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“The Earth has music for those who listen.”
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Abstract

In the last two decades, a lot of attention has been focused on Pneumatic Artificial Muscles (PAM)
because of their clear advantages, such as inherent compliance, structural flexibility to working envi-
ronments, compactness, low cost and excellent power to weight ratio compared to other, of the same
kind, actuators. Having all the advantages of traditional pneumatic actuators (cylinders) without the
main drawback (power/weight ratio) some researchers were euphoric with the idea to replace pneu-
matic cylinders with PAMs in many applications. Against big expectations, however, pneumatic muscles
bring many difficulties as well. The need for a pair of them to have a degree of freedom and highly
variable and nonlinear characteristics, which require complex modelling and sophisticated control de-
sign for achieving high system performance, have significantly reduced this plan. Still, PAMs have its
application importance in the field of interactive robotic devices and rehab systems, but the common
belief is that, with finding an appropriate mathematical model, this field will be much more outspread.

The main goal of this thesis is to investigate the performance of different approaches to PAM
modelling, seeking for a universal model that can be used to control a cable driven robotic system
(CDRS), which includes PAM actuators with various dimensions instead of cables.

Firstly, an experimental setup capable of performing all relevant examinations of fluidic muscles
tests (isometric, isobaric, isotonic), including muscle’s dynamic response test, has been designed.
Furthermore, a set of modelling approaches has been analyzed and the comparison between them has
been outlined. Therefore, the most suitable model is proposed and evaluated by implementation in the
chosen control method.

The proposed strategy shows acceptable results in variables prediction, which is proven with suc-
cessful control simulation. Furthermore, this mathematical model showed a tendency towards valuable
results when cross-validation of model parameters, obtained from different dimensions PAMs, was
done. Therefore, we believe that further development of this approach is justified, essentially improv-
ing the robustness of the model to actuators variability, as well as including real situation phenomena
that in this work were not considered.






Sommario

Nelle ultime due decadi, si € rivolta particolare attenzione ai Muscoli Artificiali Preumatici (MAP) per gli
evidenti vantaggi che presentano, tra cui intrinseca reattivita, flessibilita strutturale in ambienti lavora-
tivi, compattezza, basso costo ed ottimo rapporto peso/potenza rispetto ad altri attuatori dello stesso
tipo. Dal momento che presentano tutti i vantaggi degli attuatori pneumatici tradizionali (cilindrici)
senza l'inconveniente principale (rapporto potenza/peso), ad alcuni ricercatori &€ apparsa interessante
la possibilita di sostituire i cilindri tradizionali con i MAP in svariate applicazioni. D'altra parte i muscoli
pneumatici presentano varie difficolta. A deludere notevolmente le aspettative sono il fatto che & nec-
essaria almeno una coppia di questi muscoli per realizzare un grado di liberta e le loro caratteristiche
altamente variabili e non lineari, che richiedono una modellazione complessa e un sofisticato sistema di
controllo per ottenere prestazioni elevate. Tuttavia i MAP trovano importante applicazione nell'ambito
dei dispositivi di robotica interattiva e dei sistemi di riabilitazione e si crede che una volta identificato
un modello matematico adeguato, questo campo si possa espandere molto di piu.

II principale obiettivo di questa tesi € quello di analizzare le prestazioni dei diversi approcci alla
modellizzazione dei MAP e cercare di identificare un modello universale che possa essere utilizzato per
controllare un sistema robotico cablato (SRC) che includa attuatori MAP di varie dimensioni piuttosto
che cavi. In primo luogo, € stata progettata una configurazione sperimentale in grado di eseguire tutti
i test piti rilevanti per i muscoli fluidici (isometrici, isobarici, isotonici), tra cui il test di risposta dinamica
del muscolo. Inoltre, il modello pit adeguato € proposto e valutato con la sua implementazione nel
metodo di controllo scelto.

