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Abstract

Artificial human muscles have traditionally been operated through pneumatic

means, and are known as Pneumatic Artificial Muscles (PAMs). Over the last

several decades, Hydraulic Artificial Muscles (HAMs) have also been investi-

gated due to their high power-to-weight ratio and human-like characteristics.

Compared to PAMs, HAMs typically exhibit faster response, higher efficiency,

and superior position control; characteristics which provide potential for appli-

cation in rehabilitation robotics. This thesis presents a new approach to actuate

artificial muscles in an antagonistic pair configuration. The detailed mechan-

ical design of the test platform is introduced, along with the development of

a dynamic model for actuating an artificial elbow joint. Also, custom manu-

factured Oil-based Hydraulic Artificial Muscles (OHAMs) are implemented in

a biceps-triceps configuration and characterized on the test platform. Further-

more, an integrator-backstepping controller is derived for HAMs with different

characteristics (stiffness and damping coefficients) in an antagonistic pair con-

figuration. Finally, simulations and experimental results of the position control

of the artificial elbow joint are discussed to confirm the functionality of the

OHAMs utilizing the proposed actuating mechanism and the effectiveness of

the developed control algorithm.
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Chapter 1

Introduction

In this chapter, a brief history of artificial muscles is presented in the background section

which includes description, application and types of artificial muscles. Moreover, the main

objectives of the thesis are discussed in the second section of this chapter.

1.1 Background

Joseph L. Mckibben invented the Pneumatic Artificial Muscle (PAM) in 1961 and this in-

vention provided researchers with new opportunities for investigating human-like actuators

[70, 50]. The Japanese tire manufacturer Bridgestone introduced a more powerful version

of the PAM, called Rubbertuator, in 1988 [29]. The schematic of this manipulator utilizing

PAMs is shown in Figure 1.1.

1.1.1 Description of artificial muscles

An artificial muscle actuator is a mechanical device that mimics the behaviour of skeletal

muscle in that it contracts and generates force in a non-linear manner when activated. Arti-

ficial muscles are constructed of a tubular shaped rubber bladder and an inextensible fiber

mesh that either surrounds or is embedded in the rubber matrix. The fiber mesh provides

support and enhances actuation. The rubber bladder is completely sealed except for a valve

that allows fluids to enter and exit. Once pressurized, the artificial muscle expands in a
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Figure 1.1: Rubbertuator by the Japanese tire manufacturer Bridgestone [29].

radial direction resulting in contraction and force production in the longitudinal direction.

Figure 1.2 illustrates the operation of an artificial muscle in biceps-triceps configuration.

The level of contraction and force production depend on the external mass which is attached

to artificial muscle.

The artificial muscles have several characteristics that make them an ideal actuator for

applications involving human-interaction. Artificial muscles are capable of generating high

force outputs along with high power-to-weight and power-to-volume ratios than electric

motors or hydraulic actuators [61]. Also, they have a higher output force rather than a

pneumatic/hydraulic cylinder of equal volume. Artificial muscles are cost effective, clean,

compact, and can be used in harsh environments because they do not have moving parts

such as pistons or guiding rods. Artificial muscles can be used in microgravity environ-

ments, because gravity is not necessary to produce contraction or force generation. They

are also a safe alternative to other actuators. They provide ”soft actuation” meaning safety

is enhanced through a low mass structure that combines high strength with actuator [8].

Their ”soft actuation” allows them to be used in contact with humans without posing safety

risks associated with other actuators that are mostly heavy and solid. The most challenging
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Figure 1.2: The operation of artificial muscles in biceps-triceps configuration. (a) Equal
pressure in biceps and triceps artificial muscles. (b) Medium pressure in biceps artificial
muscle. (c) Maximum pressure in biceps artificial muscle.

part in using artificial muscles is the difficulty involved with controlling them due to their

non-linear dynamics and time varying behaviour. The main source of non-linearity can be

explained by the basic operation of an artificial muscle. As pressure increases linearly, the

tubing expands radially resulting in a non-linear increase in the tube’s diameter. Thus the

force will increase non-linearly [61].

1.1.2 Application of artificial muscles

Due to the PAMs dynamic properties and characteristics that mimic human muscle, there

has been a renewed interest in PAM research, particularly applied to exoskeleton robots

for rehabilitation and power augmentation. The Mckibben muscle consists of an inflatable

membrane, enclosed within a helical-mesh sleeve, and secured with fittings at both ends

[18]. The sleeve envelopes the membrane and provides a secure fit. PAMs operate at an

overpressure and, as the inner elastic tube is pressurized, they radially expand exerting a

3



Figure 1.3: Different applications of PAMs. (a) Humanoid robots [83]. (b) Biped robots
[51]. (c) Manipulators [6]. (d) Artificial limbs [46].

force on the sleeve. The tension within the sleeve accumulates at the PAM’s fittings and a

force is transferred to an external load through the intervening connectors and mechanism.

PAMs have many advantages over conventional pneumatic cylinders such as high power-

to-weight ratio, human-like characteristics, a self-limiting feature, and are comprised of

inexpensive materials [25]. In the research literature, numerous applications of PAMs are

described including artificial limbs [68, 36, 46], humanoid robots [31, 3], biped robots

[83, 51, 52], and robotic arms [32, 6], so that their actuators have typically more power-to-

weight ratio in comparison to traditional humanoid robots [56] or quadruped robots [55].

They are either single-muscle configuration [48, 59] or pair-muscle [22, 47] configuration.

Different applications of PAMs are shown in Figure 1.3.

Hydraulic Artificial Muscles (HAMs) are a more recent development that employ an

internally pressurized liquid. Several research groups have extended the capability of arti-

ficial muscles by utilizing water as the liquid within the membrane, thereby avoiding the

use of bulky compressors [76]. Liquids offer the primary advantage that different liquid

specifications result in different operating characteristics for the HAMs, which is bene-

ficial for their dynamic and control [91]. Other advantages are faster response time and

4



Figure 1.4: Different applications of HAMs. (a) Haptic gloves [65]. (b) Legged robots
[76]. (c) Quadruped robots [74].

improved position control compared to PAMs due to hydraulic fluid’s higher bulk modulus

[21, 23]. Also, the lower compressibility of liquids (oil, water, etc.) than air is one of

the reasons that inspired the use of a hydraulic fluid in order to increase the stiffness and

efficiency of artificial muscles [21, 85, 39]. Microscale HAMs have been implemented in

haptic gloves and are capable of generating forces with magnitudes of 5 N [65] and operate

completely independently and the applicant can move freely while wearing it. HAMs have

also been used in artificial limbs [45] in order to mimic the human-like range of motion and

torque limitations. A water-based hydraulic artificial muscle (WHAM) with a high force-

to-weight ratio and strength has recently been designed specifically for underwater vehicles

[91]. A novel HAM was presented by Worcester Polytechnic Institute (WPI) researchers

which has a greater efficiency compared to traditional PAMs. It has been implemented

in different robotic systems like Elbow Exo-musculatures, Knee Exomusculature, a kan-

garoo robot, and a hydro dog robot [74].It is important to mention that the mechanical

components of PAMs can also be used for HAMs in the same pressure range. Moreover,

the dynamic modeling approaches for PAMs can be developed for HAMs, with some dif-

ferences in stiffness and damping ratio, due to similar inherent characteristics in artificial

muscles. Different applications of PAMs are shown in Figure 1.4. A comparison of pre-

vious research on HAMs, relative to this work, is shown in Table 1.1 with an emphasis on

5



muscle configuration, modeling approach and control method.

Table 1.1: Recent investigations on HAMs

Authors Configuration Modeling approach Controller
This Platform Bidirectional Phenomenological Integrator-Backstepping

Meller et al. [44] Unidirectional Energy Conservation Cascaded PI-P with ff
Slightam et al. [73] Unidirectional Phenomenological Sliding mode
Meller et al. [43] Unidirectional Energy Conservation PI
Xiang et al. [85] Unidirectional Energy Conservation PID

Kobayashi et al. [37] Unidirectional Phenomenological MPC with RLS
Tiwari et al. [76] Bidirectional Energy Conservation Open-loop
Focchi et al. [21] Unidirectional Phenomenological Cascaded PI-P

1.1.3 Types of artificial muscles

Different studies have been developed on the typical rubber, fiber-mesh, and size of arti-

ficial muscles. These include McKibben muscles with braided fibers, straight fibers, and

artificial muscles constructed of alternative elastomeric and fiber materials. Pleated arti-

ficial muscles have been developed where the pleating either runs along the length of the

muscle or perpendicular to the length of the muscle. Also, Curved muscles have been

studied where the rubber tube is no longer configured to be straight. Hybrid devices have

incorporated springs with artificial muscles to act as a built-in antagonist, dampers and

brakes designed to alter performance, and rings designed to increase contraction. Various

artificial muscles are now commercially available.

