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has lead to the design, construction and testing of a multi
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Ghapter 1
Introdurtion

1.1 _Research Motivation
At the commencement of this research project the primary objective was the
development of a dextrous manipulator, (a manipulating device usually
possessing three or more articulated fingers, which are capable of not only
grasping, but also manipulating a range of awkward shaped and sized objects),
and aspects of related technology.

Manipulators in one form or another have been in existence for many
hundreds of years. The initial demand was stimulated by the need for limb
replacements and devices were usually in the form of a hook. Aesthetic
considerations did, however, produce some very clever designs, such as the
metal hand made for the German knight Goetz von Berlichingen in 1509
[Simons, 1986]. This combined functionality with aesthetic appeal.

Many limbs were developed during and subsequent to this period, often with
fingers powered by springs, ratchets or leavers. This spring/lever concept has
been developed more recently by institutions such as the Army Prosthetic
Research Laboratory to form a "voluntary closing hand" [Alexander, 1975].
Although quite advanced devices are now available, cost and a lack of real
versatility means that the majority of manipulators are of the Dorrance split
hook type, which combines a scissor motion with the holding action of the
hook [Alexander, 1975).

The second area of research from which dextrous hands developed was the
teleoperators used in space, nuclear and undersea environments to permit

remote handling. This is obviously a very new area of research, but it is the
- 1.1 -



area in which advances in gripper technology are likely to be first applied.

When combined, these two areas of interest formed a platform for the
development of dextrous manipulators for use in robotics.

The demands of automation make flexible manipulative machines much more
attractive than fixed automation, since they can be adapted to different
assembly tasks without requiring extensive hardware changes. In the past 15
years the need for industrial efficiency has further stimulated robotic research
and led to the introduction of a number of dextrous manipulator designs. The
early Belgrade Hand [Tomovic, 1962], used a motor to power springs, levers
and balances which combined to move all four fingers simultaneously, and was
able to grasp spherical and cylindrical objects. Since then sophistication and
complexity have increased [Okada, 1977; Okada, 1979; Skinner, 1975; Hanafusa,
1977), while the apparently mammoth number of finger orientations has been
evaluated [Crossley, 1977] and the basic manipulative requirements narrowed
down to a relatively small subset. This handling knowledge combined vurjth
advances in computer and sensor technology have led the development of hands
with very high performance levels such as Utah/MIT, Stanford/JPL and

Karlsruhe hands [Jacobsen, 1986; Mason, 1986; Doll, 1988].

1.2 Background

Although no thorough analysis or optimisation of the gripper configuration has
been conducted, it was felt that the best way to proceed was to base the
design on the human hand. This does not, however, mean that an
anthropomorphic design is the' optimum in all circumstances.

Several factors influenced this decision. First the human hand shows that an
anthropomorphic gripper when properly controlled can perform a tremendous
range of handling movements. Second, research into dextrous hands has a wide
range of applications in areas such as, remote handling (teleoperator), and as
prosthetic devices. Third, manipulation movement can be easily tested on a

readily available simulator, the operator's hand, Finally the development of a
-12 -



flexible gripper means that a single manipulation unit can perform a ‘multitude
of tasks, many of which were not considered when the original design was
made, and this versatility has obvious economic advantages.

The development of an advanced dextrous hand capable of performing a wide
range of tasks requires the blending of a number of important features;

1. The mechanical layout, which establishes the dexterity of the gripper.

2. The type of drive, which governs the strength, compliance, compactness,
and speed of the finger motions.

3. The number and size of the actuators, which effects the arm compactness
and power available to perform tasks.

4. Sensors and control, which determine the sensitivity with which objects can
be handled.

Following the identification of the major areas open to research in this field,
the next stage was to study and appraise the state of the technologies, and
hence determine if any aspect was being neglected. It was felt that the
mechanical design has been relatively well covered and proven in recent years
[Jacobsen, 1986; Mason, 1986; Doll, 1988]. Hence with. the actual design of
end-effectors having reached a fairly advanced stage, the next important step
seemed to be the provision of a superior power source.

Actuators which govern the maximum objects load which can be manipulated,
the speed at which grasping and manipulation tasks occur and the compactness
of the arm/hand design have generally been ignored. This neglect has meant
that the prime mover designs have been subject to many constraints, especially
when applied to flexible; high precision, and high throughput robotic assembly
tasks.

A final, but very important point which must be emphasized when
characterizing the requirements of an actuator, is that actuators are needed to
drive not only the arm, the hand and the wrist, but also in most instances a
drive mechanism is required to perform the gripper functions of holding and

releasing. This use of multi-axis machines, where in general a prime mover
-13 -



will be part of the dynamic load of another prime mover means the- force to
weight ratio becomes extremely important in the machine system design. These
very stringent conditions mean that even in the human hand the actuators
(muscle) are positioned in the lower and upper arm because of extreme
power/volume problems.

In view of the overall importance of actuator technology to the provision of a
truly flexible manipulation device, the primary objective of this research became
the development of new compact drive units which can meet the very stringent
precision, force/weight ratio, force/volume ratio and response rate specifications.

This thesis reports on the development of new systems using polymer gels
which may provide a viable future alternative to electrical, pneumatic, and
hydraulic power systems. Two systems have been developed;

1). The first uses the contractile properties of certain polymers to produce a
pseudo—muscular actuator.

2). While in the second system the variable compliance properties of these
polymers are used in a new power distribution mechanism which provides
independent control and motion in many joints using a single conventional

actuator.

1.3 Thesis Plan

This work has been divided into a 9 chapters designed to show thé processes
involved in the development of a pseudo-muscular actuator - variable
compliance tendon, and their application in a dextrous manipulator.

Chapter 1. In this cHapter a basic introduction to dextrous manipulators is
developed with particular reference to the areas which are most in need of
research: power systems. From this evaluation a series of research objectives
are produced. Clearly there is at present no shortage of power systems for use
in robotics, most of which are based on hydraulic, pneumatic, or electric

principles, but it is suggested that contractile polymer may provide a potentially

superior range of devices.
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Chapter 2. In the second chapter the advantages and disadvantages of
conventional (electric, hydraulic, and pneumatic) units are evaluated based on a
number of criteria, such as, power/weight ratio, response rate, ease of control
and other factors which are specific to the actuator being studied. In a
summary of this chapter the actuation systems used in a number of modern
robots are compared, showing how different manufacturers have approached this
power generation and distribution problem. This chapter, while being mainly
concerned with the properties of the three main drive systems, also considers a
number of new systems which may in future find their way into robots.

Chapter 3. The power systems which have been considered to date have
largely ignored one method of energy generation which is actually the basis of
the power systems used by most animals and plants. The direct conversion of
chemical energy into mechanical energy (mechano—chemical conversion), is
common in organic devices providing the efficient, flexible and very powerful
drive units seen in animals such as horses, cheetahs and even in man. In
Chapter 3 the development of artificial muscle based units is considered. A
number of systems using these mechano—chemical cycles have been produced
using different methods of stimulation. These methods are reviewed with
particular reference to there potential use as an actuation system in a dextrous
robotic gripper. This chapter also includes an appraisal of the mechanisms
governing dilation and contraction, and how the various stimuli affect the
internal energy balance. Through this work an understanding of the internal
processes is sought, which aids in the development of new and improved
systems. -

Chapter 4. Having determined the mechanism which

governs the
dilation/contraction (muscle replicating cycle), chapter 4 catalogues the
development and testing of a suitable material. This analysis also includes a
study of the thermodynamics of the swelling and deswelling which again helps

to further understand the internal mechanism. Tests on a range of polymers

shows that the required motion can be produced using a number of materials,
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but one material seems more suited than the others. This is a polyvinyl alcohol
(PVA) - Polyacrylic acid (PAA) co-polymer which gives rapid, high force
contractions, and possesses a high intrinsic strength. Details of the production of
strips of this material are given together with an investigation of the factors
(temperature of annealing, period of annealing, PVA-PAA ratio and stress)
which affect production. Tests are also conducted to gain a fuller understanding
of the physical and chemical properties of the crosslinked polymer (infra-red
and x-ray tests). Finally the material's response to stimuli (pH, electrical, and
thermal) is investigated and it is during a series of tests to improve the thermal
response of the ‘muscle’ fibres that it is discovered that very impressive
response characteristics can achieved through chemical activation using water to
produce dilation and acetone to produce contraction. This mechanism is used in
all subsequent tests.

Chapter 5. Now that a polymer has been prepared and its static properties
have been characterised, the next step is to study the dynamic and force
generation effects (the macroscopic muscle mimicking action) of chemical
stimulation. As before, a number of parameters such  as the degree of
crosslinking, the polymer thickness, the solvent temperature, and the nature of
the solvent affect the response, and these are thoroughly investigated, in
chapter 5. The muscle is then tested for force generation and dynamic rate
(using both single and multi-fibred devices), and force/velocity profiles are
obtained which permit comparison with natural muscle. This comparison with
natural muscle is developed throughout chapter S, giving a good indication of
the potential of this system. Also included in this chapter is work on the
development of a work cycle for the polymer actuator based on the Carnot
cycle principles. Using this study the theoretical potential and efficiency of the
muscle can be compared with the experimentally determined values.

Chapter 6. In chapter 6 a mathematical model and simulation of the polymer
responses to stimuli are developed using  the knowledge derived in the

experiments in the previous chapters. This shows that the mechanism of
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dilation/contraction is basically governed by Fick's Law, but there are a number
of anomalies and non—lincérities which must be considered if an accurate model
is to be obtained. For this model it is of paramount importance that an
accurate estimate of the initial diffusion coefficient and the effects of
concentration are obtained. This is accomplished in this chapter. Using this
model, a simulation is written which models the response to chemical stimuli of
a single strip and this is subsequently developed (following verification of the
model accuracy byvcomparison with experimental results) to form a simulation
of a muscle actuator pair which could be used in powering a robot gripper.
The control requirements are outlined in this chapter with the reasoning being
given in more detail in the next chapter. Three control strategies are developed
and tested on a full pseudo—muscular actuator simulator, and from these results
a force/position control mechanism is chosen as giving the ‘optimum' response.
Further control tests are conducted on this simulator before implementation on
an experimental device in Chapter 7.

Chapter 7. Based on the work in the previous chapters, a muscle actuator
pair consisting of a flexor to close the gripper, and an extensor to open the
gripper, was built and is detailed in chapter 7. The development and reasoning
involved in the design of this actuator is outlined in this chapter, together with
details of the mode of operation and the control algorithm regulating the flow
of chemicals in to and out of the polymer muscle cells. Results showing the
performance of this actuator are also included, as are details on possible
improvements which could significantly enhance the system performance. This
chapter is effectively the™culmination of the work on the development of a new
pseudo-muscular actuator and attempts to demonstrate the full potential of such
a mechanism.

Chapter 8. In chapter 8 an application of another of the properties of the
polymer (variable compliance) is put to use in the design and development of a
dextrous manipulator, powered by a single stepper motor. Through the use of

strips of polymer in the inter—connecting tendons linkages, the compliance of
- 1.7 -



the tendons can be selectively varied permitting regulation of the ' trdnsmission
of power to any particular joint. Included in this chapter is an analysis of the
motions and abilities of’ a 'human hand, which shows that using this single
actuator configuration all common/working ‘grasps' can be achieved. Initial
results using this system are included in this section of the thesis, together with
suggestions for improvements which could be incorporated into a later series of
demonstrators.

Chapter 9. The final chapter summarises the properties and the abilities of the
pseudo-muscular  actuator, mechano—chemical materials, and PVA-PAA
co-polymers in particular, outlining possible benefits, conclusions drawn from
the research, and suggesting future lines of development which might be worth
pursuing,

A short section is also included outlining a few applications which would be
possible using properties of the material other than its mechano-chemical

response and its variable compliance.
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Chapter 2
Bower Dystems

2.1 Introduction

Industrial motivation to increase efficiency has led to a need for robots using
compact drive units which must meet very stringent precision, power/weight
ratio, and response rate specifications. Virtually all modern robots use either
hydraulic, pneumatic, or electrical drive systems to meet these requirements.
This chapter describes the most common types of actuator which use these
power systems, permitting a comparison of their relative abilities. This is then
developed to include a section on new actuator technologies which may be

incorporated into robotic systems in the future.

2 Hydraulic Dri
Traditionally, hydraulics has been the most common of the primary systems,
but it is now being superseded by electric motors, both AC and DC
[Automation, 1987]. Hydraulic actuators extract energy from a fluid (hydraulic
oil) and convert it into a mechanical output which is used to perform useful
work. The power is transmitted to the load as either linear or rotary motions
using linear actuators (hydraulic cylinders) and rotary actuators (hydraulic
motors) respectively. Drives of this type have excellent power and force/weight
ratios, while at the same time being very compact. The high pressures used
(up to 200 bar is common) [Elonka, 1967], mean that the fluid compressibility
is low giving good velocity and positional control, which combined with high
stiffness means that heavy loads and high torques can be withstood without

degrading the accuracy. Fluid systems are also found to be easy to implement,
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durable and resistant to harsh environments, but they do have a number of
drawbacks.

Currently they are the most expensive of the common drive units [Maus,
1986], filtering to remove impurities and contaminants is also costly, with
leakages at best being inconvenient and at worst preventing the use of hydraulic
systems in clean environments such as the food and drink industry. The piping
also creates problems, being bulky and awkward to install, and finally, fire is a
potential hazard with the more common petroleum based fluids having to be
replaced by water—glycol or phosphate ester mixtures.

The most simple, reliable, and least expensive hydraulic systems are the piston
type linear actuators. These units consist of an external cylinder with a central
sliding piston attached to a rod. Pressure on the piston, (either pushing or
pulling) generates forces which are transmitted through mechanical connections
to the load. These cylinders may be either single—acting, figure 2.1a, or
double-acting, figure 2.1b.

With the single-acting cylinder, forces can be applied in one direction only,
motion being produced when fluid ‘enters the chamber and impinges on the
piston head. The force generated is dependent on the piston area and the fluid
pressure. The return stroke which is passive, is powered either by gravity or by
the release of energy stored in a spring compressed during the initial stroke. In
the double acting design, forces can be applied in both directions, with fluid on
both sides of the piston. At the end of each stroke the ‘spent' fluid is returned

to a central reservoir to be reused.
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Fig. 2.1a. Single Acting Hydraulic Cylinder. Fig. 2.1b Double Acting

Hydraulic Cylinder with cushions at both ends [Elonka, 1967].

To prevent damage during operation the double-acting cylinders often have
cylinder cushions at their ends to dissipate the energy developed during motion.
This cushioning is achieved either by trapping fluid between the piston and the
mechanical end of travel, or else an external deceleration valve may be used.

The actuators considered so far all have stroke lengfhs which are limited by
the overall length of the cylinder, and this can cause difficulties where space is
restricted. Such problems can, however, be overcome by using telescopic or
multi-stage cylinders, figure 2.2, which produce relatively long strokes in a

short unit by using pistons and cylinders which move into each other.
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Figure 2.2, Multi-stage Hydraulic Cylinder [Elonka, 1967].
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Rotary hydraulic motions are classified as either limited or continuous. In the
limited motion system, the rotation is less than one revolution with the same
basic operating principle as is used in the linear actuator. These rotary
actuators are used when high instantaneous torques (up to 110,000Nm ) are
needed [Esposito, 1980], but the space available is small. Actuators based on
this design, figure 2.3, are formed into chambers containing the fluid and a
movable surface against which the fluid acts. This movable surface is then
connected to a shaft which distributes the power as required. By introducing the
fluid at different ports the direction of rotation can be controlled, while
combined inputs hold ‘the unit steady under loading. As with the linear

actuator, cushioning can be used to prevent damage,.

Port Port Port Port

Figure 2.3. Single and Double Vane Rotary Actuators [Esposito, 1980].

Rotary hydraulic motors are actuators which can rotate continuously. Unlike
linear actuators which are widely available, rotary motors are very specialised
and this tends to make them very expensive [Banks, 1988]. Three type of
motor are in common use; gear, vane and piston, the choice being determined
by the application, the performance required and the cost.

With the gear motor, figure 2.4, pressurized fluid is pumped in at the inlet.
The tight fit of the gear mesh means that to reach the outlet the fluid must
move the gears; one of which is coupled to the drive shaft, providing - the

actuation force. The direction of motor rotation is determined by which of the
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ports is used as the inlet and which is used as the outlet. The relatively high
internal leakages and the unsymmetrical input pressures make this design
unsuitable for high torque operations, and it is most commonly used as a
constant speed drive where rotation speeds >500rpm are necessary [Banks,
1988]. The main advantages with gear motors are that they are fairly simple

and cheap relative to other hydraulic motors.

Figure 2.4. Hydraulic Gear Motor. Figure 2.5. Hydraulic Vane Motor

[Elonka, 1967].

Vane motors, figure 2.5, use the pressure differences on vane surfaces to
produce torque. These vanes which are connected to the shaft, are sprung or
pressure loaded forcing them to form a seal with the motor body. At higher
speeds the vanes are held out by centripetal forces. The high pressure fluid is‘
fed in at a series of opposing ports. This reduces pressure distortionl and gives
a balanced system. The outflow is through a second series of ports which are
180" offset, with each vane forming a chamber for the transfer between the
inlet and the outlet port. These motors are more suitable for low speed
operation than gear motors and are capable of starting from stall under load.
Internal leakages are, nevertheless, still a problem preventing maximum torque
from being generated at low speeds.

Piston motors, can be either radial or axial in form {[Elonka, 1967]. In the
radial motor, torque is produced when fluid flow through the port forces the
pistons, which are within the cylinder block, out of the cylinder head. These
pistons can only move out of the cylinder block when the whole assembly

rotates, and hence by coupling this to a drive shaft power transmission is
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obtained.

In the axial motor the operation is similar, with the fluid driving the pistons
against an angled swash plate. The reciprocating action causesv the drive shaft,
swash plate and piston body to rotate. The torque produced is proportional to
the area of the piston heads, and is a function of the swash plate angle, with
increased angles giving increased torque capacity but decreased shaft speed.
Often the swash plate is adjustable within set limits to allow variations as
required.

Piston drives are the most efficient of the hydraulic motors, capable of
operating at low speeds, and high torques, but they are not used extensively in
robotics due to their complexity and expense.

In general a hydraulic drive system consists of a hydraulic pump, motor, and
the approbriate valves and piping. Such a system is known as a hydrostatic
transmission. In the first instance, energy is provided from a prime mover such
as an electric motor or a combustion engine. These hydraulic drives are most
often used to power very large robots, but the excellent power/weight ratio
means that they can be used anywhere large forces must be generated in a
confined space, or where there are limitations on the joint loading.

Recent research into smaller hydraulic motors has lead to the development of
a range of compact systems (6.5mm x 6.5mm x 57mm) which when operating
at 240 bar can provide up to 185W at rotation speeds up to 5000rpm [Findlay,

1988]. These new products may perhaps lead to renewed competition against

electric motors.

2.3 Pneumatic Drives

Pneumatic systems use pressurized gases rather than liquids to transmit and
control power. As the name implies these units usually use air as the fluid
medium (although inert gases have been utilized), because it is relatively cheap,
safe, and readily available. This makes pneumatics of particular benefit in high

temperature environments or where an electrical spark may cause an explosion
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or fire.

Although pneumatic actuators operate on the same basic principle as hydraulic
systems, there are several reasons for using the bneumatic drives rather than
the more common hydraulic devices. Since the fluid medium is gaseous rather
than an oil, lower pressures (<250psi) can be used, giving actuators of lighter
construction. The use of a gas in pneumatic drives also gives advantages in
terms of inertia, with the greater mass of the oil in hydraulic systems making
very rapid acceleration and deceleration of links or objects more difficult, while
the lower viscosity of air can help to reduce friction and power losses. Using
air as the fluid medium also means that pneumatic units are clean and can
expel spent gas directly into the atmosphere. This does, however, make
pneumatics quite noisy. As with most industrial projects a major consideration
in choosing pneumatics actuators is the economic cost. In general pneumatic
devices are cheaper than their electric or hydraulic equivalents, they are readily
available ‘off the shelf', have relatively low maintenance costs and are very
reliable. This combined with the availability of compressed air in many
industrial sites makes pneumatics quite an attractive proposition for certain
robotic applications.

The main difficulties associated with pneumatic designs generally result from
the compressibility of the air. Precise control of actuator velocity and position
is difficult or impossible to obtain, with smooth and steady motion under
variable loading requiring metering of the exhaust flow rate. It is also found
that, unlike hydraulic systems, pneumatics require a lubricant to be injected into
the airstream.

Air lubricators ensure correct lubrication of internal parts by inserting drops of
oil directly into the air flow. These drops are transformed into an oil mist
prior to being transported downstream. This oil mist is composed of coarse
particles which may travel 6m or more, and fine particles which may remain in
the air for up to 90m [Esposito, 1980]. Good lubrication means that friction

between moving components is reduced, reducing wear and prolonging the
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actuators working life.

Pneumatic systems have been used for many years, most often as low load
systems where mechanical end stops can be fitted to limit the ranges of
motion. This means that the poor controllability of pneumatics is not so
critical. Nevertheless, as with hydraulics, pneumatic drives are now often being
replaced by electric motors.

The pneumatic linear actuator has the same basic design and operation as its
hydraulic counterpart, with cylinders available in single and double acting form,
using air rather than hydraulic fluid as the actugting medium. The only
significant difference is that it is no longer necessary to recirculate the fluid.
When limited rotations are required, it is possible to use a rotary actuator
which operates on the same principles as the linear model. This again gives a
device which can be easily mounted in a confined area, while having high
instantaneous torques in either direction.

Rotary pneumatic motors can be used as smooth sources of power. They, like
their hydraulic equivalents, are not susceptible to overload damage and can be
stalled for extended periods without ‘burnout'. Low inertia means they can be
started and stopped rapidly and by regulating the pressure aﬂd monitoring the
flow, infinitely variable torques and speeds are possible. This has led to them

replacing electric motors in many industrial handtools.

4 Electric Drijv
Electrical drives, which now form the design most commonly used by robot
manufacturers, are most often in the form of rotational motors, although linear
drives are available for special applications. As with hydraulic motors, gearing,
belts, chains or ball-screws are generally used in the transmission of po‘wer
from the actuator to the load. The torque is generated when an electric current
flows through a magnetic field, the direction of motion of the motor being
dependent on the flow direction. The electric drives used in robotics fall into

three classifications; DC motors, AC motors and stepper motors.
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motors of all three types are popular because of their ease of use, their speed
variability, and accurate positional and velocity responses. They are also clean,
acoustically quiet (although they may produce considerable electrical noise),
relatively cheap and readily available.

As with the previous drive units, use of electric drives does have drawbacks,
which include low power and torque/weight ratios, and the dangers of electric
shock and sparking in a flammable environment. These advantages and
disadvantages apply to different extents in each of the motors classified above
and will be dealt with in more detail when studying the specific motor.

DC motors as the name implies all use electrical direct current as their power
source and have most of their major components in common, although minor
changes are usual in attempting to improve specific parameters.

There is a stator which along with other non-moving assemblies forms the
frame. A rotating armature and windings form the rotor, while the flow of
current into and out of the rotor is by way of the brush or commutator.
Direct current motors are classified as series, shunt, compound, or permanent
magnet, the type being determined by the method of connecting the armature

and the field.

Low-resistance
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Figure 2.6. Series Wound DC Motor [Patrick, 1984].
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In the series wound motor, figure 2.6, the armature and field circuits are
connected in series. As all the armature current then flows through the field
windings only a few turns of large diameter, low resistance wire are required.
The large current flow at start—up induces a strong magnetic field and
consequently a high torque. Series wound motors are, however, found to have
poor speed stability, je to have speeds which are very high under no load but

drop rapidly as loading is increased [Patrick, 1984].

High-resistance
field windings

] (& 2. &) TS

Figure 2.7. Shunt Wound DC Motor [Patrick, 1984].

In shunt wound motors, figure 2.7, the field coils which are wound a great
many times using thin—diameter wire are connected in parallel with the
armature. This high resistance path lets only a small current flow, although a
high electromagnetic field is generated due to the number of turns; this gives a
low to medium starting torque. Any variation in loading causes only small
changes in the field strength and helps to improve the speed stability.
Combined shunt and series motors use both &e techniques outlined above,
which allows considerable latitude in design, and combines the desirable aspects
of both serie§ and shunt motors. This gives high starting torques and good

speed stability under loading, the only real drawback is the increased expense

of two sets of windings.
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Figure 2.8. Permanent Magnet DC Motor [Patrick, 1984].

The fourth design, the permanent magnet motor, has no field windings, and
the power source is connected directly to the armature, figure 2.8. The advent
of low cost, rare-earth magnets has meant that relatively high torque, low
weight motors are becoming commercially available. These devices now form

.,}TI}; most common drive units in small robots because they are self-starting
(able- té start rotation when electrical power is made a\'ailablf)l;fg;hey can easily
change direction by changing the voltage polaritye, they are ;ii:x}ij;le, and speed

regulation is voltage controlled.

Permanent
Magngr

Torque —= Torque ——e
Figure 2.92 and b. Speed/Torque and Current/Torque DC Motor Profiles
[Electro-craft, 1980].
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A comparison of the relative merits of each of these designs in terms of the
speed/torque and the current/torque characteristics is given in figures 2.9a and
b.

Of similiar design to the standard DC motors are the brushless DC motors,
which have electronic commutation to reduce noise (acoustic and electrical), and
wear, although with the penalty of increased expense.

Brushless DC motors have the torque-speed characteristics of a conventional
permanent magnet DC motor, but use control circuits which resemble those of
stepper motors or frequency controlled AC motors. The stator in a brushless
DC motor is most commonly formed in a outer ring with slotted windings, the

rotor consisting of a shaft/hub assembly made from permanent magnet

materials.
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Figure 2.10. Typical Brushless DC Motor Drive Circuit [Greenwood, 1965]

Operation is by way of semiconductor switching circuitry, with two and three
phase motors being preferred. By monitoring the motor position using feedback
from the output and varying the power supplied between positive and negative
V,, forward and reverse torques can be produced. While by careful sequencing,
the motor can be energised as required to give the rotary performance

demanded, figure 2.10.

Open loop position and velocity feedback make computer control of DC
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stepper motors simple and they have thus become very popular as robotic
actuators. Operation depends on the conversion of electrical pulses into rotary
or linear motion, with each step producing a constant known movement. This
motion is repeatable, which gives accurate positional response, while the pulse
rate can be varied giving accurate velocity control. Construction is much as for
convectional motors, with stator coils (poles) and a permanent magnet rotor,

figure 2.11.

+1,

Figure 2.11. Stepper Motor Design [Bannister, 1986].

The positioning and step size can be made more accurate by increasing the
number of poles, while the phasing arrangement determines the direction of
rotation. The increased complexity of stepper motors makes them slightly more
expensive than convectional DC motors while being slightly less powerful, but
this is often more than offset by the ease with which accurate control can be
achieved.

The need to reduce or eliminate motor wear, particularly in the brush
assembly means that occasionally AC motors are used rather than DC. There
are a great many types of AC motor but the most common are induction
motors, AC brushless motors, and synchronous motors. These are all smaller
than their DC equivalent but are not so easy to control, requiring encoder or
resolver feedback to give accurate position regulation. They are, however, ideal

if a constant velocity is required.

Each type of AC motor has special properties, being generally classified by
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application, construction, principle of operation, or operating characteristics.

Induction motors which are the most common type of AC motor form a large
family, operating by inducing current in the windings. Squirrel-cage induction
motors are the simplest and cheapest of all the AC types, requiring the least
maintenance because there are no commutators or brushes. The starting torque
is high, but generates large currents which mean that in all but the smallest
motors a reduced starting voltage must be used, hence reducing the torque
[Fitzgerald, 1945]). The basic design of a induction motor is shown in figure

2,12,

Figure 2.12. Schematic diagram of a Single-Phase Induction Motor [Fitzgerald,

1945].

Within the induction motor family the type is defined by the method of
starting which is used, with the design and performance characteristics being
slightly different for each case [Fitzgerald, 1945].

The shaded pole motor has salient poles with half of each pole surrounded by
heavy, short circuited windings (shaded coil). The induced currents in the
shaded coil cause the flux in that half of the pole to lag that in the other
half. This results in a periodic shift in flux from the unshaded to the shaded
half of the pole, producing a low starting torque, figure 2.13a.

Split phase motors have two stator windings with their axes at 90" to each
other. The auxiliary winding has a higher resistance — reactance ratio than the
main winding so the currents are out of phase. These induced fields produce a

rotating stator field which causes the motor to start. At about 75% of the
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synchronous speed the auxiliary winding is cut out by a centripetal switch,

figure 2.13b.
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Figure 2.13a and b. Torque/Speed Curves for Shaded-pole and Split-phase
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Capacitor-Start, Induction—run Motor

Single value Capacitor Motor

and c¢. Capacitor Start, Capacitor Run Motor [Fitzgerald, 1945).
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With the Capacitor start motor the design is a split phase arrangement as
above, but in this case the phase displacement is a result of a capacitor in the
auxiliary winding. This winding can be switched out at 75% as before, giving a
motor with high starting torque, figure 2.14a. If the auxiliary winding is not cut
out the running performance of the motor is improved although the starting
torque xs sacrificed because the capacitor value used is a compromise between
the best running and starting values, figure 2.14b. If a twin capacitor system is
used there is no need to compromise the settings and optimum starting and
running performance are obtained, figure 2.14c.

The induction motors above cannot be speed or direction controlled, but the
absence of sliding parts means that they can be very useful when the
electrically driven robot is required for use in a flammable environment.

In the previous designs the rotor current is obtained by conduction from the
stator. With repulsion motors, which are of similiar design to the series wound
DC motor, except that the rotor and stator are inductively coupled, the rotor
current is derived from the transformer action of the stator, figure 2.15. The
brush axis is placed at an angle to the stator field. With the axes in line there
is a current, but no force, while at 90" there is power but no current. This
motor action can be used in two modes of operation where either, the
repulsive force is used continuously (for start~up and running), or where the
repulsive force is used to start the rotation, switching to induction principles

when the motor has almost reached its operating speed.
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Figure 2.15. Repulsion Motor Schematic and Characteristic [Fitzgerald, 1945].
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Where constant speed is essential synchronous motors are used. Large designs
use DC fields in the rotor and three phase armature windings. For lower power
requirements a design is used employing a number of copper bars in the pole
face, with end connections; which effectively form a squirrel-cage. At start up
the synchronous motor behaves like a squirrel-cage induction motor. As with
the squirrel-cage motors the stator voltage must be reduced at start up to
prevent the development of large currents. These motors are most often
employed in tasks requiring fixed constant speed, with direction reversals being
possible by changing the phasing on multi-phase motors.

In the previous motor§ only AC or DC can be used, but never both. One
motor can, however, use either type of supply. The design used in the DC
series motor, when supplied with AC; forms the AC series (universal) motor. If
AC is applied to a series motor the stator and rotor field strengths will vary
sinusoidally in magnitude, while having the same phase. This produces a motor
with a high starting torque and a performance profile similar to its DC
equivalent. Generally the response to AC will be poorer than for DC, figure
2.16, with commutator problems being increased. It does, nevertheless, have one

advantage over other AC motors in that its speed can be controlled by varying
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Figure 2.16. Typical Torque/Speed Profiles for a DC and an AC Universal

Motor.

Generally speaking AC motors have not been used as extensively in robotics

as DC mainly due to a lack of variable speed control.
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2.5 Natural Muscle Power
As most robots are modelled on man or some other animal it is interesting to
consider the power system which they utilize.

Animals use ‘'muscle’ (skeletal) to exert forces and move objects including
themselves. These muscles are biological machines of great complexity
[Woledge, 1985], which convert chemical energy made available in the form of
food, into forces and mechanical work. In higher animals the muscle content of
the body can be up to or even above 40% [Wilkie, 1976], with a wide
variation in the designs, contractile rates and power. These differences are
mainly due to the functions that a specific muscle must perform.

Muscle action is triggered by electrical impulses transmitted through nerves
from the brain (occasionally automotive responses are triggered from the spine).
Chemical energy is then released by the conversion of ATP into ADP, with the
filaments which form the muscle using this energy during their sliding motion.
The actual physical forces which produce this sliding motion are not as yet
understood by biologists.

As with other machines the power (force x velocity) which can be produced is
dependent on the loading (light loads move quickly, heavy loads move slowly
and may even prevent motion). This power output is produced by extremely
small fibres (a few microns in diameter) which possess little strength on their
own, and it is only when combined in bundles containing hundreds or thousands
of fibres that large contractile forces can be generated.

Another factor of great importance in the design of muscles is that they can
only pull; a pushing action is not possible. Hence to produce virtually any
motion two muscles are required, the coordination of their movements being a
complex task which must be solved by the brain.

If a muscle were to have its specifications summarised as for a typical robot
actuator it might be described as;

1. A linear motor

2. Robust and dependable with a working life in excess of 65 yrs.
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3. Wide range of models.

4, Direct chemical to mechanical energy conversion. Efficiency varies with
speed of contraction but generally ranges from 45% up to 70% [Woledge,
1985].

5. In built servo feedback giving accurate control.

6. Rapid response (<5ms), and fast controllable motion.

7. High stress generation (15 — 40N/cm?2) [Wilkie, 1976].

8. Excellent power/weight ratio, typically from 40W/kg up to 225W/kg, but
may have a very short peak of 1kW/kg [Wilkie, 1976].

9. Good Repeatibilty and accuracy.

10. Modular and expandable.

11. Environmentally Safe.

2.6 Direct versus Indirect Drive

Power - generated by the many types of actuators considered above is
transmitted by either direct or indirect drives. With the direct drive, there is
no mechanical linkage between the actuator and the driven joint. Hydraulic and
preumatic motors and cylinders and to a lesser extent rare—earth permanent
magnet motors can take advantage of this method because of their high
force/torque capabilities. This means that an actuation system with much greater
accuracy can be incorporated into a compact design which can easily be
accommodated in the robot linkages. The simplicity of this technique means
that maintenance is relatively easy. “

With the indirect drive mechanism mechanical linkages are included generally
to increase the force/torque output, although a second benefit can be the
removal of heavy actuators from the joint extremities reducing loading. These
linkages (gears, ball screws, harmonic drives, belts, chains, etc) have the effect
of -increasing the backward stiffness, which means that the effects of loading
changes on the drive are small, but the introduction of non-linearities tends to

increase the system control difficulties. Generally, if it is possible mechanical
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linkages are avoided, to reduce costs, complexity and aid control.

lian ntrol

Compliant motion occurs when the position of a manipulator is constrained by
a task or object. This constraint can be handled in two basic ways, either by a
passive compliant device built into the manipulator or through active compliance
(force) control implemented in software.

The use of controllable compliance in certain insertion tasks led to the
development of the remote centre compliance (RCC). The RCC is an elastic
mechanism used to control the stiffness of a grasped object. By placing the
centre of compliance of this object at the tip of the object, insertion was
possible without jamming, a vital technique when two parts must be mated
[Drake, 1979].