La strategia proposta mostra risultati accettabili nella predizione delle variabili, come dimostrato ef-
ficacemente meediante simulazione. Inoltre, questo modello matematico ha mostrato di fornire risultati
validi in validazioni incrociate, ottenuta da MAP di diverse dimensioni, dei parametri del modello. Per-
tanto, crediamo in un ulteriore sviluppo di questo approccio migliorando essenzialmente la robustezza
del modello rispetto alla variabilita degli attuatori, includendo fenomeni presenti in situazioni reali che
in questo lavoro non sono stati considerati.
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Introduction

Actuators, i.e., driving systems, represent a very important part in all automation processes and have
the goal to transform one form of energy into mechanical motion. Their characteristics are expressed
through indicators like power (i.e., power/weight and power/volume ratios), static and dynamic charac-
teristic of drive force (momentum), principle of work and structure, controllability, reliability, response
time, velocity, dimensions, efficiency, rigidity (i.e., compliance), price, maintenance, etc. To run a
mechanical system, various technical principles have been developed: systems with internal/external
combustion, hydraulic systems, electrical drives, pneumatic systems. Every of these driving techniques
has a field of application in which it has proven to be particularly convenient. However, the fact, that
there is still the whole series of driving systems for different use, proves difficulty or impossibility of
developing actuator for universal applications in all the environments.

In traditional industrial robotics, the majority of tasks are successfully realized with electrical drives,
primary, with the alternate current. With time, the field of robotic application was expanding, making
new demands, imposing new constraints for actuator systems. Nowadays, robotics applications based
on human interaction are of special importance, which brings moving from regular electromotor drive to
novel biomimetic actuators. With this it comes to change, not only in view of energy transformation but
also in material that actuator is made of, in order to realize biologically inspired, functional movement,
which is in the same time safe and redundant. Having new demands, it is clear that electrical drives
are losing the reputation of the universally best solution, and that the need for developing also new
types is rising.

In case of a system needed to repeat simpler motions, having high power/weight ratio, self-cooling
and relatively expressed temperature insensitivity, it implies as logical, to choose from many of pneu-
matic actuators. Besides that, compared to traditional electric and hydraulic actuators, pneumatic
actuators have the high level of compliance which comes from compressibility of the gas. The mostly
used pneumatic actuators are pneumatic cylinders. A large number of cylinder kinds exists, as well as
applied control techniques. Although widespread, well-known and always available, pneumatic cylin-
ders, even if fulfilling previously mentioned criteria, are not always an ideal solution even in fields where
their characteristics are in advantage comparing to characteristics of some other actuators. To cover
all specific practical problems, many efforts are invested in discovering new sorts of actuators, not
only to improve or push down existing, rather use them together in future applications. Among such
novel actuators, until now, biggest success is achieved with variations of pneumatic artificial muscles.
Pneumatic artificial muscles cover field which has a good background for inventing different construc-
tive solutions for many robotic applications. Pneumatic muscles found the biggest use in the field of
Biorobotics and Medical applications [1], and some of them are presented in the figures 1.1 and 1.2:
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Figure 1.1: Biorobotic applications of PAMs (respectively): (1)Shadow biped walker; (2)Isac [2]; (3)Airbug [3];
(4)Hopping robot [4]; (5)Panter leg [5]; (6)Ajax [6]; (7)Lucy [7]; (8)Stumpy [8]; (9)Low cost humanoid hand [9];
(10)Pneumatic bicycle [10]; (11)Three—legged robot [11]; (12)Mowgli [12]; (13)Robotic arm; (14)Bipedal robot [13];
(15)Quadruped robo [14]; (16)Pneumatic torso [15]; (17)Pneumatic athlete robot [16]; (18)Pneumatic climbing robot [17];
(19)Airic’s arm; (20)Aqua Ray; (21)Shadow robot leg; (22)Robotic eye with pneumatic actuation [18]
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Figure 1.2: Medical applications of PAMs (respectively): (1)PAM-actuated forearm [19],[20]; (2)Muscle suit [21];
(3)Powered-ankle foot orthosis [22]; (4)Rupert [23],[24]; (5)Pneumatic hip orthosis [25]; (6)Pneumatic foot orthosis
[26],[271,[28]; (7)Haptic arm exoskeleton [29]; (8)Upper body exoskeleton [307]; (9)Upper body exoskeleton [31];
(10)Lower body exoskeleton [32]; (11)Pneumatic power assist glove [33]; (12)Knee rehabilitation device [34];
(13)Orthosis for home training [35]; (14)Isokinetic equipment for recovery exercises [36]