McKibben muscle

Various groups have constructed artificial muscles with an inner rubber tube surrounded by

a braided fiber mesh. The braided fibers are designed in a helical pattern and attached to the

ends of the artificial muscle which is called McKibben muscle after Dr. Joseph McKibben

popularized pneumatic muscle in 1950. Different tube lengths, diameters, fittings and ma-
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Figure 1.5: 2-DOF SCARA robot actuated by two pairs of McKibben muscles [77].

terials have been tested to construct McKibben muscles. In the following paragraph, some

of well-known research projects utilizing McKibben muscles are presented.

One of the examples is a device with an inner layer made from thin-walled rubber tubing

and an outer layer made from flexible sheathing formed from high-strength interwoven

nylon fibers. Perspex plastic plugs are used as end fittings, sealing the two ends of the

muscle. The nylon shell and rubber tubing are bonded to the end fittings utilizing a flexible

adhesive and clamped securely in place using a rubber sealing ring [8]. Another example

is a project in the University of Michigan in which artificial muscles are designed using

latex tubing as the inner bladder, braided polyester sleeving as the muscle shell, plastic

pneumatic fittings for the end fittings along with different valves [19]. The next example

is a platform with artificial muscles with airtight inner tube surrounded by a braided mesh

shell along with flexible inextensible threads (i.e. threads having very high longitudinal

stiffness) attached at either end to fittings [13]. Also, a research group presented artificial

muscles consist of an inner rubber tube surrounded by a double helix textile weave [77]. A

2-DOF robot actuated by two pairs of McKibben muscles is shown in Figure. 1.5.
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Figure 1.6: Schematic of an straight fiber artificial muscle [4].

Straight fiber artificial muscle

Straight fiber artificial muscle design has also been used in some research projects. Naka-

mura et al. have implemented pneumatic muscles reinforced by straight fibers. The de-

signed devices have a central ring which is essential in the functionality of artificial mus-

cles. Also, he reported that this type of muscle has a greater contraction ratio and a longer

lifetime than conventional braided pneumatic muscles [49]. Bettetto et al. studied straight

fiber artificial muscle utilizing Finite Element Method (FEM) and found out that straight

fiber muscles can provide five times more tensile force than braided fiber muscles, but have

a smaller contraction ratio [4]. An example of straight artificial muscle is shown in Figure.

1.6.
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Pleated artificial muscle

A pleated artificial muscle has a unique structure in which there is no outer cover. The

inner tube itself has pleats or folds. A pleated artificial muscle which has folds along the

longitudinal axis of the muscle is investigated in the history of these artificial muscles. The

folds hold the extra membrane material needed to expand. The membrane material has a

high tensile stiffness in order to eliminate rubber-like strain. This type of pneumatic muscle

has higher contraction forces and displacements than a braided artificial muscle actuator.

Also, it has low friction, no friction-related hysteresis, and can operate at low pressures

[26]. The fold faces are laid out radially so no friction is involved in the folding process,

and no loss of force output occurs during the unfolding process because no appreciable

amount of energy is needed to unfold. The pleated artificial muscle was used in the walking

bipedal robot Lucy [83] as shown in Figure. 1.7. Another pleated pneumatic muscle was

developed by Zhang et al., but here the pleats run perpendicular to the longitudinal axis

of the muscle. This type of pleated artificial muscle actuator is referred to as a rubber

bellows artificial muscle. The driving force of the actuator is determined by the size of the

bellows and the internal pressure. The design of this actuator allows it to curve along its

longitudinal axis easily, which is useful for joint design. The radial elastic expansion of the

actuator is limited, but the longitudinal elastic expansion range is large due to fiber weaving

inside the rubber bellows [89].

Curved artificial muscle

Curved artificial muscle is developed as a separate type of artificial muscle because of its

unique configuration and model characterization. Zhang et al. have developed a curved

pneumatic muscle actuator constructed from Festo brand fluidic muscle for use in a wear-

able elbow exoskeleton robot. The configuration of this artificial muscle is based on a rotary

actuator. It weakens the coupling relationship between the output force and displacement

9



Figure 1.7: Schematic of deflated and inflated state of the Pleated Artificial Muscle [83].

so that feedback force can be achieved easily. New modeling techniques including beam

modeling and membrane modeling had to be investigated to obtain a mathematical model

of an artificial muscle in the curved configuration [90]. Trivedi et al. developed a soft

robotic manipulator named OctArm V (Figure. 1.8) that can bend into a wide variety of

complex shapes when reacting to control inputs. In this design, nine artificial muscles are

used in a curved configuration. This researcher presented a new approach for modeling the

dynamics of the curved artificial muscle manipulator that incorporates the effect of material

non-linearities along with weight distribution [80].

Artificial muscles using alternative materials

Both alternative fiber materials and alternative elastomers have been used to construct arti-

ficial muscles. Alternative fiber materials include carbon [66], glass fiber [49], and shape

memory alloy wires [84]. Wang et al. developed an intelligent artificial muscle utilizing

shape memory alloy wires in the braided shell. The artificial muscle operates as a typi-

cal artificial muscle would until the shape memory alloy wires are activated (via a current

10



Figure 1.8: Schematic of OctArm V,a soft robotic manipulator, with artificial muscles in a
curved configuration [80].

change). When activated, shape memory alloy wires contract, affecting movement of the

braided shell and hence motion of the artificial muscle. Motion, contraction ratio, and

force of the pneumatic muscle can therefore be adjusted by activating the shape memory

alloy wires of the braided shell. Simulation results verify the intelligent artificial muscle

has a higher contractile force per cross-sectional area and more flexible stiffness than a

traditional pneumatic muscle. An artificial muscle developed by Goulbourne utilized a di-

electric elastomer for the inner bladder of a pneumatic muscle. When activated by voltage,

dielectric elastomer has a large strain actuation response (> 100%), but a low force out-

put. The low force output has limited its use for many applications, but by enclosing the

dielectric elastomer in a helical network of inextensible fibers, the load-bearing capability

of the dielectric elastomer improves. This electro-pneumatic actuator expands radially and

contracts axially when activated by pressure and voltage [24]. An artificial muscle made of

alternative material (carbon) is shown in Figure. 1.9.
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Figure 1.9: Schematic of an artificial muscle using alternative material (carbon) [66].

Commercially available artificial muscles

Commercially available artificial muscles include the fluidic muscle from Festo Corpora-

tion, the Air Muscle from Shadow Robot Company, and the Rubbertuator from Bridge-

stone. Many research groups have used Festo fluidic muscles in their platforms. Festo

fluidic muscle is constructed of a three-dimensional rhomboidal woven fiber mesh embed-

ded in a rubber bladder. This construction improves hysteresis, non-linearity and durability.

Fluidic muscles are available in various diameters and a multitude of nominal lengths. The

maximum contraction is approximately 25% of the nominal length. The largest artificial

muscle is capable of lifting 6000 N (1349 lb) at its maximum pressure of 600 kpa (87.2

psi) [20]. The Air Muscle from Shadow Robot Company has an inner rubber tube encased

in a plastic woven shell in various sizes. The largest model can generate forces up to 687 N

(154 lb) at its maximum rated pressure of 400 kPa [71]. The Bridgestone Rubbertuator was

first marketed in the 1980. Its structure was modeled after the McKibben muscle, but ma-

terials were chosen for improved robustness and performance. Bridgestone marketed two

multi-joint robots that used Rubbertuators; a horizontal robot which is known as RASC

and a suspended robot which is known as SoftArm. The practical use of these robots was
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Figure 1.10: Schematic of Airic’s arm, a bio-inspired robot, utilizing commercially avail-
able artificial muscles [20].

limited, and both arms were discontinued by the 1990s. Bridgestone Rubbertuator’s are

still being used today in physical rehabilitation robots [29]. Figure. 1.10 shows Airic’s arm

which is using commercially available artificial muscles.

1.2 Scope and contribution of this thesis

The first contribution of this work is a new mechanical design for actuating HAMs in an an-

tagonistic pair configuration. In this design, common mechanical components in traditional

designs (e.g. servo valve, relief valve, filters, pump, electro-motor, pressure transducer and

tank) have been replaced by a linear actuator, two cylinders and two mechanical valves.

