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Abstract 

Buoyancy control is needed in small autonomous underwater devices to enable greater flexibility 

in measurements in the ocean. This project has examined a number of ways in which buoyancy 

changes might be achieved. Firstly, an extensive review of the mechanisms by which various 

manne organisms control their buoyancy was undertaken. There is a tremendous diversity of 

natural buoyancy control mechanisms, but most of these mechanisms produce only slow (and 

small) changes in buoyancy. 

Studies were carried out on the behaviour of polymer gel systems that exhibit large volume 

changes under the influence of solvent composition and/or temperature. The effects of salinity 

were investigated, from 5 parts per thousand (ppt) to 35ppt, on hydrolysed polyacrylamide gels, 

over the temperature range of 5°C to 40°C, It was found that the gels decreased in volume in the 

solutions, this effect being most pronounced in the 35ppt solution. As temperature increased, the 

volume changes were observed to decrease. The cyclical volumetric strain behaviour of the 

polyacrylamide gels, by alternate exposure to saline solutions and distilled water, resulted in 

significant (-200%) volume changes induced over periods of 2 days. In a second study, the 

density change associated with the volumetric strain of polymeric materials was investigated in 

poly(N-isopropylacrylamide), NIPA, gels. The temperature-sensitive NIPA gels, immersed in 

distilled water or seawater solutions at temperatures ranging from SoC to 50°C, exhibited volume 

changes of over 800%, and density changes of 30-40%. NIPA gels exhibit a faster response time 

than polyacrylamide gels, and their density and volume changes have potential application in 

buoyancy change. 

Experiments were also performed on NiTi shape memory alloys (SMA), which change in length 

and mechanical properties with temperature. A controllable parallel-plate device was constructed, 

linked by four helical SMA springs, which exerted significant axial forces with the application of 

temperature. The device is capable of producing substantial volume changes if contained in a 

suitable enclosure. It is currently on loan to the Science Museum, London, as part of a new 

exhibition in the Wellcome Wing. 
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Chapter 1 Introduction 

The purpose of this project was to conduct research into the behaviour of 'smart' materials 

in an underwater environment, so that elements of these materials could be combined to 

form a hybrid device whose density and stiffness could be altered. The target application 

for this hybrid material was an element of variable buoyancy with uses in oceanographic 

surveying applications and in underwater operations in the oil and gas industry. 

As the need for data acquisition 111 physical oceanography increases, unmanned 

autonomous underwater vehicles (AUVs) are required to undertake longer missions, 

involving frequent excursions between the surface and ocean depths for the relay of data 

[ I]. The propulsive power of these autonomous underwater vehicles and packages is 

mainly confined to the onboard electric battery supply, in one form or the other. 

Buoyancy change in these devices is a major issue, since overcoming too little or too 

much inherent buoyancy by active propulsion requires substantial power reserves. 

There are a number of ways that a vehicle's buoyancy might change, including a change in 

depth or salinity, the accumulation of biofouling, slow leaks, or the acquisition of samples 

[2]. It would be advantageous to make small compensating changes in the vehicle's 

buoyancy in the event of sudden gains or losses. Changing buoyancy can also be used as a 

means of propulsion, as seen in an underwater glider [3]. For the requirement of diving to 

a desired depth, the concept of neutral buoyancy in an underwater device at any depth is 

attractive from the point of view of energy conservation. This could be achievable if the 



aggregate density of the device could be made to continuously match that of the 

surrounding seawater without the expenditure of much energy from the batteries [1]. 

Attempts to control buoyancy, to provide a neutral buoyancy at any depth, have been 

relatively crude and mechanically complex. Foam materials of differing densities are 

available and the major components for different densities are rigid hollow polymer 

spheres, embedded in a syntactic or polyurethane foam matrix [4]. Other solutions involve 

the pumping of water from chambers [5] or the inflation of flexible buoyancy elements 

[6] . 

The overall aim of the research was to demonstrate the application of smart materials as 

variable buoyancy elements in marine applications so as to be able to produce neutral 

buoyancy at any depth. The smart materials would be incorporated into a controllable 

device that would permit instantaneous volumetric/density changes, or changes in 

stiffness, which could impart the desired degree of buoyancy. 

The science of 'smart' materials and structures has been developing over the past 10-15 

years [7]. The definition of a smart structure is one "which has built-in or intrinsic 

sensors, actuators and control mechanisms, whereby it is capable of sensing a stimulus, 

responding to it in a predetermined manner and extent in an appropriate time, and 

reverting to its original state as soon as the stimulus is removed" [8]. The elements 

considered in this study included electrorheological (ER) and magnetorheological (MR) 

fluids, responsive polymers gels, shape memory alloys and shape memory polymers. 
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In Chapter 2, the numerous mechanisms of buoyancy control employed by marine animals 

and organisms are reviewed. These mechanisms are found to be diverse, but, apart from 

active swimming, they also produce only slow changes in depth (buoyancy). However, 

the form of buoyancy control employed by most organisms is passive, as opposed to active 

swimmers, who employ energy intensive mechanisms. The buoyancy mechanisms 

provide opportunities for functional biomimetics, i.e. the transferral to engineering 

analogues. Therefore, the natural buoyancy mechanisms are compared with those 

currently used in various underwater vehicles and devices. The attempts being made to 

mimic the mechanisms present in nature are also described. 

A review of the current technology associated with various smart materials is undertaken 

in Chapter 3. Controllable fluids are detailed (electrorheological and magnetorheological 

fluids), whose stiffness or viscosity can be altered with the application of an electric (or 

magnetic) field. Shape memory materials are also described. These include alloys, 

polymers and ceramics that can change their shape and stiffness upon a change in 

temperature. Finally, an evaluation is conducted of responsive polymer gels, which also 

exhibit shape memory characteristics under the influence of temperature, electric fields, 

and solvent or pH changes. For all the materials outlined in the chapter, their potential for 

use in a marine environment is determined from their actuation and response properties 

and from a review of current applications of the materials in underwater vehicles and 

devices. 
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Chapter 4 describes extensive experiments conducted on polymer gels under the influence 

of various stimuli. These include the effect of d.c. electric fields on polyacrylamide gels, 

the influence of seawater solutions and temperature on the volume of polyacrylamide gels, 

and the effect of temperature on the volume and density of poly(N-isopropylacrylamide) 

gels immersed in solutions of distilled water and seawater. Experiments were also 

conducted on the mechanical properties of the two polymer gel systems, and also on the 

actuating power of the gels. 

Experiments conducted on NiTi shape memory alloys are illustrated in Chapter 5. A 

concept design for an actuation/variable-volume system is proposed and built using helical 

coil springs made of the NiTi material. The device is tested and evaluated, providing 

valuable information for the future development of a variable-volume device, which could 

be used to change the overall density and buoyancy of an underwater vehicle or device. 

Chapter 6 discusses the potential of smart materials as actuating elements in a buoyancy 

control system for underwater devices. The results of experiments conducted on shape 

memory alloys and polymer gels are discussed further in relation to buoyancy control. 

Finally, proposals for future work are described based on the work conducted in this 

project and also on advancements in the field by other researchers. 

Conclusions on the work presented in this thesis are presented in Chapter 7. The 

subsequent appendices include relevant journal papers published, or accepted for 

publication (subject to minor corrections), drawn from this research [9-11]. 
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Chapter 2 Buoyancy 

Animals and plants, in order to survive in competition with each other, have evolved ways 

of living using the least amount of resources. This involves efficiency both in metabolism 

and optimal apportionment of energy between the various functions of life, including the 

control of buoyancy. A similar situation is often found in engineering, where cost is 

usually the most significant parameter. In the case of underwater devices, the more energy 

used in buoyancy control means more cost to a mission or survey. It seems likely, then, 

that ideas from nature, sometimes called biomimetics, could improve the energy efficiency 

of engineering at many levels. This chapter reviews how many pelagic organisms 

maintain their buoyancy in the ocean. These mechanisms are compared with those 

currently used in various underwater devices, and the attempts being made to mimic 

natural buoyancy mechanisms are described. 

2.1 Buoyancy Mechanisms of Marine Organisms 

2.1.1 Introduction 

Thousands of pelagic organisms exist in the ocean, from the surface waters down to the 

deep sea floor. Each species lives within a certain range of depth and, as far as is known, 

the individuals of a species must keep to their particular environment in order to flourish 

[I]. The protein-based tissues and skeletal materials of many of these marine organisms 
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are considerably more dense than seawater, which has a density range of about 1.024 to 

1.030g/cm3 [2]. To compensate, these organisms employ a variety of methods in order to 

remain at their chosen depth in the water column. Table I summarises many of the 

mechanisms found in marine life. 

Table 2.1 Buoyancy mechanisms in marine organisms. 

Method Marine organisms 

Exclusion of heavy ions Gelatinous marine animals, plankton 

Increase in surface area Plankton 

Ammonium-rich body fluid Some oceanic squid and crustaceans, plankton 

Gas-filled shell Some cephalopods (e.g. cuttlefish, Nautilus, and spirula) 

Gas-filled swimbladder Teleosts (e.g. cod and haddock) 

Hydrocarbon squalene Squaloid sharks 

Low-density waxes Deep-diving mammals (e.g. sperm whale) 

None Bottom dwellers (e.g. lobster, octopus), constant 
swimmers (e.g. some squid, mackerel, blue shark) 

The Stokes' equation determines the sinking rate of small organisms [3]: 

(2.1 ) 

where SR = sinking rate; PI = density of the organism; P2 = density of seawater; g = 

gravitational acceleration; r = radius of a sphere of identical volume; Vw = viscosity of 

seawater; and <j) = form resistance, which expresses the effect of departure from the 

spherical form on sinking rate. Control of the local density or viscosity of seawater is 

beyond the capabilities of an organism, but either increasing its own form resistance 
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(departing as much from a spherical shape) or decreasing its density with respect to that of 

seawater can bring about a reduction in the sinking rate. 

2.1.2 Plankton 

The proteins, carbohydrates and skeletal structures that make up plankton usually have a 

density greater than that of seawater and, hence, plankton tend to sink in the water column. 

Therefore they must employ strategies to aid their buoyancy or reduce their rate of 

sinking. 

Plankton have a number of ways of reducing their density, one such method being ionic 

replacement to reduce the density of body fluids. Seawater is a complex mixture of ions, 

of which sodium (Na+), chloride (Cn, magnesium (Mg2+) and sulphate (SOl-) account for 

over 97% of the total ionic content [4]. Replacement of a heavy ion, such as sulphate, 

with a lighter ion, such as chloride, can reduce the density of the solution. Ions with 

negative partial molar volumes, such as magnesium, cause close packing of water 

molecules and therefore increase the density of the solution. Replacement of these with 

ions of positive partial molar volumes, such as sodium, induce a less regular structure and 

lower the solution's density [4]. 

Organisms such as ctenophores, salps and heteropods actively exclude heavy ions such as 

sol- from their bodies and replace them with osmotically similar but lighter cr ions [5]. 

Newton & Potts [4] observed the exclusion of Mg2+ and sol- ions from the larval bodies 

9 



of Roams vulgaris (Arthropoda: Decapoda), Asterias (Echinodermata) and Obelia. Gross 

& Zeuthen [6] and Kahn & Swift [7] have found similar ion replacement mechanisms 

present in other plankton. One such organism is the dinoflagellate Noctiluca, whose 

internal fluid contains ammonium chloride (NH4Cl) which is isosmotic with seawater but 

is less dense [5,7]. 

Some plankton use gas vesicles for buoyancy. Researchers [8,9] describe how freshwater 

and marine blue-green algae can change overall buoyancy by modifying the cellular 

carbohydrate content. The siphonophore colonies also use gas floats, e.g. the Portuguese 

man-of-war (Physalia) [5]. Another low-density strategy is the use of fats or oils that are 

less dense than water. Copepods and diatoms store oils that maintain their buoyancy, and 

which can also be used as food reserves [5]. 

If plankton cannot reduce their density then they must increase their form resistance. 

Smaller organisms have a slower sinking rate than their larger counterparts, as they have a 

greater surface area relative to volume [5]. By remaining small, plankton offer far more 

surface area of resistance to sinking per unit volume of living material, than if they were 

large. The other way of increasing the form resistance is to change the shape of the body 

or develop spines and body projections. These can add considerable resistance, but add 

little to the weight [10]. A few long spines increase drag more than a greater number of 

short spines. The species AC({l1thometra has projections, called myonemes, projecting out 

from the gelatinous body of the organism [2]. When the myonemes contract, the 
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gelatinous matrix is greatly expanded and the organism rises in the water. On relaxation 

of the myonemes, the matrix shrinks and is followed by sinking (Figure 2.1). 

Figure 2.1 The acantharian radiolarion. Left, with outer cytoplasm expanded (myonemes contracted); 

right, with cytoplasm withdrawn (myonemes relaxed) [2]. 

Certain plankton can undergo vertical migrations to the depths and back up to shallow 

waters. For example, during a typical day, phytoplankton photosynthesise and accumulate 

carbohydrates, causing nitrogen supplies to become limited. This tips the balance of the 

cell from being positively buoyant to negatively buoyant and the cell begins to sink. 

Photosynthesis decreases and with it the production of carbohydrates. However, 

metabolic activity continues and internal N03- pools accumulate in the cell with the 

expenditure of energy. These tip the balance back in favour of positive buoyancy and the 

cell begins to rise again. In this way the plankton oscillates between positive and negative 

buoyancy. Studies of the coastal marine diatom T/wiassiosira weissflogii showed that the 

II 
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density and sinking rate of the cell was affected by carbohydrate production, causing it to 

sink [II], although Fisher & Harrison [12] found no positive correlation between sinking 

rate and carbohydrate content for the organism. Moore & Villareal [13] studied the 

vertical migration of three oceanic diatoms of the genus Rhizosolenia and found 

carbohydrate ballasting can account for buoyancy changes. Whether as solitary cells or as 

aggregations (mats), Rhizosolenia migrate in this way to deep nutrient pools (below 80-

100m) and then return to the surface for photosynthesis. This migration helps the 

transport of nitrate (new nitrogen) from depth into the surface waters and surface-derived 

carbon is respired at depth [14]. 

A number of hypotheses have been suggested for the vertical migration of zooplankton 

[5]. Mclaren [15] and Haney [16] suggest that zooplankton descend into the depths during 

the day to avoid predators in the upper lighted areas. Another hypothesis is that they are 

avoiding damage from light. Hardy [17] suggests that descent into the depths brings a 

fresh supply of food for the zooplankton. Currents at depth are generally slower than in 

the shallow waters, so while the zooplankton are at depth, the swifter upper currents bring 

along a fresh supply of phytoplankton. The zooplankton then rise to the surface to feed. 

A final reason for migration is that descent into the depths allows the production of 

phytoplankton. The hypothesis also suggests that less energy is needed for zooplankton to 

stay in cold, deep waters than trying to maintain themselves constantly in the warm, upper 

waters [15,18-20]. 

12 



2.1.3 Cephalopods 

There are some 700-800 species of modern cephalopod. They are mostly squids and a 

number of octopods, with a few sepioids of the cuttlefish group [2]. They employ a 

number of methods to achieve neutral buoyancy [21], including the use of gas-filled 

chambers of Nautilus, Spirula and Sepia, replacement of heavy ions as in some octopods, 

and the storage of low-density fats in the Gonatidae family of squids. However, the 

majority of cephalopods achieving neutral buoyancy are oceanic squids using ammonium

rich solutions isosmotic with seawater. 

Ammonium storage was first discovered in cranchiid squid [22]. Since then thirteen 

families of oceanic squid have been documented, or suggested, to use ammoniacal 

buoyancy, as have genera in three of the fourteen otherwise non-ammoniacal, muscular 

families [21,23]. The cranchiid squids can hang almost motionless in the sea and possess 

a large, fluid-filled buoyancy chamber. The fluid is principally ammonium chloride and is 

isosmotic with seawater [2,22]. It has a specific gravity of about 1.010 to 1.012, so a 

relatively large volume of the ammoniacal fluid is required to make the squid neutrally 

buoyant. This could take up almost two-thirds of the animal's total weight, making it very 

cumbersome. The squid secretes nitrogen, from the breakdown of proteins, in the form of 

ammonia instead of urea. This ammonia is trapped in the coelomic cavity. Because of the 

high acidity, the ammonia diffuses from the bloodstream into the cavity and dissociates 

into ions. They remain in the cavity to reduce the density of the fluid. The coelomic 

cavity hardly leaves space for the development of a capacious mantle cavity. In fact, such 
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squid, though capable of rather quick escape reactions, are small-finned, unhurried 

sWImmers. In larger and more active kinds of squid there is no single buoyancy chamber 

(e.g. Histioteuthis). Instead, there are many small vacuolar chambers over the body, 

particularly in the arms and mantle, which are filled with ammoniacal fluids very similar 

in composition to those of cranchiid squids [2,21,24-26]. Although ammoniacal buoyancy 

offers an advantage, in that it maintains function at high ambient pressure or regardless of 

rapid changes in depth [22], few ammoniacal squids appear to exploit this advantage by 

undergoing large vertical migrations [27]. 

Nautilus, the last survlvmg genus of externally-shelled cephalopod, maintains neutral 

buoyancy in the sea through the use of a gas and liquid-filled portion of the shell which 

serves to lower the specific gravity of the entire shell and enclosed tissue to approximately 

that of seawater [28]. The saline or cameral liquid that originally filled the chambers is 

removed by osmosis through the siphuncle, a thin strand of tissue that extends back from 

the Nautilus' body through each chamber. The space left is filled passively with gas by , 

diffusion, and the pressures within these chambers are subatmospheric [29]. As the animal 

grows, producing new flesh and shell material, it becomes progressively denser. By 

removing liquid in small volumes each day, a Nautilus can counterbalance density 

increases [30]. The system can also be used if there is a sudden increase or decrease in the 

weight of the Nautilus, such as ingestion of food or following an attack by a predator, 

where a portion of the shell may have been broken off [31]. Studies have shown that 

when challenged with a sudden decrease in buoyancy, Nautilus can increase its chamber

emptying rate in a compensatory fashion [32]. When sections of shell were removed, or 
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when extra buoyancy was attached to the Nautilus, it shut off the pumps in the siphuncle, 

resulting in a slow refilling of the last several chambers with liquid until neutral buoyancy 

was again achieved [33]. This gave the animal time to grow new shell material. It was a 

popular misconception that the Nautilus was capable of rapidly adding or subtracting fluid 

in the shell for the purpose of quickly ascending or descending [34,35]. Chamber refilling 

or emptying takes days, not hours, preventing rapid buoyancy changes. 

