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Abstract 

A co-polymer made from Polyvinyl Alcohol and Polyacrylic Acid (PVA-P AA) 

has been synthesized to form new robotic actuation systems which use the 

contractile and variable compliance properties of this material. The stimulation 

of these fibres is studied (particularly chemical activation using acetone and 

water), as are the factors which Influence the response, especially those relating 

to its performance as an artificial muscle. 

Mathematical models and simulations of the dynamics of the polymeric strips 

have been developed, permitting a thorough analysis of the performance 

determining parameters. Using these models a control strategy has been 

designed and implemented, with experimental results being obtained for a 

gripper powered by a flexor/extensor pair formed using these polymeric 

actuators. 

An investigation of a second property of the polymer, its variable compliance 

is also included. Use of this feature has lead to the design, construction and 

testing of a multi degree-of-freedom dextrous band, which despite having only 

a single actuator, can excerise independent control over each joint. 
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11 ntro bur-tion 

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 
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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 with 

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 

- 1.2 -



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 
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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 the 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 modem 

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 fmd 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 (P AA) 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 S. 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 5, 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 experimentany 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 ate II number 

of anomalies and non-linearities 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 by comparison 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 
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the tendons can be selectively varied permitting regulation of the· tntnsmission 

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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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. 

2.2 Hydraulic Drives 

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.la, or 

double-acting, figure 2.1 b. 

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. 

z 
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Fig.2.1a 
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pulling the load 

Fig.2.1b 

Fig. 2.la. Single Acting Hydraulic Cylinder. Fig. 2.tb 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 lengths 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. 

-Rod I'i"Z'! ~~ 
end Port_ 

Piston rod -tI-tiIfHW4J 

Piston -fi-till--mlU 

"* -"I'lW"~ movable section 

~ 
.... "'"'JI..-I:-; ..... d~. moyable Section 

~~t>':; ~$' tr;:z?z~~ : . 
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Port 

Cop end 

o:"ilea section 

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 1l0,OOONm ) 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 >sOOrpm are necessary [Banks, 

1988]. The main advantages with gear motors are that they are fairly simple 

and cheap relative to other hydraulic motors. 

Outlft -

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

[Elonka, 1967]. 

Vane motors, figure 2.S, 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 distortion 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 causes 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 appropriate 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 excetJent 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.Smm x 6.Smm x S7mm) which when operating 

at 240 bar can provide up to 18SW at rotation speeds up to SOOOrpm [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 pneumatic drives rather than 

the more common hydraulic devices. Since the fluid medium is gaseous rather 

than an oil, lower pressures «2S0psi) 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 actuating 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 and monitoring the 

flow, infinitely variable torques and speeds are possible. This has led to them 

replacing electric motors in many industrial handtools. 

2 .• Electric Drives 

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 batl-screws are generally used in the transmission of power 

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 faU 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. 

+ 

.Dc 
source 

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, ie to have speeds which are very high under no load but 

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

+ -+ Field -- Dc - source 

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 the techniques outlined above, 

which allows considerable latitude in design, and combines the desirable aspects 

of both series 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]. 
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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 

~pe most common drive units in small robots because they are self-starting ...... : 

. (able· to start rotation when electrical power is made available)i~ey can easily 
, \" ,.'~:~ .. " 

.,.' 
change direction by changing the voltage polarity, they are, simple, and speed 

,,:, , " 

regulation is voltage controlled. 

t 
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\ 

\ 
Series··...... \ 

......... \ 
Torque -- Torque ... 

Figure 2.9a and b. Speed/Torque and Current/Torque DC Motor Profiles 

[Electro-craft, 1980 J. 
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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. 

CO .... UTATUIIG CAPACITOR 
TRANSISTORS liAS flESlSTORS 

IIIOTOR o 
MOTtlft 
FIELD 
IRON 

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 

Vs. 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. 

Squirrel: .,/ 
cage 
rotor 

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 

Motors [Fitzgerald, 1945]. 
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Figure 2.14a, Capacitor-Start, Induction-run Motor 

b, 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 is sacrif.iced 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 motors 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 

the applied voltage. 600jer. cent Toraue I 
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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. 

U 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 - 4ON/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 lkW/kg [Wilkie, 1976]. 

9. Good Repeatibilty and accuracy. 

10. Modular and expandable. 

11. Environmentally Safe. 

2.6 Direct versus Indirect Drives 

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 

pneumatic 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. 

2.' Compliance Control 

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 (dVdT). 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. 

Oearly good control over the compliance would be very beneficial and is at 

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

2.8 Experimental Actuation Systems 

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 

pneumatics 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 welJ as longitudinal motion using the same basic driving 

principle. 

This actuator has been applied to the lifesize puppets in the television series 

'Spitting Image' 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 hose controls 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 

(lead zirconate titanate) and PMN (lead magnesium niobate). Actuators of this 

tYPe can be divided into two categories depending on the strain used. A rigid 

displacement 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 applications of this technology are as micro-actuators. A 

typical range of specifications is [Takahashi, 1987]; 
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1. Controllability in the displacement range up to several tens of pm. with 

accuracy better than 0.01 pm. 

2. Fast response speed (lOpsec.). 

3. Generates high forces (440N/cm 2). 

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 thermoelastic martensitic 

transformation). The aUoys (most commonly Nickel-Titanium although other 

alloys are available) are formed at low temperatures, followed by annealing at a 

temperature higher that the 'austenite finish' (Af) temperature. When deformed 

from this original shape at a temperature below the 'austenite start' <As) 

temperature, (with apparent plastic deformations of up to 1()o~). and then 

heated above (Af) , 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. Nonlinear.ities in the SME and the complex thermodynamic relationships 

make control difficult. 

3. The efficiency is low «1()o~). 

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 SOOOVimm) reversible cha'nge& in viscosity can be produced. to an 

extent that the liquid can change to a SOlid and back again. An ERF based 

actuator has been formed from a hydraulic valve arrangement having an 

extremely wide piston/cylinder separation of Imm. figure 2.18. 

Figure 2.18. Electro-Rheological Fluid Actuator. 

With no applied electric field the fluid which is circulated using a hydraUc 

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 a.ccurately controlled. The developers believe that this may be useful ;in 

robotic applications. 

2.9 'Eyaluation 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 Type Actuators Repeat- Max. Max. Tip Cost 

Asea IRB 1000 Polar 

Cinncinnatl T3 300 Cylind. AC servo O.05mm 50 1 

Mi lacron T3 786 Polar DC servo 0.25mm 90 1 

Table 2.1 A Representative Sample of Presently Available Robots. 

This table clearly sho'WS 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 drive.nout of 

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

in older machines. 

But just bow 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 wiI1be 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 Dnd weight (Power/weight rDtio). 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 l00W/kg. For bydraulic 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 varies widely within each power 

grouping. Generally electric motors have efficiencies of 800Jb or more. With 

hydraulics the efficiency may be as high as 90% for piston motors, but drops 

to 700Jb 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 Dnd Dccuracy. 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 that the ,abilities of actuators using the same power source 

and often the samedesip philosophy will vary markedly from manufacturer to 

manufacturer. Clearly the choice of the best actuators for robotic uses requires 

much consideration. 
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3.1 lntroductiOA 

There are clearly a great variety of techniques for converting energy in its 

many forms into mechanical 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 cornparison only about 4OCA> 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 use 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 amenabJe to physio-chemieal. researeh by reduciBg it· to elementary 

molecular componeBts. 

The possibility that some form of muscle-Uke actuatioB could be produced 

USiBg sYBthetic polymerJ was. discovered iBdepeBdeBtly by KuhB aBd Katchalsky 

(Kubn.. 1949; Katc~alsky, 1949] in the late 40's. Tests were COBducted on the 

contractile potential of polyacrylic acid (P AA) and polymethylacrylic acid 

(PMAA) wbe.n ~ermally crosslinked with polyvinyl alcohol (PVA) , figure 3.1. 

These materials are still used extensively today, .although it has since beeB 

shown, lOsada, 1985] that most polymers and copolymerscoBtaining ionizable 

groups can undergo marked contractionJ. 

(H2 (H2 (Hz. 
"./ ,,/ "-./ .... 

.. ( ( ( 

~ " PYA OH~ "H OH~ "H OH . H 
Uncross linked 

(Hz (Hz (Hz. 

"( /' " (/' "( / .... 

/"- /"- /" 
(DOH H (aOH· H (DOH H 

PAA 

(ross linked PVA -p AA 

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 Bumberof stimulatory. techniques .(pH, 

reduction-oxidisation. electrical, thermal, photo-sensitive,:and "on 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 tn section 3.8. This 

leads to a fuUer understanding of the processes involved, and how these effects 

may be enhanced or modified to produce new actuators and sensors. 

3.2 The "pH MUfQIC" 

These frrst 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 baled on this technique 

became known as a "pH muscle" [Kuhn, 1960]. The polymer when fully 

prepared [Katchalsky. 1949J, gave rise to fibrous· strips which could undergo 

linear dimensional changes of up to 6()<1~ 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. 

o I I ~ 
Medium 10ml O.01N NaCI Weight of dry filament 1mg1cm 
Acid added If mil O.02N HCI Weight of load 360mg 
Alkali added "mil O.02N NaCI 

LEilamentl 
"-

alkali 11.2ml 1'1oSmt '1.9mt 

'oo"v 0· ·0 .0"· ·0 0' 
rf • ° 

.. 
"- .bOO. ° " • , . w, , -v .. o : . ' .. 

~ aCidiO.7ml lO.3ml :1.2mt ;O.2m1 !1.7m1 

5 10 15 20 
\ Time (mil'll 

Figure 3.2. Reversible lifting 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 (thickn~ 0.1mm) loaded with a weight 5000 times the 

mass of the dry fibre unde~t contractions of up to 30%. These results were 

repeated over 1750 times, with a period for each complete 

contraction/expansion 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 (d_ameter .. 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 reported 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 PYA that was heavily crosslinked to permit 

only very limited swelling, while the second foil was a PVA-P AA 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 Ute presence of a PYA. 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 Ute PYA-PM 

layers preventing dissolution during swelling, and further reduced the swelling 

potential of the PYA layers. 
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Figure 3.3a and b. Cdntractile and non-contractile layers of polymer [Kuhn, 

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

When saturated in water the swelling of the PYA 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 PV A 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 been 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 dimensional 

changes are studied later in section 3.8. 

3,3 The "Redox" Muscle 

Observation that the energy output in natural muscle was obtained by 

oxidation of glucose, prompted Kuhn to investigate the possible stimulation of 

the contractile reaction in polyelectrolyte gels using oxidising and reducing 

agents. This new system used a new copolymer prepared from vinyl alcohol and 

allylalloxan [Kuhn, 1960], which was crosslinked with PYA 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 -



(B) 

. (C) 

Cbromiwn trio 
OJtideinalacial 
ac:otic acid 

- CH4 H-CHr-fH+- "CH.OH -CH.-cr-CHr-fH-
OH CH. Mg-methylateO CH. 

I (Na.methylate) I I 
N-C==O, C-O N-C-O 

I o=d h"0H ~H. o==d t/O
H 

+ CH.OOCCH. I I '-OH I I 'OH 
HN-C-O HN-C=O 

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". 

3.4 The "Ion Effect Muscle" 

In 1955 Katchalsky [Katchalsky, 19551 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]; 

{3.1 } 

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

found that the degree of contraction decreased along the se1!les: 

Cu(ll» Cd(n» Co(n» Fe(n» Ca(n» Al(llI» Zn(n)~Ba(II) >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 Cone. for KCNS stimulated collagen fibres 

[Katchalsky. 19551. 