As a result, the system can be disconnected from the source of fluid which provides the

potential for a portable system. Moreover, the components of the platform operate at a

pressure greater than the typical 700 kPa common in PAMs [21], which means that PAMs,

or traditional McKibben muscles, are incompatible with liquid-based artificial muscles. In

fact, liquid consumes less energy than air for operating the elbow joint since the mass flow

is considerably less using oil. Also, the conventional limitations of water-based systems

(e.g. corrosion, filtering, and low boiling point) have been removed due to implementation
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of a robust mechanical test platform consisting of OHAMs, cylinders, fittings and support

structures. The specification of all mechanical components of the actuating mechanism

is presented in detail along with mechanical design of custom manufactured OHAMs in

Chapter 2. The second contribution is providing a dynamic model for artificial muscles in

an antagonistic pair (biceps-triceps) configuration for actuating an elbow joint. This mod-

eling is based on phenomenological approach and can be implemented in different projects

with various specifications which is presented in detail in Chapter 3. The third contri-

bution of this research is introducing an integrator-backstepping controller for HAMs and

PAMs in opposing-pair configuration which can be used for different systems with different

stiffness values and damping ratios and it is presented in Chapter 4. In addition, the func-

tionality of the presented actuating mechanism and artificial muscles are demonstrated by

the implementation of OHAMs in an antagonistic pair configuration. Finally, the controller

algorithm is implemented using parameter and functions extracted from system identifica-

tion of the OHAM platform and characterizing the behaviour of the artificial muscles in an

antagonistic pair configuration. The implementation of the system is discussed in detail in

Chapter 5.
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Chapter 2

Mechanical design

The OHAM platform is composed of horizontal and vertical members. The horizontal parts

consist of one linear actuator, two linear cylinders, two pressure gages, and connectors. All

components of the OHAM have been designed and assembled in the SolidWorks software,

because it improves the way we develop and manufacture the OHAM platform. It covers

design, simulation, cost estimation, manufacturability checks, and optimization of the final

design. A motion simulation of the joints and links have been developed to find intersec-

tions of the components and the workspace of the elbow joint. Finally, the analyzed design

has been selected for manufacturing. The mechanical design of the OHAM platform is

shown in Figure 2.1. By pushing the linear actuator, the rocking arm, which is contacted

to a motionless joint with similar distances to the effecting point of linear cylinders, is

pushed as well. As a result, the nearest linear cylinder, which contains liquid (oil), will

be pulled and it will pressurize its liquid which is connected to a OHAM. Consequently,

the corresponding artificial muscle will be inflated due to specification of artificial mus-

cles. At the same time, the other linear cylinder is pulled, and the corresponding artificial

muscle is deflated on the same way. By pulling the linear actuator, the biceps and triceps

cylinders and muscles act in vice versa. Two different valves are connected to the linear

cylinders in order to attach them to a source of liquid and set-up initial pressure of each

artificial muscle and initial angular position of the elbow joint (45◦). In this mechanical
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Figure 2.1: Mechanical design of the OHAM platform.

design, common mechanical components in HAMs including servo valves, relief valves,

pump, electro-motor, pressure transducer, and source tank have been removed from the

mechanical design [76, 44, 73]. Therefore, the weight, volume and total price of actuating

system have been decreased. Moreover, the input parameter of the platform is displacement

of the linear actuator which provides more accurate position control rather than pressure of

the transmission line which is common in control of HAMs. Also, it can be disconnected

from the source of fluid after initialization of the angular position of elbow joint which

provides a portable system that is necessary for rehabilitation robots. The specification of

each component is discussed in the following subsections.

2.1 Linear actuator

The linear actuator is the Deluxe Rod Linear Actuator which is manufactured with a worm

gear mechanism to provide quiet and fast operation. This durable and reliable actuator has

3 in. (76.2 mm) stroke and delivers 100 lbf. The specifications of this actuator are shown
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in Table 2.1. Also, a schematic view of the liner actuator of the OHAM platform is shown

in Figure 2.2.

Table 2.1: The specifications of the linear actuator of the OHAM.

Dynamic Force 100 lbs (444.8 N)
Static Force 180 lbs (800.7 N)

Speed 3 in./second (76.2 mm/s)
Duty Cycle 20%

Stroke Length 3 in. (76.2 mm)
Input 12-volt DC

Max Draw 10 A
Operational Temperature −15◦F to 150◦F (−26◦C to 65◦C)

Figure 2.2: The linear actuator of the OHAM platform.

2.2 Linear cylinders

Two similar linear cylinders from BIMBA company have been used for the OHAM plat-

form. Its piston to rod connection is threaded, sealed, and riveted securely in place with the

roll formed rod threads on both ends, and it has the aluminium alloy piston with blow-by

flats. Moreover, it has low breakaway with breakaway slots on each end cap for fast seal

inflation. The specifications of the cylinders are shown in Table 2.2. Also, a schematic

view of the linear cylinder of the OHAM platform is shown in Figure 2.3.
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Table 2.2: The specifications of the linear cylinders of the OHAM.

Bore Size 1/4 in. (6.35 mm)
Stroke 1.5 in. (38.1 mm)

Rod Extension Standard
Pivot Style Pivot Bushing

Operating Temperature −20◦F to 200◦F (−29◦C to 95◦C)
Rod Material Stainless Steel

Rod End Style Standard Male Thread

Figure 2.3: The linear cylinder of the OHAM platform.

2.3 Fittings

All connectors of muscles and actuating system are selected similar to each other for con-

sistency and efficiency of the system. Tubing should be inserted into the fittings while an

internal gripping ring and O-ring hold the tubing tight. The connectors are also known

as instant fittings. For disconnection, the release ring should be pushed on and the tubing

needs to be pulled out of the fitting. Also, the fittings have good corrosion resistance which

is an important feature for hydraulic systems. The specifications of the fittings are shown

in Table 2.3. Fittings of the OHAM platform consist of Barbed Tube Fitting, Push-to-

Connect Straight Adapter Tube Fitting and Push-to-Connect Right-Angle Tee Tube Fitting.

A schematic view of the fittings of the OHAM platform is shown in Figure 2.4.

18



Table 2.3: The specifications of the fittings of the OHAM.

Tube Connection Style Push-to-Connect
O-Ring Material Buna-N Rubber

Tube Outer Diameter 1/4 in. (6.35 mm)
Pipe Connection Style 1/8 NPT

Tube Connection Material Nylon Plastic
Pipe Connection Material Nickel-Plated Brass

Maximum Pressure 290 psi @ 72◦ F
Operating Temperature 0◦ F to 170◦ F

Figure 2.4: Fittings of the OHAM platform. Left: Barbed Tube Fitting, Middle: Push-
to-Connect Straight Adapter Tube Fitting, Right: Push-to-Connect Right-Angle Tee Tube
Fitting.

2.4 Tubing

A flexible high-pressure nylon tubing has been selected for connection tubes. With slightly

softer walls than other hard tubing, this tubing is more flexible and impact absorbent. It is

semi-clear, so it provides a limited view of what’s flowing through the line which is neces-

sary for hydraulic lines to make sure that no air bubbles are in the line. The specifications

of the selected tubing are shown in Table 2.4.

2.5 Sleeving

A fray-resistant expandable sleeving has been selected in order to tighten the rubber tube

of the OHAM. Tight braiding makes this sleeving resistant to fraying when cut with scis-

sors which is an essential feature for fabricating artificial muscles. Also, the sleeving is
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Table 2.4: The specifications of the tubing of the OHAM.

Hardness Rockwell R80
Material Nylon Plastic

Inner Diameter 0.17 in (4.32 mm)
Outer Diameter 1/4 in. (6.35 mm)

Operating Temperature −60◦ to 200◦ F
Maximum Pressure 330 psi @ 72◦ F

expandable, so it stretches to fit over the rubber for easy installation, then tightens around

its contents for a secure fit. The braided construction permits heat and moisture to dissi-

pate.It is made of polyester, and it resists some wear and chemicals. The specifications of

the sleeving are shown in Table 2.5. In the mechanical design of the artificial muscles, uni-

Table 2.5: The specifications of the sleeving of the OHAM.

Sleeving Construction Tightly Braided
Material Polyester Fabric

Inner Diameter 1/4 in. (6.35 mm)
Expanded Inner Diameter 7/16 in. (11.11 mm)

Wall Thickness 1/32 in. (0.79 mm)
Operating Temperature −90◦ F to 255◦ F

Initial Length 5 in. (127 mm)

form tubing is selected. Based on the outer diameter of tubing, the sleeving of the muscles

are selected to fit on the tubing of the artificial muscles which are main components of the

OHAMs. the The main components of the OHAMs are shown in Figure 2.5.

Figure 2.5: The main components of the OHAMs. Left: Tubing and Right: Sleeving.
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2.6 Oil-Based hydraulic artificial muscles

In order to gain a better understanding of artificial muscles, the OHAMs reported in this

work were fabricated in-house utilizing different components and have strokes ranging

from 25.4 mm (one inch) to a couple millimetres. The components of one of the custom

manufactured OHAMs is shown in Figure 2.6. For the OHAMs, the maximum active

length was measured from the inside of top tube clamp to the bottom one when the muscle

is fully stretched. All muscles were constructed using the same materials and components

for consistency, and experiments were conducted in order to statically characterize the

OHAMs. Moreover, all manufactured components of the platform and artificial muscles

are made of aluminium alloy due to its advantageous properties (e.g. strength, lightness,

corrosion resistance, recyclability and formability).