The software approach to compliant control has been studied by a number of
researchers. Whitney [Whitney, 1977] formed an admittance matrix to study the
problems of arm force control, with Gerelle [Gerelle, 1978] extending this work
and identifying conditions for stability and symmetry in this matrix. In many
cases a compromise was sought [Paul, 1976; Raibert, 1981] where some of the
joints were under force control while others remained under position control.
This often meant a careful analysis of the motions had to be made to
determine which joints should have which type of control. Development of
these ‘hybrid' controllers led to the stiffness controller [Mason, 1985], in which
the stiffness of each of the joints could be specified “ by the programmer. By
sensing the position and forces acting, the system could determine which point
the task had reached and hence change the compliance as required. Methods
have recently been proposed based on observation of human skeletal muscle,
whereby the stiffness of each joint is regulated, giving ‘'Direct Compliance
Control' [Kaneko, 1988]. This design suggests that the natural system might be
a good starting point.(

Compliance control in animal muscle is defined as the instantaneous change in
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length with tension (dl/dT). When unstimulated, the muscle is very compliant
(little stiffness) and it is believed that this is because the fibres can move past
each other with little restraint [Woledge, 1985], but when stimulated stiffness
increases significantly, following the same time course as the tension.

Clearly good control over the compliance wo{xld be very beneficial and is at

present not easily achieved using any of the common power sources.

rimental tion

Although the previous sections cover the main factors governing the utilization
of the three power units most commonly used in robots, a number of new
techniques are being developed to try to overcome the constraints imposed by
these systems.
It is possible to improve some of the control characteristics associated with
pneumatiqs power by using a device known as a McKibben muscle [Wolff,
1970].' This is a tubular piece of netting closed at both ends enclosing an
inflatable rubber sack. When the sack is inflated, the diameter increases and
this shortens the length of the net bag so imitating the action of a real muscle.
A second actuator based on controlled air flow has recently been developed
with:

1. Accurate smooth motion from start to stop.

2. Low hysterisis and friction.

3. Low cost, yet powerful actuation from a light weight compact device.

4. Rotation as well as longitudinal motion wusing the same basic driving
principle.
‘ This actuator has been applied to the lifesize puppets in the television series
*Spitting Im':‘ige'l with considerable success.

The system uses lengths of flexible flat hose and it is the behaviour of these
devices when filled with air which provides power for actuation. The
arrangement of the hos; mnﬁoh the motion which can be achieved. When

wrapped around a shaft, inflation produces rotation, while linear action is
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produced by passing a tendon over the bag. On inflation the tendon is

effectively shortened giving motion, figure 2.17.

Figure 2.17. Pneumatic Actuators used by 'Spitting Image' Puppets [Findlay,
1988].

Simple electromagnetic actuators have been developed using solenoids. These
give a compact, linear actuation unit with the potential for quite large force
generation, although this is dependent on the length of the stroke. The major
drawback with this unit is the poor control possibilities with only bang-bang
motion being available, hence poor speed and position regulation."

Also using electrical generation but working on totally different principles are
the piezo—electric actuators. There has been a tremendous surge in interest in
these motors co-inciding with the development of new materials, such as PZT
v(lcad zirconate titanate) and PMN (lead magnesium niobate). Actuators of this
type can be divided into two categories depending on the strain used. A rigid
displacemeht is induced by a constant applied field while a resonating strain is
caused by application of an AC field. The full mechanism causing these
changes has been described in many texts [Takahashi, 1987; Muller, 1986].

At present the main ;pplications of this technology are as micro-actuators. A

typical range of specifications is [Takahashi, 1987];
’ -222 -



1. Controllability in the displacement range up to several tens of pm, with
accuracy better than 0.01um.

2. Fast response speed (10psec.).

3. Generates high forces (440N/cm2).

4, Driving power a magnitude smaller than electro—-magnetic motors, because
of a capacitive type dielectric condenser.

As they are primarily designed for very limited motion, piezo-electric motors
are not likely to be used in large robot joint motors, but they may find
applications in micro~manipulation tasks.

Recently there has also been a considerable interest in the use of shape
memory effect actuators. Shape Memory Alloys exhibit a peculiar property
called the shape memory effect (also known as ttg#rmoelastic martensitic
transformationg. The alloys (most cofnmonly Nickel-Titanium although other
alloys are available) are formed at" loy"‘terﬁperatures, followed by annealing at a
temperature’ highér that the ‘austenite finish' (Af) temperature. When deformed
from this original shape at a temperature below the ‘austenite start' (A)
temperature, (with apparent plastic deformations of up to 10%), and then
heated above (A¢), a complete reverse transformation occurs. Thus with shape
memory alloys a relatively large recovery stress (up ‘to 500 Mpa) can be
obtained within relatively small spaces, and there is a possibility of using this
stress as a power source for small sized actuators. These actuators can be made
from different alloys which can be formed into wires, rods, or sheets, and have
a range of transition temperatures [Dario, 1987].

At present the major drawbacks with this unit are;

1. Relatively slow rates of heating and cooling which limit the cycling time,
with the low resistivity of the SMA making electric heating difficult.

2. Nonlinearities in the SME and the complex thermodynamic relationships
make control difficult.

3. The efficiency is low (<10%).

4. Degradation of the SME occurs because of changes in the metal, and
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elongation.

Research in Sheffield {Scott, 1985], has focused on the uses of
Electro—Rheological ~ Fluids; ﬁnely divided  particles suspended in = a
non-conducting base liquid. Under the influence of an externally applied electric
field (up to 5000V/mm) reversible changes -in viscosity can be produced, to an
extent that the liquid can change to a solid ahd back again. An ERF based
actuator has been formed from a hydraulic wvalve arrangement having aﬁ

extremely wide piston/cylinder separaﬁc‘m of 1mm, figure 2.18.

Figure 2.18. Electro—~Rheological Fluid Actuator.

With no applied electric field the fluid which is circulated wusing a hydralic
pump has a low viscosity and flows easily between the piston and the cylinder
wall. Increasing the electric field produces viscous drag which moves the piston.
The thrust which can be produced by this system is proportional to the applied:
voltage (using the viscous drag) and hence the strength of the piston stroke can
be accurately controlled. The developers believe that this may be wuseful :in-

robotic - applications.

2.9 Evaluation of Presently Available Actuators
To give an idea of the use of actuators in modern robotic systems a. table,
table 2.1, has been prepared showing the specifications of a number .of robots

available today [Automation 1987].
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Supplier System |Robot TypelActuators]Repeat- Max. {Max. Tip|Cost
jibility }Load Kg| e £
Asea IRB 1000} Polar DC servo | 0.1mm 4 - -

IRB 82001 Polar. . . IDC servo | O, 4mm 125 - -
Cinncinnati{T3 300 Cylind, AC servo | 0.05mm 50 1 -
Milacron T3 786 Polar DC servo | 0.25mm 90 1 -

T3 800 Cantry {DC servo | 0.25mm 90 1 -
GEC Robots [L. Giant! Polar _ |Hydraulic 30 - -
IBM UK IBM 7576} Scara DC servo | 0 .05mm 10 4.4 132 SK|
LI Elec, Atlas 11} Polar Stepper 1.0mm 1 - 2.6K |

b Spherical {DC servo { O.Smm 2000 12 90K
Meta Mach, lAdept | Scara _ |AC servo { 0,025mm{ 9 9 30K
Syke Auto, |Syke 600 erical IDC servo | 0.25mm | 2 1.6 15K
Texas Inst, Scara __ |Stepper 0. 1mm 1.6 1,2 8K
UK Auto Tec)Speedy | Cartesian|Pneumatic| 0.01mm | 30 4 ek

UMI RTX Scara_ DC servo | O.5mm 4 1.5 17.2K |

-Table 2.1 A Representative Sample of Presently Available Robots.

This table clearly shows the dominance of electrical motors in all areas of

modern robot design, primarily due to their availability and ease of use. The

hydraulic and pneumatic systems by contrast appear to be being driven out of

the robot market, and are mow most often used in.special purpose robots and

in older machines, .

But just how well do the actuators meet the actual specifications set by the

robotics industry and how do they perform relative to each other. Clearly. this

is difficult to quantify because of the wide range of possible actuators. using

each of these power sources, Nevertheless seven key areas will be considered: - -

1. Stalling. Stalling of hydraulic and pneumatic actuators or motors does not
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cause overheating or damage. With all types of electric motors this is a major
problem and must be avoided.

2. Size and weight (Power/weight ratio). The power/weight ratio of electric
motors is very dependent on the motor size. Small motors have power/weight
ratios as low as 20W/kg [Radio—spares,' 1989], but with increasing size this can
rise to over 100W/kg. For hydraulic‘ motors power/weight ratios range from
330W/kg - 3.3kW/kg [Patton, 1980]. The power/weight ratios for pneumatic
systems are very dependent on the pressure of the air supply, but they are
normally intermediate between those of the electrical and hydraulic units.

3. Starting Torque. Generally electric motors have a high starting torque
which cannot be matched by either hydraulics or pneumatics.

4. Inertia. The large sizes and masses of electric motors produce large inertias
which make rapid stopping and reversal difficult. Hydraulic and particularly
pneumatic devices have low inertias and can be stopped and reversed in a
fraction of a second.

5. Efficiency. Efficiency is a factor which wvaries widely within each power
grouping. Generally electric motors have efficiencies of 80% or more. With
hydraulics the efficiency may be as high as 90% for piston motors, but drops
to 70% for inexpensive gear motors. The pneumatic drives have typically lower
efficiencies than their hydraulic counterparts because of pressure losses and
lower tolerances in construction [Patton, 1980].

6. Cost. Hydraulic motors are generally the most expensive due to the high
tolerances demanded, while the light construction' and low tolerance requirements
of pneumatic devices makes them the cheapest. Electric motors vary greatly in
cost, but generally their prices are intermediate between those of pneuamtics
and hydraulics.

7. Speed Control and accuracy. Speed control and accuracy are easily
achieved using DC motors and are relatively simple in hydraulic units. With AC

motors similiar control can be expensive, while accurate control of pneumatics

is extremely difficult.
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These are probably the most important factors when considering which
actuator to use, but obviously certain other parameters mentioned previously
(such as cleanliness) may have a strong bearing on the choice. It should also
never be forgotten tyhat‘ the X;bilities of actuators using the same power source
and often the same :?deﬁigii philosophy Wiﬂ vary mafkedly from manufacturer to
manufacturer. Clearly the choice of the best actuators for robotic uses requires

much consideration,
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. Chapter 3
Artificial Musrcle
- Systems

3.1 Introduction

There are ;learly a great variety of techniques for converting energy in its
many forms into mechanigal motion, but one method has been virtually ignored
by technology although it forms the basic'\ system used by most plants and
animals. The direct conversion of chemical energy into mechanical energy is
routine in muscles, but is very rare in man-made machines. Isothermal
mechanochemical processes, underlie the motility of living organisms, forming a
fundamental distinction between the motion of living matter and that of
technological devices. This direct conversion of chemical to mechanical energy
gives an organic cycle; intaking food and outputting useful work, that can be
greater than 50% efficient [Wilkie, 1976]. Steam turbines and internal
combustion engines are by comparison only about 40% and 20-30% efficient
respectively.’

These mechanochemical cycles are driven by biogels of pronounced
polyelectrolyte nature, which vary in both type and organization. The different
organisms also wuse different gel mechanisms to provide their motility. The
amoeboid's movement is based on progressive solution—gel transformation, the
movement of plants is founded on reversible swelling and shrinkage of
protoplasm, while the great majority of higher animals and many protista use
an intricate and very effective contractile gel mechanism. Recent investigations

[Woledge, 1985] of muscular contractility have made the contractile machanics
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of these gels amenable to physio—chemical research by reducing it to elementary
molecular components.

The possibility that some form of muscle-like actuation could be produced
using synthetic polymers was. discovered independently by Kuhn and Katchalsky
[Kuhn, 1949; Katchalsky, 1949] in the late 40's. Tests were conducted on the
contractile potential of polyacrylic acid (PAA) and polymethylacrylic acid
(PMAA) when thermally crosslinked with polyvinyl alcohol (PVA), figure 3.1.
These materials are still used extensively today, although it has since been
shown, [Osada, 1985] that most polymers and copolymers containing ionizable

groups can undergo marked contractions.

CH, CH, CH,
"C/ \C/ \c/ : *VPVA
o OH/ Sy oo »{\H |
| " Uncrosstinked
G LN
< 2R V2N e
oo cooi  Mocoow M
CH, CH, (H,

Crosstinked PVA-PAA

Figure 3.1 Polymers used to form muscle fibres.

This chapter outlines the significant developments which have occurred in the
field of mechanochemical actuation. A number of stimulatory. techniques (pH,

reduction—oxidisation, electrical, thermal, photo—sensitive, :and..ion exchange),
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that can produce the dimensional changes required in a pseudo-muscular
actuator are studied (sections 3.2-3.7), with the mechanisms which induce each
of these responses being subsequently considered in detail in section 3.8. This
leads to a fuller understanding of the processes involved, and how these effects
may be enhanced or modified to produce new actuators and sensors.

These first - artificial muscles operated on the principle of reversible ionization
of the constituent polyionic sidechains, with stimulation by acids and alkalis
producing dilation and contraction respectively. Since the response is produced
by variation of the pH, the muscle replicating system based on this technique
became known as a "pH muscle” [Kuhn, 1960]. The polymer when fully
prepared [Katchalsky, 1949), gave rise to fibrous strips which could undergo .
linear dimensional changes of up to 60% without destruction. Further
investigation revealed that the actual dimensional changes and responses were
strongly influenced by production conditions such as the temperature during
crosslinking, the crosslinking period and the presence or absence of applied

stress during this annealing.

0 ‘ ,
i | ] |
= Medium 10ml 0.01N NoCl  Weight of dry filament Ymg/cm
£ Acid odded  ({mi) 0.02N HCI  Weight of load 360mg
T 2l Alkali odded  (}mi} 0.02N NogCl ;
g lEi%ement
=3 , ——
5 olkali [1.2m! |rsm Jromi
£ L &>
L4 A Daa I b
R & ° | co0 % p .
© 6 acidi07m! | 10.3ml 1.2mi0.2ml Ami ood]
0 5. 10 15 ( 20 i)
\ ' ' Tirme {min) ,

Figure 3.2. Reversible iiftiﬂg and lowering of a load under pH stimulus {Kuhn,
1950]).

These unloaded strips could now be chemically stretched by the addition of

alkali and contracted using acid. In tests conducted at the time it was
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discovered that strips (thickngfﬁst.lmm) loaded with a weight 5000 times the
mass of the dry fibre undem@rii; contrapﬁgns of up to 30%. These results were
repeated  over 1750 times, with ,T a period for each complete
contraction/expansibn cycle of less than 5 minutes [Kuhn, 1950], as shown in
figure 3.2.

Clearly these initial experiments demonstrated the potential of pH stimulated
polymers, while there was an' obvious feeling that other polymers could be
found with equal or superior qualities to those originally tested. This belief was
borne out when Katchalsky and Eisenberg produced fibres of polyvinyl
phosphate (diameter 0.15mm) which contracted to half their original length in
under 1 second, the expansion was slower- but was still described as returning
‘rapidly to its original length' [Katchalsky, 1950].. Although the response is
many times‘ faster than for other systems its mechanical properties (strength and
contractile force) were 7reported to be poor and further tests were not
conducted.

A problem which was associated with these attempts at replicating muscle
action  was that the swelling/deswelling was three dimensional, where one
dimensional motion would have been preferred. Kuhn [Kuhn, 1960], overcame
this problem by preparing two different foils. .of approximately equal thickness.
The first foil was made solely from PVA that was heavily crosslinked to permit
only very limited swelling, while the second foil was a PVA-PAA copolymer
prepared as described ' previously. This was only relatively weakly crosslinked.
Circular discs were cut from these foils and placed alternately one on. top of
the other forming a sandwich, figure 3.3a. In the presence of a PVA. bathing
solution this sandwich was compressed forming a pressure. bond between the
leaves, before being heated under light pressure to increase the inter—leaf
bonding strength. This heating also increased the crosslinking in the PVA-PAA
layers preventing dissolution during swelling, and further reduced the swelling

potential of the PVA layers.
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Figure 3.3a and b. Contractile and non~-contractile layers of polymer [Kuhn,

1960]. Black layers - pure PVA 'White layers - PVA/PAA copolymer

When saturated in ,watér» the swelling of the PVA layers is very limited, while
that of the PVA-PAA layers is substantial. This produces longitudinal swelling
in the block, but swelling in any other direction is virtually eliminated by the
rigid nature of the PVA layer, hence achieving the desired one dimensional
effect, figure 3.3b.

Further research into pH stimulated responses has continued slowly, with the
major effort being made by Belyakov [Belyakov, 1985] in the Soviet Union,
where work has beenb directed towards finding applications of pH-type muscles
and pH activated devices.

Since these first tests a number of other methods of initiating a response have
been discovered. The actual mechanisms which produce  these diménsional

changes are studied later in section 3.8.

The "Redox" Muscle

Observation that the energy output in natural muscle was obtained by
oxidation of glucose, prompted Kuhn to iﬁvestigate the possible stimulation of
the contractile reaction in polyelectrolyte gels - using oxidising' and reducing
agents. This new system used a new copolymer prgpared from vir;yl alcohol and
allylalloxan [Kuhn, 1960], which was crosslinked with PVA in equal parts as
described before, figure 3.4. '

Addition of reducing and oxidising agents produced a completely reversible

cycle with contractions of about 20%. on reduction.
- 3.5 -



A)
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Figure 3.4 Preparation of Redox Muscle Polymer [Kuhn, 1960].

Oxidation restored the strips to there original length. Since the motions in this
polymer were induced by an oxidation/reduction reaction this has been termed a

"Red-ox muscle".

4 The “lon fe*
In 1955 Katchalsky [Katchalsky, 1955] showed that mechanochemical responses

could be produced when polymers were subjected to ionic stimulation. It was
found that when a sodium salt of a polyacid was converted into a calcium or
barium salt there was a ‘critical point at which a violent contraction occurred.
This process was fully reversible on addition of a monovalent salt to replace

the divalent salt. The reaction mechanism is given by [Katchalsky, 1955];
R(COO-Nat),, + N/, Ca?t == R(COO~Ca?*/, ), + nNa*- (3.1}

Hojo [Hojo, 1971] later studied the contractile effects of specific ions and

found that the degree of contraction decreased along‘ the sex*iés
Cu(Il)> Cd(I1)> Co(Il)> Fe(Il)> Ca(Il)> AlII)> Zn(II‘);gVBa(I'I) >K*

This mechanism has not found much success when applied to polyionic gels
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because of the sluggish response and poor strength of the materials.

Figure 3.5. Equilibrium length v Conc. for KCNS stimulated collagen fibres

[Katchalsky, 1955].

In 1956 Flory [Flory, 1956} pointed out that considerable forces could be
produced during phases transitions, encouraging Katchalsky and his coworkers to
experiment with a range of other materials that they felt might show these
phase transitions. This eventually lead to tests on reconstituted collagen which
undergoes ‘chemical -melting’, figure 3.5, when interacting: with a variety of
compounds, both electrolytes and non-electrolytes.

In these tests stimulation by LiBr or KCNS produced rapid contractions, with
forces 10 times those generated in muscles of equal cross-sectional area. These

contractions could be reversed by treating the collagen fibres with water,

F‘f"i?‘f‘fﬁ‘}j ,
4
\
I

Satt |Solution
1

cll i T
Figure 3.6. Mechanochemical Turbine, front and side view [Sussman, ‘1970].
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Sussman [Sussman, 1970] and Steinberg [Steinberg, 1966] have used this
principle in the cor;struction of their mechanochemical motors and turbines,
figures 3.6 and 3.7, vghich can be stimulated by a range of compounds such as,

LiBr, CaCl, MgCl, KCNS and urga'y .

Concentrated LiBr " ‘Water or diluted LiBr
Solution Solution
Figure 3.7. Mechanochemical Pulley [Steinberg, 1966].

Using these engines masses several thousand times that of the fibre could be
lifted, generating tensions in excess of 125kg/cm? [Steinberg, 1966], (maximum
muscle tension is approximately 2-4kg/cm?) while a maximum power output of

0.03W/g was attainable, equalling that for the sartorius muscle in a frog.

Artificial muscles have also attracted the attention of researchers hoping to use

electrical stimulation to trigger a response in much the same. way that electrical

pulses are used in animal muscular control.
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Figure 3.8. Apparatus and Time Response [Hamlen, 1965].
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The first system of this type was proposed by Hamlen et al. [Hamlen, 1965},
Figure 3.8. This "electrical muscle” used platinum electrodes to electrolyse the
solution  producing alternately acid and then alkali environments. The use of
electrolysis to produce acid/alkali changes means that the response rate is low.
It is also perhaps a little zealous to classify this as new form of stimulation as

it is merely an extension of the pH technique.

Work in this‘ area has continued, however, with Fragala et al. [Fragéla, 1972]
producing a refined system based on the properties of cationic and anionic
exchange membranes, figure 3.9. These membranes are formed in three layers,
the central membrane being the actual muscie | fiﬁre. There are two
compartments on either side of this muscle each initially containing HCl and
NaCl solutions of equal concentration. The muscle membrane is in an
undissociated (less swollen) state. When current flows in the circuit, the
electrolyte concentration in the central compartment containing the muscle
decreases, due to differences in permselectivity of the ion exchanée membranes.
The more mobile HY ion concentration decreases most rapidly. When this
concentration is less than that of the muscle membrane dissociation constant,
the acid groups in the polymer ionize producing muscle dilation. Contraction is
achieved by reversing the direction of current flow. This method although
exhibiting some very interesting features, gave dimensional changes of less than

1%, and was obviously not a good actuator candidate.

To Power

~ supply
el el —
¢ ZR=B\
aCl g = NoCl _electrode
. +HCi g = % +HCl

Anionic membrane
Solution comaining
NaCl and HC! i

Cationic membrane
Solution containing
NaCl and HCL

Muscle membrane { Weak acid)

Figure 3.9. Scheme of Electrically-activated Artificial Muscle system [Fragala,

1972].
-39 -



Recently Tanaka [Tanaka, 1982], using partially hydrolysed ‘polyacrylamide gels
(PAM) reported that infinitesimal changes in the electric potential across the gel
produced a discréte, reversible volume change, the volume of the collapsed gel

being several hundred times less than that of the swollen gel, figure 3.10,
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Figure 3.10. Electrical Stimulation producing Phase Transition [Tanaka, 1982].

Osada ~ [Osada, 1985] using  water  swollen  poly(2-acrylamido
~2-methyl-1-propanesulfonic) acid (PAMPS), reported similar results, concluding
that reversible volume changes can be produced under electrical influence in all
polymers; synthetic or natural, which éontain ionizable groups. The rate of
water release from these PAMPS gels is described as ‘high' with a strip of
material weighing 1g when dry and 2250g in water reducing its weight by 70%
due to water loss under the influence of a 12V/cm (0.7mA) DC field applied
for 20 minutes. To date the poor mechanical properties of this material have
prevented its use in actuator design. Similar tests [Osada, 1985] conducted by
Osada on a number of other gels produced a series of anomalous results when
lifting a load. It was found that initially increasing the loading reduced the

contraction rate, but this trend was then reversed with increasing loads being
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lifted at increasing speed. Increases of a factor of 6 in the power output have
been recorded. This unusual behaviour is believed [Osada, 1985] to be due to
spontaneous ijonization of the ionizable groups, leading to an increased current
flow when the gel is stretched. It is felt that this may be useful as a form of
controlled feedback with the polymer ‘increasing the energy absorbed as the load
increases, without the need for any external stimulus [Osada, 1988].

The mechanism of swelling and deswelling under the influence of an electric
field as described above has, however, not been fully clarified. Tanaka describes
a phase transition whereas Osada states that no critical point of the electric
field induces a sudden substantial shrinkage. These inconsistencies will be
addressed in section 3.8 when considering the mechanism involved in producing
dilation and contraction.

In ltaly, De Rossi et al. [De Rossi, 1985, 1986, 1988a] have also been
working on the use of PAM and PAA-—PVA polymers. The artificial muscles
used in this research are stimulated by an electro-chemical effect similar to
that used by Hamlen. The apparatus being used in tﬁeir tests is shown in
figure 3.11.

This electro—chemical stimulation technique produces contractions of 8% in 86
seconds (=0.1%/sec.) in a PVA-PAA strip 100ym thick [De Rossi, 1988b].

During these contractile cycles the forces generated have been measured at up

to 10N/cm 2.

.

PSPy 4

Figure 3.11. Force and Velocity Measuring Apparatus [De Rossi, 1986].
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It is claimed that by increasing the PAA content this force can be increased,
although at the‘,expen#e of making the polymer less robust [De Rossi, 1988b].

It has been stated that the major objective of this research is the development
of physical and mathematical models 6f the mechanism, with attempts being
made to imprové the response characteristics under electrical stimulus by
mcorporatmg the electrodes into the body of the polymer. These electrodes are
introduced into the PVA/PAA strips during a doping process involving

conducting fibres made from Polypyéoll, figure 3.12.

|

N

i

Figure 3.12. Structure of Polypyroll.

The main applications of this research are in the biomedical field with hopes

of producing an artificial sphincter muscle and perhaps an artificial urinary

system.

Thermo itive Polymers

Studies [Bae, 1987, 1989] into methods of drug delivery and release have
highlighted the properties of crosslinked poly(N-isopropylacrylamide) (PNIPAAm)
which shows a remarkable change in aqueous swelling when the temperature is
varied. Due to the poor mechanical properties of this: hydrogel it is generally
synthesised in a copolymer with butyl methacrylate (BMA). Temperature changes =
result in significant variations in the equilibrium swelling ratio (weight of water:
uptake .per unit mass of dried polymer), with an initial ratio. of almost 7:1 at
10°C reducing to about 1.5:1 at 60°C [Bae, 1987]. The time response is shown

in figure 3.13,
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Figure 3.13. Response of Thermo-sensitive Polymers [Bae, 1987].

and although slow, appears to be consistent and reversible. At present this
method of control has only been applied to drug release problems, but the
development of new materials may mean that a thermo-sensitive actuator is
“conceivable. This technology could equally be applied to sensor design where it
may be of additional value,

While not being truly a ‘thermo-sensitive’ reaction the author discovered
during subsequent research into methods of stimulating contraction that motions
can be produced by thermal sﬁmulaﬁén (drying) of the material. This method
will be studied in detail in Chapter 4 where it will be shown that very high
contractile forces can be generated. The actual internal mechanism producing

these contractions will be considered in section 3.8.

hot nsitive Pol
Contractions induced by light effects have been reported by a number of
researchers [Smets, 1975; Avriam, 1978; Ishihara, 1984]. Substances which
contain groups such as spirobenzopyrane, azobenzene, stilbene, and thioindigo
undergo cis ew= trans isomerization on irradiation and by incorporating che
groups into polymers. a photo responsive reaction can be produced. Three types

of photocontraction are considered below.

Smets W[Smets, 1975), using a crosslinked poly(ethyl methacrylate) -
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spirobenzopyrane copolymer observed dimen#ional changes of 2.3% (in a
polymer with dimensions of 3.97mm x 5mm x 0.48mm having a 115g load) in
under 2 minutes when exposed to ultraviolet light. These changes were
dependent on the stress, temperature, degree of crosslinking and nature of the
photocontractile component. This contraction was completely recoverable when

the polymer was placed in the dark, figure 3.14.

3
2=
o0 o003 o0 el o
G : : ' IP ‘I / } K4 '|
< - \ /° ' ; i b ! P !
< ' H K ' ? H K i / \
< J 3 " H f : |‘ ° !
f ’0 ‘0 H ' 1 ] ? o ' \
T ' ' e 7 6 Vo S
[ ' H N ] \ ! 1 !
! [ I v ' 1 ! ' ! \
e [ ° \ ! ] ¢ ) ® 1
\ d h [} ? \ h ° ' s
. :
o lignt oork | A Vo \ |.' \
1 M ) A
a | 5 Q %! ]
o b R -3 ' Y
° © M RJ RN
0 S 10 15 20 25
t (min)

Figure 3.14. Light Stimulated Contraction-Dilation [Smets, 1975].

Aviram [Avriam, 1978] synthe;izea poly (y—glutamic acid) membranes with
active N,N - dimethyl amino groups which react when irradiated by UV light
in the presence of CCl, or CBr, figure 3.15.

Other researchers [Ishihara, 1984] have prepared polyrr;ers which when
irradiated change their water wettability characteristics. This can be used to
induce swelling under irradiation by light of different frequencies or in darkness

depending on the exact nature of the polymer.
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Figure 3.15. Photo-mechano—chemical Response [Avriam, 1978].
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These changes can be fully recovered by placing the polymer in darkness or

by appropriate irradiation.

Dilation/Con ion Mechan
PVA-PAA copolymers. gels are neither solid nor liquid. To understand what
causes the contraction/dilation response in these materials it is necessary to
understand the forces at work. Three key forces have been identified, the
rubber elasticity, the polymer - polymer affinity and the hydrogen ion pressure
(electro-repulsive effect). By combining these forces in the body of the gel the

muscle-like motions are replicated.

3.8.1 Rubber Elasticity

The rubber elasticity of the gel is the elasticity of the individual chains, or
the resistance of the strands to stretching or compression. A single strand may
be represented as a rigid chain of freely jointed segments, which are in
constant motion due to thermal agitation. If such a chain has its ends extended
almost to its.full length, thermal energy gives rise’ to a force which on average
tends to pull the ends inward, a contractile force. If on the other hand the
‘ends are held close together the random mc;tion on average uncoils the chain.
At a point between these extremes is a position were the strand is neither in
tension nor compression. In any particular configuration the rubber elasticity
“strength depends on the activity of the fibres. Being a thermally induced
activity ‘the motion is dependent on the absolute temperature, hence the
restoring force is proportional to temperature, but temperature has no effect on

the directior;, figure 3.16.
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Figure 3.16. The Rubber Elasticity Component of the Osmotic Pressure.

It has been shown that equilibrium is attained at an intermediate distance such
that the root mean square (rms) value of the distance r between the ends of a.

polymer chain containing n links with bond lengths [, is given by [Treloar,

1975];

-
e e . s e o e e s e e

C, C, G

" Figure 3.17. Bond Orientation [Treloar, 1975].

(r))yt - = In {(1+cos€)/v(l-cosb‘)} 4 {3.2)

‘where 6 is the supplement to the valence angle which for an ideal model on
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a long chain polymer having complete freedom of rotation, figure 3.17, is given

as; valence angle = 109}, 0 = 70}, giving;
(r)yt - 1,2t ‘ . (3.3)

The elasticity of the material can now be formulated using the theory of
statistical thermodynamics [Treloar, 1975}, involving c#lculation of the relative
number of configurations as a function of deformation. This will reveal the
relationship between the temperature and the elastic force.

If a strip of polymer is extended, the work done against tension F to increase
the length from 1 to 1+dl is equal to the free energy G at constant

temperature. This may be defined as:

F @+ = (dG/dl) T {3.4)
Assuming free rotation of the links (subject to constant values for their lengths
and valence angles) is equivalent to the thermodynamic condition that the

internal energy U is independent of length. Therefore using G = U -~ TS (2nd

law of thermodynamics), where S is the entropy, it follows that:
F - -T (dS/dl)p (3.5)
This result has been proven experimentally by Meyer [Bawn, 1948]. It has
further- being shown that thermodynamically, the entropy S and the internal
exicrgy U are related to the tension and the length by [Bawn, 1948];

“F - (duysdl)y - T(ds/dl)t {3.6)

- (dUzdl)y + T(dF/dT)| (3.7)
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Meyer [Bawn, 1948] has also shown that for a rubber this relation becomes:
F - bT (b = constant) {3.8)

Raising the temperature of the system clearly increases the tendency for the
expanded gel to collapse,‘ and the collapsed gel to expénd. This gives rise to a
pressure which, by convention, is positive if the tendency is to expand the gel,
and negative if it makes it shrink.

Generally the force is not calculated because the configuration is not known.
However, by measuring the swelling, force predictions can be made. The elastic
force component of the osmotic pressure associated with the swelling of the
polymer has been given by a number of sources as [Treloar, 1975; Bawn,

1948];
M, = pRT (4 v, - v,'/3) /M, (3.9)

Where II; is the swelling/deswelling force induced by rubber elasticity, v, is
the volume fraction ( volume fraction is the ratio of the unswollen to the
swolien volumes, which for swelling is <1) of the polymer, R is the gas
constant, T is the absolute temperature, p is the density bf the unswollen
polymer, and M, is the molecular weight.

For materials with large molecular weights ( >10,000 ) subject to relatively
small swelling (<200%), vz‘/ 3y dv,, and equation {3.9} is often simplified to

[Flory,. 1953];
M = . -(pRT v,/3) /M, (3.10}

Thermal stimulation as mentioned - earlier produces high contractile forces on

dr}ing and it is believed that these forces are produced as a result of the
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rubber elasticity effect. Heating causes the swelling solvent (water) molecules to
evaporate from the sufface of the polymer, leaving this dry. The water
molecules within the polymer now move to the surface because of the
imbalance, reducing the internal concentration resuiting in contraction. These
molecules are subsequently removed by evaporation and the cycle continues until
all the water has been removed and the polymer is in its unswollen state. By

attaching these films to a joint, motion can be produced during contraction.

.8.2 Polymer — Polymer Affinit

The second force acting on the gel, the polymer-polymer affinity, can be
traced to an interaction between the polymer fibres and the solvent [Flory,
1953]. Such interactions can either be attractive or repulsive depending on the
electrical properties of the molecules. When the interaction is attractive the
polymer can reduce its total energy by surrounding itself with solvent molecules.

Where the interaction is repulsive the solvent is excluded, figure 3.18.

 Low Polymer Affinity High Polymer Affinity

Figure 3.18. Polymer - Polymer Affinity

If a polymer has greater affinity for another fibre than the solvent, it

coagulates, and creates a negative pressure which in the absence of any other

forces would cause the gel to collapse. This negative pressure is temperature
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independent, but does depend on the composition of the solvent. Volume also
plays a part in determining the strength of the polymer — polymer interaction.
Polymer affinity is a short range force and is only fully effective if two fibres
are touching. The probability of such contact is inversely proportional to the
square of the volume. Therefore, as the gel contracts, the attractive (negative)
pressure increases, but as the gel expands the resistance to further expansion
abates.

The most important feature in the understanding of polymer - polymer
affinity is the connection between the energetics of the polymer and the
swelling/contracting solvent. Gee [Gee, 1942] believing that the interaction was
a result of the field forces between neighbouring atoms developed the theory of
‘cohesive energy density' (C.E.D). C.E.D is defined as the energy required to
separate all the molecules in a given material from one another, which for
non—polar solutions is the heat of dilution AH, It was suggested in this theory,
that for a polymer swollen in a solvent maximum swelling will occur when AH,
is a minimum, ie when the C.E.D of the liquid equals that of the polymer.
© This theory is more widely applied» in terms of the solubility parameters (&)

which are defined as [Gee, 1942];
5 = (C.E.D)? {(3.11}

Solubility parameters for an extensive ranée of solvents and polymers are
available in chemical texts, and by judicious choice of solvents the swelling and
deswelling can be maximised. While this theory appears to be universal with
’non—polar solvents, polar, and hydrogen bonded solvents cause anomalies due to
ionic interactions. Favourable interactions as before cause swelling, while
unfavourable interaction produce no swelling and perhaps contraction.
Unfortunately for these polar solutions no overall theory or list of solubility

effects is available.

As with the rubber elasticity the polymer — polymer affinity component of the
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osmotic pressure can be found [Treloar, 1975];
Mp = (RI/YIv, + In(1-v,) + xv,?) (3.12)

where V is the molar volume of the solvent, and yx is the Flory - Huggins

parameter.