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 UBr 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. 

i 
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 construction of their mechanochemical motors and turbines, 

figures 3.6 and 3.7, which can be stirnulated by a range of compounds such as, 

UBr, CaCt, MgCl. KCNS and 

CoricentrO~ Li Br Water or dlluled LiS, 
~~~ ~~ 

Figure 3.7. Mechanochemic~l Pulley [Stein1:'>erg, 1966]. 

Using these engines masses several thousand times that of .the fibre could be 

lifted, generating tensions in excess of 125kglcm2 [Stei1}berg, 1966], (maximum 

muscle tension is approximately 2-4kg/cm 2) while a maximum power output of 

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

3
1
5 Electrically Stimulated Muscle 

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. 

TEFUIN -INSULATED 
PLATINUM WIR&: 
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............ -FIIER 
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Figure 3.8. Apparatus and Time Response [HamJen, 1965]. 
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The frrst system of this type was proposed by Hamlen et a1. (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. [Fragala, 1972) 

producing a refined system based on the properties of cationic and anionic 

exchange membranes, ftgure 3.9. These membranes are formed in three layers, 

the central membrane being the actual muscle fibre. There are two 

compartments on either side of this muscle each initially containing HCI and 

NaCI 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 exchange membranes. 

The more mobile H+ 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. 

Ag/AgCI 
electrode 

CGtionic membrane 
Solution C()IItaining 
NClCI and HCI 
Muscle membrane (Weal< acid) 

To Power 
supply 

Ag/AgCI F
· (+) 

NoCI electrOde 
+HCI 

ionic membrane 
Solution containing 
NaCI and HCI 

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

1972). 
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Recently TanakafTanata. 1982]. using partially hydrolysed polyacrylamide gels 

(PAM) reported that infinitesimal changes in the electric potential across the gel 

produced a discrete. 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 lOsada, 1985] using water swollen poly(2-acrylamido 

-2-methyl-l-propanesulfonic) acid (PAMPS). reported similar results. concluding 

that reversible volume changes can be produced under electrical influence in aU 

polymers; synthetic or natural, which contain ionizable groups. The rate of 

water release from these P AMPS gels is described as 'high' with a strip of 

material weighing Ig when dry and 2250g in water reducing its weight by 7()o,1, 

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 lOsada, 19851 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 lOsada, 1985] to be due to 

spontaneous ionization 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 Italy, De Rossi et a1. [De Rossi, 1985, 1986, 1988a] have also been 

working 011 the use of PAM and PM-PVA polymers. The artificial muscles 

used in this research are stimulated by an electro-ehemical effect similar to 

that used by Hamlen. The apparatus being used in their tests is shown in 

figure 3.11. 

This electro-ehemical stimulation technique produces contractions of 8% in 86 

seconds (o::::O.l%/sec.) in a PVA-PAA strip l00pm thick [De Rossi, 1989b]. 

DUring these COlltractile cycles the forces generated have been measured at up 

to 10N/cm:?' 

--, 

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 expense 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 of the mechanism, with attempts being 

made to improve the response characteristics under electrical stimulus by 

incorporating the electrodes into the body of the polymer. These electrodes are 

introduced into the PV AlP AA strips during a doping process involving 

conducting fibres made from PolypyroIt, figure 3.12. 
H 
, 
N 

H-C/ "C.--rtH 

. II II 
H-C C-H 

Figure 3.12. Structure of PolypyroU. 

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. 

3.6 Thermo-sensitive 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 swelliJ'lg ratio (weight of water 

uptake per unit mass of dried polymer). with an initial tatio of almost 7:1 at 

10'C reducing to about 1.5:1 at 6O'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 tthermo-sensitive t reaction the author discovered 

during subsequent research into methods of stimulating contraction that motions 

can be produced by thermal stimulation (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 win be considered in section 3.8. 

3.7 Photo-sensitive Polymers 

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 .... trans isomerization on irradiation and by incorporating the 

groups into PQlymers a photo responsive reaction can be produced. Three types 

of photocontraction are considered below. 

Smets [Smets; 1975], using a crosslinked poly(ethyl methacrylate) 
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spirobenzopyrane copolymer observed dimensional changes of 2.3% (in a 

polymer with dimensions of 3.97mm x Smm x O.48mm having a llSg 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. 
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Figure 3.14. Ught Stimulated Contraction-Dilation [Smets. 1975]. 
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Aviram [Avriam, 1978] synthesized poly (,glutamic acid) membranes with 

active N,N - dimethyl amino groups which react when irradiated by UV light 

in the presence of CCl 4 or CBr 4 figure 3.15. 

Other researchers [Ishihara, 1984) ha ve prepared polymers 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. 

3,8 DilatiOn/Contraction . Mechanism 

PV A-P AA 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 motion 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 direction, 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 'ois given by [Treloar, 

1975]; 

c • 

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

Lon {(1+cos8)/(1-cos8)} (3.2) 

"where 8 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~', 8 = 70~', giving; 

{3.3} 

The elasticity of the material can now be formulated using the theory of 

statistical thermodynamics [Treloar, 1975], involving calculation 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 I to l+dI is equal to the free energy G at constant 

temperature. This may be defined as: 

F (dG/d I)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/dlh {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 

energy U are related to the tension and the length by [Bawn, 1948]; 

- F (dU/dl)T T(dS/dl)T 

(dU/dl)T + T(dF/dT), 
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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 c1early increases the tendency for the 

expanded gel to collapse, and the collapsed gel to expand. 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]; 

(3.9) 

Where fir is the swellingldeswelling force induced by rubber elasticity, v 2 is 

the volume fraction ( volume fraction is the ratio of the unswollen to the 

swollen volumes, which for swelling is (1) of the polymer, R is the gas 

constant, T is the absolute temperature, p is the density of the unswollen 

polymer, and Me is the molecular weight. 

For materials with large molecular weights ( >10,000 ) subject to relatively 

small swelling «200%), v 2'/3 > ~v 2' and equation {3.9} is often simplified to 

[Flory,. 1953]; 

(3.10) 

Thermal stimulation as mentioned earlier produces high contractile forces on 

drying 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 surface 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 resulting 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. 

3.8.2 Polymer - Polymer Affinity 

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. 
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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 Ali 1. It was suggested in this theory, 

that for a polymer swollen in a solvent maximum swelling win occur when Ali 1 

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]; 

(C.E.D); {3.lt} 

Solubility parameters for an extensive range 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]; 

(3.12) 

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

parameter. 

3.8.3 Electro=repuJsive 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: {3.13a} 

Contraction: R(COO-X+)n + n~- ~ R(COOH)n + nX-y+ {3.13b} 

Hence the electro -repulsive effect although maintaining electrical neutrality 

because of the presence of a balancing number of positive and negative ions, 

produces a significant force with a pressure which is directly proportional to the 

absolute temperature, and inversely proportional to the volume . 

. The" pH muscle uses the electro- repulsive effect as its driving force. Adding 

an 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, hince 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 meta) ions from the salt displace the 
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hydrogen ion from the polymer, the H+ combining 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· ion with a lesser ionic strength causes 

displacement of the original ionic species. This second metal ion has a reduced 

screening effect and thus. s-welling ensues. 

Low Temperature High Temperature 

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 forming part of a closed electrochemical 

circuit with the number of ions remaining constant. The negative ions ~n the 

carboxyl groups cannot move, which means that the polymer as a whole is 

. drawn to the positive eJectrode. 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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(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. 

3,8.4 Combined Intra-polymer Effect 

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 lOsada, 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 fit being given by [Tanaka, 1980]: 

(3.15) 

Changes in the osmotic pressure are caused by addition of one of the 

stimulants 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 pressure 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. 

TotaL 
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 Band 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 discrepancies 

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 versa. 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 
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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 transitions can be observed depending on the production 

conditions, which determine the relationship between the various osmotic 

pressure components. 

3.9 Evaluation of Stimulation Techniques 

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 tested 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 

considerable scope for improvements in the materials available, and the physical 

properties which they possess. 
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4.1 Introduction 

It 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 Muscle Materials 

Gelatin and gum arabic are naturally occurring long chain polymers. Gelatin is 

produced by thermal degradation of collagen and as such has many of the 

properties of collagen, while gum arabic is used mainly as an adhesive. 

The 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, forming 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 10<)"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 Swell ing Breaking Thickness X-sectional 

Stress Area 

Gelatin 100' C· 10m i n 50% o 05N/cm2 o 25mm 5mm2 

Gelatin 100'C'20min 28% o IlN/cm2 0.23mm 4 6mm2 

Gelatin 100'C'30min 19% o 2N/cm2 0 24mm 4.8mm2 

Gum Arabic 100'C'10min 63% o OlNicm2 0 25mm 5mm2 

Gum Arabic 100·C·20min. 31% o 02N/cm2 o 26mm 5 2mm2 

IGum Arabic 100'C'30min 20% o 03N/cm2 o 24mm 4 8mm2 

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 not 

manage to escape and formed the honeycomb structure. It was felt that if this 

could be prevented the strength 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 FeCI 3 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. 

ILoad EXDansion Rate Contraction Rate Area Power 

02: 0.7S%/sec. o 04%/sec 4mm 2 OmW 

5g 0.95%/sec. 0.03%/sec 4mm 2 .0015mW 
, 

102 O. 1 05%/sec . O.Ol%/sec 4mm 2 .OOlmW 

. 
Table 4.2. Swelling/deswelling of Loaded Gelatin Strips 
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With no load, rapid, repeatable swelling/deswelling was produced at rates of 

up to 0.75%/sec. and .o.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 muscle because of their lack of strength, the response shows 

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

4.3 PYA-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 have generally proved 

to be too weak for use as an artificial muscle, but, a study of the properties 

of polyvinyl alcohol (PV A) 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 sweIling /deswelling variation 

[Kuhn, 1949; Katchalsky, 1949]. 

PYA 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 mixed 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 

evaporate 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 potyacrylic 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 nature 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 Thermodynamics 

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 + 2Pidni + ~dE (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 fibre of length I to I+dl 

using a force f; (mechanical energy). 

2Pidni is the increase in energy produced by the introduction of 

dnl moles of component i. the specific increase being the 

chemical potential Pi' The summation is necessary if more than 

one chemical component must be added; (Chemical energy). 

~dE Is the 'electrical work term due to a change In the charge dE 

at an electrostatic potential ~; (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 

<fiX=O) [Katchalsky, 1971]. Therefore since dU, dS, and dV are total 

differential 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; 

{4.2} 

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

present; 

0-0 {4.3a} 

or 

{4.3b} 

this gives the mechanical work performed by the engine (muscle) as Ifdl, 

which is known as the elastic or mechanical free energy (Felast or Fmech)' 

The chemical energy in the system !2ILidnj is known as the chemical free 

energy Fchem or the energy of mixing Fmix' while Felect ~~f)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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Fmix + Fel ect {4.4} 

The Gibbs integral equation now shows that if the chemical potential remains 

constant during conversion, no work is performed, because, if each iii is a 

constant and each dnj is a total differential then ; 

o (4.5a) 

A similar relationship is true for constant electrical potential; 

Fel ect - Il/Jde o {4.Sb} 

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 cycles 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 .1F which occurs in swelling/deswelling reactions can 

be divided into three parts that have already been considered {4.5}, giving; 

~felast + ~felect 

Using the Flory-Huggins expression [Flory, 1957] gives ~Fmix as; 

with X - Flory-Huggins parameter. 

x - number of segments in chain. 

R - Gas constant per mole. 
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If the number of segments is large. lIx is very small. and the equation 

reduces to [Flory. 1957]; 

(4.8) 

By reference to gaussian network theory [Treloar. 1975]. with isometric 

expansion >.. 1 = >.. 2 = >.. = v 1/3 3 2 (where lIv 2 is the volume swelling ratio) 

the elastic energy is; 

{4.9} 

where p is the density of the polymer; V 1 is the molar volume of the 

solvent; and Mc is the average molecular weight of the segments. Equating this 

with the Flory-Huggins expression Fmix. gives the total free energy of dilution 

of a non-electrolyte gel; 

{4.10a} 

which at equilibrium. where l1F=O. gives 

(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 thorough mathematical 

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

is of the form [Tanaka. 1980]; 