Figure 2.6: The Mechanical components of the OHAM.
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Chapter 3

Dynamic modelling

Many theoretical models have been investigated to analyze the properties of artificial mus-

cles. The characteristics of HAMs and PAMs are similar to each other, with some dif-

ferences in the value of stiffness and damping ratio of the dynamic model. In the history

of dynamic modeling of the artificial muscles, different mathematical models have been

investigated for PAMs [67, 17, 30]. In general, the dynamic model of HAMs have been

determined through two principal methods: phenomenological [29], which is developed

experimentally, and energy conservation [8], which is based on the physical geometric

analysis of artificial muscles.

3.1 Phenomenological approach

The initial dynamic model for PAMs was developed based on experimental data. The

Japanese tire manufacturer Bridgestone presented the use of PAMs for robotic applications

[29]. The set-up utilized a pair of PAMs connected by a wire over a pulley to produce

rotational motion. The dynamic model used a second order model for the rotation angle of

the pulley, with the forcing function proportional to the pressure difference in the actuator

pair. The dynamic model did not explicitly present the relationship between friction and the

pressure but did give a relationship between contraction force and pressure. The proposed

dynamic model was then developed to a two-element passive model [61]. In this dynamic
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Figure 3.1: The Phenomenological dynamic model to characterize the PAMs.

model, the PAM was suspended vertically with one end fixed rigidly and the other end

attached to a mass (M) in order to obtain the parameters of the model. First, the parameters

of the spring constant K(x) were determined using steady state force data. Then, the

resulting transient force data was used to obtain estimates of the non-linear viscous element

C(ẋ). The Phenomenological dynamic model is shown in Figure 3.1. Subsequently, the

proposed dynamic model was further evaluated and parametrised in other studies to develop

a robust dynamic model for PAMs [10, 63].

3.2 Energy conservation

In an effort to find the relation between the PAM contraction length, pressure within PAMs,

and the actuating force, different research groups applied the principle of virtual work on

artificial muscles [12, 7]. With the initial assumption that the PAM maintains its cylindrical

shape during inflation and deflation, the principle of virtual work was applied to determine

the exerted force. In 1961, Schulte analyzed the relationship between pressure and force

and finally represented a model for the behaviour of artificial muscles as shown in Eq. (3.1)

[70]. This model reconsidered later by Chou and Hannaford in 1994 in their research [12].

F =
πD2P

4
[3cos(λ)2 − 1] (3.1)
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In this static model, F is tensile force, P represents inflation pressure, D is the diameter of

the tube, and λ is the angle of fiber. With the assumption that the system is lossless (i.e. no

energy is dissipated due to the deformation of the PAM or friction), the energy conservation

principle was applied to determine Eq. (3.1). Later in 1996, Chou and Hannaford presented

another static model for the behaviour of artificial muscles with assumption that the PAM

maintains its cylindrical shape during inflation and deflation utilizing the principle of virtual

work. This assumption resulted in a quasi static relation which is shown in Eq. (3.2) [13].

F = P
dV

dL
= P

D2
0π

4
[
3(1− ε)2

tan2 α0

− 1

sin2 α0

] (3.2)

Where ε = L0−L
L0

, and the length, diameter and initial pitch angle of the braid of the PAM are

L, D and α respectively. The values measured at rest are denoted by the subscript ’0’, that

is when the PAM is fully deflated and the gauge pressure is zero. The Eq. (3.2) shows the

change in force exerted by the PAM as it inflates and deflates. At zero contraction the force

is maximum and at maximum contraction the force falls to zero. The initial assumptions

did not reflect the actual state of the PAM during contraction and resulted in modeling

errors. To account for the non cylindrical shape of the inflated PAM, Tondu represented a

new model utilizing a correction factor k, where k ≤ 1, which is added into Eq. (3.2) and

resulting in Eq. (3.3) [78].

F = P
dV

dL
= P

D2
0π

4
[
3(1− kε)2

tan2 α0

− 1

sin2 α0

] (3.3)

The modified contraction (kε) is amplified by the factor k. This parameter however, does

not modify the maximum force value at zero contraction, since experimentally the PAM

does take on a cylindrical shape at zero contraction. Thus the factor k is used to tune the

slope of the static model [78].
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3.3 OHAM dynamic model

In this work, we have generated a dynamic model of the artificial muscles based on the

phenomenological approach. In this model, the dynamic behaviour of artificial muscles

consists of a non-linear viscous friction and a non-linear spring which can be determined

by experimental tests [63]. The behaviour of the artificial muscles in the inflation and

deflation phases is different. Thus, the artificial muscle has been evaluated in both motions

to determine the final model. In order to obtain the parameters of the dynamic model, the

OHAM was suspended vertically with one end fixed rigidly and the other end was attached

to a mass M . First, the spring coefficient K(x) were determined using steady state data.

Then, the results from transient condition were used to obtain the viscous element C(ẋ).

The schematic view of OHAM operation with a constant load is shown in Figure 3.2.

Where, x is the vertical displacement of the mass M , and x = 0 is the position where

the artificial muscle is fully deflated. Hence, the resulting equation of motion could be

determined as

Mẍ+ C(ẋ)ẋ+K(x)x = Fc −Mg (3.4)

Where,K(x) is the spring coefficient,C(ẋ) is the damping coefficient, and Fc is the vertical

force caused by the contractile element. In the experimental tests, the external force F was

due to the weight Mg and inertial load Mẍ of the mass M . Therefore, a dynamic model

for a single artificial muscle is determined.

Artificial muscles including PAMs and HAMs are contractile devices. As a result, they

can generate forces in only one direction. Therefore, artificial muscles need to be coupled

in order to generate bidirectional motion. Opposing pair configuration of artificial muscles

have been implemented in different projects, like continuum manipulator [60], Antago-

nistic Pneumatic Artificial Muscle (APAM) with 1000% elongation capability [82], and

a new sleeve PAM in antagonistic configuration with improved performance rather than

25



Figure 3.2: The OHAM operation with a constant load.

traditional PAMs [16]. In order to implement human-like muscles, antagonistic set-up of

OHAMs should be implemented which mimics skeletal muscles in human body. As one

of the muscles (biceps) pulls up the load, the other one (triceps) will act as a brake to

stop the load at its threshold position. Also, to push down the load in the opposite direc-

tion, the muscles act in the other direction. The antagonistic set-up is generating rotational

movements to manipulate different objects in both directions. In this project, we have im-

plemented a new configuration for the elbow joint rather than utilizing pulley mechanism

which is common in opposing pair configurations [46, 75, 1, 28]. In this configuration,

artificial muscles are connected to the joint in biceps and triceps configuration with 45◦

deviation from the forearm link in the OHAM platform. As a result, the deviation of ar-

tificial muscles is decreased so that the muscle forces are vertical during angular rotation

which simplifies the dynamic model of the systems. In the dynamic model, the total force

of each OHAM is proportional to the applied pressure by the cylinders which is determined
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by the displacement of the linear actuator. In the following subsection, a dynamic model is

presented for the OHAM platform in biceps-triceps configuration.

3.4 Biceps-triceps configuration

The schematic of the OHAMs in the antagonistic pair configuration is shown in Figure

3.3. The upper arm is connected to a motionless reference and it remains stationary during

contraction and expansion of the artificial muscles. The external load is considered as the

weight of an external mass (Ml) which is held at the end of the forearm, and it is adjustable

for multiple purposes and various experimental tests. Mass of the forearm (Mf ) is consid-

ered in the center of mass of the forearm (L/2). Also, a frictionless joint is connecting the

upper arm and the forearm of the system. The artificial muscles are attached to the forearm

with the same distance to the joint, and they are placed on a circle with a constant radius

(r), which is the distance from the joint to the effecting points of the artificial muscles. The

forces of the biceps and triceps muscles in inflating position (Fbi, Fti) are different from

biceps and triceps muscles in deflation position (Fbd, Ftd) due to the characteristics of the

artificial muscles. The distance from the center of mass of the load (the shape is disk with

radius R) to the joint is considered L. The forearm is free to rotate through an angle θ,

where θ = −45◦ corresponds to the arm being fully straightened (the mass is in the ex-

treme downward position), and θ = 45◦ corresponds to the arm being fully bent (the mass

is in the extreme upward position). In the design of the forearm, two factors are considered

to simplify the dynamic model of the OHAM system:

• The angle of 45◦ is considered in the design of the forearm, where the effecting point

of the artificial muscles in the forearm have the same height from the joint and they

are vertical in the workspace of the elbow joint. As a result, the artificial muscles have

minimum deviation during angular rotations and forces caused by artificial muscles

act almost vertically (less than 2◦).
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Figure 3.3: Dynamic modeling of the OHAM platform in the biceps-triceps configuration.