1.1. STRING-MAN

"STRING-MAN" [37] is a rehabilitation robot designed as a cable-driven parallel robot (CDPR), which
has favorable applicability because of its high dynamics and lightweights, for assisting the locomo-
tion recovery therapy and training. This concept, established on the string-puppet idea, opens new
possibilities for assisting restoration of posture balancing and gait motoric functions 1.3.

Even though “STRING-MAN" concept actuates with low-power actuators and poses robust compli-
ance control during operation, the safety issues are still critical and require a sophisticated solution to
prevent risks on the patient. The new idea utilizes PAM drives and string-puppet idea used in "STRING-
MAN”, substituting wires with pneumatic muscles, where contractions of the muscle produce variations
of "active wire” lengths and requested balancing motion and weight bearing. Due to the characteristic
of PAMs, that with increasing of the pressure realized force is decreasing, in the case of sudden uncon-
trolled pressure overrun the force tends to zero, thus making the system inherently safe. The muscles
provide a minimum of physical compliance, which can be further adjusted by means of compliance
control, that would make redundant safety, which is, in general, the best solution. Another reason for
implementing pneumatic muscles is that actuators which are used for prosthesis or orthosis should,
in some way, replace muscle function, performing contractions and extensions, thereby realizing mo-
tion. Technically it is not possible to realize the fibril structure of biological muscle, but it is possible
to imitate its inherent functionality. Beside pneumatic, there are application attempts of other types
of actuators which are mimicking biological muscles. However, none of these did achieve motion that
has "softness” of biological muscle. The concept of a novel, referred to as "SMART-STRING” module
[37], under development at Fraunhofer IPK, is presented in Figure 1.4.
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Figure 1.3: STRING-MAN configuration

Figure 1.4: Integrated Wire-Robot v Active weight balancing and leg moving modules with 10 PAMs

Moreover, additional modules can be applied for leg motion and integrate into an overall gait re-
habilitation system (Figure 1.4). Considering that, for rehabilitation needs, it is necessary to mimic
movement to some extent, and with this to accomplish movements that seem natural as possible,
pneumatic artificial muscles are becoming worthy of detailed research.
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1.2. Diploma thesis goals and organization

The main goal of the thesis is to find an appropriate model of FESTO PAMs to be implemented in
"SMART-STRING" system. Knowing that such setup will include various muscle dimensions, the demand
to develop universal and plausible model has raised, which lead to analyzing different types of model,
with the aim to have a simple but physically meaningful model that is suitable for different, potentially
used PAMs. Utilizing the developed model, a control algorithm for the actuator is also proposed.

The diploma thesis is organized into six chapters. The structure of the diploma thesis is the follow-
ing:

Chapter 1 1 Introduction: Introduces the reason of considering PAMs and presenting "SMART-
STRING"” system.

Chapter 2 - Fundamentals: Involves a description of the operation and properties of pneumatic
muscles. The different types of pneumatic muscles are related.

Chapter 3 - Modelling of Pneumatic Muscles: Provides a review of the existent models for
pneumatic muscles.

Chapter 4 - Experimental Modelling of FESTO Fluidic Muscles: Presents the set-up used to
perform the tests, relates the experimental results and elaborates the experimental models, proposing
one of them.

Chapter 5 - Controller Synthesis for Model Verification: Considers design and evaluation of
a PID+Feed-Forward controller, for the purpose of proposed model validation.

Chapter 6 - Conclusions: Summarizes and analyses the results of the work carried out and
proposes future work issues.