The more recently evolved cephalopods, Sepia (cuttlefish) and Spirula, also possess 

chambered shells that are used to achieve neutral buoyancy. The cuttlebone of the Sepia 

consists of a number of thin chambers laid down, one below the other, at the rate of about 

one or two a week as the animal grows [29]. Parallel sheets (lamellae) of calcium 

carbonate form the chambers, which are sealed from each other, but within any individual 

chamber gas or liquid can move freely [36]. Numerous pillars support each chamber, and 

these have a sigmoidal cross-section (Figure 2.2). Liquid can be pumped into or out of the 

cuttlebone to decrease or increase the gas volume. The gas is principally nitrogen and its 

pressure in the older chambers is only about four-fifths of an atmosphere, regardless of 

depth [29]. This is enough to give the bone an overall density of around 60% that of 

seawater, sufficient to counter the heavier tissues of the cuttlefish. As in the Nautilus, the 

presence of the gas is purely incidental, as it diffuses passively into the partially vacated 

space that develops due to the active pumping out of the entrained liquid. 

15 



lamella pillar chamber 

Figure 2.2 The position and microstructure of the cuttlebone [36]. 

This entrained liquid is primarily a sodium chloride solution, at a lower concentration than 

in the blood of the cuttlefish. This creates an osmotic pressure sufficient to balance 

hydrostatic pressure. The yellowish membrane at the back end of the cuttlebone has an 

ample blood supply that enables the membrane to pump salts from the liquid within the 

cuttlebone and into the blood. The effect of this is a flow of liquid from the cuttlebone 

into the bloodstream. Therefore, this salt pump can increase or decrease the osmotic 

pressure between the animal's blood and cuttlebone liquid in response to changes in 

hydrostatic pressure exerted by the sea. 
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Birchall & Thomas [36] found the cuttlebone matrix to have a mean crushing strength of 

1.1 MPa. Therefore, along with actively maintaining the buoyancy of the animal, the 

sealed chambers also provide a structure which combines high porosity (93%) and low 

specific gravity (0.19) with the ability to resist external pressures greater than 1 MPa. 

Denton et al [37] reported that under hydrostatic pressure a whole cuttlebone withstood a 

pressure of 2.4MPa, (corresponding to a depth of 230m) before imploding. Failure of the 

shell was found to be progressive, not catastrophic [36]. The S-shaped cross-section of the 

pillars minimises any tendency for the pillars to buckle by maximising the second moment 

of area. Although cuttlefish can withstand pressures up to 24atm, they do not seem to live 

deeper than 150m, where the pressure is 16atm. Nautilus shells collapse at about 65atm, 

but they also remain at a safer depth of about 500m, where the pressure is at 51 atm [38]. 

The same is true of the Spintla. Even though its shell implodes at pressures corresponding 

to a depth of 1700m, most Spirula are caught at depths of 600-700m during the day, and at 

300-100m by night [39]. 

2.1.4 Teleost Fish 

Teleosts are a large diverse group of bony fish. Many species, including the cod and 

haddock, are equipped with swimbladders that give them neutral buoyancy [2]. Typically, 

a swimbladder occupies around 5% of the total volume of a fish and the low density of the 

gases that inflate the bladder offset the higher density of the muscle and bone. However, 

the volume of the swimbladder can change with depth. As the fish swims downward, 
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pressure Increases at one atmosphere every 10 metres. Therefore when a fish dives 

deeper, it must secrete more gas into the swimbladder, and reabsorb gas from the 

swimbladder when it wishes to rise. The rates of secretion or reabsorption are quite slow. 

Fish caught at depth and immediately brought to the surface nearly always die because 

their swimbladders expand rapidly as the pressure drops, thus crowding and rupturing their 

vital organs. 

The gas pressure exerted in the swimbladder directly opposes the hydrostatic pressure of 

the sea. The proportion of oxygen found in swimbladders increases with depth. A fish 

living at a depth of 1000m has a partial pressure of oxygen in the swimbladder of 100atm, 

but only 0.2atm in the surrounding tissues, so somehow the swimbladder pressure must be 

maintained to resist the hydrostatic pressure [29]. This is partly achieved by having 

impermeable walls and also by the gas gland and its blood supply, the rete mirabile. The 

rete is made up of arterial and venous capillaries lying next to each other, forming a 

countercurrent system. 

In the gas gland, lactic acid is produced from glycogen and diffuses into adjoining blood 

capillaries (Figure 2.3). This causes an increase in acidity that results in a rapid 

displacement of O2 from haemoglobin [40]. Therefore there is an increase in the 

concentration of free (diffusible) oxygen molecules. The blood leaves the gas gland and 

enters the rete mirabile counter-current system. There is a progressive equilibration of 

diffusible substances between the ingoing and outgoing streams. Free oxygen molecules 

diffuse into the incoming blood and the acidity of the outgoing blood decreases [29]. 
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Alkaline blood causes O2 molecules to recombine with haemoglobin. However, the rate of 

combination is far slower than displacement from haemoglobin, and it is this difference in 

rates that brings about an excess of oxygen molecules available for secretion. The 

counter-current system allows the concentration of free O2 molecules to build up within 

the gas gland until there is a net diffusion of gas from the gas gland into the lumen of the 

swimbladder, against the hydrostatic pressure of the sea. 

lactic acid 
arterial blood I displaces o,zm t; 
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100 

101 
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100 atm02 
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Figure 2.3 Diagram of mechanism whereby O2 can be secreted into the swimbladder through the 

countercurrent circulation of the rete mirabile [29]. 

Gas reabsorption is carried out in one of two ways. Some fish have a valved duct leading 

to the oesophagus through which gas can escape [29]. Other fish have a closed system 

with a structure called an oval that acts like a sphincter to open or close some region of the 

swimbladder wall, so that the region is either exposed to or occluded from the gases. This 

region has its own blood supply not connected to a rete, so gases can dissolve into the 

blood and get carried away from the swimbladder. 
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2.1.5 Sharks 

Deep-sea squaloid sharks have attained neutral buoyancy through the development of a 

large and oily liver. In most animals the liver is around 4-6% of the total weight, but in 

the shark it may be more than a quarter of the total weight [41]. The liver oil is mainly 

composed of hydrocarbon squalene, which has a specific gravity of 0.86 and is stored in 

such quantities that the uplift provided almost eliminates the shark's weight in seawater. It 

has been suggested that the mass of squalene would have to be controlled to within 1 % in 

order to keep the animal within 0.1 % of neutral buoyancy. The Squalus acanthias shark 

responds to changes in its weight by varying the less abundant lipid constituents of the 

liver oil, and not the amount of squalene [42]. When weights were attached to the shark, 

the presence of diacyl glyceryl ethers, which are less dense than the triglycerides in the 

liver oil, increased over two days. This increase in low-density lipids was sufficient to 

counter the weight increase. 

2.1.6 Deep-diving Whales 

Whales that dive deeply, like the sperm whale, have large amounts of low-density fats 

[29], much lower than the fats in shallow-diving whales. Clarke [43] advanced the theory 

that the spermaceti organ in the head of the sperm whale is used to regulate buoyancy by 

exploiting appreciable differences in density between the melted and unmelted forms of 
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the entrained waxes. The theory received much criticism [44-46], but the hypothesis was 

expanded to greater detail [47,48]. 

The spermaceti organ makes up the bulk of the head of the sperm whale, and it is filled 

with a liquid called spermaceti (Figure 2.4). It is a complex mixture containing some 

triglyceride fats like those found in other mammals and animals. However, spermaceti is 

composed chiefly (-73.5%) of waxes. These are the esters of fatty acids and monohydric 

alcohols, which have a much lower specific gravity than the triglyceride fats. 
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Figure 2.4 The structure of the head of the sperm whale [48]. 
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Spermaceti is a clear, straw-coloured oil at about 30°C, but becomes cloudy if cooled and 

progressively solidifies and crystallises as the temperature drops. As it solidifies, it 

contracts and becomes denser. Clarke [47] found that the rate of density increase on 

cooling is greater at higher pressures. An increase in density of the spermaceti will result 

in a decrease in the buoyancy of the whale. If the sperm whale could control the 

temperature of the spermaceti organ and its oil, it could also control its density, and sink or 

rise with small expenditure in energy. 

Clarke suggested that a mechanism might exist for flushing water through the right nasal 

passage, which, with its expanded sacs at the front and back of the spermaceti organ, 

would be well fitted to act as a useful heat-exchanger [47,48]. This would cool the 

spermaceti oil, increasing the specific gravity and causing the whale to become less 

buoyant. The lungs of the whale are isolated from the surface of the heat-exchanger by a 

sphincter muscle surrounding the right nasal passage where it joins the left, just before it 

enters the skull. Having isolated the right nasal passage, it can then be irrigated with water 

by the action of a larger block of muscle, the maxillonasalis, which can lift the forward 

end of the case, thus expanding the cavity within the right nasal passage. The cold 

seawater would cool the spermaceti organ near the passage. Blood flowing past the nasal 

passage would also be cooled, which could then cool the spermaceti oil further from the 

nasal passage. Using this method, and also from heat loss through the blubber and skin, 

the whale could achieve neutral buoyancy in three minutes while diving to a depth of 

lOOOm. 
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To rise again, the whale would cease to circulate water through the nasal passages [47,48]. 

In addition, vaso-constriction at the skin surface would cease the loss of heat through the 

blubber. There would be enough muscle activity to cause heat to accumulate and be 

transferred to the spermaceti organ via the blood. The whale would then gently rise to the 

surface. 

2.1.7 Seabed Dwellers and Active Swimmers 

Although many orgamsms possess buoyancy devices, others do not and they must 

therefore remain on the bottom of the ocean or employ some form of muscular effort to 

maintain themselves at their particular depth. Lobsters, plaice (Pleuronectes), rays (Raia, 

selachians) and common octopus have no buoyancy organ so must live at the bottom of 

the sea [29]. 

Many organisms from plankton to certain species of shark must swim to keep themselves 

buoyant. Motile phytoplankton are capable of directed swimming and can control their 

position in the water column [11]. The barrel in which the amphipod Phronima sedentaria 

lives acts as a propulsion system with an entrance three times the area of the exit. This 

barrel greatly reduces the energy expended by the amphipod in maintaining its position 

[49]. This also occurs in individuals of the class Larvacea [50]. Having a foot with two 

lateral extensions, like wings, supports the spiral shell of the pteropod Limacina 

retroversa. Rhythmical flapping of the wings effects swimming [50]. The crustacean 
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Euphausia paC(flCa is the most negatively buoyant of the midwater crustaceans, and must 

swim constantly to avoid sinking [51]. 

Although many species of cephalopod possess buoyancy systems, some squid need to 

swim actively to prevent themselves from sinking [21]. The squid Loligo forbesi has fins 

at its posterior end that tend to tilt the squid nose down, but the thrust exerted by its jet 

from the funnel balances the moments. Active swimming is also a way of life for the 

Ommastrephidae, Enoploteuthidae, Brachioteuthidae and Ctenopterygidae species. 

Fish that swim perpetually at high speeds tend to be denser than seawater. Mackerel and 

tuna never stop swimming, day or night. The bullet mackerel (Auxis rochei) swims at an 

average speed of O.7m/s in order to generate enough lift from its fins [38]. Tunnies and 

sharks, such as the blue shark, swim with their pectoral fins extended with a positive angle 

of attack, so that upward lift acts on them. As these hydrofoils are anterior to the centre of 

mass, they tend to tilt the snout of the fish upwards. The forward thrust and uplift 

generated by the tail fin, called the heterocercal tail, balances the moments and allows the 

fish to swim horizontally. There is a minimum speed at which these fish can swim, under 

which stalling may occur. For a dogfish this is about O.24m/s, and O.6m/s for a skipjack 

tuna. In general, the more primitive fishes must rely on hydrofoils and propulsive power 

to maintain their buoyancy, whereas the more advanced organisms have evolved static or 

passive means to achieve a constant level in the water column [5]. Less energy is 

expended to obtain neutral buoyancy by these mechanisms than to have to move 

constantly to attain the required lift. 
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2.2 Buoyancy Mechanisms of Underwater Vehicles 

Over the last century, mankind has attempted to emulate the ability of marine organisms to 

control their buoyancy and explore the ocean depths. The majority of submersible 

vehicles built in the 20th century have used a buoyancy system of making adjustments in 

weight by admitting or expelling seawater from variable ballast tanks [52]. The principle 

is similar to the rigid buoyancy chambers of the Nautilus, spirula and cuttlefish, by 

varying the gas and liquid contents. Mankind has managed to go one step further by being 

able to achieve rapid descents and ascents with the aid of sophisticated pumps. However, 

variable seawater ballast systems are restricted to shallow and mid-depth ranges because 

of the difficulty of pumping or blowing against high hydrostatic pressures [52]. Variable 

displacement systems using inflatable bladders are also unsuitable for deep ocean depths 

due to the high pressures. Increasing or decreasing the displacement of oil-

inflatable/deflatable bladders makes adjustments in buoyancy. Again, active pumping is 

required to transfer a volume of liquid from an internal reservoir to an external bladder. 

An inflatable bladder system was used in the submersible Alvin in the 1960' s to finely 

control its buoyancy. It would dive and climb using three manoeuvrable propellers [53]. 

More recently, bladder systems have been used effectively in underwater profilers and 

gliders [54,55]. These relatively small torpedo-shaped floats periodically change their 

buoyancy by pumping fluid from an internal reservoir to an external bladder, thereby 

increasing float volume and buoyancy. Pumping requires energy from the onboard power 
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supply, thus limiting the duration that a float can stay in the ocean performing cyclical 

dives. Researchers [55] looked for ways of using the changes in temperature of seawater 

at the surface and at depth to somehow power the pump system. They opted for a system 

similar to that used by the sperm whale. By using a volume of pure hydrocarbon that was 

solid at deep ocean temperatures, but expanded when melted by surface temperatures [54], 

they were able to design a heat engine that could store enough energy to pump a volume of 

liquid to the external bladder of the float (Figure 2.5). The only internal power 

requirements were the control of the various valves of the pumping system. 

Many forms of marine life use low-density materials to offset their more bulkier materials. 

For example, as explained earlier, many sharks have squalene in their livers that keep 

them buoyant, and some squid species use ammonium-based coelomic fluid to buoy 

themselves. Even tiny plankton employ some form of ion-exchange system to keep their 

internal body fluids light. In 1960 Auguste Piccard, in his bathyscaph Trieste, managed to 

dive into the Marianas Trench of the Pacific Ocean down to 10,916m, the deepest known 

depth on the earth [56]. It was a large vessel that could hold two men and was buoyed by 

a large float containing petrol. The fine adjustments to buoyancy were made by slowly 

releasing the petrol and by dropping weights to keep it just negatively buoyant as it 

descended. 

26 



compressed 
nitrogen ....... ---I~E=:::~t==~ 

external 
bladder 

liquid 
hydrocarbon 

bellows 

solid 
hydrocarbon 

compressed 
nitrogen 

liquid 
hydrocarbon 

(a) 

control 
valve 

= __ -+r--t:;:::P"" one-way 
valves 

(b) 

(c) 

Ftiiiiil. ....... ~- internal 
bladder 

Figure 2.5 The thermal engine of the Slocum glider. (a) To dive, a 3-way control valve is closed, 

allowing glycol to tlow into an internal bladder. (b) The cold temperatures at depth freeze the 

liquid hydrocarbon into a solid, creating a space that is filled by glycol from the internal 

bladder. To ascend, the control valve is closed the other way, and compressed nitrogen from 

the top tank pushes glycol out of a metal bellows into thc external bladder. (c) The 

hydrocarbon melts again, pushing glycol back into the bellows, compressing the nitrogen and 

readying the glider for the next dive [55]. 
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Also in the 1960's, foam composites and syntactic foams were developed which had low 

densities, high hydrostatic strength, a bulk modulus almost equal to seawater, and 

immunity to catastrophic failure. The foams could also be fabricated into irregular shapes 

and be used as a filler when "foamed-in-place". Since then they have been used in a wide 

variety of applications such as submersible vehicles, buoys, risers and floatation units [57]. 

However, the buoyancy provided by foams is passive and static, which is fine for 

floatation units and buoys, but inadequate for submersibles where other dynamic means 

are necessary for ascent and descent. 

Hydrodynamic planes to facilitate vertical travel in the ocean are being utilised in gliders 

that use a fixed hydrofoil and the thermal engine described in Figure 2.5 [54]. At the 

surface the engine deflates the external bladder, giving the glider a negative buoyancy, 

which is sufficient to point the glider downwards. It sinks and gains speed, but the 

hydrofoil generates lift on the way and the glider eventually reaches a nadir point and 

begins to rise again. Meanwhile the thermal engine has been storing energy. The external 

bladder is inflated and provides a positive buoyancy to help the glider back to the surface. 

With costs of runnIng and maintaining large manned and unmanned submersibles 

remaining high, there is a trend towards the development of smaller, low-cost autonomous 

vehicles. Researchers are turning more and more to nature to try and mimic the 

characteristics of fish. One such project is the Robot Tuna and Robot Pike [58], small 

underwater robots that mimic the swimming actions of the tuna and pike. The buoyancy 

of these robots has been made neutral using light acetal structural elements. Another 
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project IS concentrating on the swimming behaviour of the lamprey or eel [59]. The 

undulations of their tails are being imitated by using shape memory alloy wires. 

It is the advent of smart materials such as shape memory alloys (SMA's) and polymer gels 

that could pave the way towards an intelligent buoyancy system for underwater vehicles. 