• The forearm consists of two plates which are connected with round standoffs in the

effecting points of the artificial muscles in the forearm, and corrosion-resistant wire

rope (316 stainless steel) is looped with compression sleeve (18-8 Stainless Steel).

As a result, the wire rope does not have contact with the joint (unlike pulley) which

minimizes the friction of the system.

In Eq. (3.5), the dynamic model of the OHAM system is presented utilizing Newton’s

Second Law (
∑n

i=1Mi = Iθ̈).

Iθ̈ = −MlgL sin(
π

4
+ θ)−Mfg

L

2
sin(

π

4
+ θ)− Ftr cos(θ) + Fbr cos(θ) (3.5)

where,MlgL sin(π
4
+θ) andMfg

L
2
sin(π

4
+θ) are clockwise torques imparted to the forearm

by the acceleration of gravity (g) from the disk and forearm respectively. Since the lifting

force exerted by a single OHAM on the forearm is determined in Eq. (3.4), the biceps

and triceps forces in counter clockwise rotation are determined in Eqs. (3.6) and (3.7)

respectively.

Fb = Fcb − Ci(ẋ)ẋ−Ki(x)x (3.6)
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Ft = Fct + Cd(ẋ)ẋ+Kd(x)x (3.7)

So, the counter clockwise biceps torque and clockwise triceps torque are Fbr cos(θ) and

Ftr cos(θ) respectively, and Fcb and Fct are the vertical forces caused by the contractile

element in biceps and triceps artificial muscles respectively. The stiffness and damping

coefficients of the artificial muscles in biceps and triceps configuration have different values

during inflation and deflation motions. Based on previous system identifications [63, 61]

and our experimental tests, the stiffness and damping coefficients of the artificial muscles

are shown in Eq. (3.8) in which ai, a′i, bi and b′i are constant parameters. In the following

equations, i and d represent inflation and deflation conditions respectively.

Ki(x) = a2x
2 + a1x+ a0

Kd(x) = a′2x
2 + a′1x+ a′0

Ci(ẋ) = b2ẋ
2 + b1ẋ+ b0

Cd(ẋ) = b′2ẋ
2 + b′1ẋ+ b′0

(3.8)

It is important to note that the coefficients of Eq. (3.8) vary with the driven mass and the

state of the system [61]. They can be reduced to only four fixed second order polynomials

corresponding to the inflation and deflation states. For example, the stiffness of a single

HAM in the inflation motion is determined as Ki(x) = 0.8614x2 − 2.483x + 3.1702 with

R2 = 0.9345. The most important thing about Eq. (3.8) is that the coefficients will be

bounded in the workspace of the elbow joint (fully strengthened to fully bent) which is

essential for the non-linear control of the artificial muscles. In the dynamic model, the

biceps and triceps forces affect at the same time. Based on the elbow angle, the biceps and

triceps forces have different values. We define the following parameters, to simplify the

dynamic equation as given in Eq. (3.9).

U = Fct − Fcb

K(x) = Ki(x) +Kd(x)

C(ẋ) = Ci(ẋ) + Cd(ẋ)

(3.9)
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The coefficients corresponding to these elements (K, C, and U) depend on the input pressure

P supplied to the HAMs. In most PAM platforms, the pressure is commanded externally by

adjusting the voltage supplied to the inlet valve. In this work, the pressure is commanded

by varying the voltage supplied to the linear actuator which provides rotation in the rock-

ing arm. To activate the flexion, timed pressure pulses can be used which are electrically

controlled by the driver of the linear actuator. To activate the extension of the elbow joint,

inflation of triceps artificial muscle can be accomplished via opposing actuation with the

linear actuator in the system. In order to simplify the last two terms in Eq. (3.5), we need

to determine Fb−Ft. Substituting parameters defined in Eq. (3.9) into Eqs. (3.6) and (3.7),

Fb − Ft can be determined as follows:

Fb − Ft = −U − C(ẋ)ẋ−K(x)x (3.10)

Substituting Eq. (3.10) into Eq. (3.5), we can rewrite Eq. (3.5) in terms of U , K(x), and

C(ẋ) as follows:

Iθ̈ = −MlgL sin(
π

4
+ θ)−Mfg

L

2
sin(

π

4
+ θ)− [U + C(ẋ)ẋ+K(x)x]r cos(θ) (3.11)

In Eq. (3.11), x and ẋ are displacement and velocity of the artificial muscles. As x =

r sin(θ) and ẋ = rθ̇ cos(θ), we can rewrite Eq. (3.11) by replacing x and ẋ in K(x)x and

C(ẋ)ẋ respectively. Therefore, we can rewrite Eq. (3.11) entirely in terms of θ and θ̇ as

given in Eq. (3.12):

Iθ̈ = −[MlgL+Mfg
L

2
] sin(

π

4
+θ)−Ur cos(θ)−r2C(θ̇)θ̇ cos2(θ)−r2K(θ) sin(θ) cos(θ)

(3.12)

Also, I is the moment of inertia of the forearm and disk about the elbow joint which is

calculated in Eq. (3.13).

I = If + Il = (
1

3
MfL

2) + (
1

2
MlR

2 +MlL
2) (3.13)
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The input of the system is U , which is determined by how much the artificial muscle is

inflated. Note that the whole system in triceps lifting and biceps lifting conditions is con-

trollable for all values of θ. Since the force exerted by the artificial muscles are always

multiplied by cos(θ), the system for θ = −45◦ to θ = 45◦, which covers the elbow rotation

from fully strengthened to fully bent, is controllable and the elbow joint angle could reach

its thresholds.
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Chapter 4

Control

The major challenge inherent in presenting a controller for artificial muscles is the non-

linear characteristics of muscles. Many non-linear control theories have been presented

for artificial muscles, including adaptive tracking [40], adaptive neural network [64], and

sliding mode tracking [41]. Also, the backstepping controller is presented for a single mus-

cle in previous projects [10]. The implementation of control methods on artificial muscles

have been presented by some research groups, like model-based feedforward control [44],

PI feedback control of a Manipulator Arm [72] and cascade control [86]. In this project,

an integrator backstepping controller is presented for artificial muscles in an opposing pair

configuration.

4.1 Background

4.1.1 Open-Loop

The simplest control method to be discussed is open-loop control. In this method, no

signals are fed back into the control system and it is developed based on the dynamic model

of the platform to generate proper results. Open-loop control method can successfully

be implemented in simple and accurate plants that do not require precise control. In the

history of the control of artificial muscles, some research groups have implemented open-

loop control methods in their platforms. For example, a research group has implemented a
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Figure 4.1: Schematic of a 2-DOF leg test rig with HAMs utilizing open-loop control
strategy [76].

two-Degree-of-Freedom (2-DOF) leg test rig with HAMs [76] as shown in Figure 4.1.

4.1.2 Pole placement

Another control Strategy is the pole placement technique, where the position of control

system’s poles are chosen to obtain desired performance. Pole placement control uses

state feedback to generate the corresponding input. Different research projects have imple-

mented the pole placement technique to control PAMs. In 1994, adaptive pole placement

controllers were applied to control a reference trajectory. Accuracies of 1◦ were reported

for constant set-points; however, the system response was very slow [7]. In 1996, adap-

tive pole-placement techniques were again applied to control joint angle utilizing a PID

controller. Position accuracy of ±5 degrees was presented at pressures up to 800 kPa [27].
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4.1.3 PID control

The most common control strategy for artificial muscles is PID control. A Proportional (P)

controller changes the output that is proportional to the current error value and decrease

rise time and steady state error; however, it causes small changes in the settling time and

increases the overshoot of the system. An Integral (I) controller accumulates the error over

time, multiplies it by an integral gain, and adds the result to the controller output. This

gain decreases rise time and steady state error; however, it increases the settling time and

overshoot of the system. A Derivative (D) controller multiplies the rate of change of the

error by a derivative gain which decreases the rate of change of the controller output along

with the overshoot of the system; however, it causes small changes in settling time and

overshoot of the system. Many research groups have implemented different combination

of P, I and D controllers in their system [57, 14, 81, 15]. Recently, new combination of

PID control methods with other control strategies have been presented by some research

groups, like model-based feedforward control [44], PI feedback control of a Manipulator

Arm [72] and cascade control [86]. A 10-DOF exoskeleton robot with PAMs utilizing PID

control strategy is shown in Figure 4.2.

4.1.4 Fuzzy control

Another control strategy to be discussed is fuzzy control. Fuzzy control can be used to over-

come models with different uncertainties, because it provides a way to determine a definite

conclusion using vague, ambiguous, imprecise, noisy, or missing input information. The

Fuzzy approach is not mathematical but it mimics how a person would make decisions.