(4.11) 
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Under these cicumstances the energy balance equations {4.tOa} and {4.tOb} are 

modified as follows; 

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.S Relationship between Molecular Weight and Equilibrium SweJling 

The equilibrium swelling is a very important component which can be used to 

give an indication of the effects of variations 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, t 943]; 

Z (4.13) 
! - X 

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}: 

-.1Fe l ast ,{4.14} 

where the total free energy .1F has the dimensions of pressure, .1Fmix is the 

osmotic swelling pressure, while .1F elast represents the resistance of the network 

to swelling or deswelling, and .1F elect 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]. 

kJ 
lMol 

\-...-------F elas! 
\ 

Ve 

, .......... ·······Volume 

: ...... '~ ., ' 
/: ~ ............... _-
. F +F 

mix elect 

, 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 th~se components and at the intersection of the curves, equation {4.14} is 

satisfied; the equilibrium value point being designated Ve. 
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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 F elast 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 crosslin king decreases the swelling and 

vice versa. 

4.6 Production Variable Effects 

The thermodynamic analyses completed above have indicated that the 

production conditions have a significant bearing on the mechanical and chemical 

properties of the polymer. To further investigate these factors, polymer films 

were prepared subject to the variations listed below: 

1. The relative proportions of PYA and PAA in the films ranged from 

50-80% and 50-20% respectively. 

2. The crossIinking 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. PVAjPAA Thickness Vulcanisation % Swelling at 

Rat io (urn) 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 (cl150'C 61% 

6 75:25 130 60 min @150'C 50% 

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 (cl150'C 59% 

11 " 140 60 min (cl150'C 52% 

12 50:50 130 0 min (cl150'C Dissolved 

13 50:50 140 30 min @150'C 51% 

14 50:50 130 60 min Cc1150'C 44% 
" 

15 75:25 130 60 min (cll00'C Dissolved 

16 75:25 140 60 min (cl200'C 15% 

17 25:75 150 o min @150'C Dissolved 

18 " 150 30 min @150'C 26% 

19 " 140 60 min (cl150'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. 

4.6.1 lnfra-red $oectroscO,Py Tests 

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 PV A chains 

{4.1S} (ether) and between the PYA and the PAA {4.16} (ester). 

2 ROH 

RCOOH + R'OH 

where R is a free radical grouping. 

(4.1S) 

{4.16} 

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 production effects 

on the polymer, and permitting comparison with the swelling tests considered 

later. This was to be achieved by quantitative I.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 resulting I.R. profiles are shown in 

Appendix I. 

The results 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 114Ocm- 1 • 

Later tests showed that this grouping was present in the original PYA 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 (1 025cm -'), 

indicating shorter bond lengths. This is in agreement with the theory on the 

effects of increasing the curing period. 

The effects of the curing temperature are demonstrated quite nicely by 

samples, 11, 1 S, 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. 

4,6.2 X-ray Diffraction Tests 

The object of this series of tests 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 occuring. 

It was hoped that X-ray tests would give some indication of any internal 

restructuring that may be occuring during swelling and deswelling. Two samples 

of 75:25 PVA-PAA heated for 60 minutes at 150 ·C (type 6) with thickness 

0.13mm 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.4.3 

Fig.4.4 
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Fig.4.S 

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 the structure is partially crystalline when dry can be taken as 

reliable. 

4.6.3 Equilibrium Swelling Tests 

As disclosed earlier, the equilibri urn 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 microscope 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 

during 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. 

4.6.4 Isotropic or Non-isotropic Response 

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 L2: Wd. Th L2: Wd. Th Lg. Wd. Th. 

3 30.0' 5.5' 0.12 47.0'8.75'0.19 57%' 59%' 58% 

5 30.0' 5 O· 0.12 48.0' 8 O· 0.19 60%' 60%' 58% 

6 30.0' 5.2' 0.13 45.0' 7.8' o 20 50%' 50%' 53% 

7 30.0' 5.2' 0.12 42.0' 7.4' 0.17 40%' 42%' 42% 

14 30 O· 5.4' 0.13 43.0' 7.7' 0.19 43%' 43%' 46% 

Table 4.4. Tests for Isotropic Swelling. 

As these polymers are to be used to replicate 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 polymer cut from film prepared according to production procedure 

6 w~s 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 was found that the 

length and thickness increased by only t 1 % 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 
Springs 

, '. ~ " . 

Polymer 
Muscle 

Figure 4.7. Production of Non-isotropic Strips. 

l (' (.' ( I ( /. 

Tensioning 
Springs 

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 

muscle 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 seem 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. 

4.6.5 Annealing Period Effects 

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 (%) 
100r-------~--------------------_. 

lbungs' Modulus (N/mm) 
600r-~---------------------------. 

500 
80 

400 

60 

300 

40 

200 

20 
100 

OL----i----~--~~--~----~--~ OL---~--------------~----~----

o 20 40 60 80 ICC 120 o 20 ~J OJ 60 lOG l :: 
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Figure 4.8 Annealing Period Figure 4.9 Annealing effect 

effect on Swelling. on Mechanical Strength. 

These results show that, as expected, increasing the period of curing decreases 

the expansion, while increasing the strength (elastic modulus). with the 

uncrosslinked strip (type 4) dissolving. Clearly the properties of the polymer are 

very inuch dependent on the curing period. 1t has been predicted [Treloar, 

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

length by; 

G - pRT/Mc (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 PV A-P AA 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 binQing 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 strips prepared from films 6, IS,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. 
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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 period, 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, S, 13 and 18. 
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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 PV A 

swell more than those with a high PAA content. An interesting point that was 

observed was that as the P AA concentration increased the strength of the 

material at first increased (to a PVA:P AA ratio of 3:1) and then slowly 

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

4.7 Relationship between Water Content and Swelling 

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 and 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 (%) 

400r--------------------------,----, 
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o 5 10 15 20 25 30 35 40 

Length Increase (%) 

- Type 5 -+- Type 6 

Figure 4.14. Relationship between Water Uptake and Swelling 

Th~ relationship between the percentage elongation (or volume change) and 

mass of water absorbed; the swelling absorbance ratio (ratio of volume or 

- 4.23 -



... ::: . 

longitudinal swelling to mass of water absorbed), is linear under all crossJinking 

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. 

4.8 Swelling Effects on Young's Modulus 

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. 
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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 Sw (ratio of the swollen to dry polymer lengths), is found to be: 

(4.18) 

where K 1 and C 1 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]. 
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Typical plots of the stress-strain curve produced in these tests, figure 4.16a 

and b, show that the presence of water in the 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 Stimulatin& 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 PV A-P AA 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 anyone dimension relative to the unswollen size. When 

immersed in 1 M Hel 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 suggested [Hamlen, 1965; De Rossi, 

1985] that electrical potential can be used to stimulate muscle contraction. 

Using a freshly prepare~· strip of polymer (procedure 6), water was electrolysed 

Using' a SV supply rated at 0.5A. This slowly produced a change in pH which 

resulted 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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particularly 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 S) thin layers (increasing the cross-sectional area), but the drying of 

these layers presented a second set of problems which had to be overcome 

before a muscle-like response could be reproduced. 

To hydrate and dehydrate these layers some method of pumping air between 

the muscles fibres was required. This could not be achieved by simply blowing 

heated air through the layers and hence it was necessary to explore methods of 

improving this dehydrating effect. Three such methods were eventually tested; 

1. Small thin films of aluminium which were heated (turning the 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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heating of the films, and poor air distribution between the layers. 
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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 lOmm . 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. 

1 
______ J 0 

o 

o 

o 

o 

o 
Outlet 

/~",ol es 

Uppe:- f.. LO'..Jer 
Po l)'1 hene SaCKS 

o 
o 

o 

Load 

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 'wet' easily . This nylon design was 
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itself eventualJy replaced by a water repelJent 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 I 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 contractile behaviour under thermal 

stimulation. S strips of polymer prepared according to procedure 6 with 

dimension 70mm x SOmm 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 4S 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 contractile rate being 

measured at up to 0.36%/sec. Beyond this time, the response rate gradually 

decreases according to a log relationship. 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. - 4.31 -



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 excita tion time rises beyond 100 

sees. 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 . 
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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 requi red . The experiment was set up 

using the basic design indicated above, but in th is 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 sees. This period of water induced swelling was followed by 180 
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sec. of thermal stimulation producing contraction, 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 remained sever.al problems 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 is, 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 robotics, 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 prepared, measured, and immersed in a 

number of solvents for several hours, with any responses being noted, Table 

4.5. These 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 Swe II f nlZ Comments 

Ethanol No No Noticeable ChanlZe 

Ammonia Yes Re tat lve I v rapi d swellin2. 

Formic Acid Yes Rapid SwelllnlZ 

Toluene No Becomes more RIlZid 

Cho I oroform. No Slhhtlv more Pliable 

Acetone No No Noticeable Effect 

Dfsti11.HO Yes Slow Swellfn2. 

Tap Water Yes Raoid SwellinlZ 

Carbon Tet No More Translucent and Rf2.id 

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 understand why the different solvents should produce expansion and 

contraction, it is necessary to study the factors which are causing this swelling 

/deswelling reaction. Chemical stimulation produces muscular movements because 

of polymer - solvent affinity, and the effects can be explained by considering 

the solubility parameters of the components involved in the processes. PV A has 

a solubility parameter value of 12.6 (cal cm- 3 ) i, while that of PAA is 8.8 

(cal cm- 3) t 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 

- 4.34 -



the swelling and in this case this is more 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 caused by replacing the water with a solvent for which the 

polymer has little or no affinity. The high external concentration 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) i (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 tested, 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 elongation 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 Response 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 they 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 Development 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. 
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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 concentration from zero there is initially 

very little contraction. Sim'i1arly 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 using 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 ionisation, 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 

movements was uncovered. This chapter has demonstrated the existence of a 

material 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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S.t 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. 

S.2 Dynamic Mechanochemical Properties 

Since the dynamic rales 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 under which the muscle was 

manufactured 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. 
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Figure 5.1 Dynamic Response and Force Generation Test Mechanism 

The standard experimental setup was as follows: strips of PV A-P AA (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. 

5.2.1 Crosslinking Effects on Dynamic Rates 

Several polymer strips prepared according to procedures S, 6, and 7 (as 

outlined in chapter 4) ~nd having thickness, O.lSmm, and width 15mm, were 

tested to determine the effects on the dynamics and the contractile force of 

varying the degree of crosslinking. These samples were connected into the 

muscle unit as outlined above. Water (at a temperature of 21 ·C) was rapidly 

added to the system and the swelling was monitored using a rotary 

potentiometer 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 

III). The traces produced by the various strips are shown in figures 5.2. 
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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. 
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of Crosslmking 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 crosslinkirig, 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 solvent required to produce a specific volume 

expansion/contraction increases as the crosslinking increases, i.e. the material 

has an reduced swelling coefficient. 

2. AdditionaJIy, 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 sweJling limit. 

5.2.2 Effect of Film Thickness on Dynamics 

For this test three strips of polymer of different thicknesses (O.lmm, O.2mm 

and O.4mm), but uniform width (20mm), were prepared under the same 

conditions (type 6) with", constant PVA-P AA ratios and degrees of crosslinking. 

These' 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. 
