 65°C, could be ascribable to the glass transition of
PEDOT:PSS; this finding is also supported by literature [47].

‘\ — PUMat

\ — - CS Mat
S— = = PEDOT:PSS dried

Exo

Temperature (°C)

Figure 13. Third heating scan of PU mat, CS mat and dried PEDOT:PSS.

Table 5. DSC data for PU,CS mats and dried PEDOT:PSS.
1st heating scan

Sample Tg (°C) ACp (J/g°C) Tm (°C) AHm (J/g)
PU -38 0.40 61/182 24
CS -40 0.34 76 /190 24
PEDOT:PSS dried / / / /
Controlled cooling
Tg (°C) ACp (J/g°C) Tc (°C) AHc (J/g)
PU -35 0.35 83 9.69
CS -41 0.28 80 3.53
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PEDOT:PSS dried / / / /
3rd heating scan (after controlled cooling)
Tg (°C) ACp (J/g°C) Tm (°C) AHm (J/g)
PU -32 0.37 161 9.08
cs -40 0.39 154 10.63
PEDOT:PSS dried 65 0.094 / /

3.4.3 Mechanical Characterization

The tensile tests for the electrospun PU and CS mats revealed a ductile behavior
characterized by a large nonlinear toe-region in the initial part of the curve (Figure
14). This trend is due to the progressive tensioning of the nanofibers, typical of an
ordered, but not perfectly aligned, electrospun structure (this topic will be discussed
in more detail in Chapter 7). PU samples, after a linear region ending at the yielding
point (ov =20 = 2.3 MPa, ey = 46 £ 2.4 %) show a long plastic deformation until
failure (or =54 £ 8 MPa, er = 135 + 15 %) with an elastic modulus of (E = 97 + 10

MPa) (Table 6).

—PU =—CS
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40
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Figure 14. Stress — Strain representative curves of PU and CS samples.

The CS mats anyway, despite the presence of the PEDOT:PSS core (E = 1.2 GPa
[45]), closely resemble the PU stress-strain behavior up to 50% strain. The yielding
point (oy =19 £ 2.4 MPa, ey = 46 + 3.3 %) and the elastic modulus (E = 98 + 11
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MPa ) were almost not affected by the structural change due to the coaxial structure,
demonstrating that the mechanical behavior of CS nanofibers is dominated by PU.
The only marked difference resides in the performances at failure (cr=30 = 5.5
MPa, er = 80 + 16 %), considerably lower than the PU mat one (Table 6). However,
considering the requirements of the artificial myofibril of the MAGNIFY project,
the fact that the mechanical properties of the monolithic PU nanofibers are
preserved, up to the yield point, even by the core-shell structure, represents an

important achievement.

Table 6. Mechanical properties of PU and CS samples.

Fr €F OF E WEe Wy oy 3%
(N) (%) (MPa) (MPa) (MPa) (MPa) (MPa) (%)
PU 359+0.74 135%+15 54+8 97+10 39%+092 027+0.04 20+23 46+24

CS 3.10+055 8016 30+55 98+11 114+049 025+0.04 19+24 46+33

3.4.4 Electrical Characterization

The I-V characteristic of test (i), i.e., the test designed to measure the conductivity
of the gold coating by placing both probes on the same gold coated segment, is
presented in Figure 15. The coating resulted indeed conductive; applying +10V to
the probes yields a current of 0.125 pA.

The 1-V characteristics for the other tests (ii and iii) are presented in Figure 16.
These tests were performed with scans from -100 to +100 V, as these configurations

offer an increased resistance compared to the gold coating.
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Figure 15. I-V characteristic of the gold coated segments

By placing the probes outside the gold coated segments (but aligned along the fibers
direction), maximum values of 0.054 nA are measured by applying a voltage of
+100V. Such a current can be related to a completely insulating material.
Positioning instead the probes on two different gold coated segments, aligned along
the fiber direction, the measured current is 10 times higher (0.51 nA at +100V).
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Figure 16. I-V characteristic of (i) CS nanofibers surface, along fibers direction; (iii) cores of core

shell nanofibers, connected through the penetration of the gold coating inside the nanofibers.
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These measurements demonstrate that there is indeed a preferential path for electric
current that has to be related with the gold coating of the coated segments
penetrating deep into the nanofibers, intercepting the cores. The gold coated
segments are therefore connected through the nanofibers inner PEDOT:PSS cores,
across a distance of 1 mm (more than 1000 times longer than the mean CS
nanofibers diameter).

Although these current values are extremely low, the difference compared to the
CS nanofiber surface is evident. It is not yet possible to determine whether the
reported values for the core conduction are low due to a low ratio of CS nanofibers
relative to the total number of nanofibers, to fragmented cores, or to a limited
efficiency of the connection to the cores through the penetration of the gold coating.
This result, although preliminary, is the only demonstration found in the literature
concerning the electrical conductivity of the core of a core-shell nanofiber obtained

through coaxial electrospinning.