This method is proposed by Lotfi A. Zadeh in 1965 [87, 88] and the Fuzzy controller has

been implemented in various artificial muscle platforms [11, 2] recently.
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Figure 4.2: Schematic of a 10-DOF exoskeleton robot with PAMs utilizing PID control
strategy [15].

4.1.5 Adaptive control

Another advanced control strategy is adaptive control. This method modifies the controller

over time in order to adapt time-varying system parameters or disturbances. In 2007, a

research group developed a non-linear pressure observer based adaptive robust controller.

The pressure observer was used to estimate unknown pressures while the adaptive robust

controller effectively attenuated uncertainties. Experiments in that platform expressed that

the plant had good control accuracy and smooth trajectories [2]. Another research is in-

dependent joint position and stiffness adaptive control on a manipulator consisting of an

agonist-antagonist pair of pneumatic artificial muscles connected by a cable around a pul-

ley [79]. Simulations showed that adaptive control can cope with model uncertainties more

rigorous, and presents better tracking performance rather than PID control. Figure 4.3

shows a 1-DOF link actuated by a pair of McKibben artificial muscles in antagonist con-
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Figure 4.3: Schematic of a 1-DOF link actuated by a pair of McKibben artificial muscles
in antagonist configuration utilizing adaptive control strategy. [79].

figuration utilizing adaptive control strategy [79].

4.1.6 Neural networks

One of the new control strategies is neural networks which is inspired by human brain.

One of the examples is implementation of a non-linear PID control with neural networks

for position control of a simulated three-link manipulator driven by PAMs. The controller

parameters were adapted iteratively within the neural network utilizing the input and out-

put of the plant and the conventional backpropagation algorithm. The PID gains were non-

linear functions of error and were adapted utilizing the Steepest Descent Method (SDM).

Consequently, the PID controller with neural networks performed more stronger than a

conventional PID control [75]. Another research is a joint angle position controller for a

manipulator driven by PAMs. In this project, an adaptive neural network controller updated

the weights of the manipulator’s inverse characteristics and applied them to the inverse dy-

namic model in order to obtain an appropriate voltage control signal. Simulations indicated

that the applied controller was superior to a conventional PID controller [1].
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4.1.7 Impedance control

The next control strategy to be discussed is impedance control which is used to control

the dynamic interaction between a robotic manipulator and its environment. Impedance

control was not used to track position or force trajectories. It attempts to tune mechan-

ical impedance according to a specified purpose and the appropriate impedance depends

on the application of the manipulators. Impedance control is appropriate for robots that

must interact with humans because there is a need to control the interaction between the

robotic manipulator and the human [27]. An example of this method is implementation of

an impedance control strategy in a PAM rehabilitation robot. In this project, mechanical

impedance of the human arm was used as a tool to assess the physical condition of the

applicant so that impedance parameters of the controller could be modified appropriately

[57]. Another example is the development of powered exoskeletons driven by PAMs for

upper and lower body rehabilitation. An impedance control scheme provided the execution

of advanced resistive motions. Impedance control was used when the robot was interacting

with the human, particularly during operational training when the human was trying to eat

or grasp selected objects [9].

4.1.8 Model predictive control

The last control strategy, Model Predictive Control (MPC), is a method often used in pro-

cess control. It uses a model of the process to predict future outputs and attempts to bring

the predicted output as close as possible to the reference trajectory by minimizing an error

function between the reference and predicted output. For instance, a research group imple-

mented model predictive control to control two sets of PAMs driving a high speed linear

axis [69]. A schematic of their test platform is shown in Figure 4.4.
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Figure 4.4: Schematic of a high speed linear axis actuated by two sets of PAMs utilizing
model predictive control strategy [69].

4.2 Backstepping control

In the field of control systems, backstepping control is a technique developed in 1992

by Petar V. Kokotovic [38] and others [42] for designing stabilizing controllers for strict-

feedback systems that are also known as ”lower triangular”. A typical feedback lineariza-

tion approach in most cases leads to cancellation of some non-linearities. The backstepping

design, however, exhibits more flexibility in comparison to feedback linearization, since it

does not need the resulting input or output dynamics be linear [34]. The selected systems

are built from subsystems that can be stabilized using some other methods. Due to the

recursive structure of the subsystems, the designer can start the controller design process at

the known-stable system and develop new controllers that progressively stabilize the other

subsystem. The process terminates when the last control is reached. Hence, this process is

known as backstepping [34]. The backstepping approach provides a recursive method for

stabilizing the origin of a system in strict-feedback form. That is, consider a system of the
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form 

ẋ = fx(x) + gx(x)z1

ż1 = f1(x, z1) + g1(x, z1)z2

ż2 = f2(x, z1, z2) + g2(x, z1, z2)z3
...
żk = fk(x, z1, z2, . . . , zk) + gk(x, z1, z2, . . . , zk)u

(4.1)

where

• x ∈ R with N ≥ 1,

• z1, z2, . . . , zk are scalars,

• u is a scalar input to the system,

• fx, f1, f2, . . . , fk vanish at the origin (i.e. fi(0, 0, . . . , 0) = 0)

• gx, g1, g2, . . . , gk are non-zero over the domain of interest (i.e. gi(0, 0, . . . , 0) 6= 0 for

1 ≤ i ≤ k)

Also assume that the subsystem

ẋ = fx(x) + gx(x)ux(x) (4.2)

is stabilized to the origin by some known control ux(x) such that ux(0) = 0. It is also

assumed that a Lyapunov function V (x) for this stable subsystem is known. That is , this x

subsystem is stabilized by some other methods and backstepping extends its stability to the

z shell around it. The backstepping approach determines how to stabilize the x subsystem

using z1, and then proceeds with determining how to make the next state z2 drive z1 to

the control required to stabilize x. Thus, the process ”steps backward” from x out of the

strict-feedback form system until the ultimate control u is designed. Hence, Backstepping

provides a way to extend the controlled stability of this subsystem to the larger system. A

control u1(x, z1) is designed so that the system

ż1 = f1(x, z1) + g1(x, z1)u1(x, z1) (4.3)
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is stabilized so that z1 follows the desired ux control. The control design is based on the

augmented Lyapunov function candidate

V1(x, z1) = Vx(x) +
1

2
(z1 − ux(x))2 (4.4)

The control u1 can be picked to bound V̇1, so that this process continues until the actual u is

known, and the real control u stabilizes zk to fictitious control uk−1, the fictitious control u1

stabilizes z1 to fictitious control ux, and the fictitious control ux stabilizes x to the origin.

This process is known as backstepping because it starts with the requirements on some

internal subsystem for stability and progressively steps back out of the system, maintaining

stability at each step. Because

• fi vanish at the origin for 0 ≤ i ≤ k,

• gi are non-zero for 1 ≤ i ≤ k

• the given control ux has ux(0) = 0

then the resulting system has an equilibrium at the origin (i.e., where x = 0, z1 = 0,

z2 = 0,. . . , and zk = 0) that is globally asymptotically stable.

4.3 Integrator-backstepping control

In this section, we present the derivation of our control approach, based on the non-linear

controller design technique known as integrator-backstepping controller. By reducing the

order of Eq. (3.12) into two first-order differential equations, the state-space representation

of the system can be determined. Thus, we can solve the differential equations utilizing

Ordinary Differential Equation (ODE) solvers in MATLAB software. The ODE solvers

implement the Runge-Kutta method which is suited for solving ODEs by predictions. In

Eq. (4.5), the state-space model of our OHAM system is presented in which x1 and x2
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are state variables and represent θ (angular position) and θ̇ (angular velocity) of the system

respectively.

ẋ1 = x2

ẋ2 = −[
MlgL+Mfg

L
2

I
] sin(

π

4
+ x1)−

r2

I
C(x2)x2 cos

2(x1)−
r2

I
K(x1) sin(x1) cos(x1)

− U r
I
cos(x1) (4.5)

In the integrator-backstepping controller [33], a stabilizing control can be found for a sys-

tem in the form of Eq. (4.6).

ẋ1 = f1(x1) + g1(x1)x2

ẋ2 = f2(x1, x2) + g2(x1, x2)U
(4.6)

Where x1 and x2 are state variables and U is the control input of the system. In HAM pair

configurations, we have f1(x1) = 0 and g1(x1) = 1. Based on the design and dynamic

model of HAMs, they typically have different f2(x1, x2) and g2(x1, x2). A block diagram

of the state-space model of the HAMs in opposing-pair configuration is shown in Figure

4.5. In our OHAM platform, the gain of the system is equal to one and f2(x1, x2) and

g2(x1, x2) are defined in Eqs. (4.7) and (4.8) respectively.

f2(x1, x2) = −[
MlgL+Mfg

L
2

I
] sin(

π

4
+ x1)−

r2

I
C(x2)x2 cos

2(x1)

− r2

I
K(x1) sin(x1) cos(x1) (4.7)

g2(x1, x2) = −
r

I
cos(x1) (4.8)

Also, we define a new variable U ′ as shown in Eq. (4.9).