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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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Where ell is the contractile rate, .:1 is the thickness and K 0 and Co are 

constants set during the production of the polymer. 

This film thickness effect sho"WS that although the present maximum 

contractile rate (under no loading) is IO.5%/sec. with strips O.lmm thick; 

considerably less than values recorded for animal muscle (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. 
Fo~ce (N) 

2r---~------------------------~ 

1.5 

20 40 60 

Time (sec) 

~ O.1mm lhlck -+- O.2mm thick "'* O.4mm thick 

80 100 

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 build-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 0.5mm 

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 

. temperature is given by equation; 

+ K'T p {5.2} 

where }: is the swelling rate, }: 20 is the swelling (contraction) rate at 20· C, 

Kt is a swelling (deswelling) rate coefficient equal to 0.0275·C for swelling in 
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this instance) and T p 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), there appears to be a softening of 

the polymer which permits deformation and could be detrimental to the 

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=O.5mm and 

width 20mm) were used to test the effects of salt concentration 0!1 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. 
Max, Swelling Rate (%/s) 
2r-----~--~--~--------------_. 
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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. 

S.2.5 Stimulant Solvent Concentration Effects 

During some of the experimental tests it was 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 

concentration 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 1 e(-b 1 x 1
2 ) (5.3) 

where <IJ is the contractile rate, x 1 is the contaminant (water) fraction in the 

solution and a 1 and b 1 are production parameters, which for this sample are 1 

and 23.5. A similar profile was found for dilation, with x 1 in this instance 

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 ~th 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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5.2.6 Diffusion Coefficient Effects 

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 influencing the diffusion coefficient value, such as, 

crosslinking, temperature and the solvents used 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. 

5.2.7 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 accordil1g to procedures 3, 6, 14, and 19 

(thickness O.1mm and width 20mm). were tested using the force and response 

rate measuring apparatus. - Type 3 -+- Type 6 -- Type. 14 

Linear Swelling (%) Contractile Force (N) 
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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 
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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 P AA levels the material 

was very brittle. Variation in the component ratios similarly have an effect on 

the dynamic responses, with increased P AA content increasing the rates, but as 

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

S.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 must 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 500k. This gave a range of about 35% between 

the lower limit of 12-15% and the upper limit. A material meeting these 

dimensional swelling/deswelling requirements can be produced as a result of 

anneal~ng 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 PYA:PAA ratio was,' however, 

also known to have an effect. With high P AA content the contractile force was 

increased but the material became very brittle, while high PYA content gave a 

flexible material with greatly reduced contractile force. The best compromise 

values for use as muscle appeared to be when a PY A-P AA 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 characterize 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. 

5.3.1 Polymer Swelling from Dry 

Polymer samples prepared as outlined above were mounted in the test cell and 

water (at room temperature) was introduced. The response profile during the 

next 5 mins. was then recorded, fjgure 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. 

5.4 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. 

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 tQ determine if force-velocity curves of a form similar 

to natural muscle can be produced for the synthetic version. 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 O.lmm 

was mounted in the cell with one end clamped and the other attached to the 

unloaded sensor beam, figure 5.1. The polymer was initially brought to 

equilibrium in water, before being drained and refilled with acetone which 

caused contraction. Pure water could 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. 
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Figure 5.13. Pseudo-muscular Response under Zero Loading. 

- 5.15 -



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 response readings. 

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 overall 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 2 of the muscle. The 'standard' muscle fibre "was used 

along with a strip prepared under the same conditions, but having double the 

thickness (O.2mm). The tests were conducted using the cen test apparatus 

previously described. Constant loadings were produced by suspending weights 

from the counter balancing arm of the beam sensor. 
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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 loading per 

cm 2 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 S.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. 
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5.4.3 Isometric Response 

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 SOmm 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 .....-----..:~------------___, 

0.6 
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Figure 5.16. Isometric Force Generation. 

'. 

At constant length, the forces on contraction 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 

O.S9N which in terms of the force per cm 2 of contractile material is just under 

30N/cm 2. This compares very well with the forces generated by natural muscle 
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which range from 20N/cm 2-40N/cm 2 depending 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 :to.02N i.e. :tIN/cm 2) 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. The maximum contractile velocity is obtained 

under no loading and is specified as V max which for these artificial muscle 

fibres was just under 11 %/sec.. The maximum force, obtained from the 

isometric experiment is Fo which for an artificial muscle is 29.5 N/cm 2. , 
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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) - (Fo+a)b {s.4} 

where F is the force during shortening at velocity V, F 0 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. 

5.5 MultiJayered Muscle Dynamics 

The previous tests have shown the potential of a single polymer strip to 

respond to chemical stimulus quickly and strongly. But 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-sectional 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. Producing 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 usink 10 'standard' strips of length SOmm 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 

normalised, multi-muscle, force/velocity profile, figure 5.18, which can be 

directly compared with the single muscle equivalent. 

- 5.21 -



Contractile Rate (%/s) 
'2r-----------------------~----__, 

6 

4 

2 

o~--~----~----~---~--~~--~ 

o 0.2 04 0.6 0.8 1.2 

Normalised Tension 

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 6.1 N 

and <7.9N respectively. When normalised this gives values of 30.5N/cm 2 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/velocity 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 strips is a viable long-term objective and 

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

5.6 Muscular Power Output· 

When measurements of the mechanical performance of muscles (both natural 

and synthetic) 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 study 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 velocity 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/lr {S.S} 

where If is the muscle fibre length, V is the velocity of shortening and 

V norm 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]; 

Fnorm - F/A ~ Fir/vol {S.6} 

where vol is the volume of the dry muscle fibre, F is the force generated, A 

is the cross-sectional area, and Fnorm 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 Pnorm being; 

Pnorm - Fnorm Vnorm - FV/vol {S.7} 

. This. power output equation is valid for 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 their 

force/velocity profile, figure 5.17 or 5.18, to give a 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 Pnorm =Fnorm (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 «0.1 mm) improvements in 

the power output comparable with those already predicted (and obtained) for 

contractile response rates are possible. For example using the contractile rate 

versus thickness theory it is predicted that polymers strips 0.01 mm thick would 

have a power/weight ratro of 580mW/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-o.8J/g for natural muscle ·[Woledge. 

1985] and O.4J/g for the synthetic muscle. 
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5.7 The Camot Cycle and System Efficiency 

Thermodynamic analyses conducted 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 (combustion 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 variation 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 

CD CD ,. length 

Figure 5.20. Mechano-chemical Work Cycle 

-, 
The operation of this device as an engine can be explained in the following 

way. Starting at {l}, water is added to the system which causes expansion 

against no external forces {l} - {2}. At {2} the water is removed from the 

system and 'an external force is applied, causing obviously 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} - {I}. 

The energy changes for each steps can be given as; 

[dH]{l}_{2} - [PH20 dnH20) {l}-{2} {S.8a} 

[ dH) {2 } _ { 3} - [fdl){2}-{3}+[PH20 dnH20) {2}-{3} {S.8b} 

[dH](3}_(4} - [fdl)(3}-(4}+[PAee. dnAee.) (3}-(4) (S.8e) 

[dH](4}_(1} - [fdl](4}-(1}+[PAee. dnAee.] (4}-(1) (S.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 {l }-{2 }-{3} represent the work done 

on the fibre to cause dilation, while {3}-{4}-{1} is the contractile work which 

the system performs. 

The absolute work developed by a mechanochemical material is then given by 
::: 

[Tatara, 1972a; Tatara, 1972b]; 

(5.9) 

where P is the chemical potential before (Pl) and after (P2) swelling. 

The effective mechantcal work of the material is then given as [Tatara, 

1972b); 

E - -ofdl fAI (S.lO) 

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

a mechano-chemical material is [Tatara, 1972b); 
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E/W -fdl/t.p.dn • {S.l1} 

Sussmann and Katchalsky reported that the mechanical efficiency of such 

mechano-ehemical systems (using collagen as the active material in this 

instance) was up to 4()C;b. 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 alcohollpolyacrylic 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 actuator to power a robot gripper (although it 

could be used in a multitude of other actuator applications) 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 processes 

are known to have a strong influence on the properties and responses. Increases 

in crosslinking reduce t1fe swelling ability and the rate at which expansion and 

contraction occur, at the same time the strength of the material is enhanced. 

Increasing the P AA content gives a muscle with greater contractile force 

generation, but unfortunately this system is not robust. With only a little PAA 

the resilience is increased, but the stresses generated are lower and a 

compromise 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. Temperature 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 energy storage and contractile forces comparable with natural muscle, 

c). direct compliance control, 

d). and linear direct drive, 

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

present systems. 

'. 
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§imulution 

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 Mathematica1 Mode1 

In analyzing and describing the transient mechanical behaviour of a 

polyelectrolyte gel element in response to chemical stimulus. it must be 

remembered 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 mathematical model 

developed here was designed to incorporate ,the effects of volume changes due 

to penetrant diffusion, but local stresses are not considered. 

Being primarily a diffusion controlled 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 giving volume. As a first 

order approximation this gives the swelling rate as [Freundlich, 1926); 

(6.2) 

where AT is the amount of penetrant absorbed at time T, and Aoo is the 

amount absorbed at eqUilibrium. Kc 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 parameter. 

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 NaCI. 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]; 

{6.3} 

where D is the diffusion coefficient, Do is the diffusion coefficient of the 

unswollen polymer, (j is parameter defining the concentration dependence of D, 

and V is the swelling fraction of solvent penetrating the polymer at time T. 

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 molecules. 

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 determined 

experimentally. 

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

by; 

}:20 +I<'Tp {6.4} 

where }:20 is the dilation/contraction rate at 20·C, K' is a dynamic rate 

coefficient depending on the production parameters, and T p 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 equation to be found relating the dilution to the 

reduction in dynamic response. This is given by; 

{6.S} 

where 4> is the dynamic rate, 4>0 is the dynamic rate when using pure 

chemicals, 'Y is a parameter defining the dilution dependence of 4>, and Cx is 

the concentration of the external solvent. 

6.2.3 Plastizing 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 motion 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 between swelling fraction and modulus having been obtained in 

chapter 4; 

(6.6) 

where G is the Young's modulus, Sw is the linear swelling fraction (ratio of 

the swollen to dry polymer lengths) and K 1 and Clare 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 penetrant concentration. 

" 
The length change in the z-direction, (the power stroke) is then calculated by 

combining knowledge of the plastizing of each element due to diffusion in the 

x-direction, 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 concentration, 

the stiffness of the gripper can be varied producing a gripper with variable 

compliance controlled directly by the actuator. 
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6.2.4 Dimensional Change Effects 

The primary characteristic of this polymeric muscle is its ability to expand and 

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; 

{6.7} 

where AxT the elemental volume at time T, Ax 0 is the initial volume and K 4 

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, 1979.1; 

{6.S} 

Where ell is the contractile rate, T is the thickness and K 0 and Co are 

constants set during the production of the polymer. 

This effect has been modelled into the fmal simulation model and its 

inclusions means the estimates on the response of very thin fibres can be 

made. It is fibres of this design that will be required if response rates 