3.8.3 Electro-repulsive Effect

The electro-repulsive effect (hydrogen ion pressure), is the third factor
contributing to the swelling and deswelling pressure. This force is associated
with the ionization of the polymer network, increased ionization results in the
displacement of positively charged hydrogen ions into the gel fluid, with electro
- repulsion between the ionized groups on the polymer chain causing dilation,
figure 3.19. A reduction in ionization, causes the H* ion to reassociate with
the carboxyl groups; reducing the repulsion and producing a contraction. The

situation thus arises of [Treloar, 1975];

Expansion: R(COOH), + nAtB~ » R(CO00-A%), + nH*B- {3.13a}

Contraction: R(C00™X*), + nH*Y™ - R(COOH), + nX~Y* {3.13b)

Hence the electro -repulsive effect although maintaining electrical neutrality

because of the presence of a balancing numl;er of positive and negative ions,
produces a significant force with a pressure which is directly proportional to the
absoiute temperature, and inversely proportional to the volume.
"The 'pH muscle uses the electro— repulsive effect as its driving force. Adding
aﬁ alkali increases the pH, inducing ionization of the long chain molecule, this
ionized system repels strongly causing dilation. Addition of an acid reduces. the
ionization, hence reducing the repulsion and allowing the polymer to contract.

Addition of a salt uses the electro — repulsive effect in a different way to

produce similar results. Positively charged metal ions from the salt displace the
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hydrogen ion from the polymer, the H* vcombining with the free radical
associated with the metal. The presence of the metal ion results in screening of
the polymer ions reducing the repulsion and the system collapses. Introduction
of a large quantity of a metal jon with a lesser ionic strength causes
displacement of the original jonic species. This second metal ion has a reduced

screening effect and thus swelling ensues.
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Figure 3.19. Electro-repulsive Force (Hydrogen Ion Pressure)

The electric field effect observed by Osada and Tanaka can also be explained
in terms of the electro — repulsion. Application of an electric field affects both
the negatively and the positively charged ions in the gel. The hydrogen ions
flow towards the negative electrode forminé part of a closed electrochemical
circuit with the number of ions remaining constant. The negative ions on the
carboxyl ‘groups cannot move, which means that the polymer as a whole is
-drawn to the positive electrode. This gives rise to a negative pressure, which is
.most strongly negative adjacent to the positive electrode and zero at the other
end of the gel.

The osmotic pressure component produced by electro - repulsion is given by

[Tanaka, 1980];
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n, = (pRTf/MQ)V, (3.14)

where f is the number. of dissociated hydrogen ions per chain.

By combining these three forces the factors which produce swelling and
deswelling in polyelectrolyte gels can be explained. In particular the mechanisms
whereby the various stimulation techniques produce contractile responses can be

understood.

4 Combined Intr lymer Effec
The effects of each of these osmotic pressure components can easily be seen
in isolation, but in a pseudo-muscular polymer it is the interaction of the
effects which produces the dilations and contractions required to induce motion.
By analyzing these factors it may be possible to explain why certain researchers
[Tanaka, 1980] have emphasised a phase transition while others [Osada, 1985],
have said that no discrete changes occur. The essential feature is that whenever.
possible the polymer will try to adjust its volume so as to minimize the
osmotic pressure and the internal energy. If this pressure is negative the
polymer expels liquid and shrinks, while a positive pressure induces the uptake
of liquid and swelling occurs. These actions continue until an equilibrium is

reached, the total osmotic pressure [I; being given by [Tanaka, 1980}:
N = N, + N, + N {3.15)

- Changes in the osmotic pressure are caused by addition of one of the
Stimulams considered above. Depending on these conditions, contraction or
dilation will occur, but the changes in the three pressure components which
accompany any volume change are .not equal. It is the relative pressure changes
which give a “series of equilibrium positions which are not directly proportional
to the ] strength of the stimulus. Tanaka [Tanaka, 1980] has shown that these

component préssure equations are critically defined by factors set during the
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production of the gel. By redefining the relationship between the pressure
components during expansion and contraction, a variety of profiles can be

obtained, figure 3.20.

Toral
Osmotic
Press

Volume

Figure 3.20 Phase Transition Effects.

Thus a muscle strip prepared under one regime may give the input
stimulus-swelling curve A, while new conditions give curves B, C, D and E. It
will be noticed that curves B and C have developed inflection points because of
these variations, while for D and E a point is observed were an infinitesimal
input change causes a large volume change. This is the point of phase
transition. |
This region is believed to develop because "of particularly large discrebancies
between the rates of changes of the pressure components [Kuhn, 1960], which
produce an inversion region, ie contraction is preferred in a system which
‘would be expected to dilate or vice wversa. Rather than following the inner
curve (x-y) produced by this inversion, a straight line response is observed.
This is due to the instability of this region. With extremely small stimulus
changes, the ‘material 'jumps' from a low to a highly swollen condition (during
swelling) and from a high to low swelling state (during contraction). This jump

constituents a phase transition the exact nature of which can be varied by
- 324 -



production effects to give different curves such as D and E.

It is the author's opinion that the disagreement over whether a phase
transition is causing the changes would now seem to be resolved, since both
phase and non-phase gransitions can be observed depending on the production
conditions, which determine the relationship between the various osmotic

pressure components.

Evaluation of Stimulation hni

As the object of this research is the production of an actuation system to be
used in a dextrous hand, the primary consideration at this point is to produce
a mechanism with rapid, strong movements.

A number of the methods outlined in this chapter are ruled out almost
immediately. Thermo- and photo- sensitive polymers are at present too slow
/and have only limited dimensional changes. Thermal stimulation (drying) may be
worth pursuing because of the large forces which can be generated and the.
possible application to high vacuum, high thermal radiation environments
(space).

The ideal mechanism would be one which could be controlled electrically using
chemical energy as the storage medium, much as muscles do. This will be
investigated, but it is believed that at the moment the response is too slow,
while materials having more rapid responses are too weak.

PH and chemical stimulation will also be testt;d as these are felt at present to
be the methods which have the optimum response, and hence are the best way
to prove the feasibility of this pseudo—muscular actuation sysytem.

" The ' salient point which emerges from this evaluation is that there is
cénsiderable scope for improvements in the materials available, and the physical

properties which they possess.
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Ohapter 4
Beuelopment and Characterisation
of Polymer Properties

4.1 Introduction

1t is theoretically possible to produce a contractile response in many types of
polymer. Tests were conducted on three such materials, gelatin, gum arabic,
and a polyvinyl alcohol/polyacrylic acid co—polymer, to determine which if any
produced the best (most muscle-like; rapid strong contractions on application of
'a stimulus) response.

In this chapter, synthetic muscles (particularly PVA-PAA) are stimulated using -
a number of techniques including saturation with acetone and water. The
strength and power output profiles obtained are then compared with profiles
obtained from natural muscle. The production processes are also considered as
a number of factors set at this stage are believed to have a significant bearing

on the final pseudo—muscular performance.

4.2 Testing of Potential Musclé Materials

Gelatin and gum arabic are naturally occurring long chain polymers. Gelatin is
prodﬁéed by thermal degradation of collagen and as such has many of the
ﬁ‘roperiies of collagen, while gum arabic is used mainly as an adhesive.

’fhe gelatin used in these experiments was a high purity edible type, while the
gum arabic was a commercial grade adhesive used in the paper industry. Test
films of both materials were produced using identical processes.

The polymers in powder form, were dissolved in hot water forming a

saturated solution. On cooling these solutions formed gels of no great strength:
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which were left for 72hrs to evaporate, forrﬁing solid films of high tensile
strength at the end of this period. Since these films were still water—soluble,
some method of preventing dissolving was required. This was achieved by
thermal crosslinking.

Strips of both materials were annealed in an oven at 100°C for 10, 20, and 30
minutes. At the end of these periods the strips were removed and it was
observed that in all cases the material had expanded and now had a
honeycomb structure. The gelatin was observed to have changed colour from
almost colourless to amber or brown, while the gum arabic had changed from
cream to a dark brown or black. The deepening of colour is related to the
period of treatment. The samples (thickness = 0.3mm, width = 20mm) were

expanded in water and the percentage dilation and breaking stress were tested

and recorded, Table 4.1.

Material |{Crosslinking|Swelling(Breaking |[|Thickness{X-sectional

Stress Area

1 Gelatin {100°C;10min. 50% {0, 05N/cm? 0.25mm{ Smm?

1 Gelatin_ {100 C;20min. 28% {0.1IN/cm? 0.23mm| 4. 6mm?

1 Gelatin _§100°C:30min. 19%  10.2N/cm? 0.24mm{ 4. 8mn?

{Gum Arabic{100°C:10min. 63% 10.0IN/cn? 0.25mm{ Smn?

{Cum Arabic|100°C:20min.| 31% {0.02N/cw?| 0.26mm{ 5.2mw |

4Gum Arabici100°C:30min, 20% 10.03N/cm? 0.24mm} 4, 8mn?

‘Table 4.1. Effects of Crosslinking on the properties of Gelatin and Gum Arabic

These results indicate that increased exposure to heat, which increases the
crosslinking, ‘reduces the potential for expansion, while increasing the breaking
stress. In all instances the load which could be sustained was not large. This is

believed to be due to the weakening effect of the honeycomb structure. The
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values for gum arabic proved to be particularly poor in this respect. These
results highlight the effect of crosslinking which is to reduce the freedom of
movement of the molecules by increasing the strength of inter-molecular
binding. |

Observation of the gelatin when being vulcanised showed that bubbles were
produced by expulsion of water vapour and air. Some of these bubbles did nbt
manage to escape and fofmed the honeycomb structure. It was felt that if this
could be prevented the stre;xgth of the gelatin films would be increased. To test
this theory new films were crosslinked using Iron (III) Chloride [Kruyt, 1949].

A gelatin film was immersed in a 10% solution of FeCl, for one hour, after
which the saturated film was found to have expanded and changed colour to
dark brown. This sample was left as before to evaporate to dryness. At the
end of this period, the material had shrunk to form a thin film which in this
dry condition was very strong. On addition of water the film formed a
plastic-like material with no measurable tensile strength.

While the experiments as outlined so far have dealt with the failures of
gelatin and gum arabic, it should be remembered the these tests were designed
to test if muscle-like movement could be produced artificially. To demonstrate
this action a final test on thermally crosslinked gelatin strips produced at 100°C
for 20 minutes, with the same dimensions as before, was undertaken.
Swelling/deswelling was produced by water saturation and drying respectively,
while it was shown by attaching loads to the” fibres that useful work could be

produced, Table 4.2.

’Load Expansion RatelContraction RatelArea Power

Og 0.75%/sec. 0.04%/sec 4mm? OmW
Sg 0.95%/sec. 0.03%/sec 4mm2|.0015mW
10g rO.lOS%/sec. 0.01%/sec 4mm?2].001mW

Table 4.2. Swelling/deswelling of Loaded Gelatin Strip;
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With no load, rapid, repeatable swelling/deswelling was produced at rates of
up to 0.75%/sec. and 0.04%/sec. respectively. Loading caused an increase in
the swelling rate and a decrease in the contractile (active cycle in muscle) rate.
During these loaded tests, stresses of up to 0.2N/cm?2? were supported. In
conclusion it can be stated that while gelatin and gum arabic are unsuitable for
use as an artificial musclé because of their lack of strength, the response shows

that a synthetic process resembling muscle contraction/dilation is a possibility.

4.3 PVA-PAA Co-polymer Synthesis
The previous experiments with gum arabic, and particularly gelatin have
demonstrated that it is possible to produce films which will do useful work
when expanding and contracting. So far these materials havé generally proved
to be too weak for use as an artificial muscle, but, a study of the properties
of polyvinyl alcohol (PVA) has shown that this material has a high tensile
strength and can be combined with other polymers such as polyacrylic acid
(PAA) to produce a material with substantial swelling /deswelling variation
[Kuhn, 1949; Katchalsky, 1949].

PVA having a degree of hydrolysis of 86%-89% and an average molecular
weight of 100,000 and PAA with a molecular weight of 500,000-1,000,000
(Fluka AG, Buchs, Switzerland) were separately dissolved in hot water forming
10% solutions. These solutions were then mi;ced and thoroughly stirred for 20
minutes. This homogeneous solution was poured into a clean, smooth container,
where gelation occurs. These gels were then left for a period of 48-72hrs to
.'_evapo’rate to dryness. When thoroughly dry, the still soluble film was removed
from their original container and heated in a thermostatically controlled oven.
producing the crosslinked co-polymer.

When combined in a co-polymer, polyvinyl alcohol (PVA) and polyacrylic acid
(PAA), crosslink to create a tangled network immersed in a liquid medium,

with the properties of the gel depending strongly on the interaction of the
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polymer with the fluid medium. The chemical ﬁature of the polymers and the
effects of crosslinking have been shown in figure 3.1.

Control over the thickness of the strips is exercised by varying the amount of
material used and the area of the drying vessel, with the thicknesses used in

subsequent tests being detailed in the relevant section.

4.4 Therm mi
To fully understand the physical factors which produce swelling and deswelling
(particularly in PVA-PAA), it is necessary to study the thermodynamics of the

interactions. The starting point for an analysis of this type is the Gibbs

equation [Kuhn, 1960]:
dU = TdS - pdV + fdl + Ypu;dnj + yde {4.1)
where

dU is the change in internal energy (U);

TdS is a heat term composed of the product of absolute temperature
and the entropy added to the system; (thermal energy).

-pdV is the energetic contribution of compression; (mechanical
energy)

fdl is the work done in stretching a ffbre of length 1 to 1+dl
using a force f; (mechanical energy).

Zpidﬁi is the increase in energy produced by the introduction of
dn; moles of component i, the specific increase being the
chemical potential pj. The summation is necessary if more than
one chemical component must be added; (Chemical energy).

yde is the ‘electrical work term due to a change in the charge de

at an electrostatic potential y; (Electrical energy).
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The potential for converting energy from a mechanical to a chemical form
and vice versa can be clearly seen from this equation.

Information on the exact changes which are occurring cannot, however, be
obtained from this equation since any energy changes could be produced in a
number of ways; e.g. variation in-the internal energy or entropy, or volume
expansion of the fibre. Useful information can nevertheless be obtained by
taking the cyclic integral. of the total differential and equating this to zero
(ded)) [Katchalsky, 1971]. Therefore since dU, dS, and dV are total
vdifferential for a reversible process, these integrals over a cycle (expansion -
contraction) vanish.

Applying this cyclic integration to a transduction from chemical to mechanical

energy, while keeping the temperature and pressure constant gives;

$AU = TdS - fpdV + ffdl + fSpidn; + dide (4.2)

however, as both T and p are constant and since a cyclic integral of dU is

present;

0= 0 - 0 + ¢fdl + fSuydn; + fude {4.3a)

or

-¢fdl = g¥pidn; + gyde {4.3b)

this gives the mechanical work performed by the engine (muscle) as gfdl,
which is known as the elastic or mechanical free energy (Felast Of Frech)-
The chemical energy in the system #opidn; is known as the chemical free
energy Fehem oOr the energy of mixing Fryjy, while Fejeer (fyde)is the .
electrical free energy. It can thus be stated that in a reversible-
mechanochemical cycle all the free chemical/electrical energy input into the

process may be converted into mechanical work.
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-F - F

elast mix * Felect (4.4)

The Gibbs integral equation now shows that if the chemical potential remains
constant during conversion, no work is performed, because, if each g is a

constant and each dn; is a total differential then ;

Fmix - fz;zidni - Z#ifdni - 0 (4.53}

A similar relationship is true for constant electrical potential;

Felect = $¥de = ydde = 0 {4.5b)

Hence, to convert chemical/electrical energy into mechanical energy, there
should exist a difference in the chemical/electrical potential of at least some of
the substances participating in the work cycle. This shows a basic comparison
with the thermal work cycies developed by Carnot [Reynolds, 1977]. The
comparison of the chemical work cycle with the Carnot cycle will be dealt with
later in this chapter.

The free energy change AF which occurs in swelling/deswelling reactions can

be divided into three parts that have already been considered {4.5}, giving;
AF = AFpix  + AFelnast: + AFetect (4.6)
Using the Flory-Huggins expression [Flory, 1957] gives AFp,iy as;
AFpix = RT{(In(1-v,)+(1-1/%)v +Xv,2) {4.7)
with X - Flo;y—Huggins parameter.

x — number of segments in chain.

R - Gas constant per mole.
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If the number of segments is large, 1/x is very small, and the equation

reduces to [Flory, 1957)];
AFpiy = RT((In(1-v,)+v,+Xv,2) (4.8)

By reference to gaussian network theory [Treloar, 1975], with isometric
expansion A\; = A, = A, = vz‘/ 3 (where 1/v, is the volume swelling ratio)

the elastic energy is;
OFg1ast = (PRTV,v,'/3)/M, | (4.9)

where p is the density of the polymer; V, is the molar volume of the
solvent; and M, is the average molecular weight of the segments. Equating this

with the Flory-Huggins expression Fp,ix, gives the total free energy of dilution

of a non-electrolyte gel;
AF = RT{ In(1-v,) + v, + Xv,2 + (pV,V,"/3)/M.  {4.10a)
which at equilibrium, where AF=0, gives
In(1-v,) + v, + Xv,2 =—(pV,v,1/3) /M, {4.10b)
With polyelectrolyte gels such as PVA-PAA these energy balance equations
must additionally contain an electro—repulsive component. The nature of this
electrostatic effect is so complex that it is not open to thdrough mathematical

analysis, but it has been shown that the energy associated with this parameter.

' is of the form [Tanaka, 1980];

AFg1ect = PRTEV, /M, v {4.11)
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Under these cicumstances the energy balance equations {4.10a} and {4.10b} are

modified as follows;
AF = RT{ In(1-v,) + v, + Xv,2 + (pV,V,1/3)/M. + pRTfv,/M; (4.12a)
In(1-v,) + v, + Xv,2 ==(pV,v,"/3) /M, - pRTfv,/M. (4.12b)

Chapter 3 gives a feeling of how these various chemical, mechanical and
electrical effects influence the behaviour of the polymer. By applying the
thermodynamic relationships outlined in the above analysis the effects of the
energetics of swelling can be understood. Further details on the thermodynamic

effects will be outlined in the relevant sections.

4 lationshi Molecular Weight an ilibrium 1lin

The equilibrium swelling is a very important component which can be used to-
give an indication of the effects of wvariations in the production parameters,
based on the response achieved. Flory and Rehner [Flory, 1943], have
demonstrated that the polymer chains in non-polar gels have a swelling
equilibrium which can be encapsulated in a formula. Although the gels which
are being used to mimic muscle are polar, this is still believed to give a fair
estimate of the degree of polymerisation. The application of this theory to this
study seems particularly valid when considering” that it is not the actual degree
of polymerisation which is being sought, but the chain length relative to other
samples of the same material. The approximate equation which is used for the

evaluation of Z (the degree of polarisation) is [Huggins, 1943];

.z = _— (4.13)

Using this equation the degree of polymerisation of- the samples prepared

above can be obtained for comparison, so that the results of the crosslinking
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effect can be quantified to some extent.
By considering the changes in the free energy the effects of crosslinking on
swelling can also be studied.

From equation {4.4}:

AFelectt AFpix = -AFglast {4.14)

where the total free energy AF has the dimensions of pressure, AFp:, is the
osmotic swelling pressure, while AFg),¢ represents the resistance of the network
to swelling or deswelling, and AFgject is the ionic repulsion effect within the.
network. By plotting the energetics of mixing, electro—repulsion, and elasticity

the effects of these parameters on swelling can be observed, figure 4.1 [Lloyd,

1962].

N / Felast

/Mol

Volume

mix +Fetecr

F

" Figure 4.1. Energetics of Equilibrium Swelling

In the unswollen state, V*, the elastic component is zero, while the mixing
component is at negative infinity. Swelling induces changes in the energies of
all these components and at the intersection of the curves, equation {4.14} is

satisfied; the équilibrium value point being designated Vg
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Figure 4.2. Modulus Effects on Swelling.

The effect of varying the crosslinking is to change the modulus values K,
which changes the elastic equation, producing Feajaqt Curves of greater steepness
when the crosslinking is increased and less inclined curves when the crosslinking
is reduced. Plotting these results, figure 4.2, shows that the intersection points
have been moved, giving new equilibrium swelling values. This ' observation
agrees with the theory that increased crosslinking decreases the swelling and

vice versa.

4.6 Production Variable Effects‘

The thermodynamic analyses completed above have = indicated that the
productiori conditions have a significant bearing on the mech;miéal and chemical
pr.operti-es of the polymer. To further investigate these factofs, polymer films
were prepared subject to the variations listed below:

1. The relative proportions of PVA and PAA in the films ranged from
50-80% and 50-20% respectively.

2. The crosslinking temperature ranged from 100°C-200"C.

3. The crosslinking period ranged from 0-100 minutes.
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Strips were prepared under different conditions the production parameters for
each sample being recorded in Table 4.3. Future reference to productions
conditions or samples prepared subject to a given procedure will relate to the

manufacturing conditions in this table.

Sample No, |PVA/PAA |Thickness{Vulcanisation|% Swelling at
Ratio (um) Period/temp [Equilibrium
1 100:0 130 0 min @150°C| Dissolved
2 100:0 130 30 min @150°C} 100%
3 100:0 130 60 min_@150°C} 76%
4 75:25 140 0_min @150°C) Dissolved
5 75:25 140 30 min @150°C} 61%
6 75:25 130 60 min @150°C} S50%
7 75:25 140 100min @150°C| 42%
8 " 130 0 min @150°C} Dissolved
9 " 130 0 min @150°C| Dissolved
10 " 140 30 min @150°C] 59%
11 " 140 60 min @150°C] S52%
12 50:50 130 0_min @150;c Dissolved
13 50:50 140 30 min @150°C| 51%
14 50:50 130 60 min @150°C| 44%
15 75:25 130 60,6in @100°C] Dissolved
16 75:25 140 60 min @200°C| 15%
17 25:75 150 0 min @150°C|] Dissolved
18 " 150 30 min @150°C} 26%
19 " 140 60 min @150°C} 17%

Table 4.3. Preparation Details of Test Samples

_In order that the chemical and physical reactions involved in the production of

these copolymers could be explored, and that the structure of the material
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could be more fully understood, infra-red and X-ray spectrum tests were

conducted.

461 T

To try to determine the composition and internal structure of the polymer it
was necessary to ascertain the types of chemical bond which were present. It
was expected that the heating would produce crosslinking within the PVA chains

{4.15} (ether) and between the PVA and the PAA {4.16} (ester).

2 ROH = R-0-R + H,0 {4.15)

RCOOH + R'OH - RCOOR' + H,0 {4.16)

where R is a free radical grouping.
| This would result in the formation of ether and ester bonds respectively. By
analyzing the relative quantities of these bonds it was hoped that the degree of .
crosslinking could be quantified, giving a comparison of the produétion effects
on the polymer, and permitting comparison with the swelling tests considered
later. This was to be achieved by quantitative L.R. spectroscopy.

Strips of polymer were prepared as outlined in Table 4.3. Due to the
thickness of the polymer the testing was done (by the Chemistry Dept.) using
the A.T.R (attenuated total reflectance) method rather than the more usual
absorbence technique [Brugel,1962], the resuliing LLR. profiles are shown in
Appendix 1.

The. resul{s which were produced by these tests proved to be much less useful
than would have been hoped, with bond groups being observed at frequencies
were none were expected. Examples of this are the grouping at 1740cm™!.
Later tests showed that this grouping was present in the original PVA powder
obtained from~ the manufacturer. Tests conducted on strips cut from the same
batches to ascertain the interbatch consistency proved to be equally unproductive

with the relative proportions of the bonds varying extensively. It is not known
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why the results should be so poor, but the ‘thickness of the materials which
made normal test methods impossible may be a significant factor. Due to the
poor quality of the results only a very limited analysis was possible.

Samples 1-3 and 17-19 (where the controlled variable was the period of
annealing) show a general trend to increased ether formation (1025cm™?),
indicating shorter bond lengths. This is in agreement with the theory on the
effects of increasing the éuring period.

The effects of the curing temperature are demonstrated quite nicely by
samples, 11, 15, and 16 which show a substantial rise in the ether bond
content with temperature.

Comparisons based on the PVA-PAA ratio were impossible to make due to
the poor quality of the results.

These tests in general agree with the original theory but are of such poor

quality that they are of only very limited practical use.

4 G ¢ iffraction T

The object of this series of test; was to try to find the nature of the polymer
and if any structural changes occurred during saturation which would account
for the transition from a rigid leathery material when dry to a very elastic
rubber material when saturated. Using these tests it was hoped to determine if
a change similar to thermal glass transition (change from a glass to a rubber
induced by rising the temperature) was occuriﬁg. |

It was hoped that X-ray tests would give some indication of any internal
restfucturing that may be occuring duriqg swelling and deswelling. Two samples
of 75:25 PVA-PAA heated for 60 minutes at 150 'C (type 6) with thickness
O.l3mm were used in the tests, which were conducted by the ‘X-Ray
Diffraction Unit' in the Physics Dept, producing several plates for both wet and

dry samples, figures 4.3-4.6.
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Fig.4.4
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Fig.4.5

Fig.4.6

Figure 4.3-4.6. X-ray Diffraction Tests
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The banded nature of these plates shows that the polymer does possess a
degree of crystallinity, although it is by no means totally crystalline._ No
indication of the extent of the crystallinity could be obtained from these results,
neither does there appear to be a increase or reduction in the number or
strength of these bands when comparing the dry sample with the moist case. It
is not certain, however, that some changes did not occur, for the long time
scale required for the tests (because of the thickness of the polymer) meant
that keeping the swollen polymer moist was difficult, and this may mean that
the results for the moist test are in actual fact not valid. Attempts to ensure
that the polymer remained moist failed because of the difficulty in placing a
water reservoir within the X-ray apparatus. Until a more detailed study can be
made of these results ensuring that the polymer remains moist, only the
knowledge that ihe structure is partially crystalline when dry can be taken as

reliable.

As disclosed earlier, the equilibrium swelling is a very useful method of
determining the extent of crosslinking in the polymers, with the strips prepared
as shown in Table 4.3 being used for these tests. The dry dimensions of these
materials were accurately recorded using a vernier microsco;)e for the length
and width, while a micrometer screw was used" to measure the thickness.

These samples were then swollen in distilled water and allowed to equilibrate
durihg a period of 24 hrs. At the end of this time all three dimensions were
' again ‘measured.

A second set of strips prepared and measured as in the above instance were .
carefully mounted in a tensometer (Hounsfield), their lengths being obtained
from the tensometer's initial setting. Using this apparatus the elastic modulus
and breaking stress of each strip was measured.

The results obtained in these experiments for specific production parameter
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variations are detailed in the relevant sections listed below.

464 ropic_or Non-isotropic R n

Close examination of the dimensional changes experienced by selected strips
(3, 5, 6, 7 and 14), demonstrates that the swelling is approximately equal in
all three directions, with any discrepancies being so small and random that it is
reasonable to state that under the above range of ‘production conditions the
material is isotropic. This result appears to be valid regardless of the

temperature, period of annealing or the component ratios.

Production|Original Dim.(mm)| Final Dim. (mm) % Change

Conditions Lg. Wd. Th, Lg. Wd. Th, Lg. Wd. Th,
3 30.0; 5.5; 0.12 47.0:8.75:0.19|57%; 59%; S58%
5 30.0; 5.0; 0,12 |48.0; 8.0; 0.19|60%; 60%: 58%
6 30.0; 5.2;: 0.13 }45.0; 7.8; 0,20150%: 50%;: 53%
7 30.0; 5.2;: 0.12 42.0: 7.4; 0.17140%; 42%; 42%
14 30.0; 5.4;: 0.13 43.0: 7.7; 0.19143%; 43%: 46%

Table 4.4. Tests for Isotropic Swelling.

As these polymers are to be used to replica;te a muscle which uses mainly one
dimensional (longitudinal) motion, it was felt that if some method of limiting
the width and thickness changes could be found while permitting the present or
“increased length changes this would be very beneficial. It must also be ensured
with such a mechanism that there is no degradation of the mechanical
properties.

A strip of po]ymér cut from film prepared according to production procedure
6 was later tested in a rig, figure 4.7, which maintained a undetermined

longitudinal stress during the curing period.
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When this stressed test sample was swollen in water it wasr found that the
length and thickness increased by only 11% while the width increased by over
90%. At the same time the material was still found to have good mechanical
integrity. It should perhaps be observed that the volumetric change in this

instance was in actual fact less than that for the isotropic swelling.

Tensioning b1 mer
Springs Muscle
\

— _ - o
v \\¥\\\\‘\ ({0070, v
NN\

o 1\ O

/

\Ctamps” Ten\sioning
Springs

Figure 4.7. Production of Non-isotropic Strips.

This phenomenon is believed to be due to orientation of the longchain
molecules during the stressed curing. It is also thought that further increases in
the length:width and length:thickness swelling “ratios can be obtained if higher
annealing stresses were used.

This technique has, however, not been applied to the polymer when used as
ri}uscle" because of problems maintaining a constant force and orienting the
material in such a way that the major axis of swelling is longitudinal. Under -
commercial production conditions this would not present a major problem and
this method would séem to form by far the best means of producing muscle
replicating fibres. |

Other benefits which are obtained from this solely or almost solely one
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dimensional swelling are, reduced size for the containing vessel and an almost

cube root reduction in the volume of solvent required to produce a specific

swelling factor.

4 nealing Period Effec
Strips 4, 5, 6, and 7. were used to demonstrate the effect that varying
annealing periods have on the swelling potential and the mechanical strength,

figures 4.8 and 4.9.

Linear Swelling (%) Youngs Modulus (N/mm)
100 600

500

400

300

200}
100+
) 1 2 3 : ) ’ 0 1 : .
20 40 6C 80 126 120 0 20 40 60 6G 106
Crosslinking Period (min) Cross.inking Period (min)
Figure 4.8 Annealing Period Figure 4.9 Annealing effect
effect on Swelling, on Mechanical Strength,

These results sho;v that, as expected, increas;ng the period of curing decreases
the expansion, while increasing the strength (elastic modulus), with the
uncrosslinkéd strip (type 4) dissolving. Clearly the properties of the polymer are
very much dependent on the curing period. It has been predicted [Treloar,

1975] for non-electrolyte polymers that the modulus is related to the chain -

length by;

G = PRT/M, {4.17)
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where G is the elastic (Young's) modulus. ‘As the bond length cannot be
accurately determined the validity of this equation for PVA-PAA copolymers
cannot be tested.

These properties are due to increased inter—chain bonding. With increased
exposure to heat more bonding between the long chain polymer links can
occur. This increased binding results in more rigidity within the structure and
less mobility, hence the reduction in the equilibrium Swelling. This swelling -
bond length relationship can be quite easily explained by referring to equation
{4.13}, where the equilibrium swelling volume is actually used to determine the
extent of crosslinking. This increased bonding also means that the structure is
more stable possessing greater mechanical strength and a higher value for
Young's modulus. The coupling of increased modulus with reduced swelling has

been shown from a thermodynamic viewpoint in section 4.5.

4.6.6 Annealing Temperature Effects

The effects on the equilibrium swelling of variations in the curing temperature
are shown in figure 4.10, for st_ripsAprepared from films 6, 15,and 16. As in
the previous section results are also obtained to show any changes in the

mechanical properties of strips produced by these variations, figure 4.11.

Linear Swelling (%) Youngs’ Modulus (N/mm)
00 600
500+
150
loo R — U, W 300 S R P
200+
50
100
0 1 1 1 L L ] i 0 1 1 L ) i
100 12 124 136 148 ieC 172 184 196 0 50 100 150 200
Annealing Temperature ('C) Annealing Temperature (‘'C)
Figure 4.10 Annealing Temperature Figure 4.11 Annealing
effect on Swelling. effect on Material Strength
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Increasing the curing temperature enhances the degree of crosslinking and as
such gives rise to similar effects to those discussed in the previous section.
Hence similar conclusions are drawn with regard to the effects of crosslinking.
It is also worth noting that these results suggest that the bond lengths set
during annealing can be achieved through a coupled interaction between the
temperature and the pe_riod, giving a wide range of preparation conditions that

can produce a specific degree of crosslinking.

4.6.7 PVA-PAA Ratio Effects
Figures 4.12 and 4.13 show the effects of PVA-PAA on the swelling and

mechanical properties of samples from films 2, 5, 13 and 18.

120

Linear Swelltng (%) Youngs' Modulus (N/mm)
80 400
40F 200} f;
150} |
|
0 1 . 1 i 1 0 1 1 i J A1 ‘l
0 20 40 60 80 100 120 0 20 40 60 80 100
PVA Concentration (%) PVA Concentration (%)
Figure 4.12 Co-polymer Ratio Figure 4.13 Co-polymer
effect on Swelling Ratio effect on Mechanical

Strength

The results produced show that the samples with a high concentration of PVA
swell more than those with a high PAA content. An interesting point that was
observed was that as the PAA concentration increased the strength of the
material at first increased (to a PVA:PAA ratio of 3:1) and then slowly

decreased. This factor and the knowledge that increased PVA content enhances
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the swelling will clearly influence the later designs for muscle replication.

4,7 Relationshi tween Water Content and 1lin,

The dry dimensions and masses of freshly prepared samples of polymer cut
from films produced according to procedures 5 and 6 were measured using a
Stanton Instruments Unimatic balance and a vernier microscope. The polymer
strips were then placed in water for several hours énd allowed to come to
equilibrium At the end of this period their surfaces were dried to remove
excess moisture and their masses and dimensions were again measured and
recorded. This gave an increase in mass from the dry state to the saturated
state of up to 400%. These swollen materials were placed in a glass container
and allowed to evaporate. To ensure that distortions did not occur because the
surface layers were drying more quickly than the centre, the evaporation rate
was kept very low. At one hour intervals the strips were then removed from
the container and their dimensions and masses recorded, figure 4.14, repeating

the procedure until no changes were measurable. Typically this procedure lasted

8-10 hours. Mass Increase (%) -
400

B [ o i

200 — Type 5 —+ Typeé

100

o} 1 i 1 A 1 L e

0O S5 10 15 20 25 30 35 40
Length Increase (%)

Figure 4.14. Relationship between Water Uptake and Swelling
The relationship between the percentage elongation (or volume change) and

mass of water absorbed; the swelling absorbance ratio (ratio of volume or
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longitudinal swelling to masg of water absorbed)v, is linear under all crosslinking
conditions. This = swelling absorbance ratio is, however, observed to be
crosslinkage dependent, with a reduction in the coefficient value as the degree
of crosslinking is increased. The reduction in swelling capacity with crosslinking
is due to increased inter—chain bonding which reduces molecular mobility. A
swelling absorbance ratio of 0.2 which is the value obtained for strips prepared
using procedure 6 is used for future testing as this gives a good balance

between the strength of the material and contraction/dilation cycle range.

4 lling Eff Y 's M

A strip of polymer muscle cut from a film produced according to parameters
6 was measured when dry and then placed in water until fully swollen (50%).
This test sample was then stretched using a Hounsfield tensometer and the
/elastic modulus was calculated from the stress—-strain curves. This process was
repeated several more times with strips cut from the same film but having .
different swelling fractions (ratio of the volume or length of the swollen
polymer relative to their dimensions when dry). The change from a very strong
glass-like material when dry, to a rubbery material when moist is shown very
clearly, figure 4.15, by the rapid decrease in the modulus during the initial

stages of swelling.