A small robotic fish, called MEFiR (Micro Electronic Fish Robot), is using shape memory 

alloy wires to control the tail movement, and the buoyancy of the device may be 

controlled by a water bladder utilising the contraction properties of a SMA piston [60]. 

Elsewhere, a variable buoyancy regulator is being tested using arrays of small hollow 

tubes (,straws') made of shape memory alloy, which can increase in volume when 

electrically heated [61]. The 'straws' can withstand hydrostatic pressures of 20 to 30 

atmospheres. Another possible buoyancy system is a peristaltic pump using a compliant 

SMA-wrapped cylinder that would quietly and slowly pump a large volume of ballast 

seawater [62]. Finally, the great expansions and contractions found with certain polymer 

gels could be used as actuators to displace water and bring about a buoyancy change. The 

natural temperature and salinity gradients in the ocean could bring about the volumetric 

changes [63-64], thus providing a power source for actuation. 
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2.3 Conclusions 

The review of marine orgamsms has shown that there is a large diversity of natural 

buoyancy control mechanisms. From the point of view of energy conservation, the more 

advanced creatures possess relatively passive forms of buoyancy control, but the rate of 

buoyancy change is quite slow for most of these creatures, sometimes taking days to 

overcome an excess or deficiency in buoyancy. The less advanced marine animals, the 

active swimmers, are very energy intensive, but can counteract depth changes relatively 

quickly. However, for most marine creatures, it is preferable for their survival to maintain 

a constant level in the oceans. Therefore, it can be difficult to obtain a specific analogue 

for use in a marine device designed to traverse through many environments and depths. 
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Chapter 3 Smart Materials 

3.1 Introduction 

Intelligent materials are rapidly becoming a focal point for ongomg research and 

development activities in many engineeriH-g applications due to distinct advantages these 

materials offer when compared to classical ones. Smart materials exhibit interesting 

behaviour in response to external stimuli, allowing a single piece of material to replace a 

more complicated device previously needed to perform the same function [1]. They can 

be defined in many different ways: materials functioning as both sensing and actuation; 

materials which have multiple responses to one stimulus, in a coordinated fashion; 

passively smart materials with self-repairing or stand-by characteristics to withstand 

sudden changes; actively smart materials utilising feedback to adjust their properties; 

smart materials and systems mimicking biological functions, sometimes in load bearing 

structural systems [2]. In fact, biological systems can provide significant guidance in the 

development of smart engineered materials and structures [3], as shown in Chapter 2. 

Actuator materials should have the ability to change the shape, stiffness, position, natural 

frequency and/or other mechanical or physical characteristics of the structures in which 

they are incorporated, in response to changes in temperature, electric field, solvent 

composition, etc [4]. The most popular materials being used are controllable fluids, shape 

memory materials and polymer gels. 
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3.2 Controllable Fluids 

3.2.1 Introduction 

The essential characteristic of controllable fluids is their ability to reversibly change from 

a free-flowing, linear viscous fluid to a semi-solid in milliseconds when exposed to an 

applied electric or magnetic field [5]. Typically, this change is manifested when the fluids 

are sheared and a yield stress develops that is more or less proportional to the magnitude 

of the applied field. Interest in controllable fluids derives from their ability to provide 

simple, quiet, rapid-response interfaces between electronic controls and mechanical 

systems [6]. 

Electrorheological (ER) fluids are suspenSIOns which experIence reversible changes in 

rheological properties such as viscosity, plasticity and elasticity when subjected to electric 

fields. This is due to the controllable interaction between polarised micron-sized dielectric 

particles within the ER suspension [2]. Magnetorheological (MR) fluids are the magnetic 

analogs of ER fluids, consisting of micron-sized magnetically polarisable particles 

dispersed in a carrier medium such as mineral or silicone oil. An applied magnetic field 

causes particle chains to form and the fluid becomes a semi-solid which exhibits 
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viscoplastic behaviour similar to that of ER fluids [5]. Transition to rheological 

equilibrium for both materials can be achieved in a few milliseconds. 

3.2.2 Electrorheological Fluids 

Fluids that exhibit a property known as electrorheology were first reported by Winslow 

[7]. After lapping plate contacts in oil on a semiconductive solid to improve a relay, he 

discovered a large shear force was necessary to move one plate across the other when an 

electric field was applied to them. Research and interest continued into the 1960' s, but 

dropped off due to the fluids' instability and lack of commercial applications. However, 

some researchers began developing applications for ER fluids in the 1980's, and it is now 

believed that ER materials hold tremendous potential in altering the design and 

performance of many hydraulic and mechanical devices, such as valves, actuators, 

damping devices and suspensions [8]. 

ER fluids contain fine particles, rangmg 111 SIze from I to I OO~m across, and are 

electrically non-conducting organic materials such as starch and cellulose, or inorganic 

materials such as ceramics, glass or polymers. The particles are suspended in a non

conducting oil, such as mineral oil, silicone oil, or chlorinated paraffin [8]. Producing the 

ER effect of changing the fluid from a liquid to a solid and back involves the application 

of an electrical field of between 1000 to 4000 Volts across two electrodes with, typically, a 

I mm gap between them. Below I kV Imm electric field, the ER fluid behaves much like 

the carrier fluid. Above this level, the particles begin to polarise and align into fibres or 
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chains that bridge from one electrode to the other. Application of the electric field causes 

the high-voltage electrode to acquire a net positive charge and the ground electrode to 

acquire a net negative charge. In response, the positive and negative charges on the 

particles separate, shifting the positive charge to the particle side nearest the negative 

electrode and the negative charge to the side nearest the positive electrode [9]. 

(a) (b) 

(c) 
Shearing force ----~ r+T-l="":l:-:j:T+-H0i=-=FVn:-::t:"Tl-----. 

+---=1.....-

'-=~=-==-='-=--=...!=-==-=:....=..~=-==-=-=..J -4----- Sheari ng force 

Figure 3.1 (a) Random particle structure in an ER fluid not subjected to an electric field. (b) Organised 

particle structure when an electric field is applied. (c) Shearing force applied to fibres. [8] 

The particles then line up with their positive and negative ends touching in a chain-like 

formation within the liquid that extends from one electrode to the other (Figure 3.1) [8]. 
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These newly-formed fibres inhibit flow within the liquid, which has now become a gel

like semi-solid between the electrodes. A small deflection of the medium can take place 

without having the chains fracture (Figure 3.1(c)). A greater force can cause the chains to 

break, but charges on the particles still attract, so they continually remake and break. The 

effect is fully reversible and virtually instantaneous. Once the applied field is switched 

off, the ER material reverts to liquid form (Figure 3.2) [10]. 

(a) (b) 

Figure 3.2 (a) ER fluid is retained against gravity when an electric field is applied. (b) ER fluid 

collapses immediately when the field is switched off. [10] 
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3.2.3 Magnetorheological Fluids 

The initial discovery and development of magnetorheological fluids is credited to Jacob 

Rabinow [II] in the 1940s, almost concurrent with Winslow's ER fluid work. Dynamic 

yield strengths exhibited by ER fluids are in the range of 3 to 5 kPa for electric fields of 3 

to 5 kV/mm. The maximum strength of the fluid is generally limited by the electrical 

breakdown strength of the fluid [6]. MR fluids routinely exhibit much greater dynamic 

yield strengths in the range of 50 to 100 kPa for applied magnetic fields of 150-250 kA/m. 

The ultimate strength of the fluids is limited by magnetic saturation. Table 3.1 compares 

ER and MR fluids. 

Table 3.1 Comparison of properties of typical ER and MR fluids [6]. 

Property ER Fluid MRFluid 

Yield Strength (Field) 2 - S kPa (3 - S kV/mm) SO - 100 kPa (1S0 - 2S0 kAlm) 

Field limited by breakdown Field limited by saturation 

Viscosity (no field) 0.2 - 0.3 Pa-s @ 2SoC 0.2 - 0.3 Pa-s @ 2SoC 

Operating Temperature + 10 to +90°C (ionic, DC) -40 to + ISO°C 

-2S to + 12SoC (non-ionic, AC) limited by carrier fluid 

Current Density 2 - IS mA/cm2 (4 kV/mm, 2S0C) Can energise with permanent 

(xiO - x 100 @ 90°C) magnets 

Specific Gravity 1- 2.S 3-4 

Ancillary Materials Any (conductive surfaces) Iron / Steel 

Colour Any, opaque or transparent Brown, black, grey/opaque 

MR fluids are stable suspensions of non-colloidal very fine ferromagnetic particles in an 

insulating carrying medium exhibiting controllable rheological behaviour in the presence 

of an applied magnetic field [12]. The dispersed ferromagnetic particles are spherical in 
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shape with a diameter size ranging from l-lO/-lm. Carbonyl iron powders are preferred 

and can constitute up to 50% of the total fluid volume. The carrying fluid is usually 

silicone oil, kerosene, or synthetic oil, which have viscosities in the range 0.01 - l.0 

Operation of the magnetorheological effect IS essentiall y similar to that for 

electrorheological fluids (Figure 3.3). ER fluids require thousands of volts for operation, 

while MR fluids operate under a much lower voltage, such as a car battery voltage. 

They therefore have distinct safety advantages over ER fluids. The generation of greater 

shear stresses, greater stability and less temperature dependence also shows how MR 

fluids can be much more favourable than ER fluids [12]. 

(a) (b) 

Figure 3.3 (a) When the two electrodes of a switchable permanenl magnet are inserted into 

magnetorheological fluid with no magnetic field, there is no change in tluid properties. (b) 

The presence of a magnetic field causes the MR fluid lo change from a liquid to a semi-solid 

between the eleclrodes [13]. 

43 



3.2.4 ER and MR Applications and Actuators 

There are four broad areas where ER and MR fluids have engineering uses: static 

situations, clutch-based devices, flow-based systems and applications involving damping 

[14]. Typical static devices include release mechanisms and load-programmable safety 

catches. The fluid is constrained in a cell made of two electrodes, one fixed and one 

movmg. This offers a high resistance to movement when the applied field is applied. If 

the applied stress exceeds the yield stress of the fluid or the applied field is removed the 

'solid' structure fails allowing an appropriate action to occur. 

When controllable fluids are constrained between concentric cylinders or parallel plates, 

clutch and brake systems can be designed. They rely on the induced shear stress of the 

fluids to transmit a torque to begin or halt rotation. The MR fluid rotary brake, developed 

by Lord Corporation [6], is compact, smooth-acting, requires low-power to operate and is 

capable of high torque at low speed (Figure 3.4). These brakes are being incorporated into 

Nautilus exercise machines, allowing the users to vary the machines' resistance to 

accommodate their levels of fitness and desired workout intensity [15]. 
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Figure 3.4 The MR tluid rotary brake [6). 

Advanced Fluid Systems [16] have also developed a rotary torque device. The magnetic 

fluid rotary feedthrough is a device that transmits rotary motion into a vacuum 

vessel with minimal torque requirements. The main components are a 

magnetic circuit and precision bearings. The magnetic circuit comprises 

magnets, pole pieces, magnetic fluid, and a magnetically permeable toothed 

shaft. 

In the valve flow mode the ER or MR fluid is pumped down a flow path and the applied 

field causes an increase in the pressure drop along the flow path [14]. This has 

applications in pump systems that are effectively valve-less, in that there are no traditional 

moving parts to regulate fluid flow. 

ER and MR fluids are finding the majority of their use in damping and suspenSIOn 

applications. An example of an ER fluid shock absorber is shown in Figure 3.5 [17], using 

a duct-flow geometry. This configuration is the most common form of ER or MR fluid 

damper, but squeeze-film geometries (Figure 3.6) have also been designed [6]. These 
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dampers are being used as automobile suspensions, in engine mounts, and also as bicycle 

shock absorbers. Advanced Fluid Systems were able to overcome the main limitation of 

ER fluids, the low yield strength, to develop commercial car and bicycle suspensions [16]. 
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Figure 3.5 ER fluid-filled shock absorber [17]. 
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Figure 3.6 Squeeze-film mode using MR fluid [6]. 
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Finally, controllable fluids can be used to control the vibration of cantilever beam 

arrangements, such as helicopter rotor blades and space structures. Researchers have 
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looked at ER fluid-filled beams, where the application of an electric field produces an 

almost linear increase in the fundamental resonance frequency and damping ratio. There 

are some drawbacks, however. The presence of fluid-filled cavities within a beam is not 

very desirable in terms of structural efficiency, sealing the fluid in place poses practical 

difficulties and the need for high voltages in the control loop would present a safety hazard 

in many environments [18]. 

3.2.5 Conclusions on Controllable Fluids 

Electrorheological and magnetorheological fluids have much potential in controllable 

viscosity applications, such as the clutch and shock absorbers outlined earlier. They also 

have potential in variable stiffness elements, where the fluids could be embedded in 

suitably designed composites. Such elements could be used in underwater vehicles, where 

the vehicle would possess a hull of controllable compliance, capable of counteracting sea 

pressures and affecting the overall buoyancy. However, the target applications for this 

research are small autonomous underwater vehicles with limited power supplies. The 

large power requirements for activation of ER fluids make them unsuitable for an 

underwater environment. MR fluids may have more potential, but these also require 

substantial power supplies and cumbersome magnetic cores. 
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3.3 Shape Memory Materials 

3.3.1 Introduction 

Shape memory materials are becoming major elements in intelligent or smart systems and 

structures due to their unusual, but controllable, properties. These properties include the 

shape memory effect (SME), superelasticity, large recoverable stroke and high damping 

capacity. Shape memory materials may sense thermal, mechanical, magnetic or electrical 

stimuli and exhibit actuation or some pre-determined response, making it possible to tune 

some technical parameters such as shape, position, strain, stiffness, natural frequency, 

damping, friction and other static and dynamic characteristics of material systems in 

response to the environmental changes [19]. A variety of alloys, ceramics, polymers and 

gels have been found to exhibit SME behaviour. Polymer gels exhibit many other 

properties and will be examined in detail later in the chapter. 

3.3.2 Shape Memory Alloys 

Shape memory alloys (SMA's) have the ability to return to a predetermined shape when 

heated. When the SMA is cold, or below its transformation temperature, it has a very low 

yield strength and can be deformed quite easily into a new shape. When the material is 

heated above its transformation temperature it undergoes a change in crystal structure 

which causes it to return to its original shape. If the SMA encounters any resistance 
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during this transformation, it can generate extremely large forces, which leads them to be 

used as very effective actuators. The advantages of SMA's become more pronounced as 

the size of the application decreases. Large mechanisms may find solenoids, motors, and 

electromagnets more appropriate. But in applications where the larger actuators cannot be 

used, shape memory alloys provide an excellent alternative (20). There are few actuating 

mechanisms which produce more useful work per unit volume than SMA's. 

3.3.2.1 Mechanism of the Shape Memory Effect 

In 1951, shape recovery abilities were observed on a bar of gold-cadmium [21], but the 

expense of gold and the toxicity of cadmium limited further research efforts (22). A 

cheaper, non-toxic alloy was developed by the US Naval Ordnance Laboratory (NOL) in 

1963 [23] that exhibited greater shape memory effect. The alloy was nickel-titanium and 

was named Nitinol, combining the alloy constituents and the discovering laboratory. 

Many other alloys were investigated in the subsequent years that exhibited the shape 

memory effect. Table 3.2 lists many of them and their transformation temperature and 

hysteresis [24]. Even so, nickel-titanium, along with copper-zinc-aluminium, remained 

the alloys of choice because of their strength, low cost and large shape-changing abilities. 

Shape memory alloys undergo a change in their crystalline form or arrangement as they 

are cooled or heated through their characteristic transformation temperature (TTR). For 

NiTi alloys, this phase change is from an ordered cubic crystal form above its TTR, where 
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the alloy is in its austenitic form, to a monoclinic crystal phase below the transformation 

temperature, where the alloy is in its martensitic form [25]. 

Table 3.2 Alloys which have the shape memory effect [24]. 

Transformation Transformation 

Alloy Composition Temperature Range, °C Hysteresis, °C 

AgCd 44-49 at % Cd -\90--50 -15 

AuCd 46.5-50 at % Cd 30-100 -IS 

CuAINi 14-14.5 wt% AI -140-100 -35 

3-4.5 wt% Ni 

CuSn -15 at % Sn -120-30 

CuZn 38.5-41.5 wt% Zn -180--10 -10 

CuZnX few wt% X -180-200 -10 

(X=Si, Sn, AI) 

InTI 18-23 at % TI 60-100 -4 

NiAI 36-38 at % Al -180-100 -10 

NiTi 49-51 at % Ni -50-1l0 -30 

FePt -25 at % Pt --130 -4 

MnCu 5-35 at % Cu -250-180 -25 

FeMnSi 32 wt% Mn, 6 wt% Si -200-150 -100 

The shape memory effect is based on a variant of the 'martensitic' phase transformation of 

rapidly cooled austenitic steels. All martensitic transformations occur without atomic 

diffusion; i.e. there is no redistribution of atoms between phases. They are readily 

reversed when the alloy is reheated to an appropriate temperature [26]. Figure 3.7 shows 

the effect of a martensitic reaction on the electrical resistivity of steel [27]. As the 

temperature decreases a point, Ms, is reached at which a new phase begins to precipitate 

martensitically within the high temperature 'parent' phase. The transformation is 

complete by the time a slightly lower temperature, M r, is reached. Upon reheating, the 

martensitic phase begins to transform back to the parent phase at point As, and the reverse 
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transformation is complete at a higher temperature, Ar. The same terminology is used 

when describing SMA's, even though the parent phase is not austenitic. 

Mr Ms Ar 

Temperature 

Figure 3.7 Resistivity-temperature curve for a typical martensitic phase transformation [27]. 

The As point occurs at a higher temperature than the Ms point, leading to a temperature 

hysteresis associated with the transformation. This is due to the need for super-cooling 

and super-heating to provide thermo-dynamic driving forces for the forward and reverse 

martensitic transformations respectively. In steels, the degree of hysteresis observed may 

be more than 200°C, but in SMA's the value typically lies in the range 5-30°C, as shown 

in Table 3.2. 