comparable with natural muscle are to be achieved. 

6,4 Determination of the Diffusion Coefficient 

- The swelling of these polymer fibres is due to polymer/solvent 

attractiOn/repulsion and results in the uptake and expulsion of solvents 
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depending on the nature of this force. It is vital to obtain a value 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}. 

Linear 
Swe 11 I ng 

(%) 

60 I 
50 I 

l 
40J 

I 

I 
301 

j 

20 ! 
1 
j 

10i 

o 10 20 30 40 50 60 
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Figure 6.1a Time Response/Equilibrium Swelling Curves 

Using the time response/equilibrium swelling curve, figure 6.1a, the diffusion 

coefficient DaB (relative to the unswollen' sheet) can be calculated from the 

following equation (Buckley); 

{6.9} 

where DaB is in cm 2 lsec., ti is the time at which the swelling is half the 

equilibrium value, and 1; is half the sample thickness. 

This equation is valid for constant rates of diffusion, but where the diffusion 

rate is concentration dependent DaB represents some mean value D(bar)' DaB 
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= Debar)' 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 Debar) must be modified by the driving force equation {6.2} giving 

(6.10) 

where D is the concentration dependent diffusion coefficient, and E 00 and E T 

are the swelling at equilibrium and time T 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 .12mm 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. 

V,(%) t J. ." ... ,. D. B D .. 
0-5 90 5.44e-8 0.l1e-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 7i 1.10e-6 2.76e-6 

30-35 6 1.4ge-6 4.96e-6 

35-40 8 1. 20e-6 6.00e-6 

40-45 10 1.03e-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 Do can be determined, figure 6.tb. 

DiffusIon (e-8)cm/s 
lOOOO~ ..... ~ ...... ~_=_~ .... =_~~==.= ...... = ..... = ..... = ...... ~_~ ..... = ... ~~~==~ ...... _ ....................... _ .. __ ....... . 

lL-____ L-____ L-____ L-____ L-__ ~ 

o 10 20 30 40 50 

Vo (%) 

Figure 6.1 b. Determination of the Diffusion Coefficient Parameters. 

For this material a value of 9E-8 cm 2/seC. is obtained. Further analysis of 

these results gives a value of 11.6 for the fJ 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 sequence 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 exp9.4V {6.11b} 

-
Do is constant as the swelling coefficient of the polymer does not change. 

w~iJe fJ 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 sv.relling and desv.relling are expected. 

The stage has now been reached v.rere it is felt that the modelling of the 

muscle should be fairly 'accurate and it is worth designing and building a 

dedicated muscle simulator. 

6.S AllOrlthm Development 

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 simulates 

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 sv.relling fraction. The swelling 

calculations are repeated for each of the nodes within the polymer array. 

Diffusion and swelling in the third dimension, y, is not considered as this is 

very slow relative to that in the X-direction, 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 fmite 

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 v.rell documented [Caldv.rell, 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 parameters; 

(i). Set the water concentration to zero. 

(ii). 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 swelling 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 gaussian elimination. 

9. Calculate the nodal swelling based on the water concentration. 

10. Repeat (6) to (9) for each node. 

11. Sum for 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 requi red. 

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}. 

6.6 Simulator Test Seguence 

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 in 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 Swelline 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 dependent 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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The results produced in this first sequence. on polymer fibres O.1mm thick. 

ftgUre 6.3. shows the slow initial SweUini expected from the polymer. This 

response increases followinl the typical profile obtained experimentally. 
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FiJUre 6.3 Initial Swelling from Dry. 

6.6.2 Polymer Thickness 

t ~ 
ISO 180 

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 

, O.1mm, 0.2mm, O.3mm, and 0.4 mm when both dilating and contracting. 

The effect of reducing the polymer thickness is quite clearly demonstrated in 

fiJUre 6.4, with sharp reductions in the response rates. Only the contractile 

motions have been recorded as they are the vital power leneratinl cycle in this 

system, but similar rate reductions are produced in the dilatory cycle. 
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Figure 6.4 Polymer Thickness Effects. 
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Observation of the maximum rates of contraction over a range of thicknesses 

sho-ws the predicted inverse square relationship. 
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It is important that the relationship between the external solvent concentration 

and the dynamic rates (equation {S.3}) be accurately simulated; this was the 

object of these tests. As before, strips of polymer O.lmm 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. Again only contractile responses have 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. 

6.7 Flexor/Extensor Actuation System Design 

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 necessary to test a number of control 

methodologies before any implementation on a full experimental model. The 

following sections deal "with 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. 

TI~e 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. 

6.7.1 Control System Design 
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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 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 
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occur and the tolerance of a small steady-state 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 method 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 dynamic 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 there will be a delay before the contracting 

muscle can produce any fmger 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 some control of the compliance is 

necessary. 

A typical response curve (gripper motion between SO' and 100') for an 

actuator with strips O.1mm thick in both the muscle cells is shown in figure 

6.8. The Kp and ~ 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. 

6.7.3 'Solyent Concentration' 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 ceUs are 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 the 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 

concentration nonlinearity feedback term in integrators 2 and 5. (31 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 (31 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 «(31) 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 remainder of the 

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

Figure 6.9b Concentration Nonlinearity Term 

- 6.22 -



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 polymer fibres or by having the extensor and flexor 1IoIOrking 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 :to.S· is possible) this method 

was abandoned due to the extremely sluggish dynamics produced as a result of 

the use of non-pure stimulants. 

6.7.4 Position and Force Control. 

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 controUer with improvements to 

- 6.23 -



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 the 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 the swelling and contracting time constants which are 

dependent on the production conditions. 

(3, = 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 l' ,0 IIIJ 0.6(3" i.e after l' 1 sec. 

of input 0 the material will be swollen by approximately 6()0~. 

a,b = set the cell filling and emptying rate respectively, these 

values not being necessarily equal. The filling (emptying) time Ft , is set 

according to; 

{6.12} 

The input relay simulates the flow - no flow action of the hydraulic valves 

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 regulated by the PD 

controller in this loop. This determines if acetone should be added to, or 

removed from the muscle cell and hence coordinates the rate of movement. 

Solvent 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 would have started to empty, reducing the relaxation rate, and maintaining 

joint rigidity. Should these cells become completely full during the process, 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 
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the cell with solvent. The feedback loops of these integrators contain a 

saturation function, which effectively limits to a, the amount of liquid which 

may be introduced into the cells. 

Two more simple integrators are· introduced into the design at 2 and S. 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 acting on the polymer. A saturation function (j t 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 muscle response). 

The time constants (which 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 phase (the swelling from dry) a third time constant 

T 3 is used as this phase is very slow due to the low concentration of water in 

the polymer reducing the diffusion coefficient. 

The outputs from both muscles are fed back for comparison with their 

respective demand signals, which for the contracting muscle is set externally and 

for the dilating unit is set by the strain in the inter-connecting tendons. This 

coupling between the muscles ensures that the rates of contraction and dilation 

are equal, and emulates the tension 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 
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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]; 

.. -x -
.. 

- B'x - G'x (6.13) 

where Gf is a modulus component and B' is a damping 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 remUng the cells, proportional 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 defmed 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 : 

o (6.14) 

.. 
where K<J 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: 

s>o 
u - (6.1S) 

s<o 

Where Uh is greater than 0 anc!. W.~gis_Iess than O. 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 cQndition 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 pseudo-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 combining 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 

Some 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 contracting), the muscle simulation 

.. algorithm (1) to (14) must be repeated for each grouping. Additionally this 
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design is intended to demonstrate the effect 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 

(water-concentratlon - 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 Then 

(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. 

6.9 'Porce/position Simulation of Actuator Pair. Test Results. 

The ce'U filling and emptying times which were of paramount importance in 

det~rmining the response and controllability of the actuator. were set using 

experimental test data to 2.5 and 0.4 sec. respectively. The simulation tests 
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were conducted for samples of thickness O.lmm (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 predefmed gripper limits, (defines how fully open or closed the gripper 

will be, with 180' being fully open and O' being fully closed). These limits 

were set as 0'-180', 45'-135' and 6(>"-120'. It is in these latter ranges that 

motion will most commonly occur. Using the simulator the Kp and Kd 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 PO settings have been recorded in Table 6.3. 

End Point Optimum PD Cycle Time Compromise 

De2.rees Values Sec Cycle Time 

40'-70' ~-1 ; 1tl-.2S 6.255 7.0s 

40' -120' ~-1; "d-.S 11.55 12.2Ss 

50'-100' ~-1; "d-. 4 9.05 10.0s 

80'-100' IK.. -1· ~ - 5 4 755 5 2Ss 
c 

Table 6.2 PO control Parameters and Response Rates. 

From these simulations it was discovered that the nonlinearity of the muscle 

response meant that the optimal PO values varied as the operating limits 

changed. Compromise values of Kp = 1.0 and Kd = 0.35 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 cen was also 

recorded. 
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Figure 6.11a, b, and c. 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 gripper 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 sinlulated actuator responses have positional accuracy which is better 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. 

6.10 Conclusions. 

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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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 exercised directly from the 

actuator. 

This chapter investigates the development of artificial muscle cells which 

respond 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 which 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. 
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Figure 7.la. Spray Jet Stimulation Technique. 

Solenoid 
Valves 

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 7.1 b. By providing a short pulse of the opposite solvent it is 

found that this overshoot can be reduced 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. 
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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' (O.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 (O.lmm). 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 

10K Solltnoid 

o/p trom 
Comput Itr -----'-----''V'./'----....( 
i/o port BC 108 

47K 

" 31A 

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 permit 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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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 

required,' to prevent overfilJing. 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 are 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, however, on reaching this final 

condition acetone (the contracting stimulant) is added to the relaxing muscle, 

tension will be generated. By balancing the tension in the extensor and flexor 

(as 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 scheme, when an object is gripped the strength of the grip, the 

compliance 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 included 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 using the muscle pair simulator 

suggested that the most flexible general purpose controller would be produced if 

Kp and ~ 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. 

7.S Muscle Actuator Operation 

The operation of the muscle pair can be separated into a number of distinct 

phases depending on the action required and the conditions reported by the 
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sensors. This results in a need to coordinate the action 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 

being 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 to the extensor causing relaxation. This 

process continues with the in and out flow of the solvents 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 d~velop. 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 ODen ODen 

2 closed ODen closed closed closed closed 

3 closed ODen ODen closed closed closed 

4 As for iDhase 2 

5 closed closed closed closed closed closed 

6 closed closed closed closed ODen ODen 

7 closed closed closed open closed closed 

8 open closed closed ODen closed closed 

9 As for iphase 8 

10 closed closed closed closed ODen ODen 

11 closed closed closed closed ODen ODen 