) Youngs' Modulus (xIONmm)

0 ‘
1108 M 1S 12 25 13 135 14

- » Swelling Frcction

Figure 4.15. Modulus Variation with Swelling Fraction
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The relationship between the Young's modulus G and the linear swelling

fraction S, (ratio of the swollen to dry polymer lengths), is found to be:
G = K,/(S¢43-C;) (4.18)
where K, and C, are constants set in the production of the polymer. This is

in very close agreement with the equation for the swelling of rubbers in

non-polar solvents [Treloar, 1975].

. z .
Stress (N/cn% 70Stress (N/cm) Swelling froction = 115
60+
201
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N 3 L [ | 0 d 1 1 1 A, 1 L 1 1 L i i
2 4 6 8 0 12 0 10 20 30 40 50 60 70 80 90 100 110 :20 130 140
Strain (%) ‘ Strain (%)
~—= Dry Polymer — Swollen Polymer

Figure 4.16a and b.

Typical plots of the stress—strain curve produced in these tests, figure 4.16a
and b, show that the presence of water in "I(he polymer causes a distinct change
in the profiles. When dry, the material behaves much like a glass with very
little extension before breaking, while when the material is moist, the curve is
typical of that obtained for rubbers. This suggests that the swelling may induce
a form of glass transition similiar to that obtained on heating rubber/glass

materials.

4.9 Stimulating Muscle Response

The study in the previous chapter of the mechanisms producing contraction
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and dilation ‘showed that there is a great range of activating methods. There
has, however, been no absolute comparison of the relative merits of these
systems. To determine the best technique for use in a robotic actuation systems
these different methods were tested, the results of these investigations being

included in the following sections.

4.9.1 pH Stimulation

The effects of pH variation on the swelling of PVA-PAA films has been
widely studied in the past [Katchalsky, 1960; Kuhn, 1951]. Polymer strips
prepared according to procedure 6 were soaked in water and allowed to come
to equilibrium, at which point their dimensions were measured. This gave a
increase of 52% in any one dimension relative to the unswollen size. When
immersed in 1M HCI the film contracted slowly to give a final length of 30%
(relative to the unswollen dimensions), giving a cyclic change from swollen to
contracted of 22%. When 1M NaOH was added the strip expanded to it's
original swollen length.

Problems with relatively small dimensional changes, slow rates of contraction
and the deposition of salts from the acid - alkali reaction meant that a better

method of activation was sought.

4.9.2 Electrical Stimulation

Previous tests by other researchers have suégested [Hamlen, 1965; De Rossi,
1985] that electrical potential can be wused to stimulate muscle contraction.
Using a freshly prepared strip of polymer (procedure 6), water was electrolysed
using 'a 5V supply rated at 0.5A. This slowly produced a change in pH which
:;esulted in a reduction in the dimensions of the polymer. As this is basically a
variation on.- the pH method discussed above the dimensional changes observed
were of a similiar scale to those recorded for the pH muscle, but the rate of
response was even slower.

This method was discounted for the same reasons given for the pH effect,
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pérticularly the slow response rate.

Unfortunately the electrical contraction technique based on electrostatic
repulsion was not tested as the necessary polymers could not be obtained. It
was, however, subsequently revealed [Osada, 1988] that the strength of these
materials was low preventing there use as artificial muscles even if good

dynamic rates could be achieved.

4.9.3 Thermal Stimulation

The poor response observed when the polymer was stimulated electrically or
by changing the pH, meant that other methods of activation were sought.
Noting that contraction occurred when the polymer was left to evaporate to
dryness in air, thermal activation was considered. Initial studies showed that
considerable effort would need to be directed towards improving the drying rate
which controlled the contractile rate, but it was felt that this might be worth
investigating.

The first method considered for increasing the evaporative drying rate was to
pass a stream of hot dry air over the polymer strips. The air supply was
obtained from a compressed air point available on-site. To ensure that the
muscle was fairly strong it was necessary to construct the unit in several
(typically 5) thin layers (increasing the cross—sectional area), but the drying of
these layers presented a second set of problems wﬁich had to be overcome
before a muscle-like response could be reprodv.:ced.

To hydrate and dehydrate these layers some method of pumping air between
the muscleg fibres was tequired. This could not be achieved by simply blowing
heated air through the layers and hence it was necessai’y to explore methods of
improving this dehydrating effect. Three such methods were eventually tested;

1. Small thin films of‘ aluminium which were heated (turning ihe water in - the
polymer into "steam) were inserted between the polymer layers. Air was then
blown into the system driving the steam from the polymer producing a

contraction, figure 4.17a. The major failings of this method were uneven
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Air in

heating of the films, and poor air distribution between the layers.

Ny

?

"

7

RN W
‘fél{//f//ﬁ.”/f;ﬁ’/f/&%
L

Aluminium
Sheets

> SRR

IS IS LSS IS S s VSIS
AR,
O W

\u
a\

W
A\
,5.‘0."’/////////////////////11*

a

g
AL AL S A LS SIS SIS A SISV o

A W W
\'{:’/////M///////A’{/&"O‘;VM/////M///W/IM
N S —

N

Muscle
Strips

Figure 4.17a. Aluminium Hot Plate Drying System
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2. An air distribution system was then tried were pipes were fed between the
layers at spacings of approximately 10mm. Small holes were cut in these pipes
allowing hot air to escape causing evaporation and contraction, figure 4.17b.

It was hoped that this system would act much like blood circulation, but it
was abandoned due to the construction complexity.

3. A structure based on the circulating system suggested above but simplified
by having the piping replaced by porous sacks was finally used, forming the
basic design unit.

In this system air was pumped into the sacks which were

placed between the polymer layers, Figure 4.18.
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Figure 4.18. Air Distribution through Air Sacks.

The air circulates within these sacks before escaping through the pores. This

heats the polymer, removing moisture from the muscle strips and causing

contraction. The air distribution system was originally constructed using a

polythene sack, with air outlet holes cut at regular intervals. This was later
replaced by a nylon ‘stocking' which, could withstand higher inlet temperatures,

gave a more even air flow, and did not
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itself eventually replaced by a water repellent material, in which moisture did
not collect easily between the pores. The most readily available of these water
repellent fibres are those used in ‘'nappy liners'.

The air supply was pumped into the unit through heated copper pipes which
were formed into a coil to increase the exposure of the flow to the gas heat.
While this did dry the muscle fibres, it also revealed that the circulation was
still poor. Improved circulation is obtained by having inflow jets at opposite
ends of the muscle unit with the jets 'flared' to enhance the distribution. These
initial designs were still found to be unsatisfactory because the air pressure
within the sacks caused bulging which prevented good air flow between the
layers.

By incorporating a metal frame which held the sacks under tension, the
bulging was prevented, while improved circulation and flexible motion was
ensured by having the sacks 20% larger than the swollen dimensions of the

polymer, with the metal frame penetrating the sacks in the longitudinal axis,

figure 4.19.
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Figure 4.19. Design of Thermal Muscle Cell
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Tests could now be conducted on the coﬁtracﬁle behaviour under thermal
stimulation. 5 strips of polymer prepared according to procedure 6 with
dimension 70mm x 50mm x 0.2mm were clamped between air distribution
sacks. The upper edges were held securely and a Sg mass attached to the
lower edge, figure 4.19. Water was introduced into the system and the strips
were allowed to ‘swell to their maximum state during the next 10 minutes.
Once in this swollen state a heated air supply was directed into the unit,
During the following 180 seconds the movement of the load was recorded,
figure 4.20. These tests were repeated 10 times so that a measure of the
repeatability could be made. Observation of the contractile motion of the
muscle was made using a sliding microscope.
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Figure 4.20. Profile of the Thermally Stimulated Contraction

The rate profile shows that during the first 45 sec. there is a very little
motion. Following this, the motion during the subsequent 60 sec. is almost
constant at a substantially increased rate, with the vcontractile rate being
measured at up to 0.36%/sec. Beyohd this time, the response rate gradually
decreases ac_cordingv to a log relationshié. The strength of the material in these
tests is good, lifting more than 30 times its own mass. This series of tests

-shows repeatibility to be within 15% which seems very reasonable considering

the crude construction. - 431 -



Two possible causes for the sluggish initial response have been suggested;

(1). The muscle fibre surface has excess moisture which requires drying before
the water contained within the polymer layers can be removed. As this
response is due to the evaporation of the water contained within the body of
the polymer only when the surface moisture has been removed can the
contraction be maximised.

(2). Retention of moisture in the fibres of the containing vessel is believed to
be significant problem reducing the rate of contraction because the liquid
contained in these pores must be removed first before rapid drying of the
muscle can begin.

The reduction in rate of response as the excitation time rises beyond 100
secs. is believed to be due to a drop in the moisture available for evaporation.
The surface no longer remains permanently moist since the diffusion from lower
layers is reduced due to a lack of water. With slower removal of the solvent,

the contraction rates obviously decreases.
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Figure 4.21. Expansion/Contraction Profile.

Since this system was required to operate as a muscle, it must be capable of
dilation as well as contraction. The previous tests have dealt with expansion
and contraction in isolation, but it was now appropriate to integrate these
features to produce the muscle-like action required. The experiment was set up
using the basic design indicated above, but in this instance the saturation of the
muscle was produced by direct spraying of -a heated water jet into the cell
using the same mechanism as that employed for distributing the air. The
temperature of this inlet water ranged from 20°C to 60°C with a spraying

period of 120 secs. This period of water induced swelling was followed by 180
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sec. of thermal stimulation producing contracti§n, figure 4.21.

The measured expansion of 22% occurred fairly slowly, but the increased
temperatures helped to increase this dilation rate. Tests were later conducted on
the strength of the contraction produced under these conditions and it was
measured at in excess of SON/cm?2.

There still remaim:':d several prQb]ems which must be overcome in this design.

(1). The quantity - of solution supplied is many ‘times greater than that
absorbed by the muscle, and this excess must be disposed of somehow.

(2). Much of this excess is retained between the strands of the containing
vessel and must be expelled before rapid contraction can obtained.

This method of stimulation clearly shows that an artificial muscle using
thermal stimulus is a possibility although the response rate is not exceptional.
There 1is, nevertheless, excellent contractile strength and good potential,
especially if more rapid drying is possible, by perhaps using microwave heating.
These initial tests had not suggested any method of producing an actuator
which was felt to be responsive enough to be applied in rob'otics, but it was
believed that in view of the contractile forces available during drying that it
might be worth investigating the use of other dilation inducing solvents having a

lower boiling point and heat capacity.

4.9.4 Chemical Stimulation

Polymer muscle samples (type 6) were prep;xred, measured; and immersed in a
number of solvents for several hours,. with any responses being noted, Table
4.5, Thése tests which were conducted using ammonia, ethanol, formic acid,
“toluene, chloroform, acetone, distilled water, tap water and carbon tetrachloride,
‘revealed ‘that highly polar solvents and those containing hydrogen bonds caused
swelling. The non-polar, and low polarity solvents caused no discernable
swelling. It ‘was also noticed that certain of the non-polar solvents seemed to
cause changes in the dry polymer although not producing swelling. These

generally related to changes in clarity and apparent rigidity.
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Solvent Swelling Comments
Ethanol No No Noticeable Change
] Ammonia Yes Relatively rapid swelling |
1Formic Acid _Yes Rapid Swelling
1 Toluene No Becomes more Rigid
Choloroform. No Slightly more Pliable
Acetone No No Noticeable Effect
Distill .H. O Yes Slow Swelling
{Tap Water Yes Rapid Swelling
1Carbon Tet, No More Translucent and Rigid

Table 4.5. Solvent Effects on Co-polymer

Subsequently, when a water swollen strip was immersed in acetone rapid
contraction was observed. This contraction/dilation cycle was found to be
reversible and it was felt that this might be a suitable candidate for testing as
a artificial muscular actuator. These tests will be outlined later in this and
subsequent chapters. “

To wunderstand why the different solvent; should produce expansion and
contraction, it is necessary to study the factors which are causing this swelling
/des@clling reaction. Chemical stimulation produces muscular movements because
‘'of polymer - solvent affinity, and the effects can be explained by considering
fhe solubility parameters of the components involved in the processes. PVA has
a solubility parameter value of 12.6 (cal cm—3)%,  while that of PAA is 8.8
(cal em™3)% The best swelling solvents are those ‘with a solubility parameter
equal to that of the copolymer, which would appear to disqualify water with a

value of over 23 (cal cm™~3)}. There is, however, a second factor influencing
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the swelling and in this case this is mofe significant. Hydrogen bonding
associated with some solvents causes interaction with the charged longchain
polymer molecules, which is why high polar solvents such as methanoic acid
produce swelling. Having produced a swollen material using water, what induces
the contraction?

Contraction is ;:aused by replacing the water with a solvent for which the
polymer has little or no affinity. The high external cdncemration of this solvent
causes the water to move out of the polymer due to osmosis but the external
solvent cannot move into to replace the water as this is not energetically
favourable. Hence the specifications for a solvent to produce contraction are;

1. A solubility parameter different from the copolymer by more than 1.0 (cal
cm™3)} (the greater separation the less the affinity and the better the changes
of contraction).

2. Little or no polar effect.

3. Being completely immiscible with water so that osmosis is favoured.

Clearly, a number of solvents fulfil these requirements.

A number of candidates were.test‘ed, with the contractile reaction induced by
these solvents being much faster than any which had been previously observed.
Of these solvents acetone was chosen as it has a good response, it is readily
available, is cheap, and is relatively safe.

Since acetone has a contractile effect and water causes eiongation with rapid
reversible changes, it was now conceivable that an actuator could be built based
on an artificial muscle response, with this chemically stimulated actuator being

capable of powering a robot or any other mechanical device.

4.10 Résggnse to_Acetone Concentration

Having decided that chemical stimulus was the best way to produce the rapid
responses needed to replicate muscle, it was necessary to test the effects which
acetone has on the polymer. Since most of these effects relate to the motions

produced théy will be dealt with when considering the dynamic response in the
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next chapter, but it is also important to characterize any equilibrium factors

influenced by the acetone.

4.10.1 lopment of Acetone Sensor

The first requirement when attempting to test the effects of acetone stimulus
on the polymer was to be able to measure the actual acetone concentration in
any activating solvents.

This monitoring was achieved using a system based on the conductance bridges
outlined in many chemical texts [Palin, 1969], with the operating conditions
stated in these tests being observed. The design of this circuit is included in
Appendix II.

Calibration of the sensor was achieved by measuring the conductance of
carefully prepared solutions of acetone and water, ensuring that the relative
proportions of each solvent was accurately known. The calibration curve is
shown in figure 4.22. During these tests it was important to ensure that

parameters such as the electrode separation and solution temperature remained
Output (Voits)

constant.

o I A 1 1 J.
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Water Concentration (%)

Figure 4.22. Calibration of Acetone Sensor.

Although the sensor is not linear over the whole test range the fact that
repeated tests showed the results to be reproducible with no hysteresis, and the

ability to program the response curve into the computer means that this device
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was acceptable. With the calibration tests completed, this sensor was used in a

study of the variation in the polymer length as the acetone concentration

changed.

4.10.2 Effects of Acetone Concentration on Muscle Size

Two strips of polymer prepared according to procedures 5 and 7 were treated
with water/acetone solutions of varying concentrations for 5 -minutes, during
which time equilibrium was attained. The lengths of the strips after immersion
in the various solutions (concentrations were measured using the apparatus
described above) were measured using a sliding microscope, giving
extension/concentration plots for each strip, figures 4.23. These tests were

" repeated while both increasing and decreasing the concentration of the acetone

in the stimulating solution.
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Figure 4.23. Acetone Concentration effect on Swelling.

" There are three striking points about the results observed in these tests.

1. The responses are non-linear. There is in fact a distinct S—shape to the
curves. When increasing the acetone conceﬁtration from zero there is initially
very little contraction. Sim'ilarly at high acetone concentrations there is very
little contraction. In the middle concentration region the change in length with

concentration of the now shrunken polymer is very dramatic, and bears
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comparison with the phase transition effects mentioned in the previous chapter.
2. The difference between the maximal swelling observed for the two strips was
expected due to the differences in crosslinking, but the lower swelling limit of
12% to 15% is most peculiar. No explanation of this effect is as yet
satisfactory. Later testing showed that this limit still remains when contraction is
stimulated wusing ethanol and ethanoic acid. It may be that this is an
equilibrium point for removal of water (contractile limit) just as there is a
equilibrium point for absorption (swelling limit). At present the only way to
further contract the polymer to its initial unswollen dimensions is through
drying.

3. Although the overall pattern for the two plots is similar with the three
distinct regions, the point of on-set varies, as does the gradient in the region
of change and the production conditions are clearly having an effect. Increased
crosslinking increases the ijonisation, leading "to an on-set of contraction at a
lower acetone concentration. It is again worth comparing this with the phase
transition theory for it may be that a very high crosslinking levels a discrete

change would be observed.

4.11 Evaluation of Results

In this chapter a co-polymer was produced which when stimulated would
respond by swelling and deswelling. A number of methods ‘of stimulating this
response were considered and it was discovered that the most effective of these
was chemical stimulation using acetone to produce contraction and water to
induce dilation. Using thermodynamic analysis the mechanism underlying these
"movemems was uncovered. This chapter has demonstrated the existence of a
fnaterial which may have potential as a pseudo-muscular actuator. This must
now be further tested to determine if the dynamic response, power/weight
output, work potential and contractile forces are adequate for the proposed

task.
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Chapter 3
Bynamic Properties of
Artifirtal Muscle Fibres

5.1 _Introduction

The physical, chemical and equilibrium (static) properties of mechano—chemical
materials have been studied in detail in the previous chapter. It is now
important to consider the factors producing motion and generating forces. The
dynamics of electrical [De Rossi, 1986], pH [Kuhn, 1960], and thermal
[Caldwell, 1987a] systems have been considered and discarded because of their
relatively poor responses, although these schemes proved the possibility of
building a muscle replicating actuator. It has subsequently been noted that
chemical stimulation using acetone for contraction and water for dilation
produces movements which are significantly faster. In this chapter the dynamic
properties of chemically stimulated pseudo-muscular fibres are tested and

analyzed.

2 mic Mechanochemical Pr. i

Sihce the dynamic rates of contraction/relaxation, and the forces generated
during a contractile stroke are the critical factors in determining the feasibility
of an artificial muscle, all properties which might have a bearing on this
response must be fully documented. As with the measurement of the static
properties of the polymer, the conditions unde; which the muscle was
manuf:'«xctured have a strong bearing on these properties. These factors which so

strongly influence the dynamic rates will be studied in detail in the following
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sections.

Acetone Water

Strain Gauge

Arnp}. cwqr | ] 1 g

Balance Beam
Sensor/Load
Computer Cell
Monitar

Polymer
Muscle

Figure 5.1 Dynamic Response and Force Generation Test Mechanism

The standard experimental setup was as follows: strips of PVA-PAA (the type
and dimensions being detailed in the relevant section) were anchored at one
end to the base of a water—tight 'muscle cell', figure 5.1. Their free end was
connected through a 'tendon' (made from non-elastic cord; nylon covered with
a spun-—glass core) to the monitoring sensors which measured the rates of

muscular contraction/dilation, and muscle forces.

.2.1 Crosslinking Effects on Dynamic Rates

Several polymer strips prepared according to procedures 5, 6, and 7 (as
outlined in chapier 4) and having thickness, 0.15mm, and width 15mm, were
tested to determine the effects on the dynamics and the contractile force of
varying the degree of cn;osslinking. These samples were connected into the
muscle unit as outlined above. Water (at a temperature of 21°C) “was rapidly
added to tl;e sysfem and the swelling was monitored wusing a rotary
pf)tenti,ometer sensor on the balance beam, figure 5.1. When the polymer was

fully swollen, the water was removed from the cell and acetone (temperature
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17°C) was added, contraction followed. Alternate draining and addition of water
or acetone to this system produced muscle-like expansion/contraction cycles.
The outputs were recorded using a microcomputer, (the interface and program

used to monitor the movement and ‘display the results are given in appendix

111). The traces produced by the various strips are shown in figures 5.2.
’ ‘oounear Swelling (%)

— 30 min —+= 60 min —¥*— 100 min

Time (sec)
Figure 5.2 Effects of Crosslinking on the Dynamic Response

The rotary beam sensor was then replaced by a beam load cell which had
been previously calibrated, appendix III. The swollen polymer was connected to

the load cell so as to produce no initial loading.
06 Force (N)

—— 100 min. crossiink -+~ 80 min. crosslink
—¥— 30 min. crosslink

] 8 10 15 20 25 30 35

. . Time (sec)
Figure 5.3 Effects of Crossiinking on the Contractile Force Generated.

Addition of acetone produced the expected contraction, while adding water to
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the contracted system resulted in rapid relaxation of contractile tension. The
forces generated during these sequences were measured and recorded on the
computer, figure 5.3.

These results show that crosslinking, which reduces the equilibrium swelling
‘ratio of the muscle as the amount of inter—chain bonding increases, also
reduces the dynamic rates. Two factors contribute to this reduction.

1. The amount of vsolvent required to produce a specific volume
expansion/contraction increases as the crosslinking increases, i.e. the material
has an reduced swelling coefficient,

2. Additionally, increased crosslinking causes a tighter meshing of the fibres
within the network. With a more restrictive material the flow of solvent
molecules is reduced. This factor is equivalent to a reduction in the diffusion
coefficient with increasing crosslinkages.

The forces generated during contraction are also found to vary with changing
crosslinkage values. The first factor that can be observed is that the rate of
force buildup and relaxation reduces as inter—fibre bonding increases. The
differences in the contractile force although not as large as the rate changes
are still important and as expected tend to increase with increasing crosslinking,

despite the reduction in the upper swelling limit.

5.2.2 Effect of Film Thickness on Dynamics

For this test three strips of polymer of different thicknesses (0.1mm, 0.2mm
and 0.4mm), but uniform width (20mm), were prepared under the same
cond”itions’ {type 6) with™ constant PVA-PAA ratios and degrees of crosslinking.
‘Thesef dimensions were accurately measured using a micrometer screw. The
strips were tested in the cell described above with the dynamic rate and force
generation experiments being conducted as previously outlined.

A study of the dynamic rate results, figure 5.4, indicates that the thickness
has a very significant effect on both the rate of dilation and contraction (with

reduced fibre thickness increasing - the dynamic rates), although the overall
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response patterns are similar,
60
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Figure 5.4. Effect of Thickness on Dynamic Response

The measured increases in ‘the maximum contractile rate versus thickness are

recorded in figure 5.5.
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Figure 5.5 Dynamic Response versus Thickness.

-Despite these large ranges in the dynamic response rate it was found that in
all instances the equilibrium swelling and deswelling values were identical.

It has been predicted” that the polymer dynamics will vary as the inverse
square of the thickness [Tanaka, 1979]. Based on these results this appears to

be a valid relationship which can be expressed mathematically as;
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® =  K,/A7 + C, “{5.1)

Where ¢ is the contractile rate, A is the thickness and K, and C, are
constants set during the production of the polymer.

This film thickness effect shows that although the present maximum
contractile rate (under no loading) is 10.5%/sec. with strips 0.1mm thick;
considerably less than vélues recorded for animal xﬁuscle (24% -1800%/sec
depending on the muscle), it should be possible to increase the rates in the
artificial muscle to values similar or higher than those in natural muscle
through the use of thinner films.

The measurements of the forces generated during contraction also show
significant changes as the thickness varies, with lower stresses being recorded as
the film thickness is reduced. By calculating the contractile force relative to a
constant cross—sectional area it was observed that in actual fact the stresses
were approximately equal. This suggests that by using multiple thin strips
connected in parallel large contractile forces can be generated without sacrificing

the rapid dynamic response.
Force (N)
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Figure 5.6. Effect of Thickness on Contractile Force

A overall view of the force profiles shows that apart from the relative rates

of force bui}d?up and relaxation (faster for thin strips) and the actual maximum
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forces generated, the patterns are identical.

5.2.3 Effect of Temperature on Dynamics

Strips of polymer prepared according to procedures 6, and 7 (thickness 0.Smm
and width 20mm) were used in testing the effects of temperature on the
dynamics. The experiments were conducted using the cell arrangement outlined
above, with water temperatures ranging from 21°C to 65°C and acetone in the
range 17°C to 45°C.

Measurement, figure 5.7, of the maximum contractile rate at each temperature
for both swelling and deswelling shows that temperature variations have a
profound effect on the dynamics. Interestingly, the relative changes are almost

constant for the both polymers tested.
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Figure 5.7 Effect of Temperature on Dynamic Response

The increase in the “dynamic rates observed when increasing the solvent

v'temp‘erature is given by equation;
2=220 * K'Ty ‘ (5.2}

where Y is the swelling rate, Y,, is the swelling (contraction) rate at 20°C,

K' is a swelling (deswelling) rate coefficient equal to 0.0275°C for swelling in
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this instance) and T, is the temperature above 20°C. The production effects
appear to be the main cause of variation in these tests. These parameters set
the initial swelling/deswelling rate at room temperature.

That the dynamic rates increase by almost equal amounts as the temperature
rises is not so unexpected. These increases are caused by an increase in the
diffusion coefficient which, being a temperature dependent factor, will be equal

or approximately equal in both test samples.
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Figure 5.8. Effect of Temperature on Contractile Force

The force generation results, figure 5.8 show that heating has little actual
effect on the maximal stress which can be produced, although obviously faster
contractions produce faster stress build-ups. It was also observed during these
tests that at higher temperatures (>50°C), tl;ere appears to be a softening of
the polymer which permits deformation and could be detrimental to tﬁe
mechanical performance™ For this reason a maximum working temperature of
‘40'C "was set which gives excellent response rates without compromising

strength.

5.2.4 Effect of Salt Concentration on Dynamics
Strips of newly prepared polymer types 5, 6, and 7 (thickness=0.5mm and

width 20mm) ‘were used to test the effects of salt concentration on the dynamic
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rate and the forces generated. Using the previously described test rig the
material was swollen in water solutions with salt concentrations (NaCl) ranging

from OM (distilled water) to 2M (M = molar). The dynamics and forces were

recorded in figure 5.9.
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Figure 5.9. Effect of Salt Concentration on Dynamics.

Overall consideration of these results shows that as the sodium ion
concentration was increased the swelling rate increased. The change in salt
concentration does not, however, seem to have any bearing on the contractile

rate, and as a result has no effect on the contractile force generated.

5.2.5 Stimulant Solvent Concentration Effects

During some of the experimental tests it we;s discovered that contamination of
the solvents (acetone in water or vice versa) meant that the dynamic rates
dropped substantially. This effect was in addition to the already measured
v’conce’mration dependent equilibrium swelling results. This suggested that the
swelling was dependent on the concentration of the external solution.

-This experiment using the apparatus specified above was designed to determine
the relationship between the dynamic rates, the contractile forces and the
external solvent concentration.

Fully swollen polymer strips prepared according to procedure 6 were
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contracted in solutions with known proportions of acetone and water, the
resultant plots being displayed and recorded on the computer. From these
results a graph, figure 5.10, showing the relationship between the maximum

rate of contraction and the solvent concentration was produced.
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Figure 5.10. Effect of Concentration on Dynamics and Stress.

This can be represented by;

& = 3, e(-bx,?) (5.3)

where & is the contractile rate, x, is the contaminant (water) fraction in the
solution and a, and b, are production parameters, which for this sample are 1
and 23.5. A similar profile was found for dilation, with ;(‘ in this insta;lce
being contamination of the water with acetone. Clearly for maximum response
it is very important to ensure that all residual liquid has been removed from
the cell before refilling Wwith the second stimulant.

With regard to the force profiles and measurements, figure 5.10, two factors
have been noted. First the presence of contamination reduces the contractile
force and second the relationship between the force reduction and contamination

is non-linear. It is believed that the reduced stress and nonlinear response

result from reduced contractile motions, since it has previously being shown that

the relationship between polymer length and purity is non-linear, figure 4.23.
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2.6 Diffusion fficient Effe

Chemical stimulation of dilation and contraction is produced by movement of
solvent molecules into and out of the polymer. The more rapidly these
molecules move the more rapid the response. Clearly it is the diffusion
coefficient which governs the rate of movement of these molecules. No specific
tests were actually conducted at this stage to measure the diffusion effect since
most of the factors ihﬂuencing the diffusion coefficient value, such as,
crosslinking, temperature and the solvents wused in activation have been
considered previously in this and other chapters. It is nevertheless important to
realise the vital role which the diffusion coefficient plays in all the muscle

emulating responses being tested here.

3.2.7 PVA-PAA Ratio Effects

The final factor which was considered important in the determination of the
responses of the polymer was the PVA-PAA ratio.

Strips of polymer prepared according to procedures 3, 6, 14, and 19
(thickness 0.lmm and width 20mm) were tested using the force and response

rate measuring apparatus. —— Type 3 —+Type6 —¥ Type14 .
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Figure 5.11a and b. Component Ratio Effects.

From these'results, figure 5.11a and b, it was observed that the ratio has a
- 5.11 -
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small effect on the contractile force generated, with increases in the ratio
causing a small increase in the stress. At these higher PAA levels the material
was very brittle. Variation in the component ratios similarly have an effect on
the dynamic responses, with increased PAA content increasing the rates, but as

with force generation the decrease in robustness must always be considered.

5.3 Muscle Fibre Performance Tests

Having determined the factors which effect the dynamic response and how this
response can be varied to give specific characteristics. It was then possible to
construct the ‘best' polymer for use as an artificial muscle. The first criteria
that had to be determined were, what were the optimum characteristics for this
synthetic muscle?

It was felt that rapid contraction and dilation were of the upmost importance
and as the most critical parameter in this instance was the film thickness, the
strips were to be made as thin as possible. The fact that these strips were to
be produced in the laboratory meant that thicknesses of less than .100mm were
impossible to make with any accuracy or repeatability.

The dimensional changes between fully swollen and fully contracted were the
second factor in determining the muscle constitution. These changes were
mainly dependent on the amount of crosslinking, so this was obviously the most
important factor to consider in this case. Since crosslinking reduces the response
rate of the muscle, excessive crosslinking ml;st be avoided, at the same time
with too little crosslinking the material is very weak, and also the large
dimensional changes which follow mean that the volume of the containing vessel
will be large. For these reasons, the crosslinking was set to give an equilibrium
linear swelling of approximately 50%. This gave a range of about 35% between
the lower limit of 12-15% and the upper limit. A material meeting these
dimensional Ewelling/deswelling requirements can be produced as a result of
annealing at 150°C for 60 mins. under no strain.

The need to produce a strong resilient material has been partly dealt with
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when considering the degree of crosslinking. The PVA:PAA ratio was, however,
also known to have an effect. With high PAA content the contractile force was
increased but the material became very brittle, while high PVA content gave a
flexible material with greatly reduced contractile force. The best compromise
values for use as muscle appeared to be when a PVA-PAA ratio of 3:1 was
used.

Now that the material for a pseudo-muscular actuator had been defined and
constructed it was necessary to examine its abilities. A series of tests were
devised which would help to charactérize the properties of the device and allow
comparison with other actuators, particularly natural muscle.

Tests were conducted to determine;

1. Polymer swelling from dry.

2. The contraction/elongation rates under no loading.

3. Isotonic (constant load) effects on rates,

4. Isometric (constant length) effects.

5. Contraction/elongation rates in_a multilayered muscle.

These tests were an extension of the dynamic tests completed previously, and
use the same apparatus, monitoring equipment, and software, figure 5.1. Each

of these tests is considered in detail in the following sections.

.1 _Polymer Swelling from D
Polymer samples prepared as outlined above ‘;vere mounted in the test cell and
water {at room temperature) was introduced. The response profile during the
next S miﬁs. was then recorded, figure 5.12.
" This profile shows that initially (i.e. swelling <15%) the material dilates very
slowly. This rate of dilation gradually increases and peaks at about 20-30%
swelling. There-after the dimensional changes follow the typical first order
pattern expected from diffusion based process.

There are two reasons for this exceptionally low initial rate of expansion.
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Figure 5.12. Polymer Swelling Profile from an Initial Dry State.

1. A relatively long period of time is required for the penetrant to diffuse into
the core of the polymer which is initially in a ‘glassy’ state. Once some solvent
reaches the core this becomes rubbery (plasticizes), and longitudinal expansion is
possible.

2. The second factor relating to this initial very sluggish response is due to the
diffusion rate being concentration dependent, a feature which is quite common
in diffusion processes within polymers. This diffusion effect will be studied in

more detail in the next chapter.

3.4 Force/Velocity Relationship

Since this polymer actuator is designed to simulate the movements and action
of natural muscle it seems reasonable to try” to ensure that valid comparisons
can be made between the two materials.

When muscle is stimulated the amount of force it produces depends on
"whether, and how, its ends are constrained. If the ends are completely free to
move, no force is produced and contraction occurs at the maximum rate. If the
muscle is immoveably attached at one end and the opposite -end has a constant
loading, then motion occurs at a speed which is less than the maximum. Larger
loading forces increasingly reduce the rate of contraction. If a sufficient force is

used in the load to prevent motion, then the maximum contractile force is
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obtained. ' Coe

These properties are generally summarised in a force~velocity curve first used
by Hill [Hill, 1938; Hill, 1970] which shows the relationship between the forces
generated and the rate of contraction.

In the following experiments the isotonic and isometric properties of artificial
muscle are investigated to determine if force—velocity curves of a form similar
to natural muscle can be produced for the synthetic vérsion. It is hoped that in
this way a fairly direct comparison of the relative merits of the artificial muscle

can be made.

5.4.1 Muscular Response under no Loading

A strip of muscle prepared as described in section 5.3, (this will now be
termed the ‘standard' muscle fibre), with dimensions 50mm x 25mm x 0.lmm
was mounted in the cell with one end clamped and the other attached to the
unloaded sensor beam, figure S5.1. The polymer was initially brought to
equilibrium in water, before being drained and refilled with acetone which
caused contraction. Pure water rcould then be added to the shrunken fibre,
causing dilation, figure 5.13. This cyclic process was repeated over 60 times to
ensure that the muscle could be operated repeatedly without being destroyed

and that no short-term deterioration in performance occurred.
60 Linear Swelling (%) -

—— Dilation  —+ Contraction

) Time (sec)
Figure 5.13. Pseudo-muscular Response under Zero Loading.
- 515 -



During initial testing a number of unexpectedly poor responses were obtained.
Use of the acetone concentration sensor (chapter 4.10.1) showed that this
occurred when the new input solvent was diluted by residual liquid left in the
container. To prevent this, as much of the ‘spent' solvent as possible was
removed. Monitoring using the sensor meant that the purity of the input solvent
was never less than 98%, and this gave consistent resﬁonse réadings.

From the response plots the maximum rates of dilation (11%/sec) and
contraction (10.5%/sec) can easily be calculated. That these rates are not equal
is mainly due to slight differences in the diffusion coefficient when the
molecules are moving into the polymer as opposed to the rate when diffusing
out. These response rates may alternatively, be quantified as time constants for
the material to reach 63% of the terminal value. For this test, values of 5.3
sec. for relaxation and 4.8 sec. for contraction where recorded. Beyond this
point of maximal swelling the responses slowed and finally stopped once the
equilibrium swelling limit was reached. As in the tests in chapter 4.10 it was
noticed that there was a lower deswelling limit of about 12-15%.

Observing the overéll response of the fibres it was noted that as in the case
of swelling from dry there is a short delay before the maximum rate of change
is experienced. In these instances this is believed to be primarily due to the
penetration delay period, rather than the concentration dependence of the
diffusion coefficient.