When a shape memory alloy is deformed below its As temperature, it regains its original 

shape via a reverse transformation by heating the specimen above the Ar point [28]. In 

Figure 3.8, the mechanism of the shape memory effect is described for a single crystal 

parent phase (a), initially cooled (b) to a temperature below Mr. Martensites are formed in 
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a self-accommodating manner [29]. In this process, the shape of the specimen does not 

change as twins, or dislocations, are introduced to reduce any strain occurring during the 

formation of martensite. When an external stress is applied to the specimen, as in Figure 

3.8(c), the twin boundaries move so as to accommodate the applied stress. If the stress is 

high enough, twins will align into a single variant of martensite (d) in a process known as 

twinning or detwinning. The shape memory effect occurs when the specimen is heated 

above the Ar temperature as each variant reverts to the parent phase in the original 

orientation. The thermodynamic driving force which causes the material to change to 

austenite upon heating is very strong - stronger than the yield strength of the alloy - and 

therefore the forces during shape recovery may be as high as the inherent strength of the 

austenite material [25]. 
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Figure 3.8 Mechanism of shape memory effect: (a) original parent single crystal, (b) self-accommodated 

martensite, (c-d) deformation in martensite proceeds by the growth of one variant at the 

expense of the other (i.e. twinning or detwinning), (e) upon heating to a temperature above A f, 

each variant reverts to the parent phase in the original orientation by the reverse 

transformation [29]. 
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The yield strength of the austenite phase of shape memory alloys is much greater than the 

stress required to deform the martensite phase. Thus, the work needed to deform SMA's 

at low temperature is much less than the work that can be extracted from them when they 

are heated. They can, therefore, make very effective actuators, either providing a one-off 

stroke, or cyclical motion [25]. 

3.3.2.2 Transformation Temperature 

As stated earlier, the transformation temperature (TTR) of a shape memory alloy is the 

temperature at which the alloy changes from the higher temperature austenite to the lower 

temperature martensite or vice versa. However, the TTR for an alloy in heating is usually 

slightly higher than its TTR in cooling. In other words, there is a TTR hysteresis, a 

difference between the martensite to austenite and austenite to martensite transformation 

temperatures. Figure 3.9 illustrates this hysteresis for NiTi under constant load [25]. 

Total elongation and shape recovery during the cycle are represented as ilL and T I is the 

amount of temperature hysteresis between martensite formation and austenite formation. 

The hysteresis is generally defined as the difference between the temperatures at which the 

material is 50% transformed to austenite upon heating and 50% transformed to martensite 

upon cooling [30]. 
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Figure 3.9 Typical transformation curve for NiTi showing elongation and recovery versus temperature 

under constant stress [25]. 

Alloy composition is the primary criterion which determines the TTR. For example, most 

commonly used shape memory alloys are NiTi. With slight changes in the amount of Ni 

(49-51%) in the alloy, the TTR can be adjusted over the range -50°C to +1 10°C (Table 

3.2). The initial shape setting parameters also affect the TTR. Depending on the size of 

the NiTi sample, the heat treatment temperature can vary from 400°C to 500°C with times 

as short as 1-2 minutes up to 30 minutes. Higher heat treatment times and temperatures 

will increase the actuation temperature of the sample and often give a sharper thermal 

response (closer Ms-Mr and As-Ar values) [31]. However, there is a concurrent drop in 

peak force and ability for the NiTi element to resist permanent deformation. 

Figure 3.9 showed the transformation curve for NiTi under a constant stress. It must be 

pointed out that the TTR of shape memory alloys is also influenced by applied stress. If a 

stress sufficient to deform the martensite in a sample is still imposed while the sample is 

heated, then shape recovery can only occur after enough extra heat energy to move the 
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sample against the imposed stress is supplied. As a result, the observed TTR increases 

with increasing applied stress [25]. Taking the example of cooling, martensite begins 

forming at Ms under no stress. When stress is applied, however, martensite can form 

above Ms and is called stress-induced martensite (SIM). Above Ms, the stress required to 

produce SIM increases with increasing temperature. In other words, an increase in applied 

stress can cause martensite to form closer to the austenitic phase temperatures, which can 

greatly affect the elongation and shape recovery characteristics, as can be seen in Figure 

3.10. 
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Figure 3.10 Motion versus temperature for NiTi element with increased applied stress, allowing a more 

gradual shape change with temperature and with improved control function response [32]. 

The advantages of stress-induced martensite can be utilised in proportional control of 

SMA devices. In the classic curve of motion versus temperature (Figure 3.9), a sharp 

shape change occurs over a small temperature range, thus requiring precise temperature 

control. By allowing the SMA element to work against a greater applied stress, the shape 

change is less severe, as in Figure 3.10, and a small temperature change results in a less 

drastic amount of motion from the SMA element [32]. There is a limit to the temperature 
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at which SIM can be induced, called Md. This IS the point where the applied stress 

permanently deforms the austenite. 

3.3.2.3 Superelasticity 

Superelasticity occurs when a shape memory alloy is deformed above A f , but still below 

Md. Stress-induced martensite will form, causing the alloy to strain. However, as soon as 

the stress is reduced, the alloy will revert back to austenite and recover all strain, again so 

long as the applied stress does not raise the martensite formation temperature above the 

critical Md temperature. This process provides a very springy, 'rubberlike' elasticity in 

shape memory alloys, as can be seen in Figure 3.11. In the stress-strain curve, the 

superelastic SMA is seen to deform to large strains at a fairly constant stress and can exert 

uniform recovery forces over large amounts of springback [25,33]. 

(J) 
(J) 
Q) ... ... en 

Shape Memory 

Superelastic 

HEAT (shape memory) 
Strain 

Figure 3.11 Superelastic alloys exhibit almost uniform stresses for large strains with the ability of 

recovering all strain once applied stress is removed. Shape memory alloys need the 

application of heat to recover strain [33). 
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3.3.2.4 Properties of NiTi SMA's 

Table 3.3 details many of the properties of NiTi shape memory alloys [34]. 

Table 3.3 Selected properties of NiTi shape memory alloys [34]. 

Transformation Properties 

Transformation Temperature 

Latent Heat of Transformation 

Transformation Strain 

for single cycle 

for 100 cycles 

for 105 cycles 

Hysteresis 

-50 to +110 °C 

5.78 cal/g 

max 8% 

max 6% 

max 4% 

15 to 50°C 

Physical and Electrical Properties 

Melting Point 

Density 

Thermal Conductivity 

austenite 

martensite 

Coefficient of Thermal Expansion 

austenite 

martensite 

Resistivity 

austenite 

martensite 

Specific Heat 

Corrosion Performance 

1300°C 

6.45 g/cm' 

0.18 W /cm • °C 

0.086 W/cm • °C 

II X 10-6
/ °C 

6 X 10-6
/ °C 

approx. 100 Il-ohms • cm 

approx. 80 Il-ohms • cm 

0.20 cal/g • °C 

excellent 

Mechanical Properties 

Young's Modulus 

austenite 

martensi te 

Yield Strength 

austenite 

martensite 

Ultimate Tensile Strength 

fully annealed 

work hardened 

Poisson's Ratio 

Elongation to Failure 

fully annealed 

work hardened 

approx. 83 OPa 

approx. 28 to 41 OPa 

195 to 690 MPa 

70 to 140 MPa 

895 MPa 

1900 MPa 

0.33 

25 to 50% 

5 to 10% 
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The properties outlined in the Table 3.3 represent a broad range of NiTi shape memory 

alloys, as slight changes in composition, heat treatment temperatures and times, cycling or 

training history can significantly alter the properties. The transformation temperature is a 

prime example of this, as mentioned in section 3.3.2.1. The transformation strain for a 

single cycle of NiTi, 8%, is the maximum recovery strain to expect from a sample, 

especially in wire form. Most NiTi wires can perform only a few cycles at maximum 

deformation. The recommended recovery strain reduces to about 4% for applications 

requiring repeated performance. Some permanent strain (-1 %) may occur in the alloy 

over its lifetime when it is cycled repeatedly, and memory strain may decrease by about 

0.5% [25]. For this reason, SMA's for high-cycle devices are usually precycled a few 

hundred times to stabilise the performance. Otherwise, devices may need to be adjusted 

and reassembled in order to take up any irreversible deformation that may have occurred 

in the SMA elements. 

The Young's modulus, yield strength and ultimate tensile strength of NiTi SMA's also 

vary greatly depending on alloy composition, thermal processing and training. Some 

properties are compared to those of stainless steel in Table 3.4 [35]. Of more interest, 

however, are the forces and stresses obtainable from shape memory alloys when they 

undergo their shape recovery with the application of temperature. A NiTi wire can exert 

up to a maximum of around 600 MPa when heated, but a figure of about one-third the 

maximum is usually recommended to protect and preserve the memory training [22]. 

SMA elements used in cycling devices usually need some form of biasing force to return 
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them to their original shape when cool. The recommended bias force is generally S-lO% 

of the maximum recovery stress, which is in the range 30 to 60 MPa for NiTi wire. 

Decreasing the transformation temperature of NiTi shape memory alloy can bring about an 

increase in the recovery stress obtainable. An alloy with a TTR of about ooe can have a 

recovery stress that is double that for an alloy with a TTR of around sooe or greater [2S]. 

Table 3.4 Comparison of properties of NiTi and ferritic stainless steel [35]. 

Property NiTi Stainless Steel 

Recovery Strain 8% max. 0.8% 

Effective Modulus approx. 48 OPa 1930Pa 

Ultimate Tensile Strength approx. 1240 MPa approx. 760 MPa 

Density 6.45 g/cm3 8.03 g/cm3 

Magnetic No Yes 

Coefficient of Thermal Expansion 6 to 11 X 10-6
/ DC 17.3 X 10-6

/ DC 

Resistivity 80 to 100 l-L-ohms • cm 72 l-L-ohms • cm 

Biocompatibility Excellent Fair 

Torqueability Excellent Poor 

3.3.2.5 One-way and Two-way Memory 

Shape memory alloys need some form of bias force to help them return to their original 

shape and position after the recovery mechanism has taken place. This biasing can take 

many forms including springs, a constant force/weight, opposing shape memory alloys, 

magnets, etc., as long as the bias force is great enough to deform the martensite. Alloys of 

this nature are referred to as having one-way memOl)l. Only the shape of the parent phase 

(austenite) is remembered. 
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It is possible for SMA's to also 'remember' the shape of the martensitic phase under 

certain conditions and exhibit two-way memory. It is necessary to ensure that the parent 

phase always transforms to give an unbalanced population of martensitic variants, even 

when no external force is applied [26]. The component will then assume a parent phase 

shape whenever it is at temperatures above Af, and deform to a martensite phase shape 

whenever it is at temperatures below Mr. In the absence of an external force acting to 

distort the martensite variant population, it is necessary to rely on a suitable distribution of 

internal forces. These can be induced by employing a number of techniques [36]. With 

all of these techniques, sites of internal stress are created within the high-temperature 

parent phase, which is essentially homogeneous. Therefore, the alloy has the ability to 

recover its shape in the reverse transformation upon heating. In addition, these sites of 

internal stress control the martensitic transformation which is initiated by cooling. 

Having an alloy that exhibits two-way memory may seem ideal, especially since biasing 

mechanisms can then be eliminated from the design of the device. However, two-way 

memory alloys do come with some limitations. The amount of recoverable strain 

obtainable from two-way memory is generally about 2%, or less, for high-cycle 

applications, which is approximately half of the recoverable strain from one-way memory 

(4%) [37]. When the alloy is cooling to martensite and returning to its original shape, the 

forces exerted are extremely low. In addition, the two-way memory training can be erased 

quite easily with a slight overheating of the alloy. Finally, the hysteresis observed in one

way alloys is also present in two-way alloys. For these reasons, it is preferable to make 
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use of one-way memory, with an incorporated biasing force to produce a two-way 

actuator. The device can, therefore, exhibit larger strains, higher forces in both heating 

and cooling, and have excellent long-term stability. 

3.3.2.6 Design and Applications of SMA Actuators 

Free and Constrained Recovery 

When a shape memory alloy is deformed in its martensitic state and then heated to above 

its transformation temperature, it undergoes a free recovery if nothing interferes with the 

recovery process. There are few applications for this mechanism, as the alloys are most 

useful for generating actuation forces. However, some applications have successfully used 

free recovery, including self-erecting space antennae [38], spectacle frames that return to 

their prescribed shape when dipped in hot water [39], and blood clot filters [40] and 

vascular stents that open, once they are inserted, due to the body temperature of the patient 

[41 ]. 

The stress-strain curve of free recovery for NiTi is shown in Figure 3.12 [42]. The 

associated strain-temperature curve is shown in Figure 3.13. The shape memory alloy is 

deformed to a total strain, tt, at a temperature, Td, which is below the transformation 

temperature. When the deformation stress is unloaded, there is a small amount of 

recovery to tr' the apparent plastic strain. The alloy then undergoes a strain recovery as it 
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is heated through its transformation temperature to a final strain of tr [42]. The strain has 

not returned fully to zero, due to some permanent strain. As mentioned earlier, up to 1 % 

permanent strain may occur in NiTi alloys over the first few hundred cycles, along with 

some loss of memory strain. 

C/) 
C/) 
Q.) ... 
en 

Strain 

Figure 3.12 The stress-strain curve of free recovery for NiTi, showing deformation to EI> unloading to Ep ' 

and recovery to Ef. [42]. 
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Temperature 

Figure 3.13 The strain-temperature curve of free recovery for NiTi, showing deformation, unloading, and 

then heating, with associated recovery to lOr. [42]. 

The amount of recoverable strain, Er , defined as (Ep-Er), is influenced by the total strain, Et· 

As Et is increased, Ep and Er also increase, but not at the same rate. The effect is that the 

recoverable strain, Er , increases as total strain is increased, but up to a maximum. It then 

decreases as permanent slip begins to impede the reversible deformation accommodated 

by twin boundary movement [42]. The maximum recoverable strain for NiTi alloys is 

around 8%. 

A good example of constrained recovery is the Cryofit@ hydraulic coupling ring made by 

Raychem [43, 44]. These couplings constitute the largest single use for shape memory 

alloy to date [25]. The NiTi alloy ring has a TTR of about -I OODC and is expanded below 

this using liquid nitrogen to fit around the two tubes that are to be coupled. As the 

coupling ring warms to room temperature it recovers to a smaller diameter and holds the 

tubes tightly enough to form a high integrity seal at all temperatures above -75
D C. 
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Figures 3.14 to 3.16 show the mechanism of constrained recovery in the form of stress-

strain, strain-temperature and stress-temperature curves, respectively [42]. In this case the 

first parts of the curves are similar to free recovery in that the alloy is deformed below the 

TTR to a total strain of Ct. As before, the alloy is unloaded to cp and heated to recover the 

strain. However, during strain recovery the alloy contacts a surface, such as the tubes 

being coupled by the Cryofit® rings, and no further recovery strain is possible. This point 

is denoted as Ce, the contact strain point. There is, therefore, an unresolved recovery strain 

defined as (ce-cf), the additional strain that could have been recovered if the recovery had 

been free [42]. A recovery stress is generated at the point of contact that reaches a 

maximum at O'r. 

CJ) 
CJ) 
Q) .... -(f) 

Cc cp 
Strain 

Figure 3.14 The stress-strain curve of constrained recovery for NiTi, showing deformation to £t, unloading 

to £1" and recovery until constraint at £e. A recovery stress is then generated that reaches a 

maximum at 0', [42]. 

64 



tt 

tp 
I: 
'(ti .... -en 

tc 

I- 4 

l-

f- -

Tc 
Temperature 

Figure 3.15 The strain-temperature curve of constrained recovery for NiTi, showing that recovery IS 

prevented at the contact strain Ec. [42]. 

(f) 
(f) 
(J) .... 
en 

Tc 
Temperature 

Figure 3.16 The stress-temperature curve of constrained recovery for NiTi, showing, initially, the 

deformation stress and unloading at Td • At contact, the recovery stress increases linearly to a 

maximum, 0" at the Md temperature [42]. 
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Work Production Devices and SMA Springs 

With free recovery, there is a recovery strain but no recovery stress, and with constrained 

recovery, there is a recovery stress but no recovery strain. Work production devices 

incorporating SMA elements recover against a stress to do work, such as a NiTi wire or 

spring contracting to lift a mass. Therefore, there is a recovery stress and strain involved. 

When the alloy cools, the applied stress from the mass is usually enough to deform the 

wire or spring to return to the shape before heating. Figure 3.17 outlines many of the ways 

of creating effective bias force mechanisms against shape memory wires or springs [22]. 

a) gravity bias b) spring bias c) magnet bias 

Fixed 
end 

Muscle Wire 

to power 
(or spring) 

II I supply 

\ 
111111 -

+ + + 
<u COllsWll1 Force ut--_____ _ 

&: 

- Distance + - Distance + - Oisfancc + 

Figure 3. 17 Bias force mechanisms for SMA wires and springs [22]. 
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As with free and constrained recovery, there are characteristic stress-strain and strain-

temperature profiles for work production using bias mechanisms (Figures 3.18 and 3.19) 

[45]. The shape memory alloy is initially deformed to C[, as with free and constrained 

recovery, and unloaded to cp. This time, however, a bias stress, 0'0, is then applied to the 

alloy to strain it to CIll, denoted the martensitic strain. Heating causes the alloy to recover 

against the bias mechanism to an austenitic strain, Ca. Cooling allows the bias mechanism 

to deform the alloy back to the point CIll' Note that the bias mechanism in the figure is a 

constant force, hence no difference in stress in heating or cooling. The profile using a bias 

spring would have austenitic and martensitic stress points, O'a and O'1ll, forming a slope 

equal to the spring constant of the bias spring . 