U =
1

g2(x1, x2)
[U ′ − f2(x1, x2)] (4.9)

As a result, we can rewrite Eq. (4.6) as shown in Eq. (4.10).

ẋ1 = x2

ẋ2 = U ′
(4.10)
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Figure 4.5: Block diagram of the state-space model of the HAMs in an antagonistic pair
configuration.

A tracking error variable is defined as e = x1 − x1d. Its derivative, taking into account Eq.

(4.10), is determined to be ė = x2 − ẋ1d where x1d, ẋ1d, and ẍ1d are assumed known and

bounded. So, we can rewrite Eq. (4.10) as follows

ė = x2 − ẋ1d

ẋ2 = U ′
(4.11)

The stabilizing control law is presented by x2d. Based on integrator-backstepping concept,

we define an independent input x2d as shown in Eq. (4.12) so that it provides stability

requirement of the ė in Eq. (4.11) by choosing a proper Lyapunov function.

x2d =
1

g1(x1)
[−e+ ẋ1d − f1(x1)] = −e+ ẋ1d (4.12)

Choosing the Lyapunov function V1 = 1
2
e2, the V̇1 is determined in Eq. (4.13) where V̇1 < 0

for all e 6= 0.

V̇1 = eė = e(−e) = −e2 (4.13)

An error variable is defined as z = x2 − x2d. Its derivative is determined to be

ż = ẋ2 − ẋ2d (4.14)

Where ẋ2 = U ′ and ẋ2d = −ė + ẍ1d. So, we can rewrite Eq. (4.11) and present the

non-linear system utilizing the new variables in Eq. (4.15).

ė = z − e

ż = U ′ + z − e− ẍ1d
(4.15)
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The Lyapunov function candidate for Eq. (4.15) is chosen to be

V2(e, z) = V1(e) +
1

2
z2 (4.16)

and its time derivative is determined as

V̇2 = eė+ zż = e(z − e) + z(U ′ + z − e− ẍ1d) = −e2 + z(U ′ + z − ẍ1d) (4.17)

by choosing U ′ = −Nz + ẍ1d for all N > 1, the time derivative of V2 is determined in

Eq. (4.18) where V̇2 < 0 for all e 6= 0 and z 6= 0, and the OHAM system is globally

asymptotically stable for e and z variables.

V̇2 = −e2 − z2(N − 1) (4.18)

Since e = x1−x1d and z = x2−x2d, we can rewrite the input signal of the OHAM system

utilizing x1, x2 and x1d variables

U ′ = −N(x2 + x1 − x1d − ẋ1d) + ẍ1d (4.19)

Where U ′ is defined in Eq. (4.9) and we can rewrite control input of the OHAM system as

follows

U =
1

g2(x1, x2)
[−N(x2 + x1 − x1d − ẋ1d) + ẍ1d − f2(x1, x2)] (4.20)

where f2(x1, x2) and g2(x1, x2) are defined in Eq. (4.7), and they can be different functions

based on the dynamic model of the HAMs. Therefore, Eq. (4.20) presents a backstepping

non-linear controller for HAMs with non-linear uncertainties and the system is globally

asymptotically stable for x1 and x2 variables. Consequently, the integrator-backstepping

controller for our OHAM system is determined in Eq. (4.21).

U =
1

− r
I
cos(x1)

[−N(x2 + x1 − x1d − ẋ1d) + ẍ1d + [
MlgL+Mfg

L
2

I
] sin(

π

4
+ x1)

+
r2

I
C(x2)x2 cos

2(x1) +
r2

I
K(x1) sin(x1) cos(x1) (4.21)
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Figure 4.6: Block diagram of the HAMs in an antagonistic pair configuration utilizing
integrator-backstepping controller.

By picking large enough feedback N gain, the ultimate bound for the error variable z =

x2 − x2d can be rendered arbitrarily small. The block diagram of the HAMs in opposing-

pair configuration utilizing integrator-backstepping controller is shown in Figure 4.6 [54].
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Chapter 5

Implementation and discussion

In this chapter, we present the apparatus of the OHAM platform and implementation pro-

cess of the OHAMs in an antagonistic configurations. Moreover, we discuss the experi-

mental tests of the applied Integrator-backstepping Controller along with the advantages

and disadvantages of the proposed platform in comparison to other existing platforms.

5.1 Apparatus of the OHAM platform

The schematic of the mechanical components of the OHAMs and its hydraulic systems

are shown in Figure 5.1. The test platform is used to determine the characteristics of the

OHAMs and evaluate the control algorithm. The signal analysis and experimental tests

are implemented in National Instrument LabVIEW software [5, 53]. The signal process-

Figure 5.1: Diagram of the elbow joint, OHAMs and hydraulic system (hydraulic trans-
mission lines in a single dashed line and electrical signals in a double dashed line).
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Figure 5.2: The front panel of the LabVIEW program of the OHAM platform.

ing of the system is implemented in USB-6221 Multifunctional I/O Device from National

Instrument. It has 16 AI (16-Bit, 250 kS/s), 2 AO (833 kS/s), and 24 DIO USB Multifunc-

tion I/O which offers analogue I/O, correlated digital I/O, two 32-bit counters/timers, and

digital triggering which provides high resolution and different filtering features for online

implementations [35]. The front panel of the LabVIEW program of the OHAM platform

is shown in Figure 5.2.

The online desired input angle of elbow joint is entered into LabVIEW software. The

output angle of the system is measured by an angular potentiometer, with 250 degrees of

adjustment, and acts as a feedback sensor in the system in order to measure the angular

position of the elbow joint. In order to measure the output angle, the inner part of the

potentiometer is fixed to the motionless shaft, and the outer part of the potentiometer is

attached to the forearm. Two phases of motion for the muscles are considered as follows:

• If the input angle is more than the output angle of the elbow joint, the linear actuator

will compress its piston. As a result, the biceps cylinder will be pressurized and then

the biceps muscle will be inflated, and the elbow joint will lift the forearm in flexion.

• If the input angle is less than the output angle of the elbow joint, the linear actuator

will expand its piston. As a result, the triceps cylinder will be pressurized and then

the triceps muscle will be inflated, and the elbow joint will lower the forearm in

extension.
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Figure 5.3: Block diagram of the OHAM platform utilizing PID controller.

This motion will be continued until the difference between the input angle and the out-

put angle becomes zero. As the system is non-linear, the elbow angle has oscillation in

first experimental tests specially in high frequencies (more than 0.5 Hz). By the imple-

mentation of a manually tuned PID controller to the system in the LabVIEW program, the

bouncing is removed, and the system performs better than an open-loop system. In terms

of consistency in the results of this research, r = 0.5 in (12.7mm), R = 2 in (50.8mm),

L = 8 in (203.2mm), Mf = 0.4 lb (181.4g), and Ml = 2.7 lb (1224.7g) in all experimen-

tal tests. The block diagram of the PID controller for elbow joint is shown in Figure 5.3.

Where the sampler, A/D converter, digital controller, zero-order hold, and D/A converter

produce a continuous-time control signal u(t) to be fed to the plant. In the system, the out-

put signal θo(t) is received from the potentiometer, and it is converted to digital signal using

DAQ. It is then fed back for comparison with input signal θi(t) which is entered through

LabVIEW program. The digital error signal e(kT ) = θi(kT ) − θo(kT ) is fed to digital

controller, which operates on the sampled sequence e(kT ) to produce the signal m(kT ).

The digital PID controller is tuned manually in order to remove the bouncing of the output

angle. The experimental apparatus of the OHAM platform is shown in Figure 5.4.

5.2 Experimental tests

In the experimental tests, angular position of the input and output angles of the elbow joint

are recorded. Then, the input and output data are analyzed by System Identification Tool-
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Figure 5.4: The experimental apparatus of the OHAM platform.

box of the MATLAB software in order to determine the characteristics of the real system.

We have identified different linear and non-linear models for the response of our system

with different accuracies in comparison to experimental outputs. The accuracy of the best

linear model was 94.37%, and the accuracy of the best non-linear model was 95.40%. The

experimental input angles, the experimental output angles and the most accurate linear sim-

ulated model of the step input are shown in Figure 5.5. It validates that the simplifications

in the dynamic modeling are acceptable for the system, because the accuracy difference is

almost 1%. It would be better to mention that higher accuracy of the human-like motion

would be achieved if stronger OHAMs were implemented in the platform. Consequently,

experimental results from system identification are implemented in control algorithm for

tracking experimental tests. Consequently, the transfer function of the system can be de-

termined using MATLAB software. Based on the specifications that can be selected in the
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Figure 5.5: System identification results of the OHAM platform (reference trajectory in a
blue line, actual trajectory in a red single dashed line and identified trajectory in a green
double dashed line).

system identification toolbox, different transfer functions with various characteristics can

be presented for the system. For example, a second order system with two poles and zero

zeros without delay has been selected for system identification and the result is presented

in Eq. (5.1). It should be noted that the accuracy of this model is 94.37%.