Repetition of the results showed that after in excess of 60 cycles (limited by
the availability of acetone), the responses were still comparable with those

‘obtained in the first cycle.

5.4.2 Isotonic Response

Isotonic tests were conducted to determine the ability of the muscles to
respond under loading. Two different strips were tested in this instance as it

was necessary to determine if the thickness of the film had an effect on the
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lifting ability per cm? of the muscle. The ‘standard' muscle fibre ‘was used
~ along with a strip prepared under the same conditions, but having double the
thickness (0.2mm). The tests were conducted using the cell test apparatus

previously described. Constant loadings were produced by suspending weights

from the counter balancing arm of the beam sensor.
70 Linear Swelling {%)
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Figure 5.14a. Effect of Loading on Contraction Profiles.
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Figure 5.14b. Variation in Contractile Response with Loading.

The effect of loading on the maximum contractile rate (the active component
in a muscle based system), is shown by the results in figure 5.14a and b.

Using these results it can be seen quite clearly that the increased thickness does
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improve the response under loading, with the thicker fibre having approximately
twice the contractile potential, of the standard strip. However, when these
loading and contractile velocity values are calculated in terms of Joading per
cm? it is found that the abilities of both muscles are constant across the test
range.

An analysis of the range of movement of the loaded strips, figure 5.14a,
shows that free motion is. greatly reduced. This observation‘is expected.

Repeated tests on the ability of the polymer to lift loads shows that the
results were reproducible provided plastic deformation did not occur. This
means that a upper ‘'safe' loading limit needs to be defined, which for these
muscle fibres is under 42N/cm?2. This plastic deformation while obviously being
undesirable does not in fact destroy the muscle, which is still capable of lifting
loads up to the ‘safe' limit at speeds comparable with those of the undamaged
model. The main effect is a stretching of the‘ strip (with greater extension as
the overloading is increased) relative to its resting dimensions. Beyond the
region of plastic deformation the muscle tore under the effects of excessive
loading (>60N/cm?2). A stress-strain curve showing the effects of this loading is

produced below, figure 5.15.
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Figure 5.15 Stress-Strain Curve for Muscle Fibres.

- 5.18 -



5.4.3 Isometric Response ' - oo

Measurements of the isometric forces generated by the muscle are required to
complete the force/velocity profile. It is this ability to exert a force while not
physically shortening that is critical in actually grasping and holding an object
firmly once initial contact has been made. Using a ‘standard' muscle fibre of
length 50mm and width 20mm the test cell was set up as before but with the
beam sensor replaced by‘ load cell which measures the stresses generated during
contraction. The muscle fibres were attached to the load cell through the
tendons in such a way that the fully swollen film was fully extended, but no
tension was being generated. The forces generated during stimulated contraction
and dilation were recorded on the computer and the results shown in figure
5.16. The test was repeated several times to ensure the repeatability of the

results.

Force {N)
0.7

S
05H

oab\ o/ . - { — Gontraction  —+ Ditation
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O.2 | No e st S e e

0 1 i i I 1
o] 10 20 30 40 50 60 70

Time (sec)

Figure 5.16. Isometric Force Generation,

At constant length, the forces on »éontraction rapidly build up, the greatest
changes being recorded in the first few moments when it was previously
determined that the rate of contraction was at or near its maximum. The
contractile forces developed by this ‘muscle under these conditions were ‘up to
0.59_N which in terms ‘of the force per cm? of contractile material is just under

30N/cm2. This compares very well with the forces generated by natural muscle
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which range from 20N/cm 2-40N/cm?2 dependiné on the animal and the muscle
chosen [Woledge, 1985; Pedley, 1985]. Muscular relaxation on the addition of
water is found to be even more rapid, with the initial change being particularly
fast. The repetition of the experiment showed the performance to be
reproducible (to within $0.02N i.e. 2IN/cm?) over up to 15 cycles with no
degradation. The number of cycles tested was again limited by the availability
of acetone. |

This test clearly demonstrates that polymer actuators are capable of generating
the high forces required when gripping an object, while the rapid relaxation
means that any gripped. object can be quickly released preventing damage. At
the same time the force can be accurately regulated by controlling the stimulus,
stopping contraction at any desired instant. The compliant nature of the
polymer muscle is also of benefit in these tasks, preventing damage to sensitive
objects.

Using the results produced by the no load, isotonic and isometric tests, a
force/velocity diagram can now be constructed showing the variation in
contractile velocity with loading. Thg maximum contractile velocity is obtained
under no loading and is specified as Vp,,, which for these artificial muscle
fibres was just under 11%/sec.. The maximum force, obtained from the

isometric experiment is F, which for an artificial muscle is 29.5 N/cm?2.
12 Normalised Velocity

—— Artfical Muscle =+ Natural Muscie
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Figure 5.17. Force/Velocity Relationship for Artificial Muscle.
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Figure 5.17 shows the force/velocity relationship obtained using the isometric
and isotonic data obtained in the preceding sections. This may be approximated

by a rectangular hyperbola with equation;
(F+ a)(V + b) = (F,+a)b (5.4)

where F is the force during shortening at velocity V, F, is the force during
isometric contraction, and a and b are constants, This pattern is of the same

form as that produced by Hill [Hill, 1938] in his tests on animal muscle.

3.5 Multilayered Muscle Dynamics

The ' previous tests have shown the potential of a single polymer strip to
respond to chemical stimulus quickly and strongly. Bu.t to develop a system
capable of powering a robot gripper the total gripping strength and contractile
force must be increased significantly. The simplest way to do this would be to
use strips with increased cross—sectiqnal area, hence just as in nature, limbs
with heavy loading have larger muscles.

To ensure rapid responses were retained during this thickening process the
fibres must remain thin and to achieve the desired overall thickness, 10's (or
perhaps 100's) of fibres must be connected in parallel. Prdducing and testing
such a muscle 'bundle' was the object of this “experiment. |

The contractile force and rate experiments previously conducted on a single
fibre were repeated using 10 ‘standard’ strips of length S50mm and width 20mm
connected in parallel forming a muscle bundle. Since small variations in film
thickness ‘and crosslinking are known to have a significant effect on the
response rates, particular care was taken to ensure that the fibres were as
uniform as "possible. The results obtained are used to construct a new
norma!ised, multi-muscle, force/velocity profile, figure 5.18, which can be

directly compared with the single muscle equivalent.
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Figure 5.18. Multi—fibred Force/Velocity Profile.

These results show that the use of a multi-layered muscle bundle produces no
reduction in the rates of contraction and dilation. The isometric and isotonic
responses of the muscle bundle, monitored as in the case of the single fibre,
show the multi-layered muscle generates greatly increased contractile forces with
substantial increases in the safe loading limit, these values increasing to 6.1N
and <7.9N respectively. When norrpalised this giQes values of 30.5N/cm2 for
the contractile force and <39.5N/cm?2 for the safe loading limit. The slight
difference between the values for the single (29.5N/cm 2) and multi - fibred
tests is probable due to errors in reading the values and small non-uniformities
in the strips forming the muscle bundle.

A comparison of the normalized force/veiocity profiles for the single and
multi- layered muscle systems, figure 5.17 and 5.18 indicate that the use of
several hundred or thousand polymers ;trips is a viable long-term objective and

‘with 'such a system a very powerful actuator will be a possibility.

:6 Muscular Power Qutput -
When measurements of the mechanical performance of muscles (both natural
and §ynthctic) are to be compared, it is often desirable to eliminate variations

due to size, 'shape, and arrangement of the contractile components.
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Many arrangements are possible, but in this sfudy the films are arranged into
bundles with the fibres connected in parallel between the binding points. This
basic model is applicable to some forms of natural muscle as well as synthetic
muscles and this permits comparison. Since the shortening wvelocity being
measured adds up along the length of the fibre, it is proportional to the
muscle length, and the ) normalized contractile velocity can be given by

[Woledge, 1985];

Vnorm = V/ig {5.5}

where 1l is the muscle fibre length, V is the velocity of shortening and
Vhorm is the normalised velocity of shortening per unit length. With the fibres
in parallel, the force generated is proportional to the total cross—sectional area

" of the fibre, and the normalized force is [Woledge, 1985];

Fhorm = F/A = Flg/vol {5.6)

where vol is the volume of the dry muscle fibre, F is the force generated, A
is the cross-sectional area, and Fjq,.y is the normalised force per unit volume.
The power of this actuator can now be obtained from the velocity and force

values. The normalised power output Pyen, being;

Phorm = Fnorm Vnorm = FV/vol (5.7)

. This power output equation is valid fof all other possible arrangements of the
fibres although the velocity and force measurements may vary considerably
[Woledge, 1985; Pedley, 1985]. The power produced by any muscle, natural or
artificial can.now easily be obtained using the information contained in fheir
force/velocity profile, figure 5.17 or 5.18, to give é power/force relationship,

figure 5.19.
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Figure 5.19. A Power/Force Profile for Artificial Muscle.

This clearly shows that maximum power is generated at medium shortening
velocities and low contractile forces. It can in fact be proved mathematical that
the maximum power is generated when Pporn =Fporm (Appendix IV).

The maximum power/weight ratio obtained in these experiments using an
artificial muscle is 5.8mW/g which is considerably less than that for natural
muscle, which may vary from 40 to 200mW/g depending on the muscle being
considered [Woledge, 1985; Wilkie, 1976]. This is not, however, a major cause
of dismay since the power output is a product of the force generated times the
contractile velocity.” Hence by using thinner fibres (<0.1mm) improvements in
the power output comparable with those already predicted .(and obtained) for
contractile response rates are possible. For ﬂexample using the contractile rate
versus thickness theory it is predicted that polymers strips 0.0lmm thick would
ha\}e a pbvw:r/weight ratio of 580mWi/g.

Although the power output of natural muscle is at present much greater than
for the artificial muscle, it is interesting to note that the total energy available
from both systems is comparable at 0.6-0.8J/g for natural muscle [Woledge,

1985] and 0.4)/g for the synthetic muscle.
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The Carn le an m_ Efficiency o .

Thermodynamic analyses con&ucted in previous chapters have tended to deal
with the energy balances during swelling and deswelling. Now that it has been
demonstrated that the polymer can perform work it may be useful to consider
the work cycle which is involved and the potential efficiency of such a system.
These analyses will be based on the thermal work cycles developed by Carnot
(idealised gases), Otto (éombustion engines) and Diesel (diesel engines). Using
methods developed for these thermal engines, the work «cycle and
thermodynamic response of polymer muscles will be studied.

For the mechanochemical cycle the driving force is the chemical potential of
the stimulant solvents, with the wvariation being . plotted as changes in the
polymer length and force. As with the other cycles a four stroke operation is

required, figure 5.20. -

Force

@) |Water i @

Acetone Acefone

Water

@ @ " length

Figure 520 ﬂMechano—chemical Work Cycle

.l

* The operation of this device as an engine can be explained in the following
way. Stahing at {1}, water is added to the system which causes expansion
against no external forces {1} - {2}. At {2} the water is removed from the
system and ‘an external force is applied, causing vaiously an increase in the
force _and also extension, {2} = {3}. The force is kept constant at {3} - {4}

but the chemical potential is changed by the addition of acetone. Here
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contraction occurs against a constant load. Finally the external force is reduced
to zero once more and the force/extension relationship returns to its original
position by {4} - {1}.

The energy changes for each steps can be given as;

[dH]{l}-(z) = [rH20 drye0) (1)-(2) ‘ {5.8a)
[dH] 5y (3) = [fdl]2)-(3)+(rH,0 dnus0) (2)-(3) (5.8b)
[aH] (3y_(4y = [fd1)(3)-(4)*[KAce.dNAce.] (3)-(4) (5.8¢)
(Bl 4y (1) = [Fd1](4)-(1)*[rAce.dnpce.] (4)-(1) {5.8d)

where p is the chemical potential, dn is the number of ionic groupings in the
solvents, H is the Helmholtz energy, and dl is the displacement change in the
material under an external force f.

From these results it is seen that steps {1}-{2}-{3} represent the work done
on the fibre to cause dilation, while {3}-{4}-{1} is the contractile work which
the systemm performs. |
The absolute work developed by a mechanochemical material is then g{ven by

~

[Tatara, 1972a; Tatara, 1972b};

‘W = Apdn = pdn + pdn = (p,-p,)An {5.9)

where p is the chemical potential before (x,) and after (p,) swelling.
The effective mechantcal work of the material is then given as [Tatara,

'1972b];
E = -ofdl - fA1 {5.10)

where Al is the contractile length of the material. Thus the work efficiency of

a mechano—chemical material is [Tatara, 1972b];
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n = E/MW = -fdl/Apdn * {5.11)

Sussmann and Katchalsky reported that the mechanical efficiency of such
mechano~chemical systems (using collagen as the active material in this
instance) was up to 40% While experiments conducted by Tatara [Tatara,
1972b] gave efficiencies of up to 30% for fibres made from contractile

polymers, and up to 60% efficiency for cationic resins swollen in water.

5.8 Conclusions

In this study it has been demonstrated that an artificial muscle made from a
polyvinyl alcohol/polyacrylic acid copolymer can be chemically stimulated, using
acetone for contraction, and water for dilation, producing an output which can
be coupled to a load giving a effective actuator response. The performance
profile of this pseudo~muscular actuator is comparable on a macroscopic scale
with natural muscle giving strength, contractile force and energy outputs which
very similar.

As this device is to be used an a;tuator to power a robot gripper (although it
could be used in a multitude of other actuator appligaﬁons) a number of design
parameters need to be maximised. The most basic of these are the rate of
response and the force which can be generated.

With the polymer muscle various factors involved in the production p‘rocesses
are known to have a strong influence on the properties and responses. Increases
in crosslinking reduce the swelling ability and the rate at which expansion and
coqtraction occur, at the same time the strength of the material is enhanced.
Increasing the PAA content gives a muscle with greater contractile force
generation, but unfortunately this system is not robust. With only a little PAA
the resilience 1is increased, but the stresses generated are lower and a
corgpromise value which is suited to the specific situation is required. Increasing

the salt concentration of the water enhances the swelling rate, but can result in
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salt deposition due to salting out. Température increases raise both the
contractile and the dilatory rates but must be limited to prevent damage, while
for optimum response it must be ensured that the water and acetone are
uncontaminated. Finally, and perhaps most importantly is the thickness of the
fibres. They must be made as thin as possible to provide rapid response, with
‘the reduction in mechanical strength and contractile forces which accompany the
thickness reduction being offset through the use of multilayered muscle bundles
with many fibres connected in parallel.

In terms of the power/weight ratio the synthetic muscle is at present, much
poorer than the natural muscle and provides only about one sixth of the
power/weight performance of electric motors [Radio—spares, 1989]. These figures
are in terms of the mass of the dry muscle and also do not include the mass
of the muscle cell or fluids. These factors will obviously reduce the
. power)weight ratio still further. |

While the power output at present is poor, the potential use of thinner fibres
could substantially enhance this performance. This combined with a number of
other important features such as;

a). rapid response, again through the use of thinner fibres,

b). total venergy storage and contractile forces comparable with natural muscle,
¢). direct compliance control,

d). and linear direct drive,

shows the scope that exists for the develépment of an new actuator to rival

present systems.
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Uhapter b
Mathemaliiral Mooelling

and Sunulation

6.1 Introduction

The potential power made available through the use of chemically stimulated
artificial muscles has recently come under renewed investigation [Osada, 1985,
De Rossi, 1986; Suzuki, 1987], but to date modelling of the processes has been
very limited. The development of muscle~like actuators depends on the ability
of polymer gels to convert chemically stimulated microscopic motion into
macroscopic volume and force changes, and it is vital to the future progress of
this technology that accurate simulation models are developed so that muscular
control strategies can be tested.

This study is aimed at investigating the causes of this contractile behaviour
and simulating the motions produced following the diffusion of the activating
chemicals into the fibre network. Using the models derived for the contraction
and dilation of the fibres, control strategies for these muscular actuators can be
tested before being implemented on experimental systems to be considered in

chapter 7.

6.2 Mathematical Model

In analyzing and describing the transient mechanical behaviour of a
polyelectrolyte gel element in response to chemical stimulus, it must be
rememberéd that this is basically a concentration controlled diffusion problem.

Models of penetrant diffusion in solids have been - available for many years
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[Thomas, 1982; Peppas, 1984], but while these analyses are very thorough, it is
desirable to develop a simplified approach which can be adapted for numerical
solution and yet retains the required accuracy. The mathématical model
developed here was designed to incr;rporate the effects of volume changes due
to penetrant diffusion, but local stresses are not considered.

Being primarily a diffusion coxitrolled reaction the processes involved are

basically governed by Fick's diffusion equation [Casey, 1962]:
dC/dt = d (D dC/dx) / dx (6.1)

where C is the concentration at time t and at distance x from the centre of
the strip along the normal to the face, D is the diffusion coefficient. The
driving force for the swelling/deswelling is the penetrant concentration difference
between the polymer gel at equilibrium, and at time t. This concentration may
be expressed as a ratio of water to polymer in a givirig volume. As a first

order approximation this gives the swelling rate as [Freundlich, 1926];
Sr = dA;/ d7 = K (Ax-A;) {6.2)

where A_ is the amount of penetrant absorbed at ﬁmé 7, and A, is the
amount absorbed at equilibrium. K is a coefficient depending on the solvent,
temperature,and production factors.

This model is, however, too simple and the presence of a number of system
- non-linearities and secondary factors must be considered if an accurate
simulation is to be developed. These factors as they relate to the mathematical

model will be dealt with in the subsequent sections.

6.2.1 Diffusion Coefficient Effects

The diffusion coefficient controls the rate of movement of the chemical

molecules within the polymer strips and as the dynamic rates are dependent on
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the chemical properties, this is clearly a very important pérameter.

This diffusion coefficient is not a fixed quantity, but varies with a number of
factors having a significant influence, such as; solvent used, internal solvent
concentration, crosslinking, and temperature. The exact nature of these effects
will now be considered.

1). Solvent used. The solvent used has a very significant bearing on the
diffusion coefficient, hence, methanol has a different diffusion value from
distilled water or a solution of NaCl. Unfortunately, due to the polar nature of
the polymer, it is not possible to predict accurately how a particular solvent
will affect the coefficient value, and this can only be determined by
experiment,

2). Internal solvent concentration. The diffusion coefficient is subject to
changes as the concentration of the solvent within the body of the polymer
increases or decreases. These types of concentration dependent diffusion

variation are typically modelled as [Buckley, 1962};
D - Doexpﬂv {6.3)

where D is the diffusion coefficient, D, is the diffusion coefficient of the
unswollen polymer, £ is parameter defining the coﬂcentration dependence of D,
and V is the swelling fraction of solvent penétrating the polymer at time 7.

3). Crosslinking. Previous testing has demonstrated the effects of crosslinking
on the contraction — dilation dynamics. Two factors can be identified:

i) The variation in bond length effects the ease with which a solvent can
move between the long-chain molecﬁles.

ii) The bond strength governs the swelling ratio (swelling produced relative to
the amount of solvent imbibed).

Again as in (1) the effects of these parameters can only really be deiermined

experimentally.

4). It has been shown experimentally in the previous chapter  that thé
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dilation/contraction rates are temperature dependent, with a relationship given

by;
S = 3, +K'Tp (6.4)

where Y,, is the di_lationlcontraction rate at 20°C, K' is a dynamic rate
coefficient depending on the production parameters, and Tp is the temperature
above 20°C. This rate increase is due to an increase in the energy of the
solvent molecules as the temperature rises, that in turn leads to more rapid
molecular motion. Clearly the effects of temperature variation must be taken

into account in the development of an accurate simulation model.

6.2.2 External Solvent Concentration Effects

A second important effect which has been observed in dynamic tests conducted
in the previous chapter is the change in the rate of dilation and contraction
when the stimulant chemicals_ are contaminated, (traces of water in acetone or
vice versa). Modelling of these responses in the muscle simulator allows an
analysis to be made and an équaﬁon to be found relating the dilution to the

reduction in dynamic response. This is given by;

¢ = @ exp("')’(cxz)) ” {6.5)

where ¢ is the dynamic rate, &, is the dynamic rate when using pure
chemicals, v is a parameter defining the dilution dependence of &, and Cy is

the concentration of the external solvent.

tizing of Core
A third factor which causes distortions in the output is the finite diffusion
period. During the initial stages of solvent absorption the polymer has a ‘'glassy’

core which remains rigid and restricts longitudinal motion. When solvents
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reaches the core this ‘softens', and motibn is possible. The time delay
associated with the diffusion into this central region will, however, always mean
that the core's reactions to stimulii will lag behind those of the surface regions.
During contraction similar delays' occur, but in these instances the central
region remains swollen while the surface layers contract rapidly. This occurs
because the diffusing solvent (water) is now being drawn out-of, rather than
in-to the polymer. |

Tests on the polymer have also revealed that the solvent content also has a
significant effect on the elastic modulus of the material. Swelling produces
considerable reductions in the fibre strength, with this effect being particulatly
apparent during the initial stages of solvent absorption. These effects are
modelled by incorporating the Young's modulus into the calculation, with the
relationship betwgen swelling fraction and modulus having been obtained in

chapter 4;

G =K,/(S43-C,) | (6.6)

where G is the Young's modulus, Sy, is the linear swelling fraction (ratio of
the swollen to dry polymer lengths) and K, and C, are constants set in the
production of the polymer. Using this equation it becomes a simple process to
calculate the modulus value (material strength) at any pénetrant concentration.
The length change in the z-direction, (thé power stroke) is then calculated by
combining knowledge of the plastizing of each element due to diffusion in the
x—diréction, with the modulus at any swelling fraction and the rate at which
stimulant chemicals are input into the muscle cell.

These effects are particularly important because by using these variations and
by controlling the percentage solvent content and external solvent concgntration,
the stiffness o’f' the gripper can be varied pro;lucing a gripper with variable

compliance controlled directly by the actuator.
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4 Dimensional n
The primary characteristic of this polymeric muscle is its ability to expand ar.xd
contract, and these dimensional changes lead to non-linearities which clearly
must be considered when attempting to formulate a model of the system. This

expansion and contraction is modelled by permitting the elemental volume

within the fibres to vary according to;
Ax, 3 = Ax3/(1-K ;)3 {6.7)

where Ax, the elemental volume at time 7, Ax, is the initial volume and K,

is a coefficient set during production.

6.3 Film thickness

The final and perhaps most important parameter that has not been considered
in the preceeding modelling is the film thickness. Previous experiments have
demonstrated that the dynamic rates are related to the thickness by an inverse

square relationship [Tanaka, 1979 ];
d - K,/T2 +Cp {6.8)

Where ¢ is the contractile rate, T is the thickness “ and K, and C, are
éonstants set during the production of the“ polymer.

This effect has been modelled into the final simulation model ‘and its
inclusions means the estimates on the response of very thin fibres can be
ﬁxade. It is fibres of this design that will be required if response rates

comparable with natural muscle are to be achieved.

4 rmination of iffusion fficient
The swelling of these polymer fibres is due to polymer/solvent

attraction/repulsion and results in the uptake and expulsion of solvents
- 6.6 -



depending on the nature of this force. It is vital to obtain a wvalue for the
diffusion coefficient in order to be able to predict the response of the muscle
when chemically stimulated. The problem of obtaining diffusion data is resolved
by using a method based on the equilibrium swelling parameters, as devised by
Crank [Crank, 1956] and Buckley [Buckley, 1962].

With this technique, “the swelling profile is divided into sections and the
coefficient for each test section is obtained. The driving force for this
swelling/deswelling is the difference between the present swelling/deswelling

condition and the equilibrium state, according to equation {6.2}.
60 '

50

40-
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Swelling
(%) 30

-

20

!
107
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l ; , , : . ,
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Time(Sec)
Figure 6.1a Time Response/Equilibrium Swelling Curves

Using the time response/equilibrium swelling curve, figuré 6.1a, the diffusion
coefficient DaB (relative to the unswollen sheet) can be calculated from the

following equation (Buckley);

DB - 0.049/(t/412), (6.9}

where DaB is in cm? /sec., ti is the time at which the swelling is half the
equilibrium value, and li is half the sample thickness.
This equation is valid for constant rates of diffusion, but where the diffusion

" rate is concentration dependent D,B represents some mean value D(bar), D,B
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= D(bar)- By making the test sections sufficiently small the true diffusion
coefficient may be estimated.
To permit the effects of concentration differences to be estimated the diffusion

coefficient D(bar) must be modified by the driving force equation {6.2} giving

D = (D(bar) €o) / (€n—€s) {6.10)

where D is the concentration dependent diffusion coefficient, and ¢, and ¢,
are the swelling at equilibrium and time 7 respectively. From the test sample
the results were divided into swelling sections representing a change of 5%.
The resultant table is shown below, table 6.1. The results have been obtained
from a strip of polymer .12Zmm thick, with a PVA:PAA ratio of 3:1 and

crosslinked at 150°C for 60 mins., i.e. the conditions for a 'standard’ strip.

Vo (R |ty coq DB D
0-5 90 . 5.44e-8 | 0.11e-6
5-10 30 1.98e-7 | 0.25e-6
10-15 15 4.32e-7 | 0.61e-6
15-20 11 6.41e-7 | 1.06e-6
20-25 9 8.51e-7 | 1.70e-6
25-30 74 1.10e-6 | 2.76e-6
30-35 6 1.49¢-6 | 4.96e-6
35-40 8 1.20e-6 | 6.00e-6
40-45 10 1.03¢e-6 | 10.3e-6
45-

Table 6.1 Swelling Time Response Results.
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From these results by extrapolation the diffusion coefficient of the unswollen

polymer D, can be determined, figure 6.1b.

Diffusion (e-8)cm/s
10000 ¢

1000

0 10 20 30 40 50
Vo (%)

Figure 6.1b. Determination of the Diffusion Coefficient Parameters.

For this material a value of 9E-8 cm%/sec. is obtained. Further analysis of
these results gives a value of 11.6 for the B parameter. Hence this relationship

may be expressed in the form given in {6.3} as;
D = 9E-8 expll.6V : (6.11a)

The coefficient value obtained in the above equation is solely for diffusion of
water into the material, i.e. the sequencé causing dilation. For contraction a
new diffusion coefficient must be sought using the method outlined above. In

this instance the equation for the relationship is;
D = 9E-8 exp?-4V ( {6.11b)

D, is Eonsmqi as the swelling coefficient of ‘the polymer does not change,
while § varies to reflect differences in the ease with which the diffusing solvent

can pass' through the polymer network, A number of factors can have an
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influence. During dilation the network fibres are close together and penetration
is more difficult, while during contraction the polymer attempts to retain water
molecules to prevent acetone penetration. Clearly slight differences in the
diffusion coefficient when swelling and deswelling are expected.

The stage has now been reached were it is felt that the modelling of the
muscle should be fairly "accurate and it is worth designing and building a

dedicated muscle simulator.

Algori lopmen

To model the molecular processes involved in the contraction and dilation of
the fibres it is necessary to consider a two—dimensional model, Fig. 6.2. The
strip is divided into small elements in the x and z directions, with the element
boundaries being represented by nodes. The elements in the. x direction emulate
the swelling of the polymer lattice when the penetrant diffuses through to the
core from the outer layers. Motion of the elements in the z plane simula_tes
the longitudinal motion of the muscle and will be used as the measure of the
muscular dynamics. The dimensional changes in the z-direction are calculated
by combining knowledge of the plastizing of each element due to diffusion in
the x-—direction, with the modulus at any given swelling fraction. The swelling
calculations are repeated for each of the nodes within the polymer array.

Diffusion and swelling in the third dimension, y, is nof considered as this is
very slow relative to that in the x—direcéon, and it is not used in the power
stroke as is motion in the z plane.

As the critical criteria for this system is the motion of the polymer, a finite
difference technique has been used for the numerical solution. This gives the
movement of the specified nodes and the overall dimensional changes during
expansion and contraction. The actual finite difference technique employed was
that developed by Crank and Nicolson, the advantages of this method having

been well documented [Caldwell, 1986).
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Figure 6.2 Diffusion of Solvents within the Polymer.

Calculations were performed on a Victor VPC II using Turbo Pascal. An
algorithm outlining the steps involved in the production of this software is

shown below;

1. Input the data relating to the polymer strip to be tested;

muscle thickness, diffusion coefficient, swelling ratio, etc.

2, Initialize the polymer paramete;s;
(i). Set the water concentration to zero.
(i1). Initialize nodal water concentrations.
(iii). Initialize Crank-Nicolson matrices A and B.
(iv). Determine the normalised diffusion value for each
node (p).
(v): Configure matrices A and B based on the related
. p value.

(vi). Solve for matrices A and B by gaussian elimination.
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(vii). Calculate the nodal swelliﬁg based on the water
concentration.
(viii). Repeat (iv) to (vii) for each node.
(ix). Sum for the total longitudinal swelling.
3. Input required simulation period and stimulant to be used.
4, If stimulant = water Then
(a). Set water concentration to 0.8. (Concentration of water
in polymer when fully swollen.
Else
(b). Set water concentration to 0.5. (Concentration of water
in polymer when fully contracted {not dried}).

5. Set external nodes to water concentration.

6. Set the diffusion value p for each node based on the water

concentration.
7. Configure the matrices A and B based on these p values.
8. Solve for matrices A and B by éaussian elimination.
9. Calculate the nodal swelling based on the water concentration.
10. Repeat (6) to (9) for each node.
11. Sum fof the total longitudinal swelling.

12. Display graphical results.
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13, Repeat (5) to (11) until the simulation period is completed.

14, Repeat (3) to (12) if a cycle with a different stimulant

is required.

A listing of this program is given in Appendix V.
Should non-pure solvents be used as the input stimulants the algorithm must
be amended to take account of this. Section (3) of the algorithm should then
read in the water concentration of the stimulant, and hence modify the

diffusion coefficient (at (6)) according to equation {6.5}.

imulator n

In order that the mathematical model and the simulation can be validated it is
important to test the results of a series of test runs against previously obtained
experimental results. These tests have been conducted specifically to determine
if there is good agreement in three primary conditions; initial swelling, polymer
thickness variation and variation i;a the concentration of the activating solvent.
Clearly other features can be considered, such as the crosslinking, but as these
factors have already been included indirectly through such parameters as the
swelling ratio and the diffusion coefficient this is not considered to be
necessary.

Following experimental tests the period for filling of the containing vessel was

set at 2 sec.

6.6.1 Initial Swelling and Dilation/Contraction Profile

The object of these simulations was to obtain a comparison between the
simulation’ model and the experimental results subject to the condition of
concentration d;pendent diffusion. This effect can best be observed when the

polymer is initially swelling from its dry condition, since this gives the widest
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range of concentration variations.
The results produced in this first sequence, on polymer fibres 0.1mm thick,
figure 6.3, shows the slow initial swelling expected from the polymer. This

response increases following the typical profile obtained experimentally.

60 -—— Simulation
“ e Experimental "
50 ' /:‘f.
40
Linear
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(%) 30
4
20— //
4
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///
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B D oot , . , .
0 30 7 60 90 - .. 120 150 180
e B "Timé (Sec) '

Figure 6.3 Initial Swelling from Dry,

lymer Thickn

Particular attention has been paid to the "effects of thickness as theory has
predicted that there is an inverse square relationship between the dynamic rates
and the thickness. These results were prepared for muscle strips of thickness

~ 0.1lmm, 0.2mm, 0.3mm, and ’0.4 mm when both dilating and contracting.
The effect of reducing the polymer thickness is quite clearly demonstrated in
figure 6.4, with sharp reductions in the response rates. Only the contractile
'motions have been recorded as they are the vital power generating cycle m this

system, but similar rate reductions are produced in the dilatory cycle.
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Figure 6.4 Polymer Thickness Effects.

Observation of the maximum rates of contraction over a range of thicknesses

shows the predicted inverse square relationship.
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Figure 6.5. Solvent Concentration Effects.
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It is important that the relationship between the external solvent concentration
and the dynamic rates (equation {5.3}) be accurately simulated; this was the
object of these tests. As before, strips of polymer 0.1mm thick were used.

The changing of the strength of the activating solvents is demonstrated in
figure 6.5, with the twin effects of reduced response rates and also reduced
deswelling limits. Againi only contractile responses havé been rcorded but similar
effects can be observed during dilation. As with all the previous tests the

results compare very favourably with the experimental profiles.

Flexor/ I m i

Having produced what appears to be a fairly valid simulation of the
pseudo—muscular dynamics, the next stage in the development can be
considered. This involves producing a muscle actuator pair with controllers
designed to optimise (or at least enhance) the system response characteristics.
These characteristics will be defined later. |

This type of artificial muscle has been developed for use in robotic grippers
and as such it is important to test the feasibility of any design before
implementation. Since a muscle—type actuator only provides power during its
contractile cycle, two complementary muscles are required, the flexor and the
extensor. A system based on these principles has ‘been suggested for
development, figure 6.6, but it is neces;ary to test a number of control
methodologies before any implementation on a full experimental model. The
fc;llowing sections deal Wwith the design of a series of control systems which
have been considered for use with the flexor/extensor muscle actuator pair.
These systems will then be tested using an actuator simulator built using the
knowledge of the muscular response obtained in the previous polymer
swelling/deswelling simulations.

The development of this actuator pair and the design thinking involved are

considered in chapter 7.
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Figure 6.6 Muscle Actuator Pair Design.

1 _Control m i
A control model for the muscle cell described above, figure 6.6, will now be
developed and tested, and the response to the different control systems
measured and recorded.
The control requirements (as specified in detail in the next chapter) are; to
move the grippei' as quickly as possible between _its desired end-points, without
oscillation and with over/under shoot of less than 2°. A PID controller was

originally considered for installation but due to the fact that no oscillation must
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occur and the tolerance of a small steady—étate error (2°), no integral action
was required. The three control strategies which were developed are considered

in the following subsections.

6.7.2 Position Control

The first control med%od consists simply of closed loop position feedback on
the contracting muscle alone, with the muscle cells being filled with pure
(undiluted) acetone or water according to the demands of the control law, and
hence producing contraction and dilation. The basic control law governing the
filling and emptying of these cells is set by a single PD controller monitoring
the error signal from the contracting muscle.

When the rate of change of position is too rapid, the contraction and dilation
velocities can be reduced by dumping solvent from the cells. This effectively
reduces the muscle stimulation signal. When the final end-point is reached all
the solvents are removed from both cells and the motion terminates. A system
control model is shown in figure 6.7. The detailed structure of this model will
be explained in section 6.7.4 when considering the position/force control
strategy. At present only the dﬁamic responses obtained using this controller
will be considered in depth.

With this controller it is important to realise that the position signal being
monitored is only a reflection of the motion of the contracting muscle and
hence over-relaxation may be occurring 'in the dilating muscle without any
sensory indication of this condition. This will affect a gripper joint response in
two ways.

(1) Upon reversing the cycle thefe will be a delay before the contracting
muscle can produce any finger movement.

(2) Since only one muscle is under tension, a random disturbance may cause
the finger to 'flop’'. “

The lack of feedback information also means that it is difficult to determine

the condition of the modulus of the material, or operate the muscles in
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opposition. These techniques are vital if sdme control of the compliance is
necessary.