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 
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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 (NO 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 Extensdr 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 VII. 

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 130cm 2) 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. 
Gripper POSition (Degrees) . 
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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 force for ten muscle fibres (fibre strip thickness 

O.lmm) connected in parallel are measured, giving values for contractile rate of 

10.S%/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. 
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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 system can be tested by loading the 

gripper with a standard mass (5g) and measuring the deformation which occurs 

as the compliance is changed, both through opposal muscle actions and by 

chemically stimulated variations in the Youngs' modulus. These tests, figure 

7.1 0, 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 . 
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Figure 7.10 Control of Gripper Compliance 

7.7 Conclusions 

Chemical stimulation u~ing 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 

thai 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 onloff action of the valves giving greater control of the 

" 
liquid flow-rate. Additionally the non-linear nature of the actuator response 

means that the swi~ching line has not been optimized over the range of motion, 

but rather uses a compromise value. By incorporating a form of adaptive or 

rule 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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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 

material to physically drive the joints in a gripper. Although these 

pseudo-muscular actuators have not . progressed far enough to replace 

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 add~ significantly to the volume of the actuators and their 

mass. 

Using the 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 

- 8.1 -



gives the added advantage of increased control over the compliance of the 

gripper. 

8.2 Factors 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 anyone 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 unswollen (see chapter 4.8), 

(unswollen modulus = 200-400N/mm 2; swollen modulus <1 N/mm 2). 

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 modulus values, since the 

upper stiffness limit is "now reduced from 400N/mm 2 to 16-18N/mm 2. Both 

these methods of inducing parameter changes will be dealt with in detail in 

later sections, 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, since the motion of each of the fingers can be 

independently regulated by controlling the stiffness and length of the connecting 

polymer tendon. 

Clearly certain situations will create more 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 direction 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. 

Since 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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8,4 System development 

Polymer strips were prepared as outlined previously using the standard 

PVA-PAA ratio of 3:1 and a crosslinking period of 60 mins, at lS0·C. Sections 

of polymer were then cut from these sheets forming strips 30mm long and 

Smm wide and O.lmm thick. The primary 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 a 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 . 
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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 9.5mmlsec), 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. 

Distal 
Joint 

Middle 
Joint 

Figure 8.2. Design of the Finger Joints 

Proximal 
Joint 

Drive Line 
Tendons 

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 will be considered later, and the 

two outer tendons which are made from Kevlar to prevent extension on 

loading. These 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 variable 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 chemical 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. 
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Figure 8.3 V.C.T. Controlling Unit 

8.S System Operation 

Tendon to 
Joints 

Guiding 
Bar 

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 obta11led 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 produced 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. 

8.5.1 Limit Control 

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 effectM 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 polymer tendon to 

absolutely its original length, drying is necessary. This may take several minutes 

although it is possible 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 polymer, is chemical 

stimulation. As before acetone draws the moisture from the polymer producing 

the modulus and dimensional changes required. 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 dimensions 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 (unswolIen) 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. 

Emerimental 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 mecltlnism 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 relaxing 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. This 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. 
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For each 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 

jerkiness is 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 the 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. 
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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 

proximal 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 and subsequent readings and is caused by an offset in the ND 

con,:erter,· which does not effect the results. 

- 8.10 -



1~~ 
Distance 10 j 

nrn 5 ~ _ ___~-----------~ Stepper \ __ Motor 
O~~ ______ ,. ________ -. ______ ~~ ________ ~ 

Rotation 
Angle 
(Degrees) 

Rotation 
Angle 
(Degrees) 

Rotation 
Angle 
(Degrees) 

75~ 
50 ~ 
25 ! 

1 

75) 
50~ 
25, 

~I ~~~~~~~~~~ __ __ - , i , 

250 500 750 Steps 

Figure 8.4c. Energy Transmission with Two Joints Swollen. 

Distal 
Joint 

Proximal 
Joint 

Middle 
Joint 

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. Energy Transmission. All Tendons Restored. 
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These reults show that after contracting in air the tendons transmit energy 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 technique, rapid drying appears to return the material 

to its original condition. 
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6). The swelling - rapid contraction cycle described in (5) was repeated a 

further 50 times to determine the effect of prolonged use. The results for the 

50th cycle in the sequence are shown in figure 8.4f. 

The results 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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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 

energy to 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 times. At the end of this period the profile was again recorded, 

fig~re 8.4L 
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Figure 8.4g. Energy Tranmission using Acetone Contractor Stimulation. 
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These results clearly 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 de~cribed 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. 

- 8.15 -



8.6.1 Motion Control Effected by Varying the Point <time) of 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-swolIen 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.Sa. 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 corrected 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 1S0 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.Sb. 
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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. 

8.6.2 Control by varying the Water Content of the Polymer 

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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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 similar changes occur in under 20 

sec .. '. 

There is also as expected a wide variation in the results across 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 obtain 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 considerable amount of promise for the future exploitation of actuation 

power in dextrous manipulators. 
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9.1 Introduction 

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 

can 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 variety of other applications to which 

this materials could be ::fpplied, 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. 

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 when 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 

sensor. 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 

throwaway 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 greenhouse, where automatic monitoring 

and adjustment of the S'hutters 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 PV A and P AA should make the detection of 

different 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 plants 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 dimensional 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 stimulated by acetone 

(inducing contraction) and water (inducing dilation). Improvements to this 

fundamental response can 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 aood 

correlation between the model and the final full experimental 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-P AA material 

described above. In this arrangement a new actuator design was demonstrated 

using chemical stimulation to power a robot joint. 

The fibres (strips O.lmm 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 .61 N (30N/cm 2). a value 

comparable with the performance of natural muscle (20N/cm 2 - 40N/cm 2). 

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 

plots the maximum power weight output can subsequently be calculated. For 

these primitive systems a power output of up to S.6mW/g was achieved. with 

an overall work potential of O.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 - 20000A>/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 substantially by 

using thinner fibres (remember the inverse square relationship). and this will 

help to make the artificial muscle truely competitive. 

Performance tests on the flexor/extensor actuator pair were then conducted 

using the 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 IS. Additionally there is good repeatability and positional 

accuracy of better than 2·. 

Using this mechanism a new linear direct drive actuator with excellent 

- 9.4 



power/weight ratios is a realistic long term possibility. 

There are a number of other features which have 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 

joint, 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 encountered, 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 devices) 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 PYA/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 

discovery 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 

Infra-red Spectroscopy Test Results 

The following plots were obtained from infra-red spectroscopy tests conducted 
to attempt to determine the chemical structure of the PVA-P AA copolymer 
under a variety of production conditions. The plots refer to the specifications 
shown in table 4.3. 
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Appendix n 

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 permit 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. 

_________ ,.-or-_
1DV 

7 f ., r-llV\rv-..... 

~ 

Figure n.t Acetone Sensor Circuit 

-n·t 



An A.C. signal of frequency 1000Hz (being generated using a 8038 waveform 

generator) was applied to the electrodes, figure n.l. 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 R.M.S. - D.C. converter, figure n.l. 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 m 

Load Cell Calibration 

Calibration of the load cell was acieved by simlpy loading the cell with known 

masses and measuring the output at the ND converter. The resultant linear 

calibration plot is shown in figure III.l. 
Load (g) 

80r---~------------------------~ 
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20 / 
/ 

/ 
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10 / 
OL---~ __ -L __ ~ ____ L-__ ~ __ ~ __ ~ 
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Computer AID output 
Figure III.l. Load Cell Calibration Results. . 
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Appendix IV 

The abbreviation used in the following analysis are: 

F Force (N) Fnorm - Normalized 

Force 

V Contractile Velocity (%/s) Vnorm - Normalized 

Velocity 

If 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 rectangular hyperbola, as shown in figure 5.16. 

(F + a)(V + b) - (Fo + a)b {IV.I} 

at F-O the velocity is Vmax , giving 

{ IV. 2} 

the hyperbolic relationship {IV.1} may then be written in dimensionless form, 

as a relationship between FIFo and V/Vmax which is given by; 

Let F' = F/~o; V' = V/Vmax and E = Fo'a 

- IV.1 -
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(F' +1/E)(V'+1/E) - (1+1/E)(1/E) 

F'V' + F'/E+V'/E- l/E 

F'(V'+1/E) - (1-V')(1/E) 

F' - (l-V')/(l+V'E) 

V' - (1-F')/(1+F'E) 

( IV. 4) 

{ IV. S} 

The maximum power output (force*velocity),found by equating {IV.4} and 

{IV.S}, occurs when F'=V'. Let G be the value of F' at which force equals 

V'. Then {IV.4} becomes; 

Solving for G gives 

G - (l-G)/(l+EG) 

EG2 +2G - 1 - 0 

G - [/(1+E) -1 ]/E 

Hence the normalized maximum power output (G2) 

is 

G2 - (2+E-2/(1+E)/E2 

( IV. 6) 

( IV. 7) 

The power output is in milliwatts with F a in newtons and V max in mmlsec .. 

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/a) of the force/velocity curve. 
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Muscle SweUinl Simulation 

The following is a listing of the program used to simulate the swelling 

and deswelling of the polymer strips when chemically stimulated. 

PROCRAM mussim; 
(********************************************************************* 
* * 
* Pseudo-muscular Dilation/Contraction Simulation * 
* 
* 
* 
* 
* 
* 

Written 
By 

DARWIN 

March 1989 * 
* 
* 
* 
* 
* *********************************************************************) 

($I typedef.sys) 

{$I graphix.sys} 
(Turbo Graphix Commands) 

($1 kerne I. sys) 

($1 windows.sys) 

( $1 dummy. inc) 

Type 
counter - -100 .. 100; (Define Variable Types) 
condition - (expand,contract); 
dfff-coefficient - real; " 
time-period - 0 .. 1000; 

. dimensions - real; 
nodal-array - ARRAY[1 .. 10] OF real; 
nodal-conc - ARRAY[1 .. 20,l .. 20] OF real; 
crank-nic-matrices - ARRAY[1 .. 10,l .. 10] OF real; 

Var (list Variables Used) 
fx-Ilq-hgt:integer; 
water-conc,old-conc,alpha,swratio:real; 
diffus, flex-length', old-pos ,mdpt ,beta: rea I; 
fi bre-t hi ck, node-wi dth, or igi na 1-leng..tly,frQss-area: d imens ions; 



flexor:condltlon; 
d-O,cdlffus,ddlffus:dlff-coefflclent; 
cycle-fnterval,fx-flll:tlme-perlod; 
flex-node:nodal-conc; 
matrlxa,matrixb:crank-nic-matrices; 
node: nodal-array; 

(Diffusion Coefficients) 
(Timing pointers ) 

Number of nodes through the 
polymer) 

. p: ARRAY [ 1 .. 20] OF real; 
length: ARRAY[-S .. 20] OF dimensions; 

layer) 

Crank-Nicolson p matrix ) 
(Length of swollen polymer 

fx-Iength: ARRAY[-S .. 20,-S .. 20] OF dimensions; { Length of nodal sections 
in flexor ) 

($I axls.pas) ( Draw Display axis) 

(******************************************************************** 

r 

* The procedures DATA and MASS read In Information on the * 
* parameters of the muscle fibres, cell filling dynamics * 
* and loading. * 