Fundamentals

This chapter presents a theoretical background necessary for the understanding of the project. An
introduction to the following topics is provided: Section 2.1 introduces Pneumatic Artificial muscle
concept and present its fundamental properties as well as their advantages and disadvantages. Sec-
tion 2.2 classifies PAMs and explains their difference, while Section 2.3 introduces actuator used for
experiments in the project and presents its properties and possible applications.

2.1. Fluidic Muscles

The Mckibben muscle, the most frequently used artificial muscle, has been introduced in the late
1950s by J. L. Mckibben to actuate an orthotic device for handicapped people, and after that American
scientist, Schulte analyzed its characteristics in 1961 [38]. For this reason, the braided pneumatic
muscle is still referred to as a McKibben muscle in rehabilitation apparatus. However, due to problems
inherent to the power storage and the bad quality of the valves, interest in these actuators decreased.
During the following years, the braided pneumatic muscle was not the preferred actuator for robotic
applications. As pneumatic technology improved, in 80’s Bridgestone Co., brought it up again by
commercializing it as the Rubbertuator for use in robotic systems and this is the start of the McKibben
pneumatic artificial muscles commercialization. Nowadays the fluidic muscles are brought up to the
market by FESTO Ag.  Co. and Shadow Robot Company, which leverage significantly interest in these
actuator systems.

Fluidic Muscles, called also Pneumatic Artificial Muscles (PAMs), are contractile linear actuators
capable of transferring fluid work into mechanical one. Basically, PAMs are essentially made of a
rubber or elastomer inner tube, which functions as an air enclosure, also called a bladder. The bladder
is surrounded by a double-helix-braided sheath [39], which functions as an anti-rupture layer and used
for the transmission of work, the so-called “braided shell”. The entire tube is closed by two end caps,
one of which has a hose for connecting the air supply and the other is available for connecting to the
mechanical load. As the muscle is inflated or gas is sucked out of it, the tube/membrane counterparts
bulge outward or are squeezed, respectively. Together with this radial expansion the membrane shell
contracts axially and thereby exert a pulling force on a connected load. Because the braid fibers
are very stiff, limiting membrane, it can just deform radially [40]: the length is getting shorter while
the diameter is getting larger. In contrast, if deflated, the pneumatic artificial muscle recoils, then the
diameter reduces, with the increase of the length and the reduction of contracted force. However, when
under no pressure, the force of the pneumatic artificial muscle output is zero and the muscle has no
bearing capacity. By this means, generated force and motion are linear and unidirectional. The energy
source is a gas, normally air. Although it is possible to design an under-pressure operating muscle,
PAMs usually operate at an over-pressure. The force decreases monotonically with the contraction
[41]. The figures 2.1 and 2.2 illustrate the operation of a PAM:
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Figure 2.2: Operation at constant pressure [42]: At a constant pressure the length decreases with decreasing load. When
the load has reached the zero value, that means that the muscle has its maximum volume and its minimum length (at a certain
gauge pressure), then further shortening is only possible by compressing the muscle.

The state of particular PAM is fully determined by its length and gauge pressure. The Figure 2.3
illustrates the principle PAM force to length relationship at different pressures [41]. The force developed
is monotonically decreasing with the contraction at a constant gauge pressure and nonlinear. At a fixed
length, the force increases with increasing pressure.
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min max
contraction (%)

Figure 2.3: PAMis isobaric force contraction diagrams [41]

2.1.1. Properties

In human and most of the animal bodies, three kinds of muscles exist, namely skeletal, heart, and
smooth muscles. Unlike the other two kinds of muscles, skeletal muscle constitutes a major part of the
animal body and it is the prime mover of animal locomotion [43]. Different shapes of skeletal muscles
are presented in figure 2.4:

Unipennate

Convergent Bipennate
Parallel Multipennate
Fusiform
“ W Circular
‘.‘ : e

Palmar interossecus
Pectoralis major Rectus femoris

Rectus abdominis
Biceps bfachu Orbicularis oculi

Figure 2.4: Biological skeletal muscle shapes

It is shown in [44] that pneumatic muscles share some properties with skeletal muscles, more
precise with fusiform shape skeletal muscle (first in Figure 2.4). Both can be modelled as an actuator
whose output force is a function of length, velocity, and level of activation which is equivalent to
pressure in PAMs. The pneumatic muscles have similar force-length properties to human skeletal
muscles. Figure 2.5, where is muscle length, , is muscle length at rest, is muscle force and

, muscle force at rest, shows the relationships between force and length for the human muscle,
for the PAM McKibben and for other animals. Skeletal muscles can stretch beyond its resting length,
while pneumatic muscles cannot. However, for lengths between 1 and 0.8 times the resting length of
the muscle, the McKibben actuator provides a first order approximation of the human skeletal muscle.
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Figure 2.5: The dimensionless relationship between force and length under isometric conditions at maximal
activation for various animals and a McKibben actuator pressurize to 5 bars [44]

At a constant level of activation, the output force of skeletal muscles drops significantly as con-
traction velocities increase. Similarly, in the PAM actuator’s maximum force is only available under
static conditions and decreases with increasing velocity. However, this decreasing (internal damping)
is considerably smaller in comparison to the biological muscles.

Triceps

Tendon/

triceps relaxed

Biceps contracted, - Triceps
¢ . contracted,
\5}9 \, biceps relaxed

(extended)

Bice

ps Biceps

Triceps

Figure 2.6: Agonist-antagonist connection of biological muscles

Like in biological muscles the motion generated by Mckibben muscles is linear and unidirectional.
Two muscles must be used to realize a bidirectional movement. One acts as a motor to move the load
and the other like a brake to stop it, and vice versa. The muscles invert their operation to move the load
in the other direction. This connection of the muscles to the load is known as agonist-antagonist set-up,
like human muscles biceps-triceps (Figure 2.6). This set up can be used for either linear or rotational
motion, as shown in the figures 2.7 and 2.8. The generated force of each muscle is proportional to
the gauge pressure in each muscle and the equilibrium position is thus determined by the ratio of both
pressures.
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P§ pam

pP1 > P2

Figure 2.7: Agonist-antagonist connection of artificial muscles for linear motion

e

Figure 2.8: Agonist-antagonist connection of artificial muscles for rotational motion

Considering all descriptions in this chapter, we can mark some of the advantages of pneumatic
muscles:

 Light weight and flexibility (volume to weight ratios are high)

Relatively high contraction velocity and energy efficiency - power to weight ratio (400:1) [45]

* No need of transmission elements, they are direct drives

Low cost and easy construction

Possibility of use in rough environments

No need of maintenance and facility to be replaced

Despite the above advantages, we found out that PAM has not been extensively used in the past
due to its inherent drawbacks as listed below:

e Poor accuracy. It is due to the compressibility of the air and to the difficulty of handling nonlin-
earities in the position control of these actuators

» Somewhat loud operation of the pneumatic system in which pneumatic muscles work
* Relatively low bandwidth

e Big size of the tubes compared to the small stroke. This is due to the fact that the maximal
contraction of pneumatic muscles is just 25-30% of the resting length
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2.2. Classification of PAMs

Pneumatic artificial muscles can be classified considering various criteria. However, the most relevant
criteria concern operation pressure and structural design. Considering the first criterion we can distin-
guish:

Over-pressure or under-pressure operation: If the pressure inside the muscle is bigger or smaller
than outside respectively.

Considering the structural design of the membrane the following groups of PAMs may be distinguished:
Braided, netted or embedded muscles: This classification refers to the load carrying the element
of the PAM. It can be embracing the membrane, like in braided or netted muscles or embedded into it.
Regarding the way the membrane inflates there are muscles with:

Stretching or rearranging membrane: It refers to the manner in which the membrane inflates.
Either the membrane material has to stretch or the membrane section has to change by rearranging
its surface.

In the next paragraphs, the different types of muscles, according to the second classification criteria,
are described.'