G(s) =
2.8828

s2 + 0.9634s+ 3.3839
(5.1)

During experimental tests, different ranges of motion and frequencies of the sinusoidal

references are selected to qualify the proposed models and muscles. Figure 5.6 and Figure

5.7 show the results of the sinusoidal trajectory tracking at frequency of 0.1 Hz and 0.2

Hz respectively. In these figures, the reference trajectory is the desired input angle (x1d)

which is entered online into the LabVIEW software, and the actual trajectory is the out-

put angle (x1) which is measured experimentally utilizing an angular potentiometer. Also,

the error of the system is defined as the difference between the reference trajectory and

the actual trajectory. The maximum error of the system between reference trajectory and

actual trajectory are 1.77◦ and 3.08◦ for the amplitude of 20◦ and frequency of 0.1 Hz
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Figure 5.6: Tracking of sinusoidal trajectory with amplitude range of 40◦ and frequency of
0.1 Hz. (reference trajectory in a blue line, measured trajectory in a red single dashed line
and error angle in a green dotted line)

Figure 5.7: Tracking of sinusoidal trajectory with amplitude range of 40◦ and frequency of
0.2 Hz (reference trajectory in a blue line, measured trajectory in a red single dashed line
and error angle in a green dotted line).
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and 0.2 Hz respectively. The aforementioned results show that the platform can perform

motion tracking with acceptable accuracy. However, in higher frequencies the accuracy

of the platform should be improved. It should be noted that higher frequencies would be

achieved if we had used stronger artificial muscles instead of custom manufactured artifi-

cial muscles. For instance, the materials that have used for the sleeving and tubing of the

custom manufactured artificial muscles didn’t work properly in higher frequencies (more

than 1 Hz) and caused damage to artificial muscles. Therefore, the accuracy of the pre-

sented integrator-backstepping controller should not decrease in higher frequencies. The

performance achieved by the proposed controller can be compared with related approaches

in the scientific literature on control of hydraulic muscle actuators in an antagonistic pair

configuration. In [85], a PID control approach is applied on a system with combined pneu-

matic/hydraulic mode operation; a maximum joint error of 15◦ is achieved for a reference

trajectory with a range of 40◦ (maximum error of 37.5%) and a frequency of 0.1 Hz. In

[37], an MPC controller with RLS approach is implemented on water hydraulic muscle

actuator; a maximum displacement error is decreased from 22.5 mm to 5.55 mm for a si-

nusoidal reference trajectory with an amplitude of 20◦ (maximum error of 13.875%) and

frequency of 0.1 Hz. In [73], a sliding mode impedance control is tested on a hydraulic

muscle actuator; a maximum error of 1.21 mm is achieved for a sinusoidal reference trajec-

tory with an amplitude of 6.4 mm (maximum error of 9.453%) and frequency of 0.25 Hz.

It has improved common issues with sliding mode control strategies (e.g. slow response

and lack of robustness). Also, it shows a maximum error of 0.786 mm for a square-like

continuous reference trajectory with a lower bound of 6.4 mm and upper bound of 19 mm

(maximum error of 6.238%). In [44], a cascaded PI-P control with feedforward is tested on

six parallel HAMs; a maximum error is decreased to less than 1◦ for a sinusoidal reference

trajectory with maximum range of 10◦ (maximum error of less than 10%) and frequency

of 0.25 Hz. It is important to mention that controller analysis that is discussed for simi-
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lar projects doesn’t prove which controller is more accurate due to different specifications

of the mechanical components of the platforms and corresponding artificial muscles (e.g.

length of HAMs, number of HAMs, diameter of HAMs, pressure range, material of sleev-

ing, material of tubing, weight of the system, etc.) that affect the performance of the HAM

platforms. But, the functionality of our control method and the OHAM system is con-

firmed for the case of sinusoid reference tracking with different frequency ranges up to 0.2

Hz. Moreover, the control algorithm can be implemented at higher frequencies with var-

ious mechanical specifications. The experimental results prove that the proposed control

algorithm for pneumatic/hydraulic artificial muscles in an antagonistic pair configuration

provides acceptable tracking response which is necessary for rehabilitation purposes. Also,

our platform yields accurate tracking performance in comparison with similar platforms in

the field of control of HAMs in an antagonistic pair configuration. Additionally, we have

evaluated the performance of the Integrator-backstepping controller for the HAMs in an an-

tagonistic pair configuration by comparing the performance of the Integrator-backstepping

controller with a PID controller as shown in Figure 5.8. It should be pointed out that the

PID gains are manually tuned, and its accuracy can be slightly improved; however, we tried

to remove oscillations to avoid physical damages to the system. Indeed, the PID control

is barely stable and its tracking performance is poor, despite exhaustive trial and error de-

termination of the optimal PID gains. The results demonstrate the importance of applying

advanced control techniques along with the PID controllers commonly used in PAM and

HAM research studies [46, 44, 86].

5.3 Highlights and challenges

The main advantage of our platform is that common mechanical components for actuat-

ing artificial muscles (e.g. servo valve, relief valve, filters, pump, electro-motor, pressure

transducer and tank) have been replaced by a linear actuator, two cylinders and two me-
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Figure 5.8: Tracking performance comparison of sinusoidal trajectory with amplitude
range of 40◦ and frequency of 0.1 Hz between Integrator-backstepping controller and
PID controller (reference trajectory in a blue line, measured trajectory of Integrator-
backstepping controller in a red single dashed line, and measured trajectory of PID con-
troller in a green double dashed line).

chanical valves which makes the platform simple for empirical investigations. Also, the

system can be disconnected from the source of fluid which provides the potential for a

portable system. Moreover, HAMs are using oil which consumes less energy than air for

operating the elbow joint along with removing common limitations of water-based systems

(e.g. corrosion, filtering, and low boiling point). The main drawback of the platform is

that custom artificial muscles are implemented in the system which makes it difficult to ac-

curately compare the functionality of the platform with other existing platforms. Another

drawback of the system is that oil has higher flammability, and its spills result in slip safety

hazards and is less environmentally friendly than water or air common in artificial muscles

[58]. Another advantage of the system is that the dynamic model is presented for an an-

tagonistic pair (biceps-triceps) configuration for actuating an elbow joint. This modeling

is based on a phenomenological approach and can be implemented in different projects

with various artificial muscles. However, developing other approaches for dynamic mod-

eling of the platform would increase the accuracy of the system. Another advantage of this

work is the presentation of an integrator-backstepping controller for HAMs and PAMs in an

opposing-pair configuration which can be used for different systems with various stiffness
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and damping coefficients. Implementation of other advanced control methods might have

better responses and higher accuracies for our platform; however, our intent is to explore

and implement novel control strategies for HAMs in an antagonistic pair configuration

which has not been discussed in detail. Some research groups have shown the effectiveness

of integrator-backstepping controller for a single PAM [10, 62], but it needs more empirical

investigations for bidirectional artificial muscles.
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Chapter 6

Conclusions

6.1 Results

This work introduces a new OHAM test platform, utilizing an antagonistic muscle pair.

The detailed mechanical design of the test platform was presented along with the specifica-

tions of an OHAM. A detailed dynamic model was determined for OHAM system platform

to actuate an artificial elbow joint. Moreover, an integrator-backstepping controller was de-

veloped for HAMs in an antagonistic pair configuration which can be used for different

systems with various functions and specifications. From the experimental tests of the feed-

back position control of the OHAMs, it was validated that proposed platform, artificial

muscles and integrator-backstepping controller presented in this work can be implemented

for the control of different system plants.

6.2 Future Work

In the future of this project, experimental tests of different non-linear controllers will be

compared for the OHAM platform. Moreover, the input angle of the system will be re-

placed by an inertia measurement unit (IMU) or Electromyography (EMG) sensors in

order to receive input signals directly from human muscles. Therefore, it could be im-

plemented as a wearable rehabilitation robotic platform in near future. In addition, other
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joints could be added to current system in order to increase number of active joints and

develop a human-like arm actuated with hydraulic artificial muscles.
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Appendix A

In the following figures, we have added detailed specifications of the mechanical compo-

nents of the OHAM platform along with the schematic of the corresponding part.
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Figure 6.1: Female threaded round standoff
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Figure 6.2: Push-to-connect tube fitting (Straight)
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Figure 6.3: Stainless steel high-pressure barbed tube fitting
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Figure 6.4: Corrosion-resistant wire rope
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Figure 6.5: Push-to-connect tube fitting (Tee)
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Figure 6.6: Wire-rope compression sleeve
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