********************************************************************) 

PROCEDURE data; 
(******************************************************************* 
* This procedure reads In data necessary to set up the initial * 
* conditions In the muscle cells and the state of the fibres. * 
*******************************************************************) 

Begin 
write In (' MUSCLE INPUT INFORMATION'); 
writeln(' '); 
wrlteln (' What is the muscle thickness (microns)'); 
readln (fibre-thick); 
fibre-thlck:-flbre-thlck/lOOOO; 
wr it e I n ( , , ) ; 
cross-area:-l; 
writeln (' Cross-sectional area Is ',cross-area); 
wr it e In ( , , ) ; 
cycle-Interval:-l; 
writeln (' Time interval between cycles is ',cycle-interval); 
writeln(' '); 
d-O:-9E-8; ( Gives a value fo 

the diffusion coefficients) 
cdiffus:-d-O*9/2S;ddiffus:-d-0; 

g 

writeln ('What is the value of Beta for diffusion coefficient?'); 
read I n (beta); 
wr i tel n ( , , ) ; 
wrlteln (' What is the cell filling time '); 
.readln (fx-fill); 
wr i tel n ( , , ) ; 
original-Iength:-40; 
writeln (' The initial polymer length is ',original-length); 
writeln(' '); 
swratio:-40/300; ( Set swellin 

ratio parameter) 
End; 
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(******************************************************************** 
* 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; 
(******************************************************************* 
* This procedure is used to set up * 
* the initial nodal concentrations. * 
*******************************************************************) 

Type 
counter - O .. 10; 

Var 
xdir:counter; 

BEGIN 
node[1]:-water-conc; 
node[S]:-water-conc; 
node-wldth:-flbre-thick/4; 
FOR xdir:-2 TO 4 DO 

END; 

BEGIN 
node [ xd i r] : -0 ; 

END; 

Set external node conc. equal ) 
to the max. water intake level) 
Distance between nodes ) 

( Set internal node conc to zero ) 

PROCEDURE t ransmat; 
(******************************************************************** 
* ' This procedure is used to initialise * 
* the Crank-Nicolson tranformation matrices a and b. * 
********************************************************************) 

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; 
(******************************************************************** 
* In this procedure the value of the * 
* Crank-Nicolson diffusion coefficient is set. * 

'********************************************************************) 
Var 
tk:real; 

xdir: integer; 
thickx: ARRAY[1 .. 20] OF dimensions; 

node ) 
( Distance between each swollen 

(* Distance between nodes after uptake of solvent (outer nodes) *) 
BEGIN 
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thickx[l]:-node-width+«node-width*«node[l]*lOO)/(l-node[l]»*swratio)/IO 
0); 

(* Diffusion rate set *) 
tk:-(thickx[l]-node-width)/thickx[l]; 
diffus:-d-O*exp(beta*tk); 
p[l]:-(cycle-interval*diffus)/(thickx[l]*thickx[l]); 
thickx[S]:-thickx[l]; 

, p [ 5 ] : -p [ 1 ] ; 

(* Distance between nodes after uptake of solvent (internal nodes) *) 
FOR xdir:- 1 TO 4 DO 
BEGIN 

thickx[xdir]:-node-width+«node-width*«node[xdir]*lOO)/(l-node[xdir]»* 
swratio)/lOO); 

(* Diffusion rate set *) 
tk:-(thickx[xdir]-node-width)/thickx[xdir]; 
diffus:-d-O*exp(beta*tk); 
p[xdir]:-(cycle-interval*diffus)/(sqr(thickx[xdir-l]/l+thickx[xdir]/l»; 

END; 
END; 

PROCEDURE config; 
(******************************************************************** 
* This routine is used to configure the matrices * 
* a and b depending on the values obtained for p. * 
********************************************************************) 

VAR 
count,countl:integer; 

BEGIN 
matrixa[l,l]:-l; 
matrixb[l,l]:-l; 
FOR count:- 1 TO 3 DO 

BEGIN 
matrixa[count,count-l]:--O.S*p[count]; 
matrixa[count,count+l]:--O.S*p[count]; 
matrixa[count,count]:-l+p[count]; 
matrixb[count,count-l]:-O.S*p[count]; 
matrixb[count,count+l]:-O.S*p[count]; 
matrixb[count,count]:-l-p[count]; 

END; 
FOR count:-O TO 1 DO 
BEGIN 

FOR countl:-O TO 4 DO 
BEGIN 

matrixa[S-count,countl+l]:-matrixa[count+l,S-countl]; 
END; 

END; 
• END; 

PROCEDURE gauss; 
'(******************************************************************** 

* This routine uses gaussian elimination * 
* to solve the difference equations set'up in matrices a and b. * 
********************************************************************) 

Var 
count,countl:integer; 
fact: real; 
rhs: ARRAY[l .. lO] OF real; 

BEGIN - V.4 -



For count:-2 TO 3 DO 
BEGIN 

rhs[count):-O; 
FOR count2:--1 TO 1 DO 
BEGIN 

-\ 

rhs[count]:-matrixb1count,count+count2]*node[count+count2]+rhs[count); 
END; 

END; 
rhs [1 ] : -node [ 1 ] ; 
For count:-O TO 1 DO 
BEGIN 

rhs[S-count]:-rhs[count+l); 
END; 
For count:- 2 TO 4 DO 
Begin 

fact:-matrixa[count-l,count-l)/matrixa[count,count-l); 
For count2:--1 TO 1 DO 
Begin 

matrixa[count,count-count2]:-matrixa[count-l,count-count2]-(fact*matrixa[cou 
nt,count-count2); 

END; 
rhs[count):-rhs[count-l)-(rhs[count)*fact); 

END; 
count:-4; 
Repeat 

Begin 
node[count]:-(rhs[count]-matrixa[count,count+l]*node[count+l])/matrixa[ 

count,count]; 
END; 

count:-count-l; 
Until count-O; 

END; 

PROCEDURE swe II ; 
(******************************************************************** 
* This procedure calculates the * 
* degree of longitudinal swelling * 
* for each nodal section * 
********************************************************************) 

TYPE 
counter - -100 .. 100; 

VAR 
count:counter; 

BEGIN 
FOR count:-l TO S DO 

BEGIN 
alpha:- (node[count)*lOO)/(l-node[count]); {Parameter for the swell 

ing degree} 
length[count]:-original-Iength+«original-Iength*alpha*swratio)/lOO);( 

Swelling for each 
internal node} 

END; 
END; 
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PROCEDURE display; 
(******************************************************************** 
* This procedure displays the water * 
* concentration at the nodes. * 
********************************************************************) 

TYPE 
counter - -100 .. 100; 

VAR 
count:counter; 

BEGIN 
FOR count:-l to S DO 

BEGIN 
write(node[count]); 

END; 
wr it e 1 n(' , ) ; 

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; 
(********************************************************************* 
* Flexor Muscle Initialization * 
* Initialises the flexor muscle with nodal value * 
* set to give a fully contracted condition. * 
*********************************************************************) 

VAR 
zdir,xdir, loop: integer; 

BEGIN 
water-conc:-O.O; 
Initial; 
transmat; 

loop:-O; 
REPEAT 

BEGIN 
pset; 
conflg; 
gauss; 
swe 11 ; 

call procedure Initial} 
call procedure transmat 

call 
call 
call 
call 

procedure 
procedure 
procedure 
procedure 

pset } 
config } 
gauss } 
swe 11 } 

loop:-Ioop+l; 
flex-length:-«length[3]+mdpt-original-length)*100)/original-length; 

END; 
FOR zdir:-l TO fx-fiII DO 

BEGIN 
FOR xdir:-l TO S DO 

BEGIN 

flex-node[zdir,xdir]:-node[xdir]; 
END; 

END; 
UNTIL loop>l; 
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e 

END; 

PROCEDURE flexor-muscle; 
(*******************Effect on the Flexor************************** 
* Gives a value for the length of the flexor muscle * 
* by calculating the swelling of each nodal section * 
*****************************************************************) 

VAIl.. 
zdlr.xdlr:integer; 

BEGIN 
flex-Iength:-O; 
IF fx-liq-hgt>fx-fill THEN 
BEGIN 

fx-liq-hgt:-fx-flll; ('Set max. cell filling level) 
END; 

FOR zdir:-l TO fx-flll DO 
BEGIN 

FOR xdir:-l TO 5 DO 
BEGIN 
If flexor-expand Then 
Begin 
If zdir<-fx-liq-hgt Then water-conc:-O.8 Else water-conc:-flex-nod 

e[zdir.l); 
node[xdir):-flex-node[zdir.xdir); ( transfers nodal cone. values) 

End 
Else 

Begin 
If zdir<-fx-liq-hgt Then water-conc:-O.S Else water-conc:-flex-no 

de[zdfr.l); 
node[xdfr):-flex-node[zdir.xdfr); 

End; 
END; ( to the NODE array. 

node[l):-water-conc;node[S):-water-conc; 
IF flexor-expand THEN 
BEGIN 
d-O:-ddiffus; 

END 
ELSE 

BEGIN 
d-O:-cdlffus; 

END; 
pset; 
conffg; 

r 
cone for ) 

gauss; 
solvent } 

swe 11 ; 
FOR xdfr:-l TO 5 DO 

". Calculates the wate 

( each node cover by 

BEGIN, 
fx-length[zdfr.xdir):-«length[xdfr)-orfginal-length)*lOO)/original 

-length; 
END; 

IF fx-length[zdlr,2)<fx-length[zdfr,3) THEN 
n sett ing 
swe lllng length } . 
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BEGIN 
flex-length:-(fx-Iength[zdir,31/fx-fill)+flex-Iength; 

END 
ELSE 

Calculate the new length ) 
BEGIN 

flex-Iength:-(fx-Iength[zdir,31/fx-fill)+flex-Iength; 
END; 

FOR xdir:-l TO S DO 
BEGIN 

flex-node[zdir,xdirl:-node[xdir]; ( Store new nodal values) 
END; 

END; 
END; 

(******************************************************************** 
* * * This is the main section of * 
* the controlling program * 
* * ********************************************************************) 

Var 
count,cycle,simtim:integer; 
ans:char; 

Begin 
(***************************************************************** 
* This section of program controls the * 
* initial setup of the flexor and * 
* extensor muscles. * 
*****************************************************************) 

InitGraphic; 
nefineWorld(l,O,80,70,O); 
SelectWorld(l); 
SelectWindow(l); 

ClearScreen; 
data; ( call procedure data) 
fx-liq-hgt:-O;old-conc:-O; 
flex-inft ial ; 
(***************************************************************** 
* In this area of the program the cyclical * 
* expansions arid contractions of the muscles * 
* are calculated and stored. * 
*****************************************************************) 

cycle:-O;simtim:-O; 
writeln ('What is the required simulation runtime (sec)?'); 
readln (simtim); 
Repeat 
Begin 
fl exor: -expand; 
writeln (' Input water or acetone (w or a)?'); 
readl n (ans); 
fx-l iq-hgt :-0; 
If (ans-'a') Or (ans-'A') Then fle~oV.8-_contract; 



s} 
cycle:-O; 

ClearScreen; 
graph(cycle,slmtlm); 
Repeat 
Begin 

fx-liq-hgt:-fx-liq-hgt+l; 
flexor-muscle; 
cycle:-cycle+l; 
graph (cycle,slmtlm); 

End; 
Until cycle>simtlm; 
writeln(flex-length); 

End; 

{ Sets up the initial set of the muscle 

wrlteln ('Do you wish to continue the simulation (y or Y)?'); 
readln (ans); 

Unt 11 (ans-' n') Or (ans-' N' ) ;' 
Leavegraphlc; 

End. 

-, 
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Appendix VI 

Pseudo-Muscular Actuator Simulation 

The following Is a list ing of the program used to simulate the control 

and regulation of the flexor/extensor muscle actuator pair. 

PROGRAM mussim; 
(********************************************************************* 
* * 
* Flexor / Extensor Pair Control Simulation * 
* * 
* Written March 1987 * 
* By * 
* * 
* DARWIN * 
* * 
*********************************************************************) 

($1 typedef. sys) 

($1 graphix.sys) 

($1 kerne I. sys) 

($1 windows.sys) 

( $1 dummy. inc) 

Type 
counter - -100 .. 100; 
condition - (expand,contract,fill,stop,empty); 
diff-coefficient - real; 
time-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-liq-hgt,ex-liq-hgt:integer; 
water-conc,supp,max,min,old-conc,alpha,swratio:real; 
flex-Iength,old-pos,exten-Iength,beta:real; 
fibre~thick,node-width,origifr.l-length,cross-area:dimensions; 



flexor:condition; 
d-O,cdiffus,ddiffus:dlff-coefflcient; 
cycle-fnterval,samp-freq,fx-fill:time-period; 
} 
flex-node,ex-node:nodal-conc; 

(Diffusion Coefficients) 
(Timing pointers 

matrixa,matrixb:crank-nic-matrlces; 
node: nodal-array; ( Number of nodes through the 

polymer} 
p: ARRAY[1 .. 20] OF real; 

trix 
( Crank-Nicolson p rna 

} 
length: ARRAY[-S .. 20] OF dimensions; (Length of swollen p 

olymer 
layer) 

fx-Iength,ex-Iength: ARRAY[-S .. 20,-S .. 20] OF dimensions; Length of 
nodal 

sections in flexor} 

($1 mpaxis.pas) 

(******************************************************************** 
* The procedures DATA and MASS read in information on the * 
* parameters of the muscle fibres, cell filling dynamics * 
* and loading. * 
********************************************************************) 

PROCEDURE data; 
,(******************************************************************* 

* This procedure reads in data necessary to set up the initial * 
* conditions in the muscle cells and the state of the fibres. * 
*******************************************************************) 

Begin 
writeln (' MUSCLE INPUT INFORMATION'); 
wr it e I n ( , , ) ; 
writeln (' What is the muscle thickness (mm*lO-2)'); 
readln (fibre-thick); 
fibre-thick:-flbre-thick/lOOOO; 
wr it e I n ( , , ) ; 
cross-area:-l; 
wrlteln (' Cross-sectional area is ',cross-area); 
wr it e In (' , ) ; 
cycle-interval:-l; 
writeln (' Time interval between cycles is ',cycle-interval); 
wr it e 1 n( , , ) ; 
d-O:-70E-6; ( Gives a value f 

or 
the diffusion coefficients) 

cdiffus:-d-O*9/2S;ddiffus:-d-O; 
writeln ('What is the value of Beta 
readln (beta); 

for diffusion coefficient?'); 

wr it e I n ( , , ) ; 
writeln (' 
readln (fx-fill); 
writeln("); 
original-Iength:_40; 
writeln (' 
writeln("); 

What is the cell filling time '); 

The initial polymer length is ',original-length); 
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swratio:-40/300; { Set swellin 
g 
ratio parameter} 

writeln (' What is the sampl ing frequency'); 
readln (samp-freq); 

End; 

(******************************************************************** 
* 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; 
(******************************************************************* 
* This procedure is used to set up * 
* the initial nodal concentrations. * 
*******************************************************************) 

Type 
counter - 0 .. 10; 

Var 
xdir:counter; 

BEGIN 
node[l]:-water--conc; 

node[S]:-water--conc; 

node-width:-fibre-thick/4; 

FOR xdir:-2 TO 4 DO 
BEGIN 

node[xdir]:-O; 

END; 
END; 

Set external node conc. equal 

to the max. water intake level 

Distance between nodes 

{ Set internal node conc to zero 

PROCEDURE transmat; 
(******************************************************************** 
* This procedure is used to initialise * 
* the Crank-Nicolson tranformation matrices a and b. * 
********************************************************************) 

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; 

PROCEDURE pset; 
(******************************************************************** 
* In this proce9UVf.3tbe value of the * 



* Crank-Nicolson diffusion coefficient is set. * 
********************************************************************) 

Var 
xdir:integer; 
diffus:real; 
thickx: ARRAY[1 .. 20] OF dimensions; 

node } 
( Distance between each swollen 

(* Distance between nodes after uptake of solvent (outer nodes) *'> 
BEGIN 

thickx[l]:-node-width+«node-width*«node[l]*lOO)/(l-node[l]»*swratio)/IO 
0); 

(* Diffusion rate set *) 
diffus:-d-O*exp(-beta*(l-node[l]»; 
p[l]:-(cycle-interval*diffus)/(thickx[l]*thickx[l]); 
thickx[S] :-thickx[l]; . 
p [ 5] : -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]*lOO)/(l-node[xdir]»* 
swratio)/lOO); 

(* Diffusion rate set *) 
diffus:-d-O*exp(-beta*(l-node[xdir]»; 
p[xdir]:-(cycle-interval*diffus)/(sqr(thickx[xdir-l]/2+thickx[xdir]/2»; 

END; 
END; 

PROCEDURE config; 
(******************************************************************** 
* This routine is used to configure the matrices * 
* a and b depending on the values obtained for p. * 
********************************************************************) 

VAR 
count,count2:integer; 

BEGIN 
matrixa[l,l]:-l; 
matrixb[l,l]:-l; 
FOR count:- 2 TO 3 DO 

BEGIN 
matrixa[count,count-l]:--O.S*p[count]; 
matrixa[count,count+l]:--O.S*p[count]; 
matrixa[count,count]:-l+p[count]; 
matrixb[count,count-l]:-O.S*p[count]; 
matrixb[count,count+l]:-O.S*p[count]; 
ma t r i xb [count, count] : -l-p [count] ; . 

END; 
FOR count:-O TO 1 DO 
BEGIN 

FOR count2:-0 TO 4 DO 
BEGIN 

matrixa[S-count,count2+1]:-matrixa[count+l,S-count2]; 
END; 

END; 
END; 

PROCEDURE gauss; 
(****************************!~~*!********************************* 



* This routine uses gaussian elimination * 
* to solve the difference equations set up In matrices a and b. * 
********************************************************************) 

Var 
count,count2:integer; 
fact: rea I; 
rhs: ARRAY[1 .. 20] OF real; 

BEGIN 
For count:-2 TO 3 DO 
BEGIN 