(/) 
(/) 
Q) ... -en 

.... ------ ... ao 

Strain 

Figure 3.18 The strain-strain curve of work production of NiTi alloy, showing deformation, unloading, 

loading to the applied bias stress, and heating to recover to Ea' Subsequent cooling (dashed 

line) returns the deformed shape, Em. [45] 
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Figure 3.19 The strain-temperature curve of work production of NiTi alloy, showing the four 

transformation temperatures. [45) 

With the possible exception of straight wire, the most popular and useful form of NiTi 

shape memory alloy for actuators is helical coil springs. Such springs can be used either 

in extension (tension) or compression, can provide an impressively large stroke, and may 

be designed to exert significant forces [46]. This can be illustrated by a comparison 

between the shape recovery of a straight wire and a spring whose closed length is the same 

as the wire. A straight wire of 30mm length and 1 mm diameter exhibiting a 4% strain 

recovery has a stroke length of only 1.2mm, while an 8mm diameter helical coil, using 30 

turns of 1 mm wire, will have a stroke of 30mm [47]. This is because the SMA spring has 

an actual wire length of about 750mm. An SMA spring can, therefore, exhibit a greater 

stroke to length ratio. If the same 30mm wire was made into a spring of 2.5mm diameter, 

its closed length would be only about 6mm while exhibiting the same 1.2mm stroke. 

SMA springs, therefore, are useful where space is at a minimum. 
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An extension spnng provides a pulling force by contracting when heated to the high-

temperature austenitic state. When the spring is being trained for memory, it is 

constrained in its close-coiled position on a mandrel and given its heat treatment [48]. All 

deflections in both austenitic and martensitic states are measured with respect to this 

closed configuration (Figure 3.20). The same applies to SMA compression springs, which 

are trained to extend to an open configuration when heated. All deflections are measured 

with respect to this open (austenitic) state. As with NiTi wire, hysteresis is also present in 

NiTi springs, and is dependent on alloy composition and applied stress level. 
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Figure 3.20 At low temperature, a NiTi spring is loaded along line OB. At high temperature, the spring 

contracts to point A with a detlection d and a net motion or stroke of (D-d), thus performing 

work equal to P(D-d). When the spring is again martensitic, the load extends the spring to 

point B, resetting it for another contraction. [48] 
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The formulae for conventional spring design are also used when designing shape memory 

alloy springs [49]. The effective shear modulus, however, is not constant. The change in 

shear modulus of NiTi springs going from the high temperature phase to the low 

temperature phase is approximately 300% [47]. In normal spring design, the only 

requirement is to obtain the relationship between load and deflection, whereas with SMA 

springs the change in deflection as a function of temperature must also be calculated. The 

following formulae are used [47]: 

Spring deflection 

Shear strain 

8 = 8PD
J
n 

Gd 4 

&l 
r= lrnD2 

Torsional Shear stress 

8PDK 
T=--

Jrd.1 

Wahl stress correction factor 

4C-1 0.615 
K= +--

4C-4 C 

Shear modulus 

Spring index 

G=~ 
r 

(3.1 ) 

(3.2) 

(3.3) 

(3.4) 

(3.5) 

(3.6) 

Nomenclature 

8 = deflection, mm 

P = load, N 

D = mean diameter of spring, mm 

d = wire diameter, mm 

17 = acti ve turns 

G = shear modulus, MPa 

r= shear strain 

K= Wahl correction factor 

C = spring index 

T= torsional shear stress, MPa 
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The other parameter to take into account when designing two-way actuators is the nature 

of the biasing mechanism. In Figure 3.20 this is a constant force applied by a mass, 

resulting in a stroke of zero slope. In most practical applications, however, a conventional 

steel spring is used to deform the SMA spring at low temperature. The SMA spring works 

against an ever increasing force from the bias spring (Figure 3.21) [47], which is shown 

with a negative slope as it is opposing the SMA spring. This mechanism, though very 

simple, has the problem that large operational strokes cannot be achieved. As the SMA 

spring extends, the recovery force available diminishes, while the bias force increases, 

leading to a rapid decrease in the effective force of the mechanism [50]. The SMA spring 

and bias spring are balanced in both high and low temperature states at point A and B, 

respectively. The two-way motion is observed as a stroke distance D. If the actuator 

operates against an external force, PI, the stroke is proportionally shortened to Dl at point 

C [47]. 

in austenitic state 

~----- D----~ 

Deflection 

SMA spring 

SMA spring rate 
in martensitic 
slale 

Figure 3.21 Two-way SMA actuator with a spring bias and associated force-deflection diagram. [47) 



Some trial and error may be involved when determining the appropriate bias spring for a 

two-way actuator, to give the most effective force and stroke outputs This will depend on 

whether a high strain and low stress is desired, or a low strain and high stress. In general, 

the bias spring is initially chosen to have a spring constant roughly equal or slightly 

greater than the low-temperature SMA spring constant [47], just enough to reset the SMA 

spring and give the largest stroke possible. The effects of higher spring rates on stroke, 

output force, temperature response and hysteresis can then be determined. 

Applications in Underwater Technology 

Shape memory alloys are opening new horizons in underwater vehicles and actuators in 

terms of actuation simplicity, compactness and miniaturisation potential. They have some 

important advantages for use in underwater systems [51]: 

• they can be rapidly cooled by the surrounding water, greatly decreasing their cycle 

time, although power input requirements are 20 times higher for SMA elements with 

no insulation [52]; 

• three-dimension movement is possible with suitable arrangement and activation of 

groups of SMA wires or springs; 

• SMA springs can exhibit large deformations relative to their length; 

• in well-designed configurations, the forces they generate may be distributed over a 

large surface area; 

• they only require a thin electrical connection, allowing a greater degree of autonomy 

and relatively convenient control. 
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One area where SMA's are finding use is in the propulsion of small biomimetic vehicles, 

attempting to mimic the natural undulatory fin motion of fish. A simple hydrofoil 

consisting of forward and aft fibreglass sections connected by an elastomeric mid-section 

uses SMA wires to deflect the aft section (Figure 3.22) [53]. 

Brass Pins 

SMA wire 

Forward mount Elastomeric Body Aft mount 

Figure 3.22 Side profile of hydrofoil with shape memory alloy wire actuators. [53] 

Controlled heating and cooling of the SMA wires generates bi-directional bending of the 

elastomer, which in turn deflects or oscillates the trailing edge of the hydrofoil. The SMA 

actuators are able to deflect the trailing edge by ±5° at rates as high as 2 Hz. This is for 

full transformation of the SMA wires. When only partial transformation is used, the 

amount of fin displacement is reduced, but frequencies as high as 10Hz may be attainable, 

which may give a greater thrust than slower, but larger tail actions [53]. 

Another configuration for a hydrofoil is shown in Figure 3.23 [54]. The linear actuators 

proposed for the system are SMA springs, because of their high stroke to length ratio. 

They would be arranged in opposing pairs connected to the corners of the foil, roughly 

perpendicular to the face, and also connected to the frame of the vehicle. The arrangement 
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and actuation of the various SMA elements can be used to pitch the foil forwards, or send 

it sideways. Reactive polymer gel actuators have also been proposed for the design. 

SMA~ 
actuators 

Figure 3.23 Configuration for two-dimensional thruster utilising SMA springs. [54] 

The models introduced above can be taken to the next step in an attempt to design 

biomimetic fish robots [55-57] that are based largely on basic concepts of fish swimming 

and control mechanisms. One design is based on the movements of the lamprey or eel 

[55,56]. The inner body of the robot consists of a number of identical segments, each one 

a flexible polyurethane spinal chord with SMA wires attached along the length that are 

surrounded by a silicone oil (Figure 3.24). The oil has good electrical insulation and heat 

conduction properties, and also has a specific gravity of 0.91 - 0.92, which can provide 

some buoyancy for the system. The skeletal system is enclosed in a flexible membrane, 

which, coupled with the polyurethane backbone, has a stiffness roughly equal to the reset 

force for the NiTi wires. This eliminates the necessity for an external bias force. 

Activation of opposing SMA wire groups in successive segments mimic the undulatory 

movements of the lamprey or eel. Experiments carried out on four connected segments, 
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conducted in air, showed a cycle time of 1.7 seconds, which could be significantly reduced 

when the system is immersed in water [56]. 

tlexible 
polyurethane 
backbone --. 

Figure 3.24 Segment of lamprey robot, with flexible polyurethane backbone and SMA wire actuators. 

Activation of opposing wire groups in successive segments causes the overall system to 

undulate like a lamprey or eel, e.g. activation of the left pair of SMA wires in one segment, 

along with the activation of the right pair in the next segment, and so on. [55] 

A clearer picture of the SMA wire activation of a spined biomimetic fish robot is shown in 

Figure 3.25 [57]. Dashed and solid lines represent the actuators in the actuated and 

relaxed state, respectively. The configuration illustrated represents a half-cycle, the other 

cycle being the opposite state for each particular wire. Continuous cycling would cause 

the robot to mimic the swimming techniques of a fish. 

--- relaxed SMA 

actll:ltp-d SM A 

Figure 3.25 Conceptual design of an SMA-actuated underwater vehicle. [57) 
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Shape memory alloys are also being investigated for their use in buoyancy control of 

underwater robots and vehicles. For example, one company is developing a ballast-water 

pump system using SMA rings [58]. The rings fit around a flexible tube and contract 

inwards to force ballast water along the tube and outwith the vessel. The system also 

incorporates a one-way SMA valve to prevent back-flow. 

Another buoyancy regulating design uses arrays of SMA tubes that are directly exposed to 

the sea [59]. Each hollow SMA straw is sealed and filled with air (Figure 3.26). They are 

trained to have a two-way shape memory effect so that they can change shape from a 

flattened straw at low temperature to a round cross-section when heated. They can, 

therefore, change their volume and displacement and, thus, their buoyancy. The straws 

can operate to a maximum depth of 1000 m, where they can still change to the austenite 

circular shape and bring about an increase in buoyancy to raise the vehicle. 

Figure 3.26 Array of NiTi straws which are tlat when cool and expand to circular cross-section when 

heated. [59] 
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The effects of hydrostatic pressure must, of course, be taken into account when designing 

shape memory alloys for underwater applications. The increase in depth and 

corresponding increase in stress on the alloy can affect the transformation temperature, 

stroke length, hysteresis and recovery stress of the material. For example, transformation 

temperature increases with hydrostatic pressure at a rate of 7.1 ± 2°C/kbar [60]. 

3.3.2.7 Conclusions on Shape Memory Alloys 

Shape memory alloys cannot be classed as very efficient materials. In fact, the process of 

feeding heat energy to the material, having that converted to mechanical work during the 

phase transformation, and using some form of energy to cool the element gives a practical 

efficiency of just 3-4% [25]. Efficiency is, however, just a ratio comparing input to 

output. The materials are better described in terms of their effectiveness, which involves 

the best use of resources without waste [61]. Shape memory alloys exhibit some of the 

best power output per amount of material known [25], about one watt per gram of alloy. 

The ability of shape memory alloys to change shape while exerting significant forces, 

coupled with their capacity to function well underwater, makes them ideal candidates in 

the development of a novel buoyancy control system for small underwater robots and 

vehicles. 
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3.3.3 Shape Memory Polymers 

Shape memory polymers (SMP's) are lightweight, low in density, high in shape recovery 

ability, easy to manipulate and economical as compared with shape memory alloys, and 

therefore their development is being actively promoted [62-66]. The SMP's which have 

demonstrated the best processibility and mechanical properties are the polyurethane-based 

thermoplastic polymers, developed by Mitsubishi Heavy Industry [67]. 

3.3.3.1 Mechanism of the Shape Memory Effect 

Polyurethane SMP's, like most polymeric materials, change mechanical properties as 

shown in Figure 3.27 [65], going from fairly rigid structures below the Tg to softer 

materials as they are heated above the Tg. The slope at the Tg temperature is very steep, 

allowing a quick transition from hard to soft, and vice versa. 

Glassy region Glass Rubbery region Ruid region 

transition , . 
region ------1..... 

Tg 
Temperature 

Figure 3.27 Temperature dependence of elastic modulus of polyurethane SMP's [65]. 



The change in elastic modulus can be as much as three orders of magnitude, from I MPa 

in the rubbery state to 1000 MPa in the glassy state [67]. Above Tg, the SMP can be easily 

deformed by the application of stress. By maintaining the stress whilst cooling the 

material, it will retain the new shape imposed on it. Upon heating again, the SMP will 

recover the original shape attained during the moulding process. 

The basic properties of shape memory polymers are compared to shape memory alloys in 

Table 3.5 [64,68]. 

Table 3.5 Comparison of properties of NiTi SMA's and polyurethane SMP's [64,68]. 

Property NiTi shape memory alloy Shape memory polymer 

Recovery Stress 200-400 MPa 1-3 MPa 

Recovery Strain 8% max. 50-600% 

Low Temperature Modulus - 48 GPa -1000 MPa 

High Temperature Modulus -193 GPa -I MPa 

Density 6.45 g/cm3 1-1.3 g/cm3 

Phase Transformation Martensitic Glass Transition 

Shaping Difficult Easy 

Cost Expensive Cheap 

Heat Conductivity High Low 

3.3.3.2 Design and Applications of SMP Actuators 

The elastic modulus and shape recovery properties of SMP's are being utilised mainly in 

automotive and medical fields. An automatic choke for internal combustion engines using 

SMP's has been developed [64]. When the engine is at rest, the polymer element remains 

rigid and is used to block off air. As the engine is warmed, the polymer element begins 
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bending, allowing a bias spring to open the air intake valve and permit the desired amount 

of combustion air. 

In the medical world, polyurethane shape memory polymers are desirable because of their 

very low thrombogenicity and excellent biocompatibility. The materials are used as 

catheters which remain stiff at room temperature but soften once they are inserted into the 

body [69]. This allows the physician to push against a stiff section outside the body while 

the portion of catheter inside the body is pliable and easily guided along arterial passages 

resulting in less damage and discomfort for the patient. 

Shape memory foams have also been developed [70]. Traditional foams are moulded to a 

particular shape and transported to the site of use. Their bulkiness can be a hindrance to 

their transportation from the moulding plant to the site. By using SMP's, the as-moulded 

foams can be compressed, below their T g' to a fraction of their volume, transported with 

ease, and then heated above their T g to return them to their as-moulded shape. 

3.3.3.3 Conclusions on Shape Memory Polymers 

Shape memory polymers have several distinct advantages compared to shape memory 

alloys [19], such as low density, high shape recovery (maximum strain recovery> 500%), 

easy processibility, and low cost. However, they have one major negative aspect, which is 

their low recovery force. With as little as 4 MPa of applied stress, any shape-recovery 

properties inherent in the material are lost. For this reason, SMP's are usually used in 
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cases where only free recovery or very low recovery force and mechanical strength are 

needed [19]. In underwater applications, especially in buoyancy control devices where 

water pressures are high, shape memory polymers clearly do not have a recovery stress 

great enough to be effective actuators. Research to improve their strength is in progress, 

including the incorporation of strengthening elements to form composites [63], which may 

lead to applications such as hulls of variable stiffness. 

3.3.4 Shape Memory Ceramics 

The mechanism of the shape memory effect in ceramics is outlined in Figure 3.28 [71]. 

The antiferroelectric (AFE) to ferroelectric (FE) transition can be induced by a large 

electric field and can generate strains [19]. The phase transition, which is caused by the 

switching or reorientation of the polarised domains, is accompanied by a lattice distortion 

leading to a linear and net volume expansion. 
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Figure 3.28 Shape memory effect in anti ferroelectric ceramics [71J. 
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Compared to shape memory alloys, the advantages of shape memory ceramics are fast 

response speed, good controllability by electric field to memorise and recover the shape, 

and low energy consumption (-11100 of SMA) [71]. These are outlined in Table 3.6. 

Also evident from the table are the disadvantages, which far outweigh any advantages. A 

major downfall is that SMC's only exhibit recovery strains in the region 0.1 %-0.7%. This 

is very limiting for actuating purposes, especially for a buoyancy control device, where 

larger strains and volumes are necessary. 

Table 3.6 Comparison of properties of NiTi SMA's and anti ferroelectric SMC's [71]. 

Property NiTi shape memory alloy Shape memory ceramic 

Recovery Stress -400 MPa -100 MPa 

Recovery Strain 8% max. 0.1-0.7% 

Driving Power heat (W - kW) voltage (mW - W) 

Response Speed sec - min msec 

Durability 105 cycles > I 06 cycles 
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3.4 Polymers Gels 

3.4.1 Introduction 

A gel is a form of matter intermediate between a liquid and a solid. It has two 

constituents; a crosslinked polymer network, and a solvent which fills up the pores in the 

network [72]. Polymer gels can respond to changes in their environment, such as pH [73], 

temperature [74], solvent composition [75], and applied voltage [76]. One response can 

be a change in size and shape [77], which could mean a conversion of chemical energy 

directly to mechanical work. The benefits of this conversion could be used wherever 

power for more conventional devices is limited or difficult to obtain, such as in an 

underwater environment. 

The swelling behaviour of polymer gels was first explained by the Flory-Huggin's 

equation [78]. This led to the prediction of a discontinuous volume phase transition in 

gels [79], which was eventually observed (accidentally) by Tanaka [80,81]. He found that 

partially ionised polyacrylamide gels undergo a discontinuous volume change as a 

function of solvent composition. This discovery sparked considerable interest and 

research in the field, both theoretically and experimentally [72-82]. The large changes in 

volume exhibited by the gels has also encouraged research into their possible use in 

actuators and devices [83]. 
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3.4.2 Phase Transition 

The state of a polymer gel, such as a polyacrylamide gel, is affected by the solvent in 

which it is immersed. Depending on the solvent, the polymer molecules will either spread 

out or bunch together. In a poor solvent, the polymer segments will avoid solvent 

molecules and the polymer will coil up. In a good solvent, the polymer segments and 

solvent atoms attract each other causing an increase in the dimensions [77]. This 

expansion continues until the network has stretched enough so that the resulting elastic 

force counteracts the inflow of solvent molecules. The response velocity, or rate of 

swelling or shrinking, depends on the size of the gel. For a spherical gel, the response 

velocity is proportional to the square of the final radius of the gel [82]. Therefore, for a 

faster response, smaller gels are preferred. 

The elastic force due to swelling depends on the degree of crosslinking of the polymer 

network. There is less swelling for strongly crosslinked gels [77]. Also, as the 

temperature decreases the polymer network loses its elasticity. At a critical temperature 

the modulus goes to zero and the gel becomes infinitely compressible. 