2.2.1. Braided muscles

Braided muscles operate at over-pressure and are of the stretching membrane type. They consist of an
elastic tube surrounded by a braid as shown in Figure 2.9. The first braided muscles were introduced
by J.L.McKibben as mentioned at the previous section in orthotics applications in the late 50's. This
type has a tube and braids both connected at both ends to fittings. The permanent contact between
the tube and the inextensible braid while pressurized permits transferring the tension from the fibers to
the load. Typical materials used to make these muscles are latex and silicone rubber and nylon fibers.
By changing its braid angle (angle between fibers and the cylinder axis) the muscle changes its length
and diameter.

stretched

at rest

CREAEIPE00000000000080000001 K0 pressurized

Figure 2.9: Braided muscles

Sleeved Bladder Muscle type (Figure 2.10) differs from the McKibben type in the design of the inner
bladder that is not connected to the sleeving. The main advantage of this PAM is its extreme ease of
assembly. A Sleeved Bladder Muscle is also subject of the patent of Beullens [46].

S

AN

A
2

Figure 2.10: Sleeved muscle

IDetailed PAMs type overview can be found in [42]
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2.2.2. Pleated muscles

This actuator is of the membrane rearranging kind. This means no material strain is involved when it
is inflated. The way this is done is shown in Figure 2.11. The muscle membrane has several pleats in
the axial direction and when it expands it does so by unfolding them, so there is no friction involved
in this process. As a result, there is no energy needed for expanding the membrane. Because of the
absence of friction this design shows no hysteresis characteristics.

Figure 2.11: Pleated muscle

2.2.3. Netted muscles

The difference between braided and netted muscles is the density of the network surrounding the
membrane; a net is a mesh with relatively large holes. Because of this, the netted muscles have often
a rearranging membrane; otherwise, they can only operate at low pressures. The Yarlott [47] muscle
is represented in Figure 2.12. It comprises an elastomeric bladder of a prolate spheroidal shape netted
by a series of cords or strands that run axially from end to end. The bladder is radially reinforced by
strands to resist elastic expansion. In its fully inflated state, this actuator takes the spheroid bladder
shape.

Figure 2.12: Yarlott muscle

ROMAC (RObotic Muscle ACtuator) [48, 49], consists of an articulating polylobe bladder harnessed
by a wire netting and closed at both ends by fittings. The bladder is made of a sheath, that is char-
acterized by its high tensile stiffness, its flexibility, and its fluid-tightness. The netting or harness is
comprised of non-stretchable flexible tension links which are joined at nodes to form four-sided dia-
mond shaped apertures in the network. The harness expands radially and contracts axially, thereby
changing the base of each protruding lobe. As a result of this mechanism the enclosed volume changes.
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Figure 2.13: ROMAC muscle

Kukolj [50] is a variation of the McKibben Muscle. The main difference between them is the sleeve:
McKibben Muscles have a tightly woven braid while the Kukolj design (Figure 2.14) uses an open-
meshed net. In its nonloaded condition, there is a gap between the net and the membrane, which only
disappears at a suitably high extending load.

Figure 2.14: Kukoljis muscle

2.2.4. Embedded muscles

The load carrying the structure of these muscles is embedded in its membrane. These muscles can
operate at over-pressure or at under-pressure. Figure 2.15 shows the Morin embedded muscle designs.
The Morin muscles [51], which can operate with any fluid, are the origin for McKibben'’s design. In this
design, a rubber tube is embedded by threads of a high tensile stiffness. These threads can be directed
along the actuator’s long axis or in a double helix about that axis. As fiber material, Morin cites cotton,
rayon, asbestos or steel; a choice that is clearly marked by that time. The two-phase membrane is
clamped by two end fittings, serving to seal and to attach the load. The full tensional load is taken by
the fibers while the elastomer stretches to allow for inflation. Possible operating fluids suggested by
Morin are compressed air, water, oil or even steam.

Figure 2.15: Morin muscle
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