A typical response curve (gripper motion between 50° and 100°) for an
actuator with strips 0.1mm thick in both the muscle cells is shown in figure
6.8. The Kp and K4 values are 1.0 and 0.5 respectively. These results
demonstrate that the response rate is rapid but cannot give any indication of
the system over-relaxation. The over-relaxation can be seen indirectly in the

slow pick-up at the reversal points (50  and 100°).
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Figure 6.8 System Response using the 'Position’ Controller;

Due to these relatively poor control responses and the poor compliance

regulation abilities this technique was discarded.

1 ncen n' Control.
The design used for the ‘'solvent -concentration' controller is quite different
from that for the ‘position' controller, with the new control model being shown

in figure 6.9a. Two major differences in the design philosophy have been

" identified.
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1. In the previous design the muscle cells #re filled and emptied according to
the demands of the control law, whereas in the ‘solvent concentration' system
the cells remain permanently full of liquid at all times.” Any inflow is countered
by an equal outflow with the effect that ;he concentration of the fluid within
the cells varies, but the fluid levels remains constant,

2. The ‘position' controller uses 100% (undiluted) water or acetone as the
stimulant, but with the ‘concentration’ controller motion is initiated by varying
the concentration of the solvent in the cells. This variation in fluid
concentration then regulates the motion and the final end position of the joint.

Within the control model these ‘'new' effects are modelled using the
concentrétion nonlinearity feedback term in integrators 2 and 5. B, is retained
as in the ‘position' control model but this value is now variable to permit the
swelling/deswelling limits to be set subject to the . different stimulant
concentration conditions. Contamination reduces the f, value with the
relationship having been explored previously in 4.10. The second term to be
included in this nonlinearity is to control the rate of contraction/dilation. Using
pure solvents there is no feedback until saturation (8,) is reached, so the most
rapid response possible is produced, but as the contamination increases so the
feedback signal increases until no motion at all is observed. All other factors
such as the PD control of the solvent inputs are identical to the position
control design. The nonlinearity is shown in figure 6.9b, with arrows indicating
the changes which occur when using non pure solvents. The remaindér of the

control model and its effects will be studied in the following section.

Figure 6.9b Concentration Nonlinearity Term
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Gripper
.Angle 80

This second method permits monitoring of the concentration of the solvent in
the cells, using the acetone sensor developed in chapter 4, with the result that
the actual modulus of the polymer at any instant will be known. Compliance
control can thus be achieved by either (or both) varying the water content of
the ﬁolymer fibres or by having the extensor and flexor working in opposition.

The system response when moving between 50" and 100°, figure 6.9c, shows

the slow dynamic response caused by the dilution of the stimulants.
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Figure 6.9c. Dynamic Response using the ‘Solvent Concentration' Controller.

Despite giving good compliance control potential and positional accuracy (with
- careful adjustment of the parameters better than $0.5° is possible) this method
was abandoned due to the extremely sluggish dynamics produced as a result of

the use of non-pure stimulants.

4 Position and For ntrol,
This controller combines positional information from the contracting muscle
with knowledge of the tensions being developed in the inter—connecting tendons.

The basic’ concept is similar to the position controller with improvements to
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attempt to eliminate the problems associated with over relaxation. Where this
method differs is in the additional information available through monitoring of
the tension (using strain gauges) being developed in the tendons connecting the
artificial muscles to the joints. This tends to mimic the sensor information
produced in animal muscle control systems. The control system design is shown
in figure 6.10.

In this design the initial chemical stimulant is only applied to the muscle
which will be contracting. This single muscle stimulation continues until an
increase in tension is detected in the inter—connecting tendons at which point
both muscles are stimulated similtaneously, the solvents being added (or
removed) so as to maintain the tendon tension at a very low level indicating
coupling. When the joint reaches its desired end-point deflection, the solvents
are removed from the cell as was the case for the ‘position’ controller. To
move the joint in the opposite direction the stimulants added to each cell are
reversed, i.e. acetone replaces water and water replaces acetone. This continual
joint tension prevents over-relaxation and ensures that there is always muscular
support.

By referring back to the mathematical model for the motion of the muscle
derived previously in this chapter it can clearly be seen that a great many
non-linearities are present. When this is further developed to form a muscle
flexor/extensor pair with the input of the solvents to ther cell under computer
control the complexity is still further increased.

The- remainder of this section will be devoted to the analysis of a complete

system model for a flexor — extensor muscle actuator, figure 6.10.
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where 7,,7, = the swelling and contraﬁting time constants which are
dependent on the production conditions.

B, = the saturation factor determining' the amount of water
absorbed by the polymer. This parameter is again subject to production
conditions and effectively governs the extent of equilibrium swelling.

o = the amount of liquid which the cell can contain
before overflow occurs. This value is chosen in conjunction with the swelling
factor and the material time constant such that 7, = 0.68,, i.e after 7, sec.
of input « ihe material will be swollen by approximately 60%.

a,b = set the cell filling and emptying rate respectively, these
values not being necessarily equal. The filling (emptying) time F; is set

according to;
F, = 9, ‘ {6.12}

The input relay simulates the flow - no flow action of the hydraulic valvés
which can assume only one of two states. The relay function is duplicated in
both the flexor and extensor arms of the system permitting independent control
of the filling and emptying of the cells. The A and B values set for this relay
determine the cell filling and emptying periods respectively.

The input of solvent to the contracting muscle is fegulated by the PD
controller in this loop. This determines "if acetone should be added to, or
remo_ved from the muscle cell and hence coordinates the rate of movement.
Splw}ent input to the dilating muscle is indirectly controlled by the PD function.
Strain in the tendons caused by slower relaxation than -contraction induces the
dilating muscle cell to fill with water. If there had been no muscle tension, the
cell wogld have started to empty, reducing the relaxation rate, and maintaining
joint rigidity. Should these cells become completely full during the pr;>cess, the
filling is stopped when a level sensor detects this condition.

Integrators 1 and 4 are both simply ramp functions to replicate the filling of
- 6.26 -



the cell with solvent. The feedback loops of these iﬂtegrators contain a
saturation function, which effectively limits to o, the amount of liquid which
may be introduced into the cells.

Two more simple integrators are-introduced into the design at 2 and 5. These
are used to give an accurate measure of the quantity of solvent which has been
made available for absorption by the polymer. This is effectively the chemical
stimulus 4acting on the polymer. A saturation function g, has again been
introduced to limit the swelling or deswelling. During dilation this sets the
upper swelling limit, while during contraction a lower limit is set, which has
been previously shown to be approximately 12-15%. This saturation is based on
the absorption curve determined in Chapter 4.

“ The contraction and dilation of the polymer is simulated by integrators 3 and
6, which have a 1st order response (in a simple model of this system, ignoring
the non-linearities, this 1st order system would represent the mdscle response).
The time constants (whicvh are a reflection of the diffusion delays) are set
according to whether the muscle is relaxing or contracting and the physical
properties of the strip of material being used (eg thickness and temperature).
During the initial swelling pﬁase .(the swelling from dry) a third time constant

75 is used as this phase is very slow due to the ]ow concentration of water in
the polymer reducing the diffusion coefficient.

The outputs from both muscles are fedback for comparison with their
respective demand vsignals, which for the contracting muscle is set externally and
for the dilating unit is set by the strain in the inter—connecting tendons. This
¢oupling between the muscles ensures that the rates of contraction and dilation
are equal, and emulates the tensfon monitoring systems available to animal
muscle.

This model is a valid representation of the actuator pair if there is no loading .
on the muscle, since the dimensional changes on solvent uptake are extremely
rapid relative to the rate of uptake. |

Under loading, however, there are additional effects to consider. When being
- 6.27 - '



loaded the moist polymer can be compared to a helical spring, with a modulus
of elasticity and a damping factor. This system can thus be modelled as 2nd
order system of the form [Casey, 1962];

(14

X= -B'X -G'x (6.13)

where G' is a modulus component and B' is a da{mping component. Where
this mechanism differs from a normal spring is in the coefficients which are
variable depending on the water content of the fibres.

As small errors in the final position were to be tolerated and as a reversal of
the cycle would be difficult because of the delays inherent in emptying and
then refilling the cells, propbrtional plus derivative control was used. It was
found that when this design was implemented, the combination of PD feedback
with the relay input produced a switching line similar to that defined for VSS
controllers. The gradient of this switching line was set by the values of the PD
controller.

Consideration of the system equation which can be derived for this unit shows
how this effect can be achieved.

The initial stage of each muscle controller uses a PD based unit which defines

a switching line according to :

S =Kq e +er - 0 (6.14)

where K4 is the derivative gain, Kp is the proportional gain and e and e
are the error and the derivative of the error respectively. This defines a

control signal for each muscle as:

U, $>0
u = { {6.15)
Uy S<0

Where Uy, is greater than 0 and B)bgis_less than 0. These control signals



determine the state of the relay functions which open and close the valves and
in turn control the in or out flow of solvent.

Using this method the problems of over-relaxation and lack of muscle support
for the joint are overcome while use of pure chemicals gives the maximum
possible response rates.

At times it may be advantageous to have both the muscles operating against
each other for this cqx;dition combined with changes in the polymer modulus
creates a system with variable compliance. Compliance control is achieved by
monitoring the position of ‘the gripper and adding the chemical stimulants at
rates which ensure that contraction in the flexor is balanced by contraction in
the extensor. During this simultaneous contraction (or dilation) tension is
generated in the inter—connecting tendons. This increase in tension manifests
itself as an increase in the overall system stiffness. This is the ‘way in which
limb stiffness is controlled in animals.

With the pscudo—muscular mechanism there is also a second compliance
regulating method. The Young's modulus “of the polymer can also be varied by
controlling the water content within the fibres, as demonstrated in previous
performance tests. Hence by cbmbining this system with the technique
mentioned above a relatively simple but effective compliance control mechanism
can be produced.

The results for an extended range of motions using this controller are
considered later in this chapter (section 6.9). The controller was implemented
as described in the following section.

‘.

6.8 Muscle Actuator Simulation

Sbme modifications must now be made to the muscle simulator of section 6.5
to take into account the design of the actuator pair. Since there are now two
groups of muscle fibres, the flexor (closing the gripper when contracting) and
the extensor (opening the gripper when contraéting), the muscle simulation

) algoi'ithm (1) to (14) must be repeated for each grouping. Additionally this
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design is intended to demonstrate the effeét of a muscle pair as an actuator
.and unfortunately a new modelling problem is presented due to the different
rates of expansion and contraction. This is a coupling action between the
muscles through the gripper and it requires the development of a separate
section of program to cope with the interaction. In this routine the elasticity in
each muscle is assessed by . calculating the modulus (using the water

content/modulus relationship) and hence the equilibrium joint position is set.

15. If interaction is present Then
(i). Calculate the modulus of flexor
(ii). Calculate the modulus of the extensor

(iii). Use bisection method to determine the balanced

extensions caused.
(iv). Calculate the new flexor and extensor lengths.

(v). Calculate the gripper position.

The algorithmic implementation of the position/force controller can now be
included, giving a full actuator system simulation.

Points (3), (4), (13) and (14) from the previous algorithm which are used for
manual control of the input solvents must be removed to automate the
processes.

Additionally the following sections of code are required to complete the

algorithm for position/force control.

3.(modified). Input the gripper demand position.

16. If the gripper angle > the demand position Then
(a) close the gripper, i.e. fill the flexor with acetone

(wa;er——concentration = 0.5) and the extensor with water

"~ (water—concentration=0.8).
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Else
(b) open the gripper, i.e. fill the flexor with water and

fill the extensor with acetone.

17. Determine the PD signal based on the demand specified in (3)

and the present position obtained in (15).

18. If the gripper position with 2 of the demand value Theﬁ

(a) empty both cells.

Else

(b) If the error signal >0 Then
(i) continue filling contracting muscle with acetone.
Else |
(ii) stop filling contracting muscle cell,

(c) If tension is present in the tendons (indicated by (15))
Then
(i) continue filling the relaxing muscle cell with water.
Else

(ii) stop filling the relaxing muscle cell.
19. Repeat (3) to (18) until simulation is finished.

The program for the implementation of this algorithm is contained in appendix

VI

The cell filling and emptying times which were of paramount importance in
determining the response and controllability of the actuator, were set using

experimemél test data to 2.5 and 0.4 sec. respectively. The simulation tests
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were conducted for samples of thickness 0.1 rﬁm (this was the standard thickness
defined previously for use in all experimental tests), with a sampling frequency
of 10Hz.

In these tests the polymer strips were stimulated producing motion between
sets of predefined gripper limits, (defines how fully open or closed the gripper
will be, with 180" being fully open and 0° being fully closed). These limits
were set as 0°-180°, 45°-135" and 60°-120°. It is in these latter ranges that
motion will most commonly occur, Using the simulator the Kp and K4 values
of the controller were carefully tuned to give the most rapid response while
still retaining the required accuarcy. These results obtained for a number of

different PD settings have been recorded in Table 6.3.

End Point} Optimum PD }Cycle Tixﬁe Compromise
Degrees Values Sec Cycle Time
40°-70" |k =1; K. 25 6.25s 7.0s
40°-120" [k, =1; g =.5 | 11.5s 12.25s
50°-100" [Kuq, Kj=-.4 9.0s 10.0s
80°-100" K, =1: K3 =.5 4.75s 5.25s

Table 6.2 PD control Parameters and Response Rates.

From these simulations it was discovered that the nonlinearity of the muscle

response meant that the optimal PD values varied as the operating limits
changed. Compromise values of Kp = 1.0 and K4 = 035 were used to
obtain the gripper motion plots shown in figure 6.11a, b, and c¢. For each of

the sequences the relative fluid level in the flexor and extensor cell was also

recorded.
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Figure 6.11a, b, and ¢. Gripper Dynamic Response Simulations.

Observation of the gripper movement profiles discloses a number of interesting
points. A characteristic of these results is the nonlinear nature of the responses,
with the closing and opening of the grippér not being symmetrical. This action
is due to the fact that both muscles are not necessarally operating between the
seem expansion/contraction limits. It has also been noted that at initial start—up
and when the direction of motion changes, there are short delays as the
solvents diffuse into the core of the material. At the end of each sequence
small overshoots occur due to chemical transport delays (equalising of
concentration levels within the muscle and surface residual liquid). Nevertheless,
the simulated actuator responses have positional accuracy which is ﬁetter than
the 2° specified at the start of the experiment and the cycle times of 38 sec.,

13.6 sec. and 10.9 sec. for motions between 0°-180°, 45°-135", and 60°-120°
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are felt to be quite respectable.

nclusi

From these results it was concluded that the mathematical models and
computer simulations that were developed were a good’ representation of the
dynamics of an artificial muscle, at least on a macroscopic scale.

Using these models strategies for the development of a flexor/extensor muscle
pair were prepared, and a force/position controller chosen for the regulation of
the gripper movements. It is believed that this will produce a feasible actuation
system with relatively rapid response rates and good positional accuarcy.

Experimental testing of this mechanism will be studied in the next chapter.
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(ﬂbaptrr 7
A Psrudo—Musrular

Artuator Pair

7.1 Introduction

The results provided by the tests on polymer fibres, and simulations of the
physical and chemical processes involved in the dilation and contraction of a
synthetic muscle, have suggested that an actuation system could be constructed
which would supply the power necessary to drive and control a robot gripper.

Using the information derived from the simulations, controllers have been
implemented which monitor the motion of a gripper and accurately control its
movement.

At the same time as providing a useable power source, artificial muscles have
a secondary benefit. By varying and controlling the liquid content of the
polymer the modulus values can be varied quite dramatically which allows a
degree of control over the system compliance to be exercfsed directly from the
actuator.

This chapter investigates the development of artificial muscle cells which
respc;nd to controlled inputs. In particular an artificial muscle pair composed of
a'.ﬂexor and an extensor is considered. Under controlled stimulus this unit can

provide the power and variable compliance required by a robot gripper.

7.2 Initial Muscle Control Design Structures
Obtaining an efficient means of delivering the acetone/water stimulants to the

muscle fibres was the first design problem to be addressed.
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A method of control was suggested in wﬁich a fine stream of solvent was
sprayed directly onto the surfaces of the fibres. In this way the activating
solvent can be quickly changed, giving rapid dynamic responses, and good
control while only using a limited volume of liquid.

This process is automated, with hydraulic valves under computer control being
used to regulate the flow of the solvents. Compressed air is used to generate

the spray which is directed onto the muscle, figure 7.1a.

Acetone
Water Solenoid
Solenoid I yalves
i it -
Drlve\Elrcu !—_;-— —
— == &

b

. Position

Sensing :

Balance " Spray
[/ Jers\

\.'\
|

Controlling
Computer

s

7

Figure 7.1a. Spray Jet Stimulation Technique.

The control algorithm used in this initial study is very basic being intended
mainly to find out if the spray jet technique can provide the stimulus required.
--It consists of a simple on-off flow regulator, with the spray action being
stopped' when the required muscle extension/contraction is reached. This tends
to give overshoot errors, but once a steady state is reached the output is very
stable, figure 7.1b. By providing a short pulse qf the opposite solvent it is
found that this overshoot can be reducgd or eliminated with little effect on the

.response rate or the stability.
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considered in the following section.

7.3 Muscle/Gripper System Design

Since a muscle-type actuator, whether artificial or natural, only provides
power during its contractile cycle, two complementary muscles are required, the
flexor and the extensor. The coupling action of the muscles means that the
activation of a joint is a combination of the relaxation of one muscle and the
contraction of the second. Relaxation of the grip is produced by a reversal of

the stimulants being applied to the flexor and the extensor.

Figure 7.2. Actuator Control, Monitoring and Circulatory System.

A gripper/muscle system was designed and built to permit monitoring and
control of the movements of the gripper and the muscles, figure 7.2. One

muscle cell consisting of a water—tight chamber containing several strips of
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'standard' (0.1mm thick, 30mm wide, and 45mm long) polymer muscle is
attached to one side of the gripper. This muscle, which closes the gripper on
contraction is the flexor. A second muscle cell — the extensor - is attached to
the opposite side of the gripper. While the flexor is contracting, the extensor is
relaxing and when the extensor is contracting, opening the gripper, the flexor
is relaxing. To achieve the optimum contractile velocities ‘very thin' polymer
strips are used (0.1mm). This, however, reduces the cross—sectional area and
hence the contractile force. These forces can, nevertheless, be enhanced by
forming a muscle bundle consisting of tens or hundreds of thin polymer strips
connected in parallel, all of which are contained within the 'muscle cell’.
Movements are produced by the introduction of the required chemicals, with
the circulation and application of these stimulants being effected through
hydraulic valves under computer control. Outflow occurs when the cell bottom
plate is opened using a sprung solenoid. The solenoid valves used in controlling
these chemical flows are each driven through a series of power transistors,

figure 7.3, which are themselves under the direct control of the central

micro—computer.
v¢C v¢C V%F
|
10K % Solenoid

g/p r;om
omputer
i/o port VA

47K

TIP 31A

Repeat for each solenocid valve
Figure 7.3. Solenoid Drive Circuitry.

The ‘gripper' was initially a balanced beam mechanism, but once the design

was proven experimentally, this was replaced by a more conventional gripper
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which was formed from scissor jaws balanced to pérmit freedom of motion and
limit loading effects caused by the mass of the gripper. Transmission of the
power from the muscles to the end effector is by way of metal wire tendons.
A strain gauge is connected to one of these tendons passing information to the
computer on the tension being developed by the actuators. The outputs from
the strain gauge are processed through a very sensitive bridge amplifying circuit,
figure 7.4, before being sent to the computer, permitting accurate force control

of the relaxing muscle.
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Figure 7.4, Strain Gauge Bridge Amplifier

Information on the gripper position is obtained by computer ‘analysis of the
output from a rotary position sensor connected at the gripper pivot point.

The filling of the cells is obviously a major factor in the control of the
motion, with some method of determining when the cells are full being
reé'uiredf to prevent overfilling. Solid state liquid level sensing switches use
differences in the total internal reflection at the glass/liquid interface to
-determine if a solvent is present. When the liquid reaches the level of the

sensor the inflow is stopped. The circuitry controlling this aspect is shown in

figure 7.5.
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Figure 7.5. Liquid Level Monitoring Circuitry

Solvent diffusion effects within the polymer have been shown to give rise to
delays before any motion occurs; similarly, delays rare caused by the filling and
emptying periods and the presence of residual liquids on the fibres. This all
means that the movements cannot be started, stopped or reversed easily. For
these reasons and because of the time taken for a stimulant to reverse a cycle,
excessive overshoot (<2') must not occur.

Control over the system compliance can be achieved while monitoring the
state of the solvents in the flexor and extensor cells by one of two methods.
1. When the gripper reaches the final set position, the normal response is to
remove the liquid stopping the reaction. If, hgwever, on reaching this final
condition acetone (the contracting stimulant) is added to the relaxing muscle,
tension will be generatea. By balancing the tension in the extensor and flexor
(a.s' they now operate in opposition to each other) the compliance of the
gripper can be regulated.
2. A simpler method involves direct solvent control over the polymer modulus.
Using this sché;ne, when an object is gripped the strength of the grip, the
coxxl?pliance in that grip and the joint stiffness can be regulated by altering the

solvent content in the contracting muscle cell.
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Such control over compliance is a significant advantage not only for. insertion
tasks, but also in general gripping were damage to the object, gripper, and
actuator can be prevented.

The actual design which was implemented is shown in figures 7.6. These
pictures show how the various parts of the system are constructed and how

they fitted together to form the full mechanisms.

7.4 Control System Design

The control requirements are to move the gripper as quickly as possible
between its desired end-points, without oscillation and with over/under shoot of
less than 2°. A PID controller was originally considered for installation but due
to the fact that no oscillation must occur and the tolerance of a small
steady-state error (2°), no integral action was required.

The three control strategies which were developed for use with this system
were initially tested on 'PHAS'. As a result of these tests, a PD based
controller with position feedback regulating the contractile loop and force
feedback regulating the flow of solvents in the dilating loop was chosen, figure
6.10. This control mechanism was iﬁcluded in an algorithm which provided a
full simulation of the movements of the muscle fibres and the fluids contained
within the flexor/extensor system. Using this algorithm the optimum PD values
were determined.

The optimisation previously conducted wusing the muscle pair simulator
suggested that the most flexible general purpose controller would be produced if
Kp and K4 values of. 1.0, and 0.35 respectively were used. It must be
remembered that these are not the optimised values for operation over the

whole range but simply reasonable compromise settings.

1.5 Muscle Actuator Operation
The operation of the muscle pair can be separated into a number of distinct

phaéés depending on the action required and the conditions reported by the
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sensors. This results in a need to coordinate the aétion of the valves to ensure
the stimulants are introduced at the correct time and for the correct period.
The valve conditions during each phase have been recorded in table 7.1.

Six valves have been used for the control of the motion, figure 7.2. Valves 1
and 2 control the flow of water and acetone respectively into the flexor, while
valves 3 and 4 perform the ~same function for the extensor. Under normal
conditions these valves are closed and no fluid flows into the cells. The fluid-
outflow from the cells is controlled by valve 5 for the flexor and valve 6 for
the extensor, and these are initially open ensuring there is no solvent in the
cells. During the operation the sensor outputs and valve control signals are
updated every 0.15 sec., with the response rate and positional accuracy being
continuously monitored and recorded.

At the start (phase 1) of the operation the gripper is open, the extensor
be;xng contracted and flexor relaxed. Stimulation of the flexor by the addition of
acetone (phase 2) starts to close the gripper, the extensor remaining
unstimulated until an increase in tension in the tendon is monitored. Fluid is
then added to both the muscles simultaneously (phase 3), acetone to the flexor
producing further contraction and water ;o the extensor causing relaxation. This
process continues with the in and out flow of the solver_xts being governed by
the switching line chosen, and the coordination of dilation/contraction needed to
prevent over-relaxation which results in finger ‘flop'. If the extensor were to
relax too rapidly the flow of water to the relaxing muscle would be temporarily
interrupted (phase 4). In this way slackness which would allow the finger to
flop is not allowed to develop. While if the controller parameters are exceeded,
solvent ﬂow to both cells is stopped (phase 5).

This cyclic motion ensures that the gripper response remains on or near the
switching line until the final end position is reached when all chemicals are
removed (phase -6) and the gripper moves smoothly to the desired end-point
position. Opening of the gripper follows the same procedure with the operations

on the extensor and the flexor reversed (phases 7 to 11). The valves sequences
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and positions at each of the phases within the opening and closing cycles are

shown in table 7.1.

Phase _Valve State
1 2 3 4 5 6

1 closed | closed} closed] closed open open

2 closed | open closed}] closed | closed | closed
3 closed | open open closed | closed | closed
4 As for]phase 2

S closed closed] closed} closed closed closed
6 closed | closed} closed| closed { open open

7 closed | closed| closed] open closed | closed
8 open closed] closed! open closed {| closed
9 As for]phase 8

10 closed | closed] closed] closed | open open
11 closed |closed closed] closed open open

Table 7.1. Solenoid Valve Control Sequence

At times it may be advantageous to have both the muscles operating against
each other, which combined with changes in the polymer modulus creates a
system with variable compliance. Compliance control is achieved by monitoring
the position of the gripper and adding the chemical stimulants at rates which
ensure that contraction in the flexor is balanced by contraction in the extensor.
Changes in the system stiffness can be observed by noting the increase in

inter—tendon tension during this coordinated contraction.

7.5.1 Actuator Control Algorithm

The control methodology for this system is based upon the algorithm
- 712 -



developed for the force/tension controller, as explained in the previous chapter.
In this instance the routines have been developed on a BBC micro—computer
using Basic. The algorithm detailing the sequencing of the various valves is as
follows;
1. Initial Set-up routine.

(i). Set user ports to output signals only.

(ii). Energize acetone container.

(iii). Turn all valves off (no fluid flow).
2. Specify the gripper demand signal.
3. Input values for proportional and derivative control.
4. Read initial gripper position (A/D converter).

5. If error signal > 0 And demand < gripper position Then
(i). If cell level <>1 (not full) Then
(a) Fill Flexor Cell with acetone. (Energize valve 2).
Else

(b) Do nothing.

6. If error signal > 0 And demand > gripper position Then
(i). If cell level <>1 Then
(a)‘ Fill Extensor Cell with acetone. (Energize valve 4).
" Else

(b) Do nothing.

7. If strain gauge tension >0 And demand < gripper position Then

(i). If cell level <>1 Then

(a) Fill Extensor Cell with water. (Energize valve 3).
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Else

(b) Do nothing.

8. If strain gauge tension >0 And demand > gripper position Then
(i). If cell level <>1 Then
(a) Fill Flexor Cell with water. (Energize valve 1).
Else

(b) Do nothing.
9. Measure the gripper position.
10. If ABS(demand)gripper position) > permitted limit Then
(i) Repeat (5) to (9).
Else
(ii) Remove the solvents from both cells (Energize valves 5
and 6).
11. Turn all valves OFF.
12. Repeat (2) to (11).

A listing of this program is contained in appendix VIL

7.6 _System Tests and Results

The rate of filling and emptying is of paramount importance in determining

the response and controllability of the actuator. Tests on the fluid flow rates

show that the cells (with an internal volume of 130cm2?) can be completely

filled and emptied in 2.5 sec. and 0.4 sec. respectively.

With the rapid filling of the cell, fluid filling ‘noise' and floatation effects are

potential hazards which could have a serious effect on the results. Tests (using
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the system and algorithm described above) on a heavily crosslinked sample
(where the response relative to the filling rate is very slow) indicate that

despite the high inflow rates there are no measurable effects, figure 7.7.
Oo'Grlpper Position (Degrees)
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Time (sec)
Figure 7.7. Flow Noise and Floatation Effects on Muscle Response

The system was constructed according to the design shown in figure 7.2. The
response rate and contractile fqrce for ten muscle fibres (fibre strip thickness
0.1mm) connected in parallel are measured, giving values for contractile rate of
10.5%/sec. at a contractile force of 29.8N/cm?2.

Having determined the response rate of the polymer strips being tested, the
coupled muscle-pair actuator was fully implemented. Under computer control
the gripper is driven between a series of different endpoint positions and the

responses are recorded, figure 7.8a, b, and c.
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Figure 7.8a, b, and c¢. Operational Cycles Between.
a) 0 and 180°
b) 45 and 135

c) 60 and 120

Observation of the results discloses a number of facts about the operation of
the muscle. At initial start—up and when the direction of motion changes, there
are short delays as the solvents diffuse into the core of the material. At the

end of each sequence small overshoots occur due to chemical delays (equalising
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of concentration levels within the muscle and surface residual liquid). Finally, it
can be seen that the response when opening and closing are not symmetrical.
This is due to the non-linearity of the muscle response, and the initial set—up
position. The symmetry could be improved while also optimising the response
by ensuring that the muscles are operating at the centre of their range. Ideally
this should be set to correspond to the 90. gripper position,

The open/close cycle time ‘is clearly dependent on the extent of the motion
required, but a movement from fully open to fully closed can be achieved in
under 15 sec. Over this range of endpoint motions the positional accuracy is
also found to vary slightly but at less that 1 it is always better than the 2
which was specified. Over the course of 20 tests on the system the results are
found to be repeatable, being better than 1.

A comparison of the results obtained in this chapter and the simulation results
obtained in chapter 6 shows that there is very good agreement, as has been

previously observed with other simulation/experimental comparisons, chapter 6.6.
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Figure 7.9 Demand and Solvent In/Out Flow Control Signals

The demand and control signals for a response between 60 and 120 are

recorded in figure 7.9. The switching nature of the control system can be seen
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for both the flexor and the extensor and it will be observed that the-switching
actions for each muscle is independent, although over considerable periods they
are found to be in the same state (generally when the flexor is filling the
extensor will be filling and similarly when emptying).

The ability to vary the compliance of the systern can be tested by loading the
gripper with a standard mass (5g) and measuring the deformation which occurs
as the compliance is changea, both through opposal muscle actions and by
chemically stimulated variations in the Youﬁgs' modulus. These tests, figure
7.10, show that a standard mass can produce deformations greater than 10’

when the actuator is very compliant, while at its most stiff the deformation is

less than 1 .
19 Gripper Deformation (Degrees)
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Swelling Fraction

Figure 7.10 Control of Gripper Compliance

1.7 _Conclusions

Chemical stimulation uSing acetone and water has been shown to be a new
and effective medium for activating an artificial muscle constructed from strips
of a polyvinyl alcohol - polyacrylic acid co-polymer. By monitoring the
circulation and delivery of these stimulants the motion and position of a joint
powered by this system can be accurately controlled.

A new actuator muscle pair has been developed and it has been demonstrated

that controlled movement of a robot gripper is feasible.
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In higher level organisms, control of muscle motion is controlled and
coordinated by the brain, with special auto-motive processes under spinal
control. In the artificial muscular environment these processes are undertaken by
computer. Producing an effective method of transporting and delivering the
chemical stimulants is not, however, a simple process.

Cycle times for opening and closing a gripper of under 15 sec. have been
recorded, combined with good repeatability and positional accuracy better than
the 2° specified. While these would seem to be barely acceptable rates of
motion, micro-manipulation is an area which may be able to make use of this
system in the short term. In the longer term the development of thinner fibres
and perhaps new materials will lead to potential uses in large scale operations.
A secondary feature of this style of actuator design, which is nevertheless
worth noting is that the system provides linear motion which can be used to
drive a joint directly. Finally in terms of the physical properties of the
material, the compliance control is a very useful parameter which could be of
particular benefit in pick, place and insertion tasks.

The VSS controller used satisfies all the criteria set, with the angle accuracy
always being within the required limits. It is, however, felt that by refining and
improving the control algorithm it will be possible to achieve increased speeds,
reliability and controllability. The most obvious upgrade would be the use of
PWM to control the on/off action of the valves giving greater control of the
liquid flow-rate. Additionally the non-linear nature of the actuator response
means that the switching line has not been optimized over the range of motion,
but  rather uses a compromise value. By incorporating a form of adaptive or
ruble based learning controller into the design, the best switching line could be
used for each movement as required. The usefulness of including some form of
predictor is also being considered. This model would be based on that
previously derived to simulate the system.

In this study it has been demonstrated that a chemical stimulated artificial

muscle when used in conjunction with a VSS type controller monitoring
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positional and muscle tension information, produces a feasible robotic” actuator.
Using this mechanism a new linear direct drive actuator with excellent

power/weight ratios is a realistic long term possibility.
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Uhapter B
iHartable Gompliance

Uendons

8.1 Introduction

The object of the research in this thesis was stated at the outset to be the
development of a new compact method of powering a dextrous manipulator.
The work in the previous chapters has dealt with the development of an
artificial muscle-type system, using the swelling/deswelling properties of the
materiél to physically drive the joints in a gripper. Although these
pseudo-muscular  actuators have not  progressed far enough to replacé
conventional designs in a gripper, it may be possible to use an application of
this technology discovered during the research to circumvent one of the major
difficulties encountered in the use of dextrous manipulators.

The work to be discussed in this chapter uses a second property of the
polymer, its variable compliance, to control a dextrous manipulator. With the
designs presently being used for flexible grippers, multiple fingers (which in
themselves often have multiple joints) requires a great many motors (often 10
or more), and this adds significantly to the volume of the actuators and their
mass.

Using fhe variable compliance tendon mechanisms, a rudimentary hand can be
constructed which can be powered by a single conventional actuator (or perhaps
at a later stage_an artificial muscle), in this instance a linear stepper motor. By
regulating the properties of the polymer strips, the distribution of power to the

joints and hence the motion of the joints is controlled. In addition this design
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gives the added advantage of increased control over the compliance of the

gripper.

2 Fa influencing 'Variable Compliance Control®

It has already been demonstrated that when PVA-PAA co-polymers are
swollen in water dimensional changes of 50% or more in any one direction
(volume changes in excess of 300%) are produced. During this swelling the
polymer changes from a very rigid, tough material, perhaps not un-like leather
(dry condition) to a very flexible rubber-like material (when fully swollen). This
change in stiffness can be clearly observed by a simple comparison of the
elastic (Youngs') modulus when swollen and wunswollen (see chapter 4.8),
(unswollen modulus = 200-400N/mm?; swollen modulus <IN/mm?).

These modulus changes are fortunately not only observed at the extremes of
swelling and deswelling. By carefully controlling the water content of the
polymer, the swelling can be limited and regulated with the modulus being set
to any value between these limits. The relationship between the water content
and the modulus has also been given in chapter 4.8.

Two methods of inducing changes in the water content, and hence modulus,
have been studied, thermal and chemical. When using thermal methods (drying)
to alter the modulus it is possible to operate over the full range, but the rates
at which the compliance can be changed are relatively slow. -If more rapid
responses are necessary this can be effected using chemical stimulation, although
this doesn't give quite such an extended range . of modulu; values, since the
upper stiffness limit is “now reduced from 400N/mm? to 16-18N/mm?2. Both
these methods of inducing parameter changes will be dealt with in detail in
later sec“tions, together with a number of techniques used for controlling these

parameter changes.

8.3 Analysis of Hand Motion

One of the major facets of this work is the belief that only one actuator is
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required to provide all the power and the flexibility of motion necessary in a
dextrous manipulator.

If as a starting point the 16 working grip configurations defined by Cutkosky
and Wright [Cutkosky, 1986] are considered as the minimum requirement for a
dextrous gripper, then it is imperative that this single actuator system can
operate in such a manner that each of these positions is obtainable. This is
possible using this design, siﬁce the motion of each of the fingers can be
independently regu]a?ed by controlling the stiffness and length of the connecting
polymer tendon.