3.5 Conclusions and future perspectives

This work has laid the foundation for the realization of the artificial myofibril of
the MAGNIFY project. The fabrication of a coaxial, highly flexible, and electrically
conductive structure, with nanometric diameters, was a major challenge. These
novel CS nanofibers, made of PEDOT:PSS - PU were successfully fabricated by
coaxial electrospinning. Morphological characterization showed well-shaped,
homogeneous fibers without the presence of defects. Further investigations have
confirmed the core-shell structure of the nanofibers. Thermal characterization
revealed an intermediate behavior of CS nanofibers with respect to its two
constituent materials, PEDOT:PSS and PU. In contrast, mechanical
characterization showed that CS nanofibers exhibit a stress-strain curve pattern very
similar to pure PU nanofibers. The mechanical properties, up to yield point, are very
similar, diverging, however, in the performance at failure. Preliminary tests of
electrical characterization, through investigation of the I-V characteristic, have
shown a capability of the cores to allow a current ten times higher than the PU

nanofiber shell (at 100V). These values, although preliminary and very low,
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represent a novelty in the literature for core-shell nanofibers made with conductive
polymer cores. Further tests will be performed trying to investigate the electrical
and mechanical behavior of the single nanofiber, e.g. employing the atomic force
microscope. In this way it will be possible to evaluate the real potential of the
electrical conduction of the core, highlighting whether or not it is necessary to
optimize its production.

In order to complete the structure of the artificial myofibril of the Magnify project,
a conductive coating is required on the PU shell. This aspect will be further

investigated in the next chapter.
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Chapter 4. The artificial myofibril: investigating

strategies for a conductive coating

In order to complete the structure of the artificial myofibril of the MAGNIFY
project, a conductive coating of the core shell nanofibers is required. The main

requisites identified for this coating are the following:
- to keep the original fibrous morphology intact;
- to possess an adequate level of electrical conductivity;

- to avoid an excessive increase in the stiffness of the nanofiber, losing the

elastomeric properties of the polyurethane.

In order to identify the best candidate, three different materials have been tested

through two different coating techniques:

- physical vapor deposition of gold,;

- dip coating in a solution of PEDOT:PSS;

- dip coating in a solution of graphene nanoparticles;
- electroless plating of silver nanoparticles.

These different strategies, for ease of execution, have been developed and tested
firstly on simple polyurethane mats, given the laboriousness of production of core-
shell structures. In later stages of the project, the most suitable technique will be

also tested on core-shell nanofibers.

4.1 Substrate preparation

In order to perform a more accurate analysis, it was preferred to produce a single
large mat of aligned polyurethane nanofibers on which testing all the different
coating techniques. Since these fibrous materials always inevitably present some
variability between samples, this choice is mainly important in view of the

mechanical tests. The intra-mat variability instead, once the samples are normalized
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with their thickness, becomes much more limited, allowing to ascribe any
difference with a reasonable confidence degree to the coating and not to the
variabilities of the underlying substrate. In order to produce such a large mat, a
different electrospinning setup was employed (Lab Unit, Spinbow S.R.L., San
Giorgio di Piano, Italy), equipped with a spinneret hosting up to 4 blunt headed
needles (inner diameter = 0.51 mm) (Figure 1). Using four needles, besides
speeding up the process, makes the distribution of nanofibers on the collector more
homogeneous and uniform, considering also the capability of the spinneret to move
horizontally with respect to the collector. The collector system consists of an
aluminum cylinder (length = 45 cm, diameter = 15 cm) rotating at 2500 rpm
(tangential speed = 19.7 m/s). The collector was previously covered with a PE
coated paper in order to better remove the nanofibers at the end of the process. The
four needles are fed by four glass syringes, connected via Teflon tubes. Extrusion
is controlled by a 4-slot syringe pump (KDS 200 series, KD Scientific, Holliston,
USA), with a flow rate set to 1 mL/h per syringe. The solution used is the same as
reported in chapter 3, PU 7% w/v dissolved in a mixture of THF:DMF 70:30 v/v.

Table 1 reports the solution, process, and environmental parameters for the PU mat

production.

Figure 1. Electrospinning setup employed for the realization of the PU electrospun mat

Table 1. Solution, process, and environmental parameters for the PU mat production.

Polymer PU
Concentration 7 % (W/iv)
Solvent system THF:DMF 70:30 viv

Applied voltage 19 kV
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Flow rate 1 mL/h (x 4 syringes)
Needle-collector distance 18 cm
Collector speed 2500 rpm
Spinneret transversal speed 1500 mm/min
Temperature 25°C
Relative Humidity 30%
Process time 3h

4.2 Gold coating

4.2.1 Introduction

The employment of gold sputtering for the coating of the nanofibers was the first
strategy proposed in the design phase of the MAGNIFY project. This technique,
already introduced in paragraph 1.2.2 of Chapter 1, stands out for its simplicity and
straightforwardness, exploiting a tool, the sputter coater, normally accessible in
most laboratories. Gold is a widely used material in the electronics industry because
of its excellent electrical properties, mechanical strength, and chemical inertness
[1]-[3]. As introduced in Chapter 1, there are several methodologies to achieve
conductive coatings on nanofibrous materials, especially in the field of biosensing
[4], [5]. However, these methods often require long and laborious steps. The
technique of sputter coating, a particular type of physical vapor deposition, is
considered one of the most promising techniques for the surface treatment of
nanofibers, in order to provide them with a uniform and dense coating [6]. The
immediacy of this tec