Temperature is, therefore, an important factor in gel strength and phase transition. The 

temperature at which polymerisation of the network takes place also affects the structure 

and physical properties of the gel. It has been shown that polyacrylamide gels 

polymerised between OAoe are turbid (opaque), highly porous and unelastic [84]. 

Polymerisation above 600 e also gives unelastic gels with short chains. The best 



temperatures are between 25-30°C. The resultant gels are transparent, with small pores, 

and are elastic. Hydrogen bonds among crosslinking molecules are stabilised at low 

temperatures, but are progressively broken down at higher temperatures. Opaque gels at 

low temperatures are regarded as 'faulty' gels, because the distribution of polymer chains 

within the matrix is non-homogenous, i.e. there are areas of high and low strand density. 

This leads to highly porous gels with low elasticity and low swelling rates in solvents. 

The volume of a gel is influenced by osmotic pressure, IT, which is the sum of three 

components illustrated by the following Flory-Huggin's [78] assumption: 

where, 

IT = ITmix + ITei + ITion 

ITmix = polymer-polymer affinity 

ITe\ = rubber elasticity 

ITion = hydrogen-ion pressure 

3.4.2.1 Polymer-Polymer Affinity 

(3.7) 

The polymer-polymer affinity, ITmix, is due mainly to the van der Waals interaction 

between the polymer strands and the solvent [85]. Depending on the ions in the gel and 

solvent, this interaction is either attractive or repulsive. When there is an attraction, the 

polymer reduces its total energy by surrounding itself with solvent molecules. When there 

is repulsion, the solvent is excluded from the gel. For example, if a polyacrylamide gel is 
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immersed in an acetone/water mixture, the polymer strands have a greater affinity for the 

other strands than they do for the solvent molecules. Therefore the acetone/water 

molecules are excluded and the strands tend to coil up. This creates a negative pressure, 

TCmix, which causes a collapse in the gel [77]. 

The 14nix pressure is always negative. It depends on the solvent composition and is 

independent of temperature. It does, however, also depend on the volume of the gel and is 

stronger for smaller volumes. TCmix is a short-range force. It is fully effective only if two 

polymer segments are touching. The probability of direct contact between segments is 

inversely proportional to the square of the gel volume [77]. Therefore as the gel continues 

to contract, the TCmix pressure increases. 

3.4.2.2 Rubber Elasticity 

This force, TCel, relates to the elasticity of the individual polymer strands, i.e. their 

resistance to stretching or bunching [86]. A single strand is a chain of rigid segments that 

are freely-jointed together, and these segments are in constant motion because of their 

thermal energy. If the strand is held at both ends and extended to its full length, the 

thermal agitation of the segments causes a force tending to pull the ends inwards. 

Conversely, if the strand is held in a coiled position the random motion of the segments 

tend to push the ends apart. Between these two extremes there exists an optimum strand 

length where the segments are neither in tension or compression. This length equals the 
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square root of the number of segments In the strand multiplied by the length of the 

segments. 

The strength of the rubber elasticity of a polyacrylamide gel depends on how actively the 

polymer segments are moving [77]. The motion is thermally induced, so the 'lte! strength is 

proportional to the temperature. The temperature, however, does not affect the direction 

of 'ltel, but only the magnitude of this force. Direction depends on the state of the gel. If it 

is swollen and the strands are stretched, then the 'ltd pressure tends to make the gel 

contract. If the gel is initially contracted and the strands are bunched together, the 'lte! 

pressure tends to swell the gel, which is denoted as swelling in the positive direction. An 

increase in temperature augments the relative 'lte! pressure, so that a rise in temperature 

increases the tendency for a collapsed gel to swell, and for a swollen gel to contract. 

3.4.2.3 Hydrogen Ion Pressure 

Immersing a polyacrylamide gel In a solvent such as N,N,N' ,N' -tetramethyl

ethylenediamine (TEMED) hydrolyses (or ionises) a portion of side chains in the polymer 

network [81]. The hydrogen ion pressure, 'ltiOIl, is associated with the degree of ionisation 

of the polymer network, which releases an abundance of positively charged hydrogen ions 

into the gel fluid. These positive ions are immersed in a sea of negative charges attached 

to the polymer network, so the gel remains electrically neutral. The background negative 

charges effectively screen the mutual repulsion of the hydrogen ions. 
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Hydrogen ions give rise to a positive pressure, 1tiOIl, that is temperature dependent [87]. If 

the temperature of a polyacrylamide gel was increased, the 1tioll pressure would also 

increase. The unrestricted gel would therefore expand, but doing this would reduce the 

effect of 1tioll' 

The magnitude and direction of the three components of osmotic pressure, 1t, in 

conjunction with each other govern whether a gel swells or shrinks [88]. At a fixed 

solvent composition and temperature the gel will adjust its volume so that the total 

osmotic pressure will be zero. If the osmotic pressure is positive, the gel will take up fluid 

and the volume will increase. If it is negative, the gel will expel fluid and the volume will 

decrease. This process continues until equilibrium is reached. 

For example, consider a contracted polyacrylamide gel that is immersed in a low 

concentration of acetone at a high temperature. This state of contraction and high 

temperature influences the magnitude of the rubber elasticity. The 1tel magnitude will be 

large and 1te\ will have a tendency towards positive swelling [77]. The high temperature 

also increases the hydrogen ion pressure, 1tiOIl, which is always positive. The polymer-

polymer affinity, 1tmix, which is always negative, will be low because of the low acetone 

concentration. The net effect is a large positive osmotic pressure. Therefore the gel 

volume increases. But the hydrogen ion pressure abates as volume increases. Also, as the 

polymer strands increase in length, the positive 1te\ pressure becomes less and eventually 

negative as the strands 'overshoot' their optimum length. Eventually the volume 

expansion will cease as the osmotic pressure reaches zero [77]. 
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The collapse of a polyacrylamide gel can also be brought on at constant temperature and 

constant solvent composition by changing the pH of the solution [81] or by adding a salt to 

it [89]. Both of these factors alter the effective ionisation of the polymer network. Adding 

acid reduces the pH and raises the concentration of hydrogen ions, inducing some of the 

ionised groups on the polymer to recombine with super-abundant hydrogen ions. 

Therefore, the 1tino pressure is reduced and the gel collapses at a higher temperature than it 

would in a neutral solution [77]. 

The positively-charged metal ions of salts, such as sodium chloride (NaCl) or magnesium 

chloride (MgClz), congregate around and, therefore, shield the negative charges on the 

polymer. The negative chloride ions neutralise the hydrogen ions in the solution. The 

result is an overall reduction in the 1tino pressure, bringing about a collapse. It was found 

that only half as many divalent Mg ions are needed to neutralise the network as 

monovalent sodium ions [81]. 

Phase transition has also been observed in partially hydrolysed polyacrylamide gels under 

the influence of an electric field of 2V/cm [76], while immersed in a 50% acetone/water 

mixture. The swollen gel shrank at the anode, which was interpreted as the electric field 

pushing and squeezing the anodic side of the gel (Figure 3.29). The collapse was later 

explained as a change in the osmotic pressure due to the IonIc distribution inside and 

outside the gel under the influence of the electric field [90]. 
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Figure 3.29 Collapse of polyacrylamide gel in 50% acetone/water, under the influence of an electric field 

[76]. 

When a polyacrylamide gel is placed in a high concentration of NaOH solution, it swells 

at the anode side instead of collapsing [90]. When the NaOH concentration is low, the gel 

shrinks at the anode. There is a change in the osmotic pressure based upon a difference in 

mobile ion concentrations between the inside and outside of the gel. When the NaOH 

concentration is high, the excess of Na+ ions move to the anode side of the gel, causing the 

osmotic pressure to increase leading to a swelling [91]. With low NaOH concentrations, 

H+ ions are produced by the electrolysis of water, and this suppresses the dissociation of 

carboxyl groups near the anode. As a result, 11: at the anode side decreases, leading to a 

shrinkage [90]. 

The observed swelling or shrinking is a differential deformation, so placing a rectangular 

gel parallel to the two electrodes causes it to bend towards the cathode under an electric 

field (Figure 3.30). Reversing the field causes the gel to straighten and bend in the 
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opposite direction. Typical field strength is about IOY/cm. There is a faster reaction time 

as the thickness of the gel is reduced [91]. 

aqueous 
solution 

+ 

Figure 3.30 Bending motion of a polyacrylamide gel in an NaOH solution, under the influence of an 

electric field [90]. 

3.4.2.4 Hydrophobic Interaction 

In an attempt to find a gel that undergoes a volume phase transition in pure water, rather 

than an acetone-water mixture, gels which had hydrophobic side groups were studied [85]. 

The behaviour of N-isopropylacrylamide (NIPA) gels when subjected to changes in 

solvent composition and temperature was found to be in contrast to polyacrylamide gels. 

At low temperatures NIPA gels swell in pure water, but at high temperatures the gels 

collapse. There is an 8-fold discontinuous volume transition at approximately 33.2D C 

[92]. The temperature dependence, which is opposite to the transition induced by van der 

Waals forces, is due to the hydrophobic interaction of the gel and water [85]. The water 

molecules in the vicinity of the hydrophobic polymer chains have more ordered structures, 

and thus a lower entropy, than those away from the polymer chains. At higher 
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temperatures the polymer network shrinks and becomes more ordered, but the water 

molecules are excluded from the polymer network, resulting in a collapse of the gel. 

As a NIP A gel is heated, there is a phase coexistence in the form of swollen and shrunken 

phases [87,93]. If a cylindrical gel is heated to a temperature, T" O.2°C above the phase 

transition temperature, a large portion of the gel is swollen, but the ends of the gel rod are 

collapsed. This state will remain unless the temperature is again raised to, for example, 

T ,+ 1.1 0c. The high-temperature phase grows at the expense of the low-temperature 

phase, and the swollen regions disappear (Figure 3.31). The same behaviour is also 

observed during cooling of the NIPA gel. There is temperature hysteresis of 

approximately two degrees between heating and cooling [87] 

swollen coexistence shrunken 

temperature 

Figure 3.31 Process of phase transition in a NIPA gel rod on heating. Phase coexistence starts at T J and 

ends at T 2. Between these temperatures, the volume fraction of the shrunken phase increases 

with temperature [87]. 

The phase transition temperature of NIP A gels has been found to be stress and strain 

dependent [87,94-96], which is an important observation if the gels are to be used as 

functional devices with mechanical constraints. Under uniaxial stress, the transition 
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temperature 1I1creases by \ DC as strain IS increased up to 400%. The transition 

temperature also increases with the application of hydrostatic pressure [87]. The 

hydrophobic interaction between the polymer segments and solvent are affected by the 

hydrostatic pressure, causing a change in the excess free energy. The result is that the 

swollen state of the gel is more stable at higher pressures and a higher temperature is 

needed to induce the phase transition [97]. 

3.4.3 Design and Applications of Gel Actuators 

The major advantages of gel actuated devices are compactness, simplicity, modest weight, 

small power requirements and low material costs [98]. In principle, like shape memory 

alloys, there need only be one moving part. All that is required for electrically sensitive 

gels is the electric field or a method of heating and cooling for thermo-sensitive gels. 

Studies have been carried out on an energy-saving method of heating NIP A gels, swollen 

in NaCI solution, using electrodes inserted within both ends of the gel rods [99]. Gels that 

use an exchange of fluid medium to swell and contract, such as a pure water/salt water 

system, may require more complex periphery pumping mechanisms. This is one of the 

major disadvantages of polymer gels - the fact that they must be contained within a 

solvent bath. Another is that the response times of gels are often much longer than 

conventional actuator components [98]. 

There are a number of designs using polymer gels as actuators. They generally involve 

having the gel and solvent bath contained in either rigid or flexible containers [\00]. One 
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such arrangement is a gel film acting as a belt of a pulley. When one 'arm' of the gel belt 

is actuated and contracts, the pulley is rotated in one direction. Deactivation of that side 

and activation of the other causes rotation in the opposite direction. Another configuration 

is a simple extension device, where a contracted gel in a flexible bellows is allowed to 

expand. A similar device is gel moulded into a doughnut shape, that can expand and be 

used as a sphincter valve mechanism [99]. 

There has also been some study of the uses of polymer gel actuators in underwater 

applications. The simple two-dimensional thruster outlined earlier in the SMA section 

(Figure 3.23) can also utilise gel as the fin actuators [54]. The researchers propose two 

gels: polyvinyl alcohol plus acrylic acid plus allylamine, which has an actuation strength 

of 0.3 MPa, an actuation strain of 45%, and a reaction time of 0.13 seconds; and poly

acrylonitrile, with an actuation strength of 2 MPa, an actuation strain of 95%, and a 

reaction time of 2 seconds. Another study uses polyacrylamide gels that undulate in 

electric fields to mimic fishtail motion [101-102]. 

3.4.4 Conclusions on Polymer Gels 

Actuators exploiting the chemical/mechanical properties of polymer gels have great 

potential in applications where weight and size are at a premium, such as in underwater 

applications. The utility of such actuators depends on the design of appropriate containers, 

but in an underwater environment, the natural salinity variations could also be used 
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effectively to bring about the required shape changes, thus negating the need for complex 

solvent bath containers. Variations in the overall density of the gels as they are exposed to 

seawater could bring about a sufficient buoyancy change, if incorporated in a small 

underwater vehicle. 

3.5 Summary of Smart Materials 

Smart materials possess great potential for applications in the underwater exploration and 

surveying industry. Electrorheological and magnetorheological fluids have potential in 

variable stiffness elements, but the large power requirements for activation of the fluids 

make them unsuitable for an underwater environment. Shape memory alloys change 

shape while exerting significant forces, making them ideal candidates in the development 

of a novel buoyancy control system. Shape memory polymers also change shape, but do 

not have a recovery stress great enough to be effective actuators. Because of the wide 

range of external stimuli, and the resultant volumetric changes, of polymer gels, they may 

also prove to be suitable candidates as actuators in marine devices. 
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Chapter 4 Polymer Gels - Experiments and Results 

There is a need for small marine devices or vehicles that are able to take measurements 

throughout the water column, usually with limited power sources. Buoyancy control is 

important in these small underwater vehicles and sensor packages, to enable greater 

flexibility in measurements in the ocean. Gel systems might be used as the basis for 

actuators to control buoyancy in underwater applications. 

Polymer gels can respond to changes in their environment, such as temperature [I], 

solvent composition [2], and applied voltage [3]. One response can be a change in size 

and shape [4], which could mean a conversion of chemical energy directly to mechanical 

work. The benefits of this conversion could be used wherever power for more 

conventional devices is limited or difficult to obtain, such as in an underwater 

environment. This chapter describes the work carried out on a number of polymer gel 

systems and how they responded to vanous stimuli, such as applied electric fields, 

seawater solutions, and temperature. 

4.1 Electric Field Studies 

The aim of this study was to see if polymer gels could prove useful as electrically driven 

actuators that provide a linear contraction or expansion. Two gel configurations were 

investigated: polymer gels responding to an electric field by expanding or contracting 
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along the length of the gel; and polymer gels bending under the influence of an applied 

electric field. Hydrolysed polyacrylamide gels were used in all electric field tests. 

4.1.1 Experimental Details for Electric Field Studies 

4.1.1.1 Gel Preparation 

Polyacrylamide gels were prepared using an acyl amide monomer and the crosslinking 

comonomer, N'N-methylene-bis-acrylamide. All chemicals were of reagent-grade quality 

and were used without further purification. Transparent rods of polyacrylamide gel were 

prepared based on a method described by Tanaka [5]. Doubling the amount of 

crosslinking agent and halving the amount of water altered the quantities, in order to 

produce a more mechanically robust gel. The gels were produced in polypropylene 

cylinders and cured at room temperature for one day. The gel rods so produced were 

IOOmm long and had diameters of 8mm or 19mm. These were washed in distilled water 

to remove any residue monomers and the rods were then allowed to equalise in distilled 

water at room temperature for one week. 

After equalising, the 8mm diameter rods were cut into rods of various lengths, and the 

19mm rods were cut into discs of 8mm thickness. All components were soaked in a basic 

solution of 1.2% N,N,N' ,N' -tetramethyl-ethylenediamine (TEMED), for four weeks, 

allowing them to hydrolyse fully [6]. The effect of TEMED on the swelling 

characteristics of polymer gels was explained in Chapter 3, Section 3.4.2.3. 
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4.1.1.2 Test Method and Apparatus 

A testing vessel was built, similar to those used in the literature [7-8J. It consisted of a 

rectangular Perspex dish, inside dimensions 4Smm x 40mm x 3Smm deep, with platinum 

plate electrodes, connected to a power supply (Figure 4.1). The electrode gap was 4Smm, 

giving a maximum electric field of 6.67 V/cm. A variable d.c. voltage supply was used, 

where the voltage could be adjusted from 3V to 30V. Various solutions were used in the 

electric field tests, including seawater, SO% acetone/distilled water and NaOH solutions. 

4.1.2 Results and Discussion on Electric Field Studies 

A hydrolysed polyacrylamide gel was tested in a SO% acetone/distilled water mixture. 

The length of the gel was initially 30mm, with a diameter of 8mm. After 30 minutes at an 

electric field of 6.67 V/cm, the length of the gel increased to 33mm, and a portion of the 

diameter nearest the anode had increased to 11-12mm. This corresponded to, 

approximately, a 2S% increase in volume. When the applied electric field was switched 

off, the gel returned almost to its original volume, but at a much slower rate (I.S - 2 

hours). 



Figure 4.1 Gel testing bath with two platinum electrodes connected to a power supply. 