Clearly certain situations will create 1';10re problems than others. If, for
instance, the required grip configuration is not known before movement starts
there may be a need for several readjustment of the stimulus during motion.
Although this may create a difficult control problem, the basic design and
methodology is such that the problem can be overcome. In fact only one
condition has been identified which this design, in its initial form finds difficult
to solve. That is the opening of one finger or joint while another is closing.
This limitation is simply due to the presence of a single actuator, which can
only provide power in one directioﬁ at any instant. By using a semi-passive
return system such as a spring, or if a second actuator stroke is available then
this opening/closing dilemma is easily resolved.

That the moving of joints in this manner is not a trivial problem is
demonstrated by the relative difficulty experienced when trying to achieve this
motion in the human hand. In fact the only common events which appear to
require “ this ability are ‘playing musical instruments, and a great many people
find this difficult.

Siﬁce these are the parameters within which the human hand operates, it is
felt that the original hypothesis, that a dextrous hand could be powered from a

single actuator, is valid.
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4 tem lopmen

Polymer strips were prepared as outlined previously using the standard
PVA-PAA ratio of 3:1 and a crosslinking period of 60 mins. at 150°C. Sections
of polymer were then cut from these sheets forming strips 30mm long and
5mm wide and 0.lmm thick. The prim;w power source to be used in these
initial tests was a stepper motor, but it is hoped that in future a pneumatic
system could be used. The desire for é pneumatic system is inspired by the
possible improvements which the compliance control mechanism could make in
controlling pneumatic devices, combined with the knowledge that pneumatic

sources provide a system with relatively good power/weight and power/volume

ratios.

Drive Line Polymer Drive Line
Tendons Tendons Tendons
'\: ..\.! ’l‘ - .:‘: -
Drive
- Unit
Drive Line  Polymer Drive Line

Tendons Tendons Tendons

Figure 8.1. Compliant Actuator Mechanism

The controllable ‘'Variable Compliance Tendon' (V.C.T.) design mechanism
shown in figure 8.1 can be divided into four major sections;

1. -The drive unit. The present design uses a fairly large, powerful (starting
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force 125N) linear stepper motor as its primary drive unit. This gives a system’
with a full stroke length of 170mm. Motion is controlled directly from a
computer terminal through a stepper motor interface circuit (appendix VIII),
giving control over the speed (up to 9.5mm/sec), direction, and distance moved
by the motor. The power generated by‘ this motor is distributed through a
series of cables (via a number of intermediate stages which will be detailed in
the following paragraphs), to the joints to be moved.

2. The joints. Although designed for use as a dextrous manipulator the
gripper is a very simple device with three ‘fingers' each having three joints,
figure 8.1. Each of these joints has its own drive line (tendon) connecting it to

the stepper motor. The finger joint design is shown in detail in figure 8.2.

Middle
Joint
O \\\\VYC@///////////%///6
Distal Proximal ggr:/dem:sme
Joint - Joint

Figure 8.2. Design of the Finger Joints

The length of the first link (proximal phalanx) is 54mm, that of the second
link (middle phalanx) is 35mm, and that of the third link (distal phalanx) is
22mm, these values are approximately equal to those in the human hand.

3. The drive line. This is the section of the mechanism which physically links
the actuator to the gripper joints. There are in effect three sections in this
linkage.. The central polymer based unit which ﬁll be considered later, and the
two outer tendons which are made from Kevlar to prevent extension on
loading. ;I'hese outer fibres are used to connect the central V.C.T. unit to the
actuator at one end and the manipulator at the other end. The routing of

these cables from the variable compliance unit to the joints is shown in figure

8.2.

4.. The" Variable Compliance Tendon (V.C.T.). This is the section of the
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system which actually utilizes the variavble compliance properties' of the
polyelectrolyte gel. Within this unit the polymer strips are used as a connecting
line between the  inextensible Kevlar tendons running to the joints and the
motor. These strips are inside a containing vessel which is simply in place to
store the compliance modulating chemic;al stimulant (water or acetone). This
flow of chemicals can either be manual or automatic. A close—up view of the

design of these tendons is given in figure 8.3.
Polymer
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crew Joints
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o ] | IS . g
Tendon to \g:Ld'ng
Drive Unit

Compliant Tendon
Containing Vessel

Figure 8.3 V.C.T. Controlling Unit

8.5 System Operation

Control of the motion of this system can be achieved using a number of
different techniques, with varying degrees of complexity. These designs will be
explored in the following sections, detailing the modes of operation and
outlining the results obtained in experiments with these various strategies.

There remains one final construction detail which must be considered. With
only one active actuation unit the problem of the return of .the joint to its
original starting point needs attention. Two methods of achieving this return
action have been used» and a third has been considered but as yet has not
reached a experimental stage.

In .the first design, a passive return mechanism, gravity, is used. The actuator
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lifts the joint against gravity, closing the gripper. The opening of the gripper
simply consists of the actuator moving in the reverse direction and letting
gravity take effect. This mechanism can clearly only be used in a limited
number of orientations.

To give a full range of motions and grasps, a spring was introduced into the
return phase. Opening is produéed by relaxation of the V.C.T. tension (addition
of water) or by reversal of the motion of the actuator. This gives a gripper
which can be used in any orientation, but it is by no means an optimum
solution.

The third method which was considered but has not actually being
implemented, involves using the energy of the stepper motor when both closing
and opening. There would appear to be few problems with this design method,

but because of a shortage of time no tests have been conducted.

5.1 Limi ntrol

This is the simplest mechanism tested for controlling the condition of the
V.C.T. and the motion of the gripper. Prior to any motion, the V.C.T.s
attached to joints which are not require to close are saturated in water. This
produces dilation, the polymer tendon swelling to a new length of
approximately 46mm, providing 16mm (50% dilation) of slack. The stepper
motor is now energized and power is transmitted to those joints with untreated
tendons. If the motion of the actuator is less than 16mm there will clearly be
absolutely no motion in the treated tendon joints, as required. The return
sequence can be effecttd by either of the mechanisms outlined above. To
repeat the opening/closing procedure, but with different joint open/close settings,
one of two possible methods may be chosen. To return the poiymer tendon to
absolutely its original length, drying is necessary. This may take several minutes
although it is pqssible to increase this rate be using acetone to induce an initial
contraction and then drying as before. . Clearly if polymers were available with

similar properties to PVA-PAA but using a more volatile liquid than water this
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process would become more attractive.

The alternate mechanism which can produce contractions in periods from a
few seconds upwards depending on the thickness of the polyrnér, is chemical
stimulation. As before acetone draws the moisture from the polymer producing
the modulus and dimensional changes reduired. Unfortunately with this method
the final state is still slightly swollen relative to the dry condition and the
maximum modulus value is less than that of the dry polymer, although still
many times higher than that of the moist fibres. This ‘incomplete' contraction
will introduce an offset, but if all the fibres are swollen in water and then
brought into equilibrium in acetone prior to use (the dimensionsv at this instance
may be taken as the zero setting), no difficulties should be encountered. Once
returned to their original or slightly swollen (offset) condition the tendons not
required to transmit energy can be treated (swollen) with water. Motion of the
actuator now distributes power only to the high modulus (unswollen) tendons, as
before.

It is possible in fact to use all three of these states, dry, slightly swollen, and

fully swollen, to achieve a simple graded compliance effect.

Experimental Results 8.5.2

To test the effectiveness of these theories three joints were connected via
their respective V.C.T.s to the stepper motor. The experiments were repeated
for tendons contracted by both chemical and thermal techniques, with a spring
forming the return mechanism in proximal joint, and gravity return operating in
the other joints. At each joint a rotary solenoid was used to monitor the
angle of -rotation by way of a microcomputer,

The following series of tests was conducted to determine the effectiveness of
this mechanism.

1). In the first tests, all the joints were left untreated (fully contracted) and

their. motion was recorded as the stepper moved, figure 8.4a.
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From the results a number of features can be observed, with many of these
factors re—occurring in subsequent tests, The top trace shows the contracting
and relaxihg motion of the stepper motor, while the lower three traces show
the resultant motions in the three joints. In each instance there is a short
delay before any motion is detected. 'fhis is due to slack in the connecting
cables, with some joints having more slack than others. It should also be noted
that the freedom of rotation and the rate of rotation varies from joint to joint.
These are simply constructional problems which have no effect on the response

test results.
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Figure 8.4a. Energy Transmission. All Tendons Untreated.

For beach joints the contraction phase is very linear, but the relaxation of the
middle and distal joints (which use gravity to reopen) is rather jerky. No such
jerl-(inessiis noticed in the proximal joint which uses a spring return system.

Basically the results show that the transmission of energy by the unstimulated
tendons is very efficient as was hoped.

2). One of ;he V.C.T.s (distal) was now fully saturated and allowed to

equilibriate. The motion of each of the three joints during the subsequent
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opening/closing stepper motions is shown in figure 8.4b.

With the second series of results, the responses for the proximal and middle
joints (which were unstimulated) are identical to those recorded in (1). With
the distal joint which has been stimulated (fully swollen), no energy is

transmitted and hence no motion is recorded.
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Figure 8.4b. Energy Transmission with One Joint Swollen.

3). This test was repeated with a second tendon (middle) being stimulated and
brought to equilibrium before any actuator motion occurred. The results in this
instance are shown in figure 8.4c.

The results for this test show that as before energy is transmitted effectively
by the .untreated proximal tendon, but there is no transmission of power by the
swollen middle and distal tendons. In this case it will be noted that in the
pro;(imal -joint the delay caused by slack has been reduced, since only the
setting for this joint is crictical in this experiment. Results for the middle joint
also show a slight offset from zero degrees. This will have been observed in all
the previous anc; subsequent readings and is caused by an offset in the A/D

converter,- which does not effect the results.
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Figure 8.4c. Energy Transmission with Two Joints Swollen.

4). The swollen tendons were allowed to fully contract in air during the next

45 minutes, before repeating the measurments, figure 8.4d.
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Figure 8.4d. Er;ergy Transmission. All Tendons Restored.
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These reults show that after contracting in air the tendons transmit €nergy as
efficiently as in the original test (1), with the resultant plots bearing very close
comparision.

5). Again a single tendon was swollen in water, but in this instance drying
was rapid (<1 min. using a heated air .ﬂow to speed the drying). The results

for this cycle are shown in figure 8.4e.

As with the slow drying teclinique, rapid drying appears to return the material

to its original condition.
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Figure 8.4e. Energy Transmission after Rapid Drying.

6). The swelling - rapid contraction cycle described in (5) was repeated a
further 50 times to detérmine the effect of prolonged use. The results for the
50th cycle in the sequence are shown in figure 8.4f.

Tﬁe reéults at the end of 50 cycles are almost identical to those obtained in
the first test. This shows that the material has at least fair durability, although
further tests will have to be conducted to determine if it is truely viable over

very extended periods of testing.
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Figure 8.4f. Energy Transimission after SO Cycles.

Having conducted a series of tests on the response of the thermal system,
similar experiments were repeated using acetone as the contracting medium. For
this second series of readings the tendons had been pre-swollen and then
contracted (in acetone) to give an initial. (offset) condition.

Three sets of results were recorded.

(a). The middle joint tendon is fully swollen in water. Power generated by the
stepper is transmitted to the distal and proximal joints which move smoothly,
but there is no motion from the middle joint, figure 8.4g. These results are
obviously similiar to those recorded in (2), except that the proximal and distal
tendons are in an acetone induced contractile state.

(b). The middle tendon is now contracted in acetone and the transmission of
enérgy fo all three joints is recorded, figure 8.4h. The tendon seems to have
completely recovered giving the smooth joint rotation which was required.

(c). This expansion/contraction cycle was repeated for the middle tendon a
further 50 timeﬂ;& At the end of this period the profile was again recorded,

figure 8.4i.
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Figure 8.4g. Energy Tranmission using Acetone Contractor Stimulation.
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Figure 8.4h. Acetone Contraction; All Tendons Restored.
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Figure 8.4i. Acetone System; Energy Transmission after 50 Cycles.

These results cleérly show that the performance has not been noticabily
degraded during the test sequence.

This series of tests also provided an opportunity to measure the response rate
using this technique. As expected this was very rapid, with an almost instant
reaction to stimulation, and the final water or acetone equilibrium states being
reached in under 10 sec..

This method is indeed very promising.

8.6 Control System Enhancements

The control system dedcribed above is clearly very basic. In fact it is almost
non—existant, simply consisting of a mechanism which follows the motion of the
prime mover, or gives no motion at all. But what if each finger is required

to close to a different final position? Two methods of achieving this aim have

been explored.
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1 ion Control Effect Varying the Point (tim f Stimulation
In the first of these methods the tendons which are not required to fully
contract are completely saturated in water. The actuator now commences to
close the gripper, as before. At a predetermined point or points (depending on
the final position required) in this motion one or more tendons can be
contracted, either by drying which is clearly going to make the process slow or
by acetone stimulation.
Results for this type of test using three joints stimulated at different instances
are shown for both the thermal and the chemical cases, figures 8.5a and b.
The distal tendon which was initially the only non-swollen connecting fibre
responds immediately to the motion of the stepper. Fifty steps later the
proximal tendon is dried (rapidly), and this joint starts to rotate as power is
transmitted from the motor. Finally after 300 steps the middle tendon is
stiffened and energy is distributed to this joint. Clearly although this technique
is; slow (requiring stops at each change point to allow the fibres to contract), it
does permit control over the motions of the joints through regulation of the

variable tendon compliances.
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Figure 8.5a. Thermal Control of the Polymer Tendon.
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The results also show some of the drawbacks associated with this technique.
During the drying of the middle joint it will be noted that the position of the
other joints changed. This was due to the disturbance caused by the rapid
drying. By having some form of shielding this effect could be prevented but
this will clearly add to the complexity of the design.

It is also possible that during the contraction the polymer tendon is acting as
an actuator, and this could be contributing to the jump recorded in the middle
joint position. This effect can probably only be correéted by reducing the
tendon size or the contractile response, or by increasing the bearing friction.
None of these solutions are ideal.

With the acetone stimulation tests the distal and proximal joints were in their
unswollen state at the start of the test, the middle joint having been swollen to
equilibrium in water. After 150 steps the middle joint was saturated in acetone
which caused rapid contraction within the subsequent 10 sec.. At the end of

this period the stepper motion was restarted and the plot continued, figure

8.5b.
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Figure 8.5b. Acetone Control of Joint Motion.
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Using this chemical technique there is no motion in the middle joint prior to
stimulation, but after stimulation motion is smooth and regular. Advantages with
this system also include no disturbance of the other tendons and the reduced

contractile motion which does not appear to cause any rotation of the joint.

2 _Control in Water Content of the Pol r
In the final mechanism for. controlling the motion of the joints the tendons
are each prestimulated to give a device with a preset modulus value and
swelling fraction. These effects can be achieved using knowledge, obtained in
previous chapters, of the modulus variation with swelling and the relationship
between water/acetone concentration and swelling, chapter 4.8. Again either
thermal or chemical stimulation can be used to set the swelling value. At this
stage no attempt has been made to determine exactly how the swelling and
modulus changes will effect the motion, since the primary object is to
demonstrate that the swelling effect can be used to adjust the compliance and
the final position of the joints. The results for the three joints with swelling
fractions (set either themally or chemically) of 1.0, 1.15, and 1.3 are shown in

figure 8.6a and b.
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Figure 8.6a. Thermal Compliance Control of Power Transmission.
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Figure 8.6b. Chemical Compliance Control of Power Transmission.

In these tests only the middle tendon response at the three set swelling
fractions is recorded. At swelling fraction 1.0 the polymer is totally dry.
Swelling fractions 1.15 and 1.3 in the thermal instance are set by expansion
and subsequent evaporative contraction, while in the chemical tests these
fractions are obtained by varying the acetone/water concentration of the
stimulating fluid.

The results for both stimulation tests are in very good agreement as would be
expected since the modulus condition of the tendon is the same in both
experiments. The only observable difference is in fact in the period required to
reach the set conditions. For the thermal samples this may require up to 45
mins. while with the chemical stimulation simil;:r changes occur in under 20
sec.. -

There is also as expected a wide variation in the results acl:oss the swelling
range. At zero swelling all the power is transmitted giving a smooth, linear
joint rotation. At the intermediate swelling fraction (1.15), there is a slight
initial delay until the swelling slack is taken up. As the stepper motor motion
continues the gradient of the profile is not quite so steep nor totally linear,

indicating stretching of the tendon.
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With the most swollen samples, there is a further reduction in the gradient
and an increase in the delay until slack is taken up. The most obvious effects
of the reduced stiffness are, however, the jumps which occur. These are caused
by stiction in the joints, which requires the development of an elastic tension

before motion begins.

8.7 Conclusions

Experiments conducted in this chapter have shown that a second property of
polyelectric gels, namely its variable compliance can be used to very good
effect in controlling the motions of a dextrous hand.

Since each of the joints can be regulated independently using either thermal
or chemical stimulation, power can be transmitted selectively to all or some of
the joints., This ability means that any of the common grip and hand positions
can be achieved using a single actuator power source. Using a semi-passive
return mechanism; a spring, joint motions are possible in opposite directions at
the same time, a manoevre which even humans can find difficult.

Two methods of inducing compliance control were tested, thermal and
chemical. Both of these techniques succeeded in regulating the energy
distribution, but the chemical method seems more suited to future exploitation
as it gives the more rapid response, combined with a linear profile. Further the
chemical system can achieve all this without disturbance to any other tendon.

Three control strategies have been tested, although in no instances were they
meant to demonstrate more than the ability to ;)btain a rudimentary regulation
of the motions of the joints. In all these controllers, regulation of the chemical
stimulation seems to be the simplest and most promising method.

This technique although only having reached a very primitive stage appears to
hold a consi‘derable amount of promise for the future exploitation of actuation

power in dextrous manipulators.
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Chapter 9
Applications, Gonrclusions
and Huture Work

1In ion
With this final chapter the work in this thesis will be concluded, but this is
by no means the end of the research which could be done to improve the
potential of these pseudo-muscular systems. A variety of applications of this
research are proposed in 9.2, Section 9.3 summmarises the conclusions which
cém be drawn from the work in the preceeding chapters, while in section 9.4
some ideas are suggested for future work detailing how these systems might
actually be made viable, not only in the field of robotics but in the wider

spectrum of general science.

9.2 Applications

This research with its aim of producing a new actuation system for use in a
multi degree—of-freedom gripper has focused on two aspects of polymeric gel
technology. There are, however, a great varietyﬂ of other applications to which
this materials could be dpplied, and these will now be considered.

Still operating as an actuator but using the thermal (drying) technique,  the
materials could be used to produce an turbine which is pollution~free and uses
a reuseable fuel source, solar power. The gel could be expanded by sea water
and then dried in the sun. Alternating the expansions and contractions would
drive the turbine. Such a system would work best in a hot, dry region with

easy access to water; the oceans. This is a particular set of conditions very
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typically found in developing countries. B

A second area where this technique might be used is in space. On space craft
there is a very large difference in solar heating on the panels of the craft,
with some areas at temperatures of 200°C or more, while an almost adjacent
panel may be close to absolute zero. Using these temperature differences it
may be possible to produce an alternative to solar cells as an energy generating
source.

All the previous suggestions‘ have dealt with the material vwhen contracting, but
it is also possible to produce useful effects using the swelling cycle. This is
achieved by constraining the motions of the polymer while dilating. If this
constraining mechanism has a mobile connection, the polymer can be used as a
braking or jacking type device. The list of areas in which this could be applied
is only limited by imagination.

There are also a number of ways in which the polymer could be used as a
seﬁsor. There are two aspects to this application;

1). Under compression and/or tension the material gives an electrical output.
This could be used as a form of sensorized skin, with the added advantage that
hysteris effects could be reduced by the active re—absordance of moisture by
the sensing material. A self-balancing tactile sensor.

2). The material being very low cost, could also form a basis for a cheap
throw away chemical sensor. In its present form the most obvious chemical to
detect would be water, and it may be possible to combine humidity sensing
with the actuation abilities, e.g. in a greenhous;, where automatic monitoring
and adjustment of the shutters could be achieved. It may even be possible to
use the equilibrium swelling extent to predict which chemical is present, while
the use of materials other than PVA and PAA should make the detection of
diffe?ent components feasible. In fact using the solubilty parameters it should be
possible to detect specific components since each solution will give a different
specific swelling fraction.

Clearly these polymers have a wide range of applications both in robotics,
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were this work has shown their potential as actuators and variable compliance

devices, and in the more general areas of science.

9.3 Conclusions
The first conclusion which must be drawn when considering the development
of a dextrous manipulator is, that there was and still is a considerable need for
the development of superior actuation systems and power distribution technique.
While there are a number of ways of generating power only three are greatly
used in presently available robots. These are hydraulic, pneumatic, and electrical
systems, but each of these has its own particular problems. Concentrating on
the method of power generation used by animals and plant.s this thesis has
demonstrated the feasibility of using mechano-chemical energy cycles.

These mechano—chemical cycles can be produced in a number of gels
(polyelectrolytes) but a PVA-PAA coploymer with a ratio (by weight) of 3:1
and crosslinked at 150°C for 60 mins appears to be the best material as yet
available.

Although in this instance swelling/deswelling is equal in all direction the

material can be made to produce one dimensionai changes (which are more
suitable for a muscle emmulator) by crosslinking under stress.
The response, when tested using a number of activation techniques, (pH,
re—dox, ion exchange and drying) showed that the optimum results (most rapid,
strong contractions) were produced when the fibres were stimulaied by acetone
(inducing contraction) and water (inducing diiation). Improvements to this
fundamental response cam be produced by raising the temperature, increasing
the ionic content of the solvents and finally and most importantly by reducing
the’ thickness, with an inverse square relationship being observed between the
film thickness and the response rates.

Using theoretical analyses of the polymer and experimental results,
mathematical models of the polymer response to chemical stimulation were

developed. These models of the single fibres were used to explore the
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performance of a number of control systems and there was found to be a good
correlation between the model and the final full vexperimental muscle actuator
system. This suggests that the model was a good representation.

A pseudo-muscular pair consisting of a flexor (to close the joint) and an

extensor (to open the joint) was constructed using the PVA-PAA material
described above. In this arrangement a new actuator design was demonstrated
using chemical stimulation to power a robot joint.
The fibres (strips 0.1mm thick) contained within the muscle cells form bundles,
which when stimulated contract and expand at rates of up to 11%/sec.,
simulating the macroscopic motion of natural muscle. These experimental muscle
bundles produced contractile forces of up to .61IN (30N/cm?2), a value
comparable with the performance of natural muscle (20N/cm? — 40N/cm?).
Using these rate and force measurements, power/force and velocity/force profiles
were obtained which are very similar to those of natural muscle. From these
plbts the maximum power weight output can subsequently be calculated. For
these primitive systems a power output of up to 5.6mW/g was achieved, with
an overall work potential of 0.4J/g (natural fibres have potential of 0.6J/g -
0.8/g). This is in good agreement with the simulation predictions.

Clearly the rate of contraction and the power/weight performance are presently
much below the values of animal muscle (25%/sec - 2000%/sec and
40W-250W/Kg respectively). There is, however, no reason for dispondancy since
both these values in the synthetic muscle can be increased very Substamially by
using thinner fibres (remember the inverse squaii'e relationship), and this will
help to make the artificial muscle truely competitive.

Performance tests on the flexor/extensor actuator pair were then conducted
using thg- force/position control algorithm developed using the system simulator.
These experiments showed the actuator/gripper system to have an open/close
cycle period of under 15. Additionally there is good repeatability and positional
accuracy of better than 2°.

Using this mechanism a new linear direct drive actuator with excellent
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power/weight ratios is a realistic long term possibility.

There are a number of other features which havé as yet not been considered,
and these will further help to enhance the abilities of the polymer actuator.

1). The muscle motion is linear. This is a very simple point but it also
happens to be very useful and should not be overlooked.

2). The compliance of the actuator can be directly controlled, while the
flexor/extensor arrangement gives a design were the joint flexibility can be
modified by varying the inter-muscular opposition. This mimics animal muscle,
but the direct chemical control is an advantage which even animal muscle
doesn't possess in the compliance control struggle.

This variable complaince has been taken to a conclusion in chapter 8 where a
series of variable compliance tendons are used to control the distribution of
power to the joints in a dextrous gripper. Using this mechanism it is possible
to have a multi degree—of-freedom device with independent control of each
jdint, which requires only a single conventional {(or other) actuator. This
provides a much more compact system because larger actuators can be used
and they are generally more efficient. This will give a mechanism which has
less joint loading than is presently evncoqntered, but there is still the need for a
much more powerful prime mover. This device will obviously also have the
advantage of compliance control making in ideal for pick, place and insertion

tasks as is true for the polymer actuator.

9.4 Future Work

While the conclusions drawn above show that new power distribution (variable
compliance vdevices) and generating (pseudo—muscular actuators) systems are
possible, the tests also reveal that a considerable amount of work would have
to be done before this is possible. Areas most in need of. development are;

i). Improvements in the construction of the materials, to improve the
consistency, and reduce the film thickness. This would logically lead to the use

of fibres in the form of long strands similar to natural muscle. 2D diffusion
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would then be possible and this would further increase the response rate.

ii). Development of new mechano—chemical materials. It seems very unlikely
that this PVA/PAA copolymer is the optimum design, and hence further
chemical work will be required to produce new fibres with enhanced contractile
response and force properties.

iii). New stimulation techniques. The present design is constrained not only by
the thickness of films available, but also by the time required to deliver the
chemicals. It is suggested that future work should be directed towards the
discove;'y of new methods of stimulation. Electrical techniques would obviously
be ideal, but this would require much more rapid changes in the response than
are presently possible.

iv). New and improved control and monitoring techniques. This work could be
done on the present system but would be of most use if directed towards the
control of the new/improved stimulation techniques being sought.

’With the potential for development outlined above, polymeric devices can
clearly make a significantly contribution to future advances in robotic actuation

techniques.
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Appendix I

Infr : 1

The following plots were obtained from infra—red spectroscopy tests conducted
to attempt to determine the chemical structure of the PVA-PAA copolymer
under a variety of production conditions. The plots refer to the specifications
shown in table 4.3. '
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Acetone Sensor

It a great many of the experiments which were conducted during this work it
was necessary to know the relative proportions of acetone and water present in
any fluid sample. To permlt this, an acetone sensor was developed based upon
the techniques and circuitry described below.

The basic mode of operation of the sensor was as a conductance meter, the

resistance within the solution changing as the water content was increased and

decreased.
ov
| - 4Ky
LR oK
§ WA
b
g028 q o%4
22

Anﬂ—
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W —3 Tl

Figure II.1 Acetone Sensor Circuit
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An A.C. signal of frequency 1000Hz (being generated using a 8038 waveform
generator) was applied to the electrodes, figure II.1. This prevents polarization
of the electrodes, which would cause degradation with use.

The signal detected at the electrodes was converted from A.C. to D.C. using
an RM.S. - D.C. converter, figure II.1. The D.C signal value obtained at this
output then gave an indication of the relative acetone/water content. The

calibration of this sensor has been shown in the main body of the thesis.
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Appendix 111

Load Cell Calibration

Calibration of the load cell was acieved by simlpy loading the cell with known
masses and measuring the output at the A/D converter. The resultant linear

calibration plot is shown in figure III.1,
BoLoc:d (@

70+

50F - - -

40

20

O 1 1 1 i 1 1
O 100 200 300 400 500 600 700
Computer A/D output
Figure III.1. Load Cell Calibration Results.

-1 -



Appendix IV

The abbreviation used in the following analysis are:

F - Force (N) _ Fnorm - Normalized
Force

\Y - Contractile Velocity (%/s) Vnorm - Normalized
Velocity

lg — Fibre Length (mm) Fo - Maximum force
(N)

m - Dry Mass of the Muscle (g)

The experimental relationship between velocity and force can be expressed by

the rectgngular hyperbola, as shown in figure 5.16.
(F+ a)(V+b)=(F, +a)b (IV.1)
at F=0 the velocity is V.., giving
akvmax+b) = (F,+a)b
aVpax = Fgb

Vmax/b= Fo/a ' {1V.2)

the hyperbolic relationship {IV.1} may then be written in dimensionless form,

as a relationship between F/F, and V/Vqa¢ which is given by;

(F/Foq+a/F ) (V/Vpaxtb/Vipax) = (1+a/F)b/Vyay {1v.3)

Let F' = F/ED; V' = ViViax and E = F,/a
- Iv1 -



(F' +1/E)(V'+1/E) = (1+1/E)(1/E)
F'V' + F'/E+V' /E= 1/E v
F'(V'+1/E) = (1-V')(1/E)
F''o= (1-V')/(14+V'E) (1V.4)

V' = (1-F')/(1+4F'E) {IV.5)
The maximum power output (force*velocity),found by equating {IV.4} and

{IV.5}, occurs when F'=V'. Let G be the value of F' at which force equals

V'. Then {IV.4} becomes;

G = (1-G)/(1+EG)

EG2 +2CG -1 =0
Solving for G gives
G = [/(1+E) -1]J/E (IV.6)

Hence the normalized maximum power output (G?)

is

G2 = (2+E-2/(1+E)/E? (IV.7)
The power output is in milliwatts with F, in newtons and Vp,y in mm/sec..
From {IV.6} and {IV.7} it is clear that the maximum power output and the

force (and velocity) at which maximum power is produced both depend on the

curvature (E=F ;/a) of the force/velocity curve.
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The following is a listing of the program used to simulate the swelling

and deswelling of the polymer strips when chemically stimulated.

PROGRAM mussim;
(rkkdddkkdkdkdodkdkdokdkdokdoddkkkdkddkdobkdkkdkdokddkdkdhkddddkkddkkdidkkkikkkkikik ik

* *
* Pseudo-muscular Dilation/Contraction Simulation *
* *
* Written - March 1989 *
* By *
* *
* DARWIN *
* . *

B R D L S e T e ST
{$1 typedef.sys)

{$1 graphix.sys}
{Turbo Graphix Commands)
{$1 kernel.sys)

{$1 windows.sys}

{ $I dummy. inc)

Type
counter = -100,.100; {Define Variable Types)
condition = (expand,contract);
diff—coefficient = real; °
t ime—period = 0..1000;
"dimensions = real; '
nodal—array = ARRAY[1..10] OF real;
" nodal—conc = ARRAY[1..20,1..20] OF real;
crank-nic—matrices = ARRAY[1..10,1..10] OF real;

Var {list Variables Used)
fx—1ig-hgt:integer;
water—conc,old—conc,alpha,swratio:real;
diffus,flex—length,old-pos,mdpt ,beta:real;
fibre—thick,node—width,original-lengshk?rgss—area:dimensions;



flexor:condition;

d-0,cdiffus,ddiffus:diff—coefficient; {Diffusion Coefficients)
cycle—interval,fx-fill:time—period; {Timing pointers }
flex—node:nodal—conc;

matrixa,matrixb:crank-nic—matrices;

node: nodal-array; { Number of nodes through the
polymer)
- p: ARRAY[1..20] OF real; { Crank-Nicolson p matrix )
length: ARRAY[-5..20} OF dimensions; {Length of swollen polymer
layer)

fx—-length: ARRAY[-5..20,-5..20] OF dimensions;{ Length of nodal sections
in flexor )

{$1 axis.pas) { Draw Display axis)

(********************************************************************

* The procedures DATA and MASS read in information on the *
* parameters of the muscle fibres, cell filling dynamics *
* and loading. *

********************************************************************)

PROCEDURE data;
(FxEFKF I Fddedodedededkdkedkkkdkdkdokkdkddkdkkihkkhtikhkdhhtiikihkkiikkkkkihk
* This procedure reads in data necessary to set up the initial *

* conditions in the muscle cells and the state of the fibres. *
D T T L L T L2

Begin

writeln (' MUSCLE INPUT. INFORMATION');
writeln('');
writeln (' What is the muscle thickness (microns)');

readln (fibre-thick);

fibre-thick:=fibre-thick/10000;

writeln('');

cross—area:=1;

writeln (' Cross-sectional area is ',cross-—-area);
writeln('');

cycle—interval:=1;

writeln (' Time interval between cycles is ',cycle~interval);
writeln('');
d-0:=~9E-8; { Gives a value fo

r
the diffusion coefficients)
cdiffus:=d—0%9/25;ddiffus:=d-0;
writeln ('What is the value of Beta for diffusion coefficient?');
readln (beta);
writeln('");
writein (! What is the cell filling time ');
readln (fx-fill);
writeln('');
original-length:=40;

writein ('~ The initial polymer length is ',original-length);
writeln('');
swratio:=40/300; { Set swellin
g
ratio parameter )
End;
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(Fkkdkdekdokdokdokdokkdkkdokkkkkkdkdkkkdkddkdkkdkkkkkkkdkdkhdkhkkdkkikkkkkdkk

* The procedures INITIAL, TRANSMAT, PSET, CONFIG, and GAUSS *
* are used to solve for the water concentration at each node *
* using the Crank-Nicholson finite difference method. These *
* relative conc. control the degree of swelling or deswelling*

********************************************************************)

PROCEDURE initial; .
(Fkkdkkdkkkhkkdkkkkdkkddidkkkdkikdikkdidkkikkkhdkhikkitkdkkikkkitkiirk

* This procedure is used to set up *
* the initial nodal concentrations. *
Tk dedk kR kkdk ok ok ok ko ke kb dk ko db ko ko etk ok ok dok ook ok )
Type
counter = 0..10;
Var '
xdir:counter;
BEGIN
node[1] :=water—conc; { Set external node conc. equal )
node[5] :=water—conc; { to the max. water intake level)
node-width:=fibre~thick/4; { Distance between nodes }
FOR xdir:=2 TO 4 DO
BEGIN
node [xdir]:=0; { Set internal node conc to zero }
END;
END;

PROCEDURE transmat;
e T e
* This procedure is used to initialise *
* the Crank-Nicolson tranformation matrices a and b. *
L T s e e 2 2 )
Var
count ,count2:integer;

Begin
FOR count:= 1 TO 5 DO
BEGIN
FOR count2:=1 TO 5 DO
BEGIN
matrixa[count,count2]:=0;
matrixb[count,count2]:=0;
END;
END;
END;

-
g

PROCEDURE pset;
(rkdekdedokddoddedk e deod koo ootk ek sk deok ok ok sk sk ko sk sk ok ok otk ok sk o ok keok sk ok
* In this procedure the value of the *

* Crank-Nicolson diffusion coefficient is set. *
e e e e ST ))

Var

tk:real; A

xdir:integer; ,

thickx: ARRAY[1..20] OF dimensions: { Distance between each swollen
node )

(* Distance between nodes after uptake of solvent (outer nodes) *)
BEGIN -

-V3 -



thickx[1]:=node-width+((node-width*((node[1]*100)/(1-node{1]))*swratio)/10
0);

(* Diffusion rate set *)

tk:=(thickx[1]-node-width)/thickx{1];

diffus:=d—0O%exp(beta*tk);
pl1):=(cycle—interval*diffus)/(thickx[1]*thickx[1]);

thickx[5]:=thickx[1];
-pl3]:=pl1]);

(* Distance between nodes after uptake of solvent (internal nodes) %)
FOR xdir:= 2 TO 4 DO 4
BEGIN _
thickx[xdir]:=node-width+((node—width*((node{xdir]*100)/(1-node[xdir]))*
swratio)/100);
(* Diffusion rate set %)
tk:=(thickx[xdir]-node-width)/thickx[xdir];
diffus:=d-0*exp(beta*tk);
p[xdir]:=(cycle—interval*diffus)/(sqr(thickx[xdir-1}/2+thickx[xdir]/2));
END;
END;