rhs[count]:-O; 
FOR count2:--1 TO 1 DO 
BEGIN 

rhs[count]:-matrlxb[count,count+count2]*node[count+count2]+rhs[count] 
END; 

END; 
rhs [ 1 ] : -node [ 1 ] ; 
For count:-O TO 1 DO 
BEGIN 

rhs[S-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 

matrlxa[count,count-count2]:-matrixa[count-1,count-count2]-(fact*matrixa[co 
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])/matrixi 

count ,count]; 
END; 

count:-count-1; 
Until count-O; 

END; 

PROCEDURE swe II ; 
(******************************************************************** 
* This procedure calculates the * 
* degree of longitudinal swelling * 
* for each nodal section * 
********************************************************************) 

TYPE 
counter - -100 .. 100; 

VAR. 
count:counter; 

BEGIN 
FOR count:-1 TO 5 DO 

BEGIN 
alpha:

ing degree} 
(node[count]*100)/(1-node[count]); 
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length[count]:-original-Iength+«original-Iength*alpha*swratio)/100);{ 
Swelling for each 
internal node} 

END; 
END; 

PROCEDURE display; 
(******************************************************************** 
* This procedure displays the water * 
* concentration at the nodes. * 
********************************************************************) 

TYPE 
counter - -100 .. 100; 

VAR 
count:counter; 

BEGIN 
FOR count:-l to 3 DO 

BEGIN 
write(node[count]); 

END; 
writeln(tt); 

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; 
(********************************************************************* 
* Flexor Muscle Initialization * 
* Initialises the flexor muscle with nodal value * 
* set to give a fully dilated condition. * 
*********************************************************************) 

VAR 
zdir,xdir, loop: integer; 

BEGIN 
water-conc:-0.8; 
lnft ial; 
transmat; 

loop:-O; 
For xdir:-l To S Do 
Begin 

node[xdir]:-water-conc; 
End; 
REPEAT 

BEGIN 
pset; 
config; 
gauss; 
swell; 
loop:-loop+l; 
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call procedure initial ~ 
call procedure t"ransmat 

{ call procedure pset } 
{ call procedure config } 
{ call procedure gauss} 
( call procedure swell) 



flex-length:-«length[3]-original-length)*lOO)/originaI-length; 
END; 

FOR zdir:-l TO fx-flll DO 
BEGIN 

FOR xdir:-l TO 5 DO 
BEGIN { Store water conc 

values 

e 

flex-node[zdir,xdir]:-node[xdlr]; {at each node In flexor. 
fx-Iength[zdir,xdir]:-flex-Iength; 

END; 
END; 

UNTIL loop>l; { Do until no chnag 

END; 

PROCEDURE extens-initial; 
(********************************************************************* 
* Extensor Muscle Initialization * 
* Initialises the extensoror muscle with nodal value * 
* set to give a fully contracted condition. * 
*********************************************************************) 

VAR 
zdir,xdir,loop:integer; 

BEGIN 
water-conc:-O.S; 
initial; 
transmat; 

loop:-O; 
For xdir:-l To 5 Do 
Begin 

node[xdir]:-water-conc; 
End; 
REPEAT 

BEGIN 
psetj 
config; 
gauss; 
swe II; 

call procedure initial 
call procedure transmat 

{ call 
{ call 
{ call 
{ call 

procedure 
procedure 
procedure 
procedure 

pset } 
config } 
gauss } 
swe 11 } 

loop:-Ioop+l; 
exten-Iength:-«length[3]-original-Iength)*lOO)/originaI-length; 

END; 
FOR zdlr:-l TO fx-fill DO 

BEGIN 
FOR xdir:-l TO 5 DO 

BEGIN { Store water cone 

values 

e 

ex-node[zdir,xdir]:-node[xdir]; {at each node in flexor. 
ex-Iength[zdir,xdir]:-exten-Iength; 

END; 
END; 

UNTIL loop>l; { Do unt i I no chnar 

END; 
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PROCEDURE flexor-muscle; 
(*******************Effect on the Flexor************************** 
* Gives a value for the length of the flexor muscle * 
* by calculating the swelling of each nodal section * 
*****************************************************************) 

VAR. 
zdir,xdir:integer; 
t-flex:real; 

BEGIN 
t-flex:-flex-Iength; 
flex-Iength:-O; 
IF fx-liq-hgt>fx-fill THEN 
BEGIN 

fx-liq-hgt:-fx-fill; {Set max. cell filling level} 
END; 

IF fx-liq-hgt<O THEN 
BEGIN 

fx-liq-hgt:-O; { Set min. cell filling level} 
END; 

If fx-liq-hgt>O Then 
Begin 

FOR zdir:-l TO fx-fill DO 
BEGIN 

FOR xdir:-l TO 5 DO 
BECIN 
If flexor-expand Then 
Begin 
If zdir<-fx-liq-hgt Then water-conc:-0.8 Else water-conc:-flex-nod 

'e[zdir,l]; 
node[xdir]:-flex-node[zdir,xdir); ( transfers nodal conc. values) 

End 
Else 

Begin 
If zdi r<-fx-l iq-hgt Then water-conc :-0.5 Else water-conc :-flex-nc 

de[zdir,l]; 
node[xdir]:-flex-node[zdir,xdir]; 

End; 
END; 
node[l]:-water-conc;node[S]:-water-conc; 
IF flexor-expand THEN 
BEGIN 
d-O:-ddiffus; 

END 
ELSE 

BEGIN 
d-O:-cdiffus; 

END; 
if zdir<-fx-liq-hgt Then 
Begin 

End; 

pset; 
config; 
gauss; 
swell; 

FOR xdir:-l TO 5 DO 
BEGIN 

If zdir<-fx-liq-hgt Then 
Begin 
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fx-Iength[zdi~,xdir]:-«length[xdir]-original-Iength)*lOO)/original 
-length; 

End; 
END; 

(* Calculates the length of the swollen polymer fibre *) 
(* One section relates to dilation the other contraction *) 

IF fx-Iength[zdir,2]<fx-Iength[zdir,3] THEN 
BEGIN 

flex-length:-(fx-length[zdir,3]/fx-fi1 l)+flex-Iength; 
END 

ELSE 
BEGIN 

flex-Iength:-(fx-Iength[zdir,3]/fx-fill)+flex-Iength; 
END; 

FOR xdir:-1 TO 5 DO 
BEGIN 

flex-node[zdir,xdir]:-node[xdir]; {Store new nodal values} 
END; 

END; 
End; 
If flex-length - 0 Then flex-Iength:-t-flex; 

END; 

PROCEDURE extens-muscle; 
(***************************************************************** 
* Gives a value for the length of the extensor muscle * 
* by calculating the swelling of each nodal section * 
*****************************************************************) 

VAR. 
zdir,xdir:integer; 
t-ext:real; 

BEGIN 
t-ext:-exten-Iength; 
exten-Iength:-O; 
IF ex-Ilq-hgt>fx-fill THEN 
BEGIN 

eX-liq-hgt:-fx-fill; ( Set max. cell filling level) 
END; 

IF ex-Ilq-hgt<-O THEN 
BEGIN 

ex-liq~hgt:-O; ( Set min. cell filling level) 
END; 

If ex-lfq-hgt>O Then 
Begin 

FOR zdir:-l TO fx-fill DO 
BEGIN 

FOR xdir:-1 TO 5 DO 
Begin 
If flexor-expand Then 
Begin 
If zdir<-ex-liq-hgt Then water-conc:-O.S Else water-conc:-ex-nof 

zdi r, 1] ; 
node[xdir]:-ex-node[zdir,xdir]; { transfers nodal conc. values} 

End 
Else 
.Begin 

If zdir<-ex-liq-hgl V~~n_water-conc:-O.8 Else water-conc:-ex-n, 



[zdir,l]; 
node[xdir]:-ex-node[zdir,xdir]; 

End; 
END; 
node[l]:-water-conc;node[S):-water-conc; 
IF flexor-expand THEN 

BEGIN 
d-O : -cd tffus ; 

END 
ELSE 

BEGIN 
d-O : -dd i ffus ; 

END; 
If zdir<-ex-liq-hgt Then 
Begin 

End; 

pset; 
config; 
gauss; 
swell; 

For xdir:-l TO 5 DO 
Begin 

Calculates the water conc for 
each node covered by solvent 

If zdir<-ex-liq-hgt Then 
Begin 

ex-Iength[zdir,xdir]:-«Iength[xdir]-original-Iength)*lOO)/origin 
aI-length; 

End; 

End; 

End; 
(* Calculates the length of the swollen polymer fibre *) 
(* One section relates to dilation the other contraction *) 
If ex-length[zdir,2]<ex-Iength[zdir,3) Then 
BEGIN 

exten-Iength:-(ex-Iength[zdir,3]/fx-fill)+exten-Iength; 
END 

ELSE 
BEGIN 

exten-length:-(ex-length[zdir,3]/fx-fill)+exten-length; 
END; 

FOR xdir:-l TO 5 DO 
BEGIN 

ex-node[zdir,xdir]:-node[xdir]; { Store new nodal values} 
END; 

END; 

If exten-length - 0 Then exten-length:-t-ext; 
END; 

PROCEDURE PD-data (Var Kp,Kd:real); 
(************* Inputs the values of the prop. and derivative gain ******) 
Begin 

writeln('Input Kp'); 
readln(Kp); 
writeln('lnput Kd'); 
readln(Kd); 

End; 

-·VI.IO -



PROCEDURE controller (angle,end-pt,Kp,Kd,motion:real; 
cycle: integer ); 

(************ Controls the flow of solvents tnto the cells *************) 
Var 

error:real; 

Begin 
If cycle-O Then 
Begin 

error:-l; 
End 
Else 
Begin 

If flexor-contract Then 

{ Start error signal to 
{ ensure fflling of the cells. 

Begin 
error:-Kp*(angle-end-pt)-Kd*(motion); 

End 
( Calc. error signal 

Else 
Begin 

error:-Kp*(end-pt-angle)-Kd*(motfon); 
End; 

write(' e' ,error); 
End; 

If error>O Then 
Begin 

If flexor-contract Then 
Begin 

fx-liq-hgt:-fx-liq-hgt+l; 
If supp>O Then { If there 
Begin 

ex-Ifq-hgt:-ex-lfq-hgt+l; 
End 
Else 
Begin 

ex-liq-hgt:-ex-liq-hgt-S; 
End; 

End 
Else 
Begin 

ex-liq-hgt:-ex-liq-hgt+l; 
If supp>O Then {If there 
Begin 

End 
End 
Else 
Begin 

fx-lfq-hgt:-fx-liq-hgt+l; 
End 
Else 
Begin 

fx-Ifq-hgt:-fx-lfq-hgt-S; 
End; 

fx-lfq-hgt:-fx-liq-hgt-S; 
ex-liq-hgt:-ex-liq-hgt-S; 

End; . 
If ABS(angle-end-pt)<2 Then 
Begin 

fx-liq-hgt:-fx-liq-hgt-S; 
ex-l iq-hgt :-ex-I iq-hgt-S;.. VI.ll _ 

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 slow 
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; 
(**************** Measure the intermuscle coupling extension 

which can be used to calculate the true position *****) 
Begin 

supp:-O; { Supplementary position value 
If (max-flex-Iength»(exten-Iength-min) Then 
Begin 

supp:-«max-flex-Iength)-(exten-Iength-min»/2; 
End; 

End; 

(******************************************************************** 
* * 
* 
* 
* 

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 
(***************************************************************** 
* This section of program controls the * 
* initial setup of the flexor and * 
* extensor muscles. * 
*****************************************************************) 

Ini tGraphic; 
DefineWorld(l,O,200,70,O); 
SelectWorld(l); 
SElectWindow(l); 

ClearScreen; 
data; 
fx-liq-hgt:-O;ex-liq-hgt:-O; 
old-conc:-O; 

call procedure data) 
Level of liquid in cells 

flex-initial; Call procedures to set up) 
extens-initial; the extensor and flexor. ) 
(***************************************************************** 
* In this area of the prog~am the cyclical * 
* expansions and contractions of the muscles * 
* are calculated and stored. * 
*****************************************************************) 

max:-flex-length;min:-exten-length;{Positions of max. and min motion) 
wr it e I n( f1 ex-length, exten-I ength) ; 

. 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 floW*: 
(* of the solvent into the cells. *' 
cyc1e:-O; - _ VI.12 LSets up the initial set of the muscle~; 



ClearScreen; 
graph(cycle,simtim,angle); 
Repeat 
Begin 
If cycle>simtim Then 
Begin 

ClearScreen; 
cycle:-O; 
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)*S; 
If (ans-'c') Or (ans-'C') Then flexor :- contract; 
coupling; 
Repeat 
Begin 

controller (angle,end-pt,Kp,Kd,motion,cycle); 
fl exor-musc Ie; 
extens-muscle; 
cycle:-cycle+l; 
old-position:-posftfon; 
coupling; 
positfon:-flex-Iength+supp; { Position allowing for coupling} 
motion:-ABS«position-old-position)*S*samp-freq);{ Movement of beam d\ 

ring 
} 

angle :- (position-17.3)*S; 
graph(cycle,simtim,angle); 

End; 
writeln(fx-liq-hgt,ex-liq-hgt,flex-Iength,exten-Iength,angle); 
read(ans); 

Until (cycle>simtim) 
OR «flexor-contract) AND (angle<end-pt+2) AND (fx-liq-hgt-O» 
OR «flexor-expand) AND (angle>end-pt-2) AND (fx-liq-hgt-O»; 

End; 
writeln ('Do you wish to continue the simulation (y or Y)?'); 
readln (ans); 

Until (ans-'n') Or (ans-'N'); 
LeaveGraphic; 

End. 
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Appendix vn 

Valve Control Program 

The following is a listing of the program used to control the valve sequencing and 

solvent distribution within the flexor-extensor actuator cells. 

~~ tig~ **************************~* _~ ,,_11 
3~ RE~ VALU~ ~OHT~GLLER 
4@ REM i(!' i Her, 
5@ REM JULY 198~ 
6~ RE~ B~ 
7@ REM DRP.RI~ 
8@ REH 
9~ REM **************************** 18@ MO~E 128: ~IH ~$(4) 

11@ PRr.JCSETIJD 
12" PROCIMFO 
13~ PROCPIf) I!lF(l 
14!.l MOL'E I2t! 
158 PROCftY.!S 
152 I~PUl ngPE~ ~~ fLOSE", RS 
153 CHT=TIME 
154 IF ~s=nc" THE/,! PRr.JCClOSE ELSE PR(lrOPE~ 
168 (HHO 152 
178 E'!v 
188 Ff.M ***************************** I9ll REM 
2~@ RE~ *************************** 
2!~ REM GRIPPER rLOS!~G CONTPOLLER 
22e ~E~?RO(ClOSE 
26@ PROCPOSITIO~ : RE~ CALCULATE PRES~T fRIPPEP. ~M~LE 
27~ PROCDISPlAY : REM OI~PLAV PRESE"T 6RTPPER AHGLE 
2@8 PROCPID CLOSE : ~EN fR(tPlRTED THE PD jI6MRL ERROR 
298 IF T HP"OR(@ HIE'" ?~H6A=96: 60TO 368 : Rni -UE ERROR? EMPTV CEllS 
U~ ~~o~V~RHa~>S~~ !HID flflvRU2))Stl@ THEM ?HH@=~:60TI! 668: REI'! CELS FULl? 
32@ IF TEHSION}! THE!! ?~FE6@=12 ELSE ?&tE6@=~ ~ REM FILL FtEXGR ! EXTEW~OR? 
3~@ ?&FEH=! 92 : R.EM. FE~QIJE HUID FR(l~ FUTi' CHlS. SLOW/STOP Mi'!THlfi 
36@ If IlES(Rt-lfLE-"lAY!{2 THEil ?~.FH@=96;n!f<F'R!!C~REl'>1 FIJ.!RL P{lSITIOI.!? EMPTV CELLS 

3t1l1 GIn!! 26'! 
39@ EIH!PHOC 
488 REM ***************************** 
58@ REM ***************************** 
518 RfMf··pgP.o·IcPo~~~. OPEMIH6 CQ~lP.OLlER 
528 DE . -" L. 

56@ PROCPOSITIOH : REM CRLCULRTE PRESE~T GRIPPER ~HGLE 
578 PPOC~ISPlPV : R.EM DISPLRY PRESE~T GRIPPER RNGLE 
58@ PRO[PID OPE~ : REM CAL(ULRTE~ THE P[ SISH~t ERROR 
5q~ IF T H~l]li<@ THEM ?~,~HR=9;:" 6(lTO 6613 :~t~ -!}E EI:[ROP EMPTy ::~us 
6i@ If Rf.IiRLOJ)S~~ Rlit' ilt·I.)Rl(i)}58~ H!E!! ~~>:Et@=!!~Gln@ 6Hl: F.Ell\ fnu fI!Ll? 
61~ PROCTEHSIO~ . 
62~ It n:HSI(,~\! THH ?&FE6@=18 nSf: ?~JEH=lf : REtl FIll FlUOF; g, HH':WSQR? 
66~ IJ: IlBi)UfI'H!!!GLEH2 THE" ?&FEf@=96,n!Fr.r>REM F!~f!L POSITII!!o!? E~pn CELLS 

68~ I;[ITO 568 
78~ EtmPROC 
71@ REM ****************************** 
gAR PE~ ****************************** RiA RE~ SET-UP PROCEvU~E 
82~ flEFPROCSETUP . 
R::lli ?!lH2=8F>: : Rr~ SET rO~plj1ER PORT~ Tt. O/P 
i~i i&FE'~=@ : REM TUHM ALL URlUES OFF 
85~ PRQCPOS!IIu~ : REM OBTRIN PRESE~T GRIPPER POSITI~~ 
86~ OLr._RHGlt=A;';~LE 
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878 DIM 11I!5$(4) 
888 INPUT nRER~Y 10 5TRRT7"RHSS 
S9@ IF R~)$<)nvn THEH 60TO ~~~ 
9Q6 EHf'HWf; 
91@ PE~ .***************************** 
1~@@ REM *************.**************** 
1@1@ REM PRESENT GRIPPER POSITIOH 
182@ ~E~PRDCIHFO : REM INFO OM DE~IP.ED RR~SE OF MOTIO~ 
1@~6 PRI~T"PRESEHT RNGLE IS U RH6LE 
1848 INPUT nWHIlT IS THE t"f!XIMUM ~ESIRH l)EFlHTI(lW'. MA;.' 
18~8 INPUT n WHRT IS THE M1HIMU" DESIRED nEfLECTI~~6; MIw 
1@f@ IF Mill: < RNGlE THEH 61)10 1@38 . 
1878 HIDPROC 
1888 REM ***.*************************. 
1186 REM ****************************** 
111@ DEFFROCPID INFO : REM OBTHI!! PROPORTIOHRl , DRIUATIUE VALUES 
1138 UIPUT II WRIH IS THE PRIJPORTIOIH\L VRLUE". PP.iJP 
114@ INPUT DWHRT IS THE DERIijRTIUE VRLUE", OfR.U 
11513 EHOPIH1C 
11~@ REM ***********************.*.**.* 
1268 REM *.*** ••••• * •••• *************** 
1218 OEFPROCTEHSIOH 
122@ TE~SIO~=P.~UAl(l) 
1238 HIDPROC 
1246 REM ****** ••• *********.* •• ******** 
13~6 REM **************.***.********.** 
1316 DEFPROCPOSITIOW 
1328 CRlR=378~9: CRLB=9@ ~ p.t~ SET CRLIBP~TIQ~ VALUES 
133~ RHGLF=«(RDURL(4)-C8LR)*(138!'~52~»tCRL8 
1348 EHDPROr 
11~e REM **.**.*** •• ********.*********. 
1439 REM •• *******.** •• *.**** •• *** •• **. 
141@ REM ER~OR SI6WRl 
1428 OEFPROCPlv C~Q~E 
1438 PROP_ERP.OR:(MRX-fi~GlE)*PROP 
1448 DERV ERROR:(Ol~ RHGlE-R~6LE).DERU 
145~ T ER~Q~:PRQP EF~O~+vERV ERROR 
1468 orD RH6lE=AMUl~" -
147@ nmFROC 
1488 REM *.*** ••• *** •• **.***.******* ••• 
1~8@ REM **.*********.*************.*** 
151@ REM ERRO~ SIGHAl (OPE~IH6) 
!~1~ DEFPROCPID OPEH 
152@ PROP_ERRQP:(RNGLE-MIHl*?ROP 
1'538 !)tP'I}~HRO~=(!W~iLE-l}l_r, flr!(;LE"'*DERIJ 
154@ TrEILOR=~ROP ERROR+f'ERIJ_ERROR 
15J@ 0 D RH6lE=RHUlE 
156@ EMDFROC . 
1578 REM ••••• *.****** •• **.*****.*.**** 
16@@ REV! *******.*.*************.*****. 
161~ REM vPR~ THE RYF~ 
1628 nEFPRocgxt~ "'--
163~ MO!~E 1@ . .1~; DRIU! It1.1@Q@ 
I~A~ MOuE le.l~' FnD T:!'TA q! 
l~§iJ Mi.}IJE H~; 1@; DRRI( 121@ ~ 1@ . 
Ib!~ Mi.}UE1~;18; FOR 1=1 TO 6: 
16{@ EMvPROC 
1688 REM **** •••• *******.************** 
176@ REM ***.***********.********.***** 
171@ REM vISPlRY GRIPPER POSITION 
172@ DEfPROC»ISPlAY 
172S CTT=(TlME-CHT)/1@8 
1738 IF CTT { ,1 THEM PlRrr=oLD RH6lE : REM IMITIAl GRIPPER POIHT 
114~ ~f'I}E CT\!2~-I~JPlf\CE*6: " DPRw CTTt2IHl@,flHGLE*6 : REM PLOT posnIO~ 1{S8 .LRCE=R~tilE 
18@~ Ei![lH:O~ 
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Appendix vm 

Compliant Tendon Controller 

The circuit used in controlling the stepper motor used in the variable 

compliance tendon experiments is shown in figure VIII.1 below. 

reset 2 R 

VIII.1. Stepper Motor Drive Circuit 

Stepper motor 
332·947 
332·953 ,----.. 

1'1 

+12V 

The following is a listing of the program used to control this stepper and in 

the monitoring of the joint sensor outputs. 
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