The state of the gel after the increase in volume, produced from the electric field test, was 

irregular. The original swelling due to hydrolysis, when the polyacrylamide gel was 

soaked in 1.2% TEMED for 4 weeks, produced a weak, fluid-filled gel. The additional 

expansion at the anode side under the influence of an electric field caused small pieces of 

the gel to break off easily. This is illustrated in Figure 4.2. 

o minutes 

SOCk acetone/water 
mixture 

15 minutes 

111 ~ ± -
...... 1- ~-

ip 
30 minutes 

Figure 4.2 Appearance of polyacrylamide gel sample under the inlluence of an applied electric field of 

6.67 V/cm. 
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When a polyacrylamide gel is immersed in seawater, the reaction to an electric field is 

vigorous. Because seawater is a strong electrolyte, a large current is drawn (85-90 mA), 

even in small electric fields of just 3Vfcm. This results in an increase in the temperature 

of the seawater solution, which could be unsatisfactory for the state of the gel, although 

serious degradation of the gel does not occur until temperatures are in the range of 250°C 

to 300°C [9]. There is also much chlorine gas emitted during the electrolysis reaction, 

which may raise concerns about safety. The gel does exhibit an increase in volume at the 

anode side during the test, but not to the same degree as when gels are immersed in the 

acetone mixture. The high temperatures cause the swollen portion of the gel to split away. 

The current drawn is quite low (15-20 rnA) when a 0.02mollL solution of NaOH is used, 

but much gas is still produced. However, the temperature of the solution does not increase 

significantly, making it useful as a medium for polyacrylamide gels. When a cylinder of 

gel of 8mm diameter was tested under the influence of a 3 V fcm electric field, the length of 

the gel did not change after 1.5 hours. The diameter did increase, however, at the anode 

end, by approximately 38%, and along almost half the length of the gel. As the observed 

increase in volume was in the radial direction, another gel was tested with a diameter of 

19mm and a length of 8mm. The applied electric field was 3Vfcm. After 5 minutes, a lip 

developed at the anode side as it swelled slightly (Figure 4.3). The lip and swelling 

increased over the next IS to 20 minutes, and a slight shrinkage became noticeable at the 

cathode end. After 45 minutes in the applied electric field, the gel had swelled so much in 

the radial direction at the anode side that it had lost balance and toppled over. The cathode 
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side diameter did not change much, but the anode side diameter had increased by about 

30%. On examination of the gel, there was much splitting across the surface of the 

swollen side, similar to the weak, unstable nature of gels tested in acetone and seawater. 

A C A C A C A C A C 

5 minutes 10 minutes 15 minutes 20 minutes 45 minutes 

Figure 4.3 Swelling of polyacrylamide gel disc at the anode side, under the influence of an applied 

electric field of 3 V Icm. 

Further tests were performed using the NaOH solution and smaller electric fields to see if 

the gels could remain intact whilst expanding in the field. It was found that electric fields 

of l.5-2 V/cm, for periods over 2 hours, were necessary to bring about a similar amount of 

swelling. However, cracking on the surface of the gel always seemed to be a problem and 

would lead to the gels being unsatisfactory in a practical application. 

The bending characteristics of hydrolysed polyacrylamide gels were also investigated by 

placing rods of gel parallel to the platinum electrodes. As before, the solutions used in the 

test bath were seawater, 50% acetone/water, and 0.02mo1lL NaOH, the last-named 

eliciting the strongest reaction. Under the influence of an electric field of 6.67 V/cm, the 

gel rods were seen to bend (to as much as a semicircular shape) towards the cathode after 
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only 5 to 10 minutes, when immersed in NaOH. When the polarity of the electric field 

was reversed, the rods would straighten again and bend in the opposite direction. When 

one end of a gel rod was fixed, and the polarity of the electric field was changed 

periodically, the result was a pendulum motion in the gel. The time taken to complete one 

period, however, was slow at 15-20 minutes. 

4.1.3 Conclusions on Electric Field Studies 

There are noticeable changes 111 the shape of hydrolysed polyacrylamide gels when 

immersed in various solutions and subjected to an applied electric field. These shape 

changes were evident when the gel samples were placed with the largest aXIs 

perpendicular, or parallel, to the electrodes. Despite a reasonable amount of swelling 

being observed in a gel rod and disc placed perpendicular to electrodes, the region where 

the swelling takes place is weaker than the rest of the gel, with a tendency for the surface 

to split and shear away from the remainder of the gel. The problem of cracking is not 

observed in gels placed parallel to electrodes to generate a bending motion. However, the 

bending is unrestricted and the slightest constraint on the gel is enough to prevent any 

further motion. 

Electrically activated polymers could still prove to be useful as actuators. A recent study 

has found that rapid a.c. voltage, instead of d.c. voltage, can significantly speed up the 

flow of ions through polymer gel tape, making the system's reaction and force output 

comparable to human muscle [10]. 
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4.2 Seawater Studies 

The effect of immersing hydrolysed polyacrylamide gels, i.e. ionic gels, in seawater of 

various salinity concentrations was studied in order to mimic realistic marine 

environments. Seawater is a solution of major and minor ions, gases and nutrients. 

Eleven major ions make up more than 99.99% of the dissolved material in deep ocean 

waters [11]. These major ions are listed in Table 4.1. 

Table 4.1 Major ion composition of seawaler [Ill. 

Constituent Symbol Salinity, g/kg Amount, % 

Chloride cr 19.353 55.07 

Sodium Na+ 10.76 30.62 

Sulphate S04- 2.712 7.72 

Magnesium Mg++ 1.294 3.68 

Calcium Ca++ 0.413 1.17 

Potassium K+ 0.387 1.10 

Bicarbonate HC03- 0.142 0.40 

Bromide B( 0.067 0.19 

Strontium Sr+ 0.008 0.02 

Boron H3B03 0.004 0.01 

Fluoride F 0.001 0.01 

~35.00 99.99 

The effect of salt solutions on gels has been investigated [12-14], but not the effect of 

seawater of various salinities and at various temperatures, where the cocktail of numerous 

ions and salts can affect the behaviour of the gel. The varying salinities were used to 

emulate real environmental conditions in which these materials could be used, such as 
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oceans, coastal waters and estuaries. If gels are to be used in such marine environments, 

the effects of salinity and temperature are of significant interest. 

4.2.1 Experimental Details for Salinity Studies 

4.2.1.1 Gel Preparation 

Polyacrylamide gels were prepared using an acrylamide monomer and the crosslinking 

comonomer, N'N-methylene-bis-acrylamide. All chemicals were of reagent-grade quality 

and were used without further purification. Transparent rods of gel were prepared based 

on a method described by Tanaka [5]. The quantities were altered by doubling the amount 

of crosslinking agent and halving the amount of water, in order to produce a more 

mechanically robust gel. The gels were produced in polypropylene cylinders and cured at 

room temperature. The gel rods so produced were 100mm long and had a diameter of 

15mm. These were washed in distilled water to remove any residue monomers and the 

rods were then allowed to equalise in distilled water at room temperature for one week. 

Using nomenclature introduced by Hjerten [15] to describe composition, the total 

monomer concentration, T, was found to be 10% and the percentage concentration of the 

crosslinking agent relative to the total concentration, C, was found to be 5%. Such gels 

were found to have an equilibrium water content (EWC) of approximately 90%. 
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After equalising, the rods were cut into discs and allowed to hydrolyse for three weeks by 

soaking in a 1.2% TEMED solution at room temperature. Assuming that the gels swell 

isotropically [16], the degree of swelling is calculated as a swelling ratio, VIVo, 

VIVo = (DIDo)J (4.1 ) 

where Vo and V are the volumes of the gel discs at preparation and after immersion in 

TEMED, respectively, and Do and D are the corresponding gel diameters. All gels used in 

the study were hydrolysed for a period of 21 days, resulting in a mean swelling ratio of 

VIVo = 3.6 ± 0.1. 

4.2.1.2 Salinity study 

The salinity studies were carried out using seawater collected from the Largs Channel of 

the Firth of Clyde, Scotland. The seawater had a salinity of 35ppt when collected and it 

was filtered through Whatman glass microfibre filters, which removed any bacterial 

cultures. Solutions of 5ppt and 20ppt were prepared from seawater by diluting it with 

distilled water. The distilled water was produced by a Millipore-U I 0 system. 

In order to investigate the effects of salinity on the hydrolysed gels, all the discs were 

weighed and their diameters were recorded using a Mitutoyo Profile Projector Type Pl-

300. The discs were soaked in solutions (approximately 30ml) of distilled water, 5ppt 

saline, 20ppt saline or 35ppt saline (natural seawater). 
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All swelling experiments were carried out in triplicate. They were begun at SoC and were 

taken through a temperature range in increments of SoC up to 40°C. The solutions were 

kept at constant temperature using a Techne Flow Cooler FC-SOO in conjunction with a 

Techne Circulator C-8SD in a poly(methyl methacrylate) (PMMA) 10 litre tank of water. 

After each SoC temperature increment the gels were left for two days at this temperature to 

adjust. They were weighed and their diameters recorded each day. The solutions were 

changed daily during the experiment to simulate a larger body of water. The degree of 

swelling of the gels at each salinity concentration and temperature was found using 

equation 4.1. 

The cyclical volumetric strain behaviour of the gels was also investigated by alternate 

exposure to distilled water and saline solutions of Sppt, 20ppt or 3Sppt seawater. The gels 

were allowed 2 days to equalise in the respective solution before being transferred to the 

alternate solution. 

4.2.2 Results and Discussion on Seawater Studies 

Figure 4.4 shows the degree of swelling of the gels with respect to temperature when 

immersed in one of the three saline concentrations. As mentioned previously, after 

hydrolysation in 1.2% TEMED for 21 days, the average degree of swelling of the gels was 

3.6 ± 0.1. This will be referred to as the hydrolysation value. From Figure 4.4, it can be 
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seen that the degree of swelling of the gel discs decreases significantly from the above 

value when they are immersed in saline solutions, exhibiting a VIVo range between 1.1 and 

1.4. The swelling degree for gels in 20ppt and 35ppt solutions are practically the same, 

with that for the 35ppt values being slightly lower than for the 20ppt solution. These 

values are significantly lower than the degree of swelling for the gels in the 5ppt solution. 

The results are in line with what would be expected of such materials due to their polymer 

structure. Since the gels were hydrolysed before the salinity experiments, some of the 

-CONH2 groups will have been converted to carboxyl groups, which spontaneously ionise 

leaving -COO- ions (Figure 4.5). This causes the gel to expand due to the repulsion of the 

ions. When the gel is then immersed in a saline solution the positive ions, such as the 

sodium and magnesium ions, shield the -COO- ions, negating the repulsion and resulting 

in a decrease in the degree of swelling. This effect is less pronounced in the low salinity as 

there are less ions available than at the higher salinities, i.e. 20ppt and 35ppt. 

The effects of temperature play only a small part in the degree of swelling of the gels 

immersed in saline solutions. At all salinity concentrations there is a decrease in shrinkage 

from the hydrolysation value as the temperature increases, but only to a small extent. This 

is to be expected, as polyacrylamide gels are relatively insensitive to temperature [17]. As 

described in Chapter 3, Section 3.4.2, the hydrogen ion pressure, 1Tion, and the rubber 

elasticity, 1Tel, are temperature dependent and this dependency will have a small effect on 

the magnitude of the swelling degree as the temperature increases [6]. 
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Figure 4.6 shows the relationship between the degree of swelling and temperature for 

polyacrylamide gels in the salinity solutions investigated and also in distilled water. As in 

Figure 4.5, the degree of swelling of gels in seawater solutions is in the range of 1.1-1.4. 

In Figure 4.6, this range can be seen clearly in context with their original hydrolysation 

values of VIVo = 3.6. The figure shows the extent to which the gels have contracted in 

seawater solutions. There is also a great difference between gels in distilled water and 

those in seawater solutions. Distilled water gels have a swelling degree in the region of 4-

5.5, which is higher than the hydrolysation value. This is due to the introduction of extra 

ions, 0- and H+, into the gel network, therefore augmenting the existing repulsion that 

causes swelling. 

These results demonstrate a possible use of hydrolysed polyacrylamide gels in a marine 

environment, utilising the significant differences in VIVo between gels in distilled water 

and gels in seawater, regardless of the salinity concentration. This was re-affirmed in a 

cyclic test (carried out at 40°C) where polyacrylamide gels were repeatedly transferred 

from distilled water to salinity solutions and back again. Figure 4.7 illustrates the 

significant swelling and contraction that can occur by changing the external solution from 

distilled water to seawater. The gels show good repeatability when contracted in seawater 

solutions. This shrinkage is reversible on transfer to distilled water. The changes in gel 

volume are not rigid or sudden. It takes approximately one hour at room temperature for a 

new solvent mixture to permeate a polyacrylamide gel by diffusion [6]. The shrinking or 

swelling that follows can take much longer to reach completion, perhaps several days [4]. 

This slow response is comparable to the speed that many marine organisms take to react to 
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a change in their buoyancy [18], as seen in Chapter 2. Microscopic plankton and many 

cephalopods, such as the Nautilus, can take two or three days to counteract sudden gains 

or losses to their desired depths. Although the gels prove to be biomimetic in relation to 

these organisms, the slow response is a major drawback if used in a marine device, where 

fast responses to changes in buoyancy are usually preferred. 

4.2.3 Conclusions on Salinity Studies 

The purpose of this study was to investigate polyacrylamide gels for their usefulness as 

possible actuators in marine applications, such as in buoyancy control of small vehicles 

and sensor packages. The work demonstrated that such gels contract in various seawater 

solutions and therefore, the use of polyacrylamide gels as actuators in marine applications 

might be considered. There was a significant reduction in the degree of swelling of the 

gels when transferred from TEMED to saline solutions, the most contraction occurring at 

the highest salinity concentration of 35ppt, corresponding to about a 50% reduction in 

volume. Slightly less contractions were observed for the lower salinities. All saline 

solutions promoted an increasing volume as the temperature increased. The significant 

differences in degree of swelling for gels in seawater and in distilled water also 

demonstrate their possible applications as actuators in marine applications, although the 

rate of volume change is quite slow. 
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4.3 Temperature Studies 

In the previous section study, it was found that the salinity of seawater played a significant 

factor in gel volume of polyacrylamide gels, but the temperature sensitivity was minimal. 

This separate study concentrates on the behaviour of polymer gel systems that exhibit 

large volume changes when subjected to certain stimuli, such as temperature. A 

temperature sensitive gel, such as NIP A (N-isopropylacrylamide), has advantages over a 

solvent-sensitive gel in terms of easier control by onboard vehicle systems. 

The volume phase transition of NIP A gels in distilled water has been extensively reported 

(see Chapter 3, Section 3.4.2.4), where the transition occurs at a temperature of 

approximately 34°C. The effect of seawater solutions on NIPA gels has not previously 

been studied. The aim of the current study was to investigate the suitability of NIPA gels 

as possible elements in underwater vehicles, especially in the area of buoyancy control. 

4.3.1 Experimental Details for Temperature Studies 

4.3.1.1 Gel Preparation 

NIPA gels were prepared using an N-isopropylacrylamide monomer and the crosslinking 

comonomer, N'N-methylene-bis-acrylamide. All chemicals were of reagent-grade quality 

and were used without further purification. The distilled water was produced by a 

Millipore-U I 0 system. Transparent rods of gel were prepared based on a method 
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described by Tanaka [I]. The quantity of crosslinking agent was doubled and the amount 

of water was halved, in order to produce a more mechanically robust gel. The gels were 

produced in polypropylene cylinders of various diameters and cured at ambient 

temperatures for one day. The gel rods so produced were IOOmm long and had diameters 

of 4.8mm, 12.8mm, IS.4mm or 20.4mm. These were washed in distilled water to remove 

any residue monomers and the rods were allowed to equalise in distilled water at ambient 

temperatures for one week. 

4.3.1.2 Optimum Diameter Study 

After equalising, the rods were cut to roughly equal lengths of approximately 30mm. The 

gel rods were then immersed in distilled water for one day at 34°C, which is o.soe above 

the known phase transition temperature for NIP A gels [19-21]. All gel samples remained 

cylindrical after the transition period, therefore, the degree of swelling, or contraction in 

this case, was calculated as a ratio, VCEJVo, 

(4.2) 

where Va, Do and Lo are the volume, diameter and length of the gel rod at preparation and 

VGEL, D and L the subsequent respective dimensions after each temperature change. 

Equation 4.2 gives a more accurate indication of the volume ratio than equation 4.1. The 

gels were then transferred to distilled water at 30°C for one day to allow them to swell 

again. After this the above test was repeated, but this time the period of time at each 
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temperature was longer, at 6 days. All tests were carried out in triplicate. Gel dimensions 

were recorded using a Mitutoyo Profile Projector Type PJ-300, accurate to ±O.OOlmm. 

4.3.1.3 Long-term Density Study 

The gel samples used in this study had a diameter of 4.8mm and were roughly equal in 

length at 15mm. The density studies were carried out using distilled water or seawater 

collected from the Largs Channel in the Firth of Clyde, Scotland. The seawater had a 

salinity of 35ppt when collected and was filtered through Whatman glass microfibre filters 

(GF/C) to remove any bacterial cultures. 

The density and volume of each NIP A gel was found using a density bottle (Figure 4.8) 

[22]. This consists of a pear-shaped flask and a ground glass stopper, which has a 

capillary hole through its centre, allowing liquid to escape. The volume contained in the 

density bottle can be determined to 0.001 ml, which allows density measurements to be 

made with an accuracy of 0.01 %. 
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The empty density bottle is weighed, MDB , and then re-weighed when filled with a liquid 

of known density and temperature, MDB+L. The densities of distilled water and seawater 

are known at all temperatures [11,23]. Care was taken to ensure the exterior of the density 

bottle was dried of overflowed liquid before re-weighing. The internal volume of the 

density bottle, VDB , was found from the equation, 

V DB = (MDB+L - M DB ) / PL (4.3) 

where PL = density of liquid at known temperature. For a gel sample, the empty density 

bottle was weighed with the gel inside, MDB+CEL, and re-weighed with the bottle filled with 

liquid, MDB+GEL+L. The volume of liquid entrained, V L, was calculated as (MDB+CEL+L -

MDB+GEd / PL. The volume of the gel was then VCEL = V DB - V L and the density of the gel, 

pGEL, was found from the equation 
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PGEL = MGEL / VGEL = (MDB+GEL - M DB ) / VGEL (4.4) 

All experiments were carried out in triplicate. Tests began at SoC and were taken through 

a temperature range up to SO°C. The temperature increments were SoC, but were reduced 

to 2°C increments between the temperature range 28°C to 40°C. The solutions were kept 

at constant temperature using a Techne Flow Cooler FC-SOO in conjunction with a Techne 

Circulator C-8SD in a IO-litre polymethyl-methacrylate (PMMA) tank of water. After 

each temperature increase the gels were left to adjust for one day in the respective solution 

(distilled water or seawater). The solutions were changed daily during the experiments to 

simulate the dilution effects of a larger body of water. The volume and density of each gel 

was found as outlined above and these were used to determine the volume ratio at each 

temperature, V GEL / Va. 