PROCEDURE config; .
(Fekdededdedodkdodkdok ok ok dokdodkdeok ok ok ok ok dek ok dok koo ok ok ok ok kok ok ok kok ok ok ok dok
* This routine is used to configure the matrices *
* a and b depending on the values obtained for p. *
Fkdekddeddkddkkkkdok ko ddkdobdkk ke kk kA d Rk dR kR kb bk ko ko kkd ok ko kkok )
VAR '
count ,count2:integer;
BEGIN
matrixa[1,1]:=1;
matrixb[1,1]:=1;
FOR count:= 2 TO 3 DO
BEGIN
matrixa[count,count-1}:=-0, 5*p[count];
matrixa[count,count+1}:=-0, 5*p[count];
matrixa[count,count]:=1+p[count];
matrixb[count,count-1]:=0.5%p[count];
matrixb{count,count+1]:=0 5%p[count];
matrixb[count,count]:=1-p[count];
END;
FOR count:=0 TO 1 DO
BEGIN
FOR count2:=0 TO 4 DO
BEGIN
matrixa[S-count,count2+1]:=matrixa[count+1,5-count2];
END;
END;
END;

-

PROCEDURE gauss;
L s T e L
* This routine uses gaussian elimination *

* to solve the difference equations set up in matrices a and b. *
Fekkddkddkk ko dokdok kb dod ok kkkobkbkokk ok dkkok ko ddokdokok ko ek gk ok koo koo )

Var

count ,count2:integer;
fact:real;

‘rhs: ARRAY[1..20] OF real;

BEGIN V4 -



For count:=2 TO 3 DO
BEGIN
rhs[count]:=0;
FOR count2:=-1 TO 1 DO
BEGIN
rhs[count ] :=matrixb{count ,count+count2]*node[count+count2]+rhs{count];
END;
END;
rhs{1]):=node[1];
For count:=0 TO 1 DO

BEGIN
rhs[5-count}: -rhs[count+1],
END;
For count:= 2 TO 4 DO
Begin

fact:=matrixa[count-1,count-1]/matrixa[count,count-1];
For count2:=-1 TO 1 DO
Begin

matrixa[count,count-count2]:=matrixaf{count-1,count-count2}-(fact*matrixa{cou
nt,count-count2]);
END;
rhs[count]:=rhs[count-1]-(rhs|{count ]*fact);
END;
count :=4,
Repeat
Begin :
node[count ] :=(rhs[count ]-matrixa[count,count+1]*node[count+1])/matrixal
count ,count];
END;
count :=count-1;
Until count=0;
END;

PROCEDURE swell;
(********************************************************************

* This procedure calculates the *
* degree of longitudinal swelling *
* for each nodal section *

R T T T T 2
TYPE
counter = -100..100;
VAR
count ;counter;

BEGIN
FOR count:=1 TO 5 DO
BEGIN
~alpha:= (node[count]*100)/(1-node[count]); {Parameter for the swell
ing degree}
length{count]:=original-length+((original- length*a]pha*swratio)/lOO) {
Swelling for each
internal node)
. END;
END;

- VS5 -



PROCEDURE display;
(Fxkdddekdedkdokddododkkdokkdokoiok ok dokdkdokodkddodkdododkokdobok ook ook ok ok ook dkokk ok odokok
* This procedure displays the water *

* concentration at the nodes. *
sk Rk Rk T dokd ko k ok kdkkok ok ok ok ko dkk ok dokok ek doddekdekokkdkkdekok ok kkokok k)

TYPE

counter = -100..100;
VAR

count :counter;

BEGIN
FOR count:=1 to 5 DO
BEGIN
write(node[count]);
END;
writeln('');
END;

(********************************************************************

* The procedure FLEX-INITIAL and FLEXOR-MUSCLE relate solely *
* to the conditions and state of the flexor muscle during the *
* the dilation/contraction cycles *

********************************************************************)

PROCEDURE flex—initial;
(FFF*dddkdkkkkddkdkdkidhihkdkdokkikkikkkikkiikkhkhikkiikkhiihtiddkhbtihkiir

* Flexor Muscle Initialization *
* ‘ Initialises the flexor muscle with nodal value *
* set to give a fully contracted condition. *

Fkkkkdkkdkdkkdkdkdkdkkkkk ko kdokkk ok kdkkkddokkkkhkkkk ko ddkdkkkkdkkkkkkk k)
VAR
zdir,xdir,loop:integer;

BEGIN

water—conc:=0.0;

initial; ' { call procedure initial }

transmat ; { call procedure transmat

}

loop:=0;

REPEAT

BEGIN
pset; { call procedure pset )
config; { call procedure config )
gauss; { call procedure gauss )
swell; {

call procedure swell )
loop:=loop+i;

flex—length:=((length[3]+mdpt-original-length)*100)/original~length;

END;
FOR zdir:=1 TO fx-fill DO
BEGIN :
FOR xdir:=1 TO § DO
" BEGIN { Store water conc. values
)
flex—node([zdir,xdir]:=node[xdir]; ( at each node in flexor. }
END; ’
END;

UNTIL loop>1; - V6 - _ { Do until no chnag



END;

PROCEDURE flexor—-muscle; v
(Fhdkdkkdkkikkxkkkkk*xEf fect on the Flexorkikkkkikikikkikkkkikikikdik
* Gives a value for the length of the flexor muscle *
* by calculating the swelling of each nodal section *
et T e 2 e 2 e )
VAR
zdir,xdir:integer;

BEGIN
flex—length:=0;
IF fx~1iq-hgt>fx—fill THEN
BEGIN
fx—-1iq-hgt :=fx—-fill; { Set max. cell filling level )}
END;
FOR zdir:=1 TO fx-fill DO
BEGIN
FOR xdir:=1 TO § DO
BEGIN
If flexor=expand Then
Begin
If zdir<=fx-liq-hgt Then water—conc:~0.8 Else water—conc:=flex—nod
e[zdir,1];
node[xdir] :=flex-node[zdir,xdir]; ( transfers nodal conc. values )
End '
Else
Begin
If zdir<=fx-liq-hgt Then water—conc:=0.5 Else water—conc:=flex—no
de{[zdir,1]; ' '
node[xdir]:=flex—node[zdir,xdir];
End;
END; { to the NODE array.

node{1] :=water—conc;node[5]:=water—conc;
IF flexor=expand THEN
BEGIN ‘
d-0:=ddiffus;
END
ELSE
BEGIN
d-0:=cdiffus;
END;
pset;
config; . { Calculates the wate
r
conc for )
gauss; { each node cover by
solvent }
' swell;
FOR xdir:=1 TO 5§ DO
BEGIN -
fx—length[zdir,xdir]:=((length[xdir)-original-length)*100)/original
~length;
END;
IF fx-length[zdir,2])<fx-length[zdir,3] THEN { Determines the sectio
n setting

swelling length } -V7 -



BEGIN : -
flex—length:=(fx—length{zdir,3]/fx—fill)+flex—length;

END
ELSE {
Calculate the new length )
BEGIN
flex—length:=(fx-length[zdir,3]/fx—fil11)+flex—length;
END;
FOR xdir:=1 TO 5 DO
BEGIN
flex—node[zdir,xdir]:=node[xdir]; { Store new nodal values )
END; '
END;

END;

(********************************************************************

* *
* This is the main section of *
* the controlling program *
* *

LR L S S R S St S S St S R S D R X S R SR SR SR At SR )

Var
count ,cycle,simtim:integer;
ans:char;

Begin
(FFFdFddddddokkddkdddk ok ko kdkddkkkdokddddiokdkkokkkkkdkdok bk kk ko kkkkokkok
* This section of program controls the *
* initial setup of the flexor and *
* extensor muscles. *

L e e e )
InitCGraphic;

DefineWor1d(1,0,80,70,0);

SelectWorld(1);

SelectWindow(1);

ClearScreen;

data; { call procedure data )}
fx—1ig-hgt:=0;0ld—conc:=0;

flex—initial;

i e L T T e

* In this area of the program the cyclical *
* ‘expansions ard contractions of the muscles *
* are calculated and stored. *

*****************************************************************)

cycle:=0;simtim:=0;
writeln ('What is the required simulation runtime (sec)?');
readln (simtim);
Repeat
Begin
flexor:=expand;
writeln (' Input water or acetone (w or a)?');
readln (ans);
fx—1ig-hgt:=0;
If (ans='a') Or (ans='A') Then flexog, g=_contract;



cycle:=0; { Sets up the initial set of the muscle

s)
ClearScreen;
graph(cycle,simtim);
Repeat
Begin
fx—11q-hgt :=fx—-1ig-hgt+1;
flexor—-muscle;

cycle:=cycle+l;
graph (cycle,simtim);
End;
Until cycle>simtim;
writeln(flex—length);
End;
writeln ('Do you wish to continue the simulation (y or Y)?');
readln (ans);
Until (ans='n') Or (ans='N');
Leavegraphic;
End.

- V.9 -



The following is a listing of the program used to simulate the control
and regulation of the flexor/extensor muscle actuator pair,
PROGRAM mussim;

( khkkdhkkhkkkikhkkdhhkkrdhkikhkhiikrhhkikhikdkkkdhkdhkhitdrrdhbirhkdkidrkidhkdrdrdhkihk
*

*
* Flexor / Extensor Pair Control Simulation *
* *
* Written March 1987 *
* By K
* *
* DARWIN *
* *

R T e L D)
{$1 typedef.sys)
{$1 graphix.sys)
{$1 kernel.sys)
($1 windows.sys)

{ $1 dummy.inc)

Type
counter = -100..100;
condition = (expand,contract,fill,stop,empty);
diff—coefficient = real;
t ime-period = 0..1000;
dimensions = real;
nodal—array = ARRAY[1..10] OF real;
nodal—conc = ARRAY[1..20,1..20] OF real;
crank-nic-matrices = ARRAY[1..10,1..10] OF real;

Var
fx—1iqg-hgt ,ex-1ig—hgt:integer;
water—conc, supp,max,min,old—conc,alpha,swratio:real;
flex—length,old-pos,exten—-length,beta:real;
fibre~thick,node—width sorigipp]- length cross—area: dlmensions



flexor:condition;

d-0,cdiffus,ddiffus:diff—coefficient;
cycle—interval,samp—freq,fx—fill:time—period;

)
flex—node, ex-node :nodal—conc;
matrixa,matrixb:crank-nic-matrices;

node: nodal-array;
polymer}

p: ARRAY[1..20] OF real;
trix

}

length: ARRAY[-5..20] OF dimensions;
olymer
layer)

fx—length,ex—length: ARRAY[-5..20,-5,

nodal
sections in flexor )

($1 mpaxis.pas)

.20} OF dimensions;

{Diffusion Coefficients)
{Timing pointers

{ Number of nodes through the

{ Crank-Nicolson p ma

{Length of swollen p

{ Length of

(********************************************************************

* The procedures DATA and MASS read in information on the *
* parameters of the muscle fibres, cell filling dynamics *
* and loading. *

********************************************************************)

PROCEDURE data;

(hFkkkkkkkdkdkdokkdokkkkkdkkdkkkkkdkkkkkdddkokk ok kA khkkdhhkdhdkkkkkkkhkk

* This procedure reads in data necessary to set up the

fnitial *

* conditions in the muscle cells and the state of the fibres. *
Fkdkdddkkddokdok kdokdokdkdddokkkk ko kdkdkdkdkokkdodokddokkdodokkkdok ko dokkkkkdkok)

Begin
writeln ('
writeln('');
writeln (°
readln (fibre—thick);
fibre—thick:=fibre-~thick/10000;
writeln('');
cross—area:=1;
writeln ('
writeln('');
cycle-interval:=1;
writeln ('
writeln('');
d-0:=70E-6;

or

the diffusion coefficients)
cdiffus:=d—0%9/25;ddiffus:=d-0;

MUSCLE INPUT INFORMATION');

What is the muscle thickness (mm*10-2)');

" Cross-sectional area is ',cross-—area);

Time interval between cycles is ',cycle—interval);

{ Gives a value f

writeln ('What is the value of Beta for diffusion coefficient?');

readln (beta);
writeln('');

writeln (

readln (fx-fill);

writeln('');

original-length:=40;

writeln ('

writeln(''); -Vi2 -

What is the cell filling time ');

The initial polymer length is ',original-length);



swratio:=40/300; ‘ { Set swellin
g
ratio parameter )

writeln (' What is the sampling frequency');

readln (samp-freq);
End;

(********************************************************************

* The procedures INITIAL, TRANSMAT, PSET, CONFIG, and CAUSS *
* are used to solve for the water concentration at each node *
* using the Crank-Nicholson finite difference method. These *
* relative conc. control the degree of swelling or deswelling*

LR L St b e e e S S R P Rt R R Lt e S a2t )

PROCEDURE initial;
(eddddkdedoddkdededededodedededededodedododdeokdkododokdokkddok kb ko kkkkkdkdodek ok ok kokdok sk dokkodekok ok
* This procedure is used to set up *
* the initial nodal concentrations. *
i T e e S e e S e )
Type
counter = 0,.10;

Var
xdir:counter;
BEGIN
node[1]:=water—conc; ‘ { Set external node conc. equal
)
node [5] :=water—conc; { to the max. water intake level
)
node-width:=fibre—thick/4; { Distance between nodes
}
FOR xdir:=2 TO 4 DO
BEGIN
node[xdir]:=0; { Set internal node conc to zero
)
END;

END;

PROCEDURE transmat ;
G L T L e s e 22 2
* This procedure is used to initialise *

* the Crank-Nicolson tranformation matrices a and b. *
S e s e 2 T )]
Var

count ,count2:integer;

Begin
FOR count:= 1 TO S DO
BEGIN
FOR count2:=1 TO 5 DO
BEGIN

matrixa(count,count2)]:=0;
matrixb[count,count2]:=0;
END;
END;
END;

PROCEDURE pset;
G T T L T e T
* - In this procqgu§f3the value of the *



* Crank-Nicolson diffusion coefficient is set. *
ek dk ok kdkddkdkk ok k kb koo ko kkkok kb kokok kb ko gk dobbkkkokkkkkok ok )
Var
xdir:integer;
diffus:real; _
thickx: ARRAY[1..20] OF dimensions; { Distance between each swollen
node )

(* Distance between nodes after uptake of solvent (outer nodes) *)
BEGIN

thickx[1]:=node~width+((node-width*((node[1]*100)/(1-node[1]))*swratio)/10
0);

(* Diffusion rate set *)

diffus:=d-0*exp(-beta*(l-node(1]));

p[1]):=(cycle~interval*diffus)/(thickx[1]*thickx[1]);

thickx[5]:=thickx[1]);

pl5]:=p[1];

(* Distance between nodes after uptake of solvent (internal nodes) *)
FOR xdir:= 2 TO 4 DO
BEGIN
thickx[xdir]:=node—width+((node—width*((node[xdir}*100)/(1-node[xdir}))*
swratio)/100);
(* Diffusion rate set *)
diffus:=d—0O*exp(-beta*(1-node[xdir]));
plxdir]:=(cycle—interval*diffus)/(sqr(thickx[xdir-1}/2+thickx[xdir]/2));
END;
END;

PROCEDURE config;
B
(Fkkkkddkdkkdkdbkikkkkkkkkikkhkkkrkkdkkkkdhkkkikkiokdkkkdodkkkddkddiikikkk

* This routine is used to configure the matrices *
* a and b depending on the values obtained for p. *
Fkdokdkdkkdkkkdodkkdkokkkkdkkdokdkkkkhdkkkkdkddkkkkkkdokkkdkkkkkkkddkdokkkdokkkk)
VAR
count ,count2:integer;
BEGIN
matrixa{l,1]}:=1;
matrixb[1,1]:=1;
FOR count:= 2 TO 3 DO
BEGIN

matrixa[count,count-1):=-0.5%p[count];
matrixa[count,count+1):=-0.5%p[count};
matrixa[count,count]:=1+p[count];
matrixb[count,count-1]:=0.5%p[count];
matrixb[count,count+1]:=0.5%p[count];
matrixb[count,count]:=1-p[count];

END;

FOR count:=0 TO 1 DO

BECIN
FOR count2:=0 TO 4 DO
BEGIN ' : ‘
_ENgatrixa[S—count,count2+l]:-matrixa[count+1,5—count2];

END;

END;

PROCEDURE gauss; .
(****************************3*¢fi*t*********************************



* This routine uses gaussian elimination *

* to solve the difference equations set up in matrices a and b. *
T T S T )

Var
count ,count2:integer;
fact:real;
rhs: ARRAY{[1..20] OF real;

BEGIN
For count:=2 TO 3 DO
BEGIN
rhs[count]:=0;
FOR count2:=-1 TO 1 DO
BEGIN
rhs[count ] :=matrixb[count,count+count2]*node[count+count2]+rhs{count]
END;
END;
rhs[1]:=node[1];
For count:=0 TO 1 DO

BECIN
rhs[S-count]:=rhs[count+1];

END;

For count:= 2 TO 4 DO

Begin

fact:=matrixaf{count-1,count-1]/matrixaf{count,count-1];
For count2:=-1 TO 1 DO
Begin

matrixa[count,count-count2]:=matrixa[count-1,count-count2)-(fact*matrixalco
nt ,count-count2]); '

END;
rhs{count]:=rhs[count-1]-(rhs[count ]*fact);
END;
count :=~4:
‘Repeat
Begin _
node[count ] :=(rhs[count ] -matrixa[count,count+1]*node[count+1])/matrix:
count ,count];
END;
count :=count-1;
Until count=0;
END;

PROCEDURE swell;
(e ddokdodododeddokeodeddodedododod dodeode dedodededododkodkodododededodododeodok gk dedkededododedokokokokodekdokdokdekdokok ook

* This procedure calculates the : , *
* degree of longitudinal swelling *
* for each nodal section *

b L S e e e a o)
TYPE -
counter = -100.,100;
VAR

count :counter;

BEGIN
FOR count:=1 TO § DO
BEGIN
alpha:= (node[count]*100)/(1-node[count]); (Parameter for the sw

.ing degree) - VIS -



length[count ] :=original—-length+((original- length*alpha*swratio)/lOO) {
Swelling for each
internal node)
END;
END;

PROCEDURE display;
(Fkdekddekddekdokdokdodkodokododkdodkdokdokkokokkookkokddodkdokdokkokdkodokodokok ok ok dokodokokk ok dokkok
* _ This procedure -displays the water *

* concentration at the nodes. *
ddekdodkdkkdkkddkdkkdokdodkokdok ok dkdokkokdokkdkdokokokdokdokdokdokk ok kkokkkdkkdkkkkkkkkkkkkkkk)

TYPE

counter = -100..100;
VAR

count :counter;

BEGIN
FOR count:=1 to 3 DO
BEGIN
write(node[count]);
END;
writeln('');
END;

(FxkFhddkddododdkdedodkdokdkdkdhkddkdkddkdhhhkhikkhkhkhkdhhdihhikkirkhhkkihhhkkkrk

* The procedure FLEX-INITIAL and FLEXOR-MUSCLE relate solely * |
* to the conditions and state of the flexor muscle during the * %
* the dilation/contraction cycles * '

********************************************************************)

PROCEDURE flex—initial;
(*********************************************************************

* Flexor Muscle Initialization *
* Initialises the flexor muscle with nodal value *
* set to give a fully dilated condition. *

e T T e s e e D)
VAR
zdir,xdir,loop:integer;

BEGIN
water—conc:=0, 8;

initial; { call procedure infitial }
transmat ; ) { call procedure transmat

loop:=0;
For xdir:=1 To § Do
Begin
node[xdir] :=water—conc;
End;
" REPEAT
BEGIN
pset;
config;
gauss;
swell;
loop:=loop+1;

call procedure pset } |
call procedure config )
call procedure gauss )
call procedure swell )}

— - p—
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flex—length:=((length[3]-original-length)*100) /original-length;

END;
FOR zdir:=1 TO fx-fill DO
BEGIN
FOR xdir:=1 TO § DO
BEGIN { Store water conc
values )
flex—node[zdir,xdir]:=node[xdir]; { at each node in flexor. )
fx—length{zdir,xdir]:=flex—length;
END;
END;
UNTIL loop>1; { Do until no chnag
e
}
END;

PROCEDURE extens—initial;
G e S e

* Extensor Muscle Initialization *
* Initialises the extensoror muscle with nodal value *
* set to give a fully contracted condition. *

Fhkddkkkkkdhbhihhdtbhbdhrdkhrdrdidhdhhdbrdrbrhdbrbbhdtrbtdbidrdidrirriit)
VAR

zdir,xdir,loop:integer;

BEGIN
water—conc:=0.5;

initial; { call procedure initial )
transmat ; { call procedure transmat

loop:=0;
For xdir:=1 To S Do
Begin
node[xdir]:=water—conc;
End;
REPEAT
BEGIN
pset;
config;
gauss;
swell;
loop:=loop+i;
ENerten—length:-((1ength[3]-original—length)*loo)/oriSi“al"length;
FOR zdir:=1 TO fx-fill DO
BECGIN
- FOR xdir:=1 TO 5 DO
BEGIN

call procedure pset )}

call procedure config )
call procedure gauss )
call procedure swell }

{ Store water conc

values } -
ex-node[zdir,xdir]:=node[xdir]; { at each node in flexor. )
ex-length[zdir,xdir]:=exten-length;
END; ’

UNTIL loop>1; { Do until no chna;

END;

- VL7 -



PROCEDURE flexor-muscle;
(FkkdkkkkkkkkkkkkxkkEf fect on the Flexorikiikkikkkkiktkihkidriikrik
* Gives a value for the length of the flexor muscle *
* by calculating the swelling of each nodal section *
Fekdededkdkdkddokkkkkkkkkkkkk ki kkdkkikkkdikkikkikkkkkkikdiikkkkkihrk)
VAR
zdir,xdir:integer;
t—flex:real;

BEGIN
t—flex:=flex-length;
flex—length:=0;
IF fx-liq-hgt>fx—fill THEN
BEGIN :
fx-lig—hgt :=fx—fill; { Set max. cell filling level )
END; . ’
IF fx-1ig—hgt<0 THEN
BEGIN
fx—lig—hgt:=0; { Set min. cell filling level )
END;

If fx—1iq-hgt>0 Then
Begin
FOR zdir:=1 TO fx-fill DO
BEGIN
FOR xdir:=1 TO 5 DO
BEGIN
If flexor=expand Then
Begin
) If zdir<=fx—1iq-hgt Then water—conc:=0.8 Else water—conc:=flex—nod
e[zdir,1]; :
node[xdir):=flex—node[zdir,xdir]; { transfers nodal conc. values )
End
Else
Begin
If zdir<=fx-1iq-hgt Then water—conc:=0.5 Else water—conc:=flex-nc
de[zdir,1};
node [xdir] :=flex~node[zdir,xdir];
End; ,
END;
node[1]:=water—conc;node[5]:=water—conc;
IF flexor=expand THEN :
BEGIN :
d-0:=ddiffus;
END
ELSE
BEGIN
d-0:=cdiffus;
END;
if zdir<=fx-liq-hgt Then
Begin
pset;
config; ' { Calculates the water conc for )

gauss; { each node cover by solvent )
swell;

End; :
FOR xdir:=1 TO 5 DO
BEGIN

If zdir<=fx-liq-hgt Then

i
Begin - VIS -



fx-length[zdir,xdir]:=((length[xdir]-original-length)*100)/original
—~length; '
End;
END;
(* Catculates the length of the swollen polymer fibre *)
(* One section relates to dilation the other contraction %)
IF fx-length{zdir,2]<fx-length[zdir,3] THEN

BEGIN
flex-length:=(fx-length[zdir,3)/fx-fill)+flex—length;
END
ELSE
BEGIN A
flex—length:=(fx-length{zdir,3]/fx—fill)+flex—~length;
END;
FOR xdir:=1 TO § DO
BEGIN -
flex—node[zdir,xdir]:=node[xdir]; { Store new nodal values }
END; ‘
END;
End;
If flex—~length = 0 Then flex—length:=t-flex;
END;

PROCEDURE extens—muscle; ,
G T L s e

* Gives a value for the length of the extensor muscle *
* by calculating the swelling of each nodal section *
Fkddok ko kdkddokdkdok ok dk bk ke ko k ke dokddk bk ko kb k ko k ok ko k ok kdkk )
VAR
~ zdir,xdir:integer;
t—ext:real;

BEGIN
t—ext :=exten-length;
exten—length:=0;
IF ex-lig-hgt>fx-fill THEN
BEGIN ,
ex—lig~hgt:=fx-fill; { Set max. cell filling level }
END;
IF ex-1ig-hgt<=0 THEN
BEGIN ‘
ex—lig-hgt:=0; { Set min, cell filling level }
END; ‘

If ex-1lig-hgt>0 Then
Begin
FOR zdir:=1 TO fx—fill DO
BEGIN
FOR xdir:=1 TO 5 DO
Begin
If flexor=expand Then
Begin
v 1 If zdir<=ex-1liq-hgt Then water—conc:=0.5 Else water—conc:=ex—noc
zdir,1];
node[xdir]:=ex—node[zdir,xdir]; { transfers nodal conc. values }
End
Else
Begin.
If zdir<=ex-1ig-hgt vhen_water—conc:=0.8 Else water—conc:=ex—n



[zdir,1];
node[xdir] :=ex—node[zdir,xdir];
End;
END;
node[1] :=water—~conc;node[5] :=water—conc;
IF flexor=expand THEN

BEGIN
d-0:=cdiffus;
END
ELSE
BEGIN
d-0:=ddiffus;
END;
1f zdir<=ex-1lig-hgt Then
Begin
pset; . . ,
config; ’ { Calculates the water conc for )
gauss; { each node covered by solvent )
swell;
End;
For xdir:=1 TO 5 DO
Begin
If zdir<=ex—lig—hgt Then
Begin
ex—length[zdir,xdir]:=((length{xdir]-original-length)*100)/origin
al-length; '
End;
End;

(* Calculates the length of the swollen polymer fibre *)
(* One section relates to dilation the other contraction *)
If ex~length[zdir,2]<ex—length[zdir,3] Then

BEGIN
exten-length:=(ex—length[zdir,3]/fx-fill)+exten—length;
END
ELSE
BEGIN »
exten—length:=(ex-length[zdir,3]/fx-fill)+exten—length;
END;
FOR xdir:=1 TO 5 DO
BEGIN '
ENex—node[zdir,xdir]:-node[xdir]; { Store new nodal values )
D;
END;
End;
If exten-length = 0 Then exten-length:=t—ext;
END;

PROCEDURE PD-data (Var Kp,Kd:real);

(FxxFxxxddkdddx Inputs the values of the prop. and derivative gain *dikkik)
Begin ‘

writeln('Input Kp');

readIn(Kp);

writeln('Input Kd');

readin(Kd);
End;

- VL10 -



PROCEDURE controller (angle,end-pt,Kp,Kd,motion:real;

cycle:integer

)

(FFkxkkkkkkxkx Controls the flow of solvents into the cells ¥*kkkkkikihkiik)

Var
error:real;

Begin

If cycle=0 Then

Begin
error:=1;

End

Else

Begin
If flexor=contract Then
Begin

error:=Kp*(angle-end-pt)-Kd*(motion);

End
Else
Begin

{ Start error signal to }
{ ensure filling of the cells. )

{ Calc. error signal }

error:=Kp*(end-pt-angle)-Kd*(motion);

End;
write(' e',error);
End;

If error>0 Then
Begin
If flexor=contract Then
Begin
fx-lig—-hgt:=fx—-1ig-hgt+1;
1f supp>0 Then
Begin
ex—1ig-hgt :=ex—1igq-hgt+1;
End
Else
Begin
ex—lig—hgt :=ex—1ig-hgt-5;
End;
End
Else
Begin
ex—liq-hgt :=ex—1ig-hgt+1;
If supp>0 Then
Begin
fx~liq-hgt :=fx~1iq-hgt+1;
End
Else
Begin
fx—lig-hgt :=fx-1ig-hgt-5;
End;
End
End
Else
‘Begin
fx~1iq-hgt :=fx-1ig-hgt-5;
ex—1ig-hgt :~ex—1ig-hgt-5;
End; '
( If ABS(angle-end—pt)<2 Then
Begin
fx—-ligq—hgt :=fx~1iq-hgt-5;
ex—liq—hgt:-ex-]iq—hgt-S; Vi1 -

{ If there

{ If there

{ If error set by the controller )
{ law is positive then continue )

{ to fill the flexor. }
is tension in the } ’ '
{ fill the extensor cell. }
{ Else empty the cell to sjow }
{ the relaxation rate and prevent)
{ 'flop'. )
{ to fill the extensor }
is tension in the }
{ fill the extensor cell. }

{ Else empty the cell to slow }
{ the relaxation rate and prevent)
{ ‘flop'. }

{ Else empty the cell to slow }
{ the rate of movement. }



End;)
End;

PROCEDURE coupling;
(Fxrxkkkkkdkkkkk* Measure the intermuscle coupling extension
which can be used to calculate the true position #*%iik)

Begin
supp:=0; { Supplementary position value )}
If (max-flex—-length)>(exten-length-min) Then
Begin
supp:=((max-flex—length)- (exten—length-min))/l
End;
End;

(Fxhkkkkdhkkkkkhkkkkkhkkikihkkikhhddhibbhkthiihdhhdrrdrrdhrdhrihridiitk
*

*
* This is the main section of *
* the controlling program *
* *

********************************************************************)

Var

position,end-pt ,Kp,Kd,old-position,motion,angle:real;
count ,cycle,simtim: integer;

ans:char;
Begin
e T e T s e e
* This section of program controls the *
* initial setup of the flexor and *
* extensor muscles. *

ddekddokdokdokkdkok kb dokdokdok kokddekkkdkkdokdokdokdkkddkdokkdodokkkkkdkkok ok kkokkkdkok )
InitGraphic;
DefineWor1d(1,0,200,70,0);

SelectWorld(1);

SElectWindow(1);

ClearScreen; .

data; { call procedure data )
fx—-l1iq-hgt:=0;ex~1iq-hgt :=0; { Level of liquid in cells )
old—conc:=0;

flex—initial; . { Call procedures to set up)
extens—initial; { the extensor and flexor. )
i e T L T
* In this area of the program the cyclical *
* expansions and contractions of the muscles *
* are calculated and stored. *

e e e T e T T )
max:=flex—length;min:=exten-length;{Positions of max. and min motion)
writeln(flex-length,exten-length);

~writeln ('What is the required simulation runtime (sec)?');
readln (simtim);

PD—data (Kp,Kd); { Call routine to set control. values:

(* Section of program controlling the motion of the muscle and the flowx
(* of the solvent into the cells. *

cycle:=0; - vi.12 L Sets up the initial set of the muscles



ClearScreen;
graph(cycle,simtim,angle);
Repeat
Begin
If cycle>simtim Then
Begin
ClearScreen;
cycle:=0;
graph(cycle simtim, angle),
End;
flexor:=expand;
writeln (' Is the joint to open or close (0 or C)?');
readln (ans);
writeln ('to what position');
read(end-pt);
position: -flex—length+supp,
angle := (position-17.3)%*5;
If (ans='c') Or (ans='C') Then flexor := contract;
coupling;
Repeat
Begin
controller (angle,end-pt,Kp,Kd,motion,cycle);
flexor—-muscle;
extens—muscle;
cycle:=cycle+l;
old~position:=position;
coupling;
position:=flex—length+supp; { Position allowing for coupling)

mot ion:=ABS ((position-old-position)*5*samp—freq);{ Movement of beam dt
ring

angle := (position-17.3)%5;
graph(cycle,simtim,angle);
End;
writeln(fx-1ig-hgt,ex~-1ig-hgt,flex—length,exten-length,angle);
read(ans);

Until (cycle>simtim) )
OR ((flexor=contract) AND (angle<end-pt+2) AND (fx-lig-hgt=0))
OR ((flexor=expand) AND (angle>end-pt-2) AND (fx-1iq-hgt=0));
End;
writeln ('Do you wish to continue the simulation (y or Y)?');
readln (ans);
Until (ans='n') Or (ans='N‘');
LeaveCraphic;
End.

- VI.13 -



A\EEendﬁx vii

Valve ntrol Pr m

The following is a listing of the program used to control the valve sequencing and

solvent distribution within the flexor—extensor actuator cells.
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The circuit used in controlling the stepper motor used in the variable

compliance tendon experiments is shown in figure VIII.1 below.
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VII.1. Stepper Motor Drive Circuit

The following is a listing of the program used to control this stepper and in

the monitoring of the joint sensor outputs.

18 RER Zidkesd s it es et 368558

28 PEM UGRIGELE COMPLTANCE TENGOMS

I8 REK TV 1384

48 REN staxtiissaxsidsssssidtss

58 7EFEAI=RFF

MOhE 8

P_M=88Q:P ONE=S554:P TWO=IR8.P_THRE
T ONE=ABUAL(2) 1 I_TWl=ROVAL (2T TI_TH
P?ﬁrnXIQ

E=5g
REE=ADUAL(4)

TN ET i Ca2 ol Lot e ot 1408 100 2
als
Lk -1
&« I
: i
& Tl
0 ed

TS R £ N X S0 R XY D mmmm-mmm-mn-«-mwmm
i
~y
L)
L]
3]
e

GREXT €T

ENL

REYM 2xsikbk R ks d b9 4002654
GEFFROCHATOR

B M=RERLT A4

IF CTy4b8 Thek W M~ BRE-CT/4

KOUE (ET-1)+18% P M: DRAM CT+18, M M

EXNT T IR IS PN TN Y P L1 e e s fnts fe it st s [t sty s

LAY CTTLAT [ e ot e IR R0 bt (3P

RFM t#tsxttts#t:t:ttttattttts

TAR REH 23t x3tdssF R4 a0 R Sk%E

718 &FFP?ﬂFJ_Gﬂf
Su+{ALGLA f'h-I GRT 7388

-_BHE: 'Dﬁﬁﬂ CT+18,N_OKE

T8 BEM sextkkssdiiddttssdssiess

- VIL1 -



& REM tt##tttttttt#t#ttttt#ttt#

"FEPR
B {E 5§?¢¥SDUR'(2) -I_THO) /7368
gﬁ%&ﬂfCT 1)415 P_THD: DBRE CT+18, 8_THO

s

58 FRGPROC

} REM 333335445 3R 4ARLAR LA RRREK

REN stsasasdasdsdsstassisbass

DEFPROCT THREE

{_THREE=T¢8RRA-ADYRL(4)) /28R
_THREE=5R+N_THREE

MIUE (FTK1)+IQéP THREE: DRAW CT+18,M_THREE

v
:S"‘l:‘.

ﬁEN #i###t#**i#t#tt#ttttttt#t

8 FEH sarsditississskssabsstiss

4 MOUE la,PSHIﬂm pRAN

5 MOUE J#25@+18,PS+{T¢58)-

DEFPRHCRXIS
FOR I=1 T0 4
PS={(T-1)%268)
BOUE 18 PS4(T#58): DRAW 18 (T+2R8)+4(1s58)
i

8.(7
aig poa(Tasay’
FOR I=170 4
MOUE 5 PS+(I#58341458: DRAW 18, PS+{T+5R)471456
MOJE § -18: DRAU J#256+18, P+ (T+5R)

A HEXT
Gk EQEFR%C

7N BEH sk sssdssirpsnkiasasstis

- VIIL.2 -