4.3.1.4 Short-term Density Study 

NIPA gels in distilled water and seawater solutions were allowed to equalise at 2S0C 

before being transferred to solutions at 50°C for a l2-hour period. As the gels shrank in 

size, the volumes and densities were recorded using a density bottle, with measurements 

taken every 2 hours. In a similar study, contracted gels, which had been equalised at 

SO°C, were transferred to distilled water and seawater solutions at 2SoC for 12 hours and 

allowed to swell. 
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4.3.1.5 Mechanical Tests on NIPA gels 

NIPA gels are known to have a transition temperature of approximately 34°C in distilled 

water, where a significant reduction in volume can occur over a period of time at that 

temperature. If the transparent gel is immersed in distilled water at higher temperatures 

than 34°C, the gel becomes opaque almost instantaneously and there is the possibility that 

the elastic modulus of the gel increases. The gel turns transparent again and the modulus 

possibly decreases when the temperature is reduced again. 

Compression tests were performed on cylindrical samples (15 .4mm diameter) of NIP A gel 

using a Lloyd LIOOOO materials testing machine (Figure 4.9). During the tests, the 

temperature of the gels was kept constant by immersing them in a volume of temperature

controlled distilled water. The distilled water was circulated and kept at a constant 

temperature using a Techne Circulator C-85D. 

To determine the modulus of elasticity of the NIPA gels, they were subjected to a 

maximum strain of 10%, at the recommended rate of 50% strain per minute [24]. 

Crosshead displacement was measured using the internal extensometer of the Lloyds 

testing machine. Tests were carried out in triplicate through a temperature range of 30°C 

to 46°C, with 2°C increments. The failure stress of NIPA gels was also determined for a 

range of temperatures. Gel samples were loaded to failure at temperatures of 30°C, 35°C, 
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Figure 4.9 Compression test rig. 

A series of tensile tests were also carried out on NIP A gel samples to determine the elastic 

modulus in tension. The main problem with testing in tension was in finding a suitable 

means of gripping the delicate samples. With conventional grips, it was difficult to 

maintain a force on the samples that was sufficient enough to prevent slippage of the gels 

in the grips, but also small enough not to damage the gel and affect the result. An initial 

attempt was to incorporate a polymer mesh in the tips of the tensile gel specimens, where 

they were to be gripped. Specially constructed grips with serrations gripped into the mesh 

to hold the specimen. To ensure that no undue stress was placed on the specimen, the 

deep serrations at the extreme end of the grips became progressively shallower towards the 

edge where the test took place. The grips were slightly tapered and the edges rounded to 

further reduce any stress. Helical springs and a nut and bolt provided the normal force on 

the mesh and gel. 



In initial tests, the serrated grips were found to impart much stress on the samples, causing 

the samples to break at the mesh boundary. A redesign of the grips involved cutting a 

wedge-shaped groove into them, using a CNC machine. The wedge grip would hold 

specially moulded gel samples in place without imparting too much stress, as in Figure 

4.10. Trial tests showed that no slippage or stress concentrations occurred at the grips. 

gel specimen with 
wedge-shaped ends 

Figure 4.10 Tensile test rig using wedge-shaped grips and specimens. 

grips 
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Tests were carried out on the wedge-shaped tensile specimens of NIPA gel at temperatures 

ranging from 30°C to 47°C, using the Lloyds testing machine and internal extensometer. 

The specimens had a width of 3mm and a thickness of 4.5mm. The gauge length of the 

specimens was 35mm and a 10% strain was subjected to the gels at each temperature. 

Strain rate was set at the recommended 50% per minute. During the tests, the temperature 

of the gels was kept constant by immersing them in a volume of temperature-controlled 

distilled water. 

4.3.2 Results and Observations on Temperature Studies 

4.3.2.1 Optimum Diameter Study 

The results of this study can be seen in Figure 4.11. After immersion at 34°C for one day, 

the volume change (contraction) increases as the gel diameter decreases. This is also true 

when the gels were immersed in solutions at 30°C for one day. Only the gel samples with 

the smallest diameter, 4.Smm, actually achieved a fully reversible volume change. Even 

after longer periods at respective temperatures, the larger diameter gels did not realise a 

volume transition comparable to smaller diameter samples. This is because the time 

needed for water diffusion into or out of the gel, to effect swelling and shrinking, is 

proportional to the square of the gel diameter [21]. In fact, most researchers now use gels 

of sub-millimetre size to speed up experiments [19]. If NIPA gels are to be used in 



applications involving buoyancy control, these response characteristics need to be taken 

into account. 
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4.3.2.2 Long-term Density Study 

The volume ratios of NIPA gels, in both distilled water and seawater, as the temperature is 

increased slowly from 5°C to 50°C, are shown in Figure 4.12a. The volume phase 

transition temperature for NIPA gels in distilled water is known to be approximately 34°C 

[I] and the gels in this study do achieve full contraction at, or just above, this temperature. 

A surprising outcome for NIP A gels in seawater is that the transition temperature is 

significantly lower, in the range of 26 to 28°C. This is encouraging, as the power needed 

to heat the gels to this temperature would be less than if they were immersed in distilled 

water solutions. Saltwater effects on gel volume include polymer-polymer interactions 

and the combination of the three competitive interactions of polymer-water, polymer-ion 

and water-ion [19]. The polymer-water interaction is most important with respect to the 

shrinking force, as this depends on the association and release of structured water from the 

hydrophobic groups. The addition of salt affects the structures of the bound water, 

causing a shift in transition temperature to the lower temperature side. 

In the swollen state, the NIP A networks are strongly bound to many water molecules and, 

further, loosely surrounded by many water molecules. As the temperature is increased, the 

hydrogen bonds among water molecules will gradually be destroyed because of vigorous 

thermal motions of molecules, leading to a loss of water molecules that are loosely bound 

[25]. The loss accompanies a decrease in the volume of the gel. The polymer network is 

now in closer contact and, thus strengthened, as are the polymer/water interactions, thus 

eventually leading to the collapsed state. 
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The corresponding densities of the gels as they shrink and undergo the phase transition are 

shown in Figure 4.12b. There is little change in density for gels in seawater or distilled 

water, below their respective transition temperatures. This, however, changes once the 

transition temperature is exceeded. For gels in distilled water, the density decreases by 

15-25%. Gels in seawater exhibit the opposite effect after they exceed their transition 

point, in that they become denser (by as much 30-40%), before returning to their original 

densities at higher temperatures. The standard deviations tend to increase soon after the 

transition is reached. This may be due to the fact that the gels become a two-phase system 

during transition [20], with both shrunken and swollen phases in coexistence. As 

temperature increases, the shrunken phase becomes dominant due to the hydrophobic 

effect, but small pockets of swollen material may still exist which could affect the density 

of the gel. 

The large change in density seen at approximately 34°C, coupled with the corresponding 

reduction in volume, could pave the way towards a variable volume/density device 

suitable for controlling the buoyancy of small underwater vehicles and sensor packages. 

This device could use the control of the temperature of a local volume of seawater from 

25°C to 34°C, to bring about the density change, or a change of solution from seawater to 

distilled water at 34°C, where the density difference is most pronounced, at approximately 

39%. 
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4.3.2.3 Short-term Density Study 

Having a gel system with a fast response time is of great interest in the field of buoyancy 

control. Figure 4.13a shows the reduction in volume of NIPA gels when immersed in 

distilled water and seawater at 50°C for a period of 12 hours. Figure 4.13b shows the 

corresponding density changes. After 6 hours the gels have shrunk to a volume ratio 

comparable to the long-term study. There is much fluctuation in density for both distilled 

water and seawater gels during this period, including a brief drop in density at the 4-hour 

mark. The phase coexistence is most pronounced at this point, as can be seen in Figure 

4.14, and this presence of collapsed sections and hydrated swollen sections has possibly 

caused the gels to become less dense. After 6 hours, however, the gels are predominantly 

collapsed and, thus, increase in density again. 

A study on the densities of the individual components of NIP A gels in distilled water, i.e. 

the polymer network and the solvent, revealed that the density of the polymer network in 

the swollen phase (T=30°C) was very low, at around 0.05 g/cm3 [25]. The corresponding 

entrained solvent density was about 0.93 g/cm3
. At 34°C, the network density increased 

dramatically to 0.4014 g/cm:\ and the solvent density decreased suddenly to 0.6160 g/cm3
. 

As the temperature was increased to 50°C, a small steady increase was noted in the density 

of the network. The solvent density decreased slightly, but the decrease was not as steady, 

with slight increases noted. Therefore, the density fluctuations, observed in Figure 4.13b, 

could be a result of the density of the solvent component of the polymer gel and the 

presence of phase coexistence. 
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Figure 4.13 Short term effects on gels in disti lied water or seawater immersed at 50°C for a period of 12 

hours. (a) Gel volume; (b) Gel density. 
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(a) (b) 

Figure 4.14 (a) NIPA gel below the phase transition temperature. (b) Gel exhibiting phase co-existence 

as it contracts. 
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The collapsed gels from the previous study were allowed to reswell at 2S°C. The change 

in volume from the collapsed phase to the swollen phase took place at a slower rate than 

when they were shrinking, as can be seen in Figure 4.1Sa. After 12 hours they still had not 

returned to their original volume and needed a full 24 hours to do so. This could simply 

be a thermodynamic reason, as the reswelling of the gel samples took place at a lower 

temperature than during the contraction phase. 

The corresponding densities, in Figure 4.1Sb, fluctuate in the first 4 to 6 hours, where the 

coexistent phases are most prevalent and where the density of the solvent component of 

the polymer gel seems to be at its most erratic. During the following 6 hours of res welling 

at 2SoC, the overall densities of the NIP A gels settle into a smaller range. The density 

fluctuations are not as pronounced as the NIPA gels undergoing a collapse at SO°C, and, 

again, this could be due to the more relaxed thermodynamic state at 2S°C. 
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4.3.2.4 Mechanical Tests on NIP A gels 

Compression tests performed on NIP A gels in distilled water reveal that the mechanical 

properties also depend on the temperature of the gel and the volume phase transition 

temperature. These gel materials are very soft and mechanically quite weak. The elastic 

Young's modulus of NIPA gel at 30°C is 0.0152 MPa, which is approximately 5% of that 

of low modulus, acetoxy type silicone rubber sealant. The yield stress at 30°C is also very 

low (0.0395 MPa). Figure 4.16 shows the relationship between elastic modulus and 

temperature of NIP A gels. Up to 34°C there is hardly any change in elastic modulus. This 

is followed by a sharp increase in modulus as the temperature is raised from 34°C to 42°C. 

The elastic modulus levels off to a plateau at higher temperatures. There is a 

corresponding relationship between the transparency/opaqueness of the gel and the elastic 

modulus. Below 34°C the gel is relatively transparent, with just a slight cloudiness. At 

36°C the gel becomes more opaque, turning white in colour. As the temperature is 

increased further, the gel becomes increasingly opaque. This indicates an inhomogeneity 

on the order of the wavelength of light develops, and the effective number of crosslinks 

increases as the result of the temperature increase [20]. It is interesting to note that an 

aqueous solution of NIP A also turns opaque with an abrupt increase in temperature, which 

is reversible. The corresponding viscosity of the solution has not been investigated, but an 

instantaneous increase in viscosity with temperature would be analogous to electro

rheological and magneto-rheological fluids, but with an easier and safer means of 

controlling the fluids. 
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Figure 4.16 Compression elastic modulus as a function of temperature for NIP A gels tested in distilled 

water. 

A corresponding increase is noted for the failure stress, as can be seen in Figure 4.17. 

There is a sharp, 4-fold, increase in failure stress as the temperature is raised from 35°e to 

45°C. The nature of failure also depends on the temperature. A NIP A gel at 30
0
e is 

transparent and fails catastrophically at the yield point. The gel shatters into small 



fragments and the load drops almost to zero, as can be seen in Figure 4.18. The 

subsequent increase in load is due to the compression of some of the smaller fragments. 

A NIP A gel at 35°C is in an unstable condition, because it is so close to the critical 

transition temperature of 34°C. It is partly transparent and partly opaque. There are two 

types of strand densities present, microscopic bunched strands and large open strands. The 

gel fails catastrophically, but at a slightly lower stress and strain than the 30°C gel. 
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Figure 4.17 Failure stress as a function of temperature for NIP A gels tested in disti lled water. 



Gels at 40°C and 45°C have become highly opaque and have a sponge-like property to 

them. There is no catastrophic failure present, just a yield point where the stress drops by 

about 20-25% before increasing again. Beyond this point the gel continues to be 

compressed between the two plates, and gets squeezed out the sides, much like a piece of 

plasticine. The development of opacity with temperature is reversible, and the rapid 

change shows that effective crosslinks are made through the association of segments 

which are already in close proximity with each other in the gel [20]. Few studies have 

been conducted on the opaque state of NIP A gels, but a preliminary study found that 

opaque gels exhibit significant viscoelasticity, and suggested that this may be due to the 

fact that the effective crosslink is not a permanent one but its position is changed by an 

external stress [20]. 
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Figure 4.18 Stress-strain characteristics of NIPA gels tested to failure in distilled water at various 
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The results for NIP A gel specimens tested in tension are shown in Figure 4.19. Again, 

there is a marked increase in elastic modulus when the temperature of the NIP A specimen 

is increased. At 34°C, the magnitude of elastic modulus drops briefly, before increasing 

agaIn. As 34°C is near the phase transition temperature, the mechanisms of phase 

coexistence could be influencing the result. 

The modulus values obtained in both compression and tension were found to be quite low, 

even at high temperatures. The tensile modulus at high temperatures is similar in 

magnitude to the compression modulus. At low temperatures, however, the tensile 

modulus is about twice the magnitude of that recorded in compression. This could have 

been due to the sensitivity of the 50 Newton load cell. The recorded results for the tensile 

and compression moduli, at 30°C, were right at the sensitivity threshold of the L10yds load 

cell. The manufacturers state that tests performed in compression output results with less 

of an error than the results from tests performed in tension. It can be assumed, then, that 

the compression results are more accurate than the tensile results, at 30°C, and, therefore, 

the results from the tensile modulus tests may, in fact, have been lower and similar to 

those in compression. 
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Figure 4.19 Tensile elastic modulus as a function of temperature for NIP A gels tested in distilled water. 

4.3.2.5 Design Implications from Temperature Studies 

The results of this study illustrate the possible uses of NIPA gels in the control of 

buoyancy in small, underwater vehicles. The significant change in compliance of the 

material could be exploited to create a passive or very low power, variable stiffness 

element, which could be controlled through a change in temperature, to counteract the 



effects of seawater pressure. A change in compressibility could be enough to correct 

deviations from the neutral buoyancy position. 

The differences in density of NIP A material in seawater, compared to its density in 

distilled water, could also be effectively used in buoyancy contro!' From Figure 2b, it can 

be seen that the density of the NIP A gel in seawater changes from a value very close to 

that of natural seawater (1.024 g/cm3 at 20°C), to a maximum of 1.344 g/cm3 at 34°C. A 

marine organism capable of changing its density by such a margin could increase or 

decrease its rate of sinking by almost 67% [18]. A small underwater device incorporating 

an element of the NIP A material could, with a suitable seawater or distilled water 

exchange system, bring about a substantial change in its overall density to control the 

buoyancy of the vehicle. 

4.3.3 Conclusions on Temperature Studies 

The purpose of this study was to investigate NIP A gels for their usefulness as possible 

actuators in marine applications, such as in the buoyancy control of small vehicles and 

sensor packages. The work demonstrated that for such gels there is a significant 

contraction in both distilled water and seawater solutions and that the volume phase 

transition temperature is lower for gels in seawater. The majority of contraction can occur 

within a couple of hours. The density of NIPA gels also changes above the transition 

temperature, increasing in seawater and decreasing in distilled water. The significant 

differences in mechanical properties, density and volume of NIP A gels, as temperature 



and solvent medium is changed, demonstrate the possible use of NIP A materials as 

controllable actuators in specific marine applications, such as the control of buoyancy of 

small, autonomous marine devices. 

4.4 Actuation Stresses and Strains of Polymer Gels 

It has been shown that the mechanical properties of polymer gels can change under the 

influence of temperature. Studies have also shown that polyacrylamide and NIP A gels 

undergo substantial volume changes under the influence of stimuli such as salinity and 

temperature. These characteristics could prove very useful as actuator elements in marine 

environments, and the current study has attempted to quantify the actuation stresses and 

strains produced during the volume phase transition. Both the actuation stresses and 

strains produced due to swelling and contraction were measured. 

4.4.1 Swelling Stresses and Strains - Experiments and Results 

An experiment was set up where a cube of polyacrylamide gel (side length lSmm) was 

placed between two plastic plates, separated by extension springs, and allowed to swell 

against the springs of known stiffness. The polyacrylamide gel was prepared using the 

method described in previous sections [5], and cast in polypropylene cube trays of side 

lSmm and cured at room temperature for one day. The gel cubes were washed in distilled 

water to remove any residue monomers and the cubes were then allowed to equalise in 

distilled water at room temperature for one week. 



The two plastic plates were set 18mm apart, separated by four extension springs, one at 

each corner, therefore imposing zero stress on the gel sample at the start of the test. This 

spring system had a stiffness of 0.33 N/mm. The cube of gel which was placed centrally 

between the plates, and the system was immersed for one week in a bath of 1.2% TEMED 

solution, which was kept at a temperature of 44°C by a hot plate. Preliminary studies had 

determined that the swelling process in 1.2% TEMED was accelerated at higher 

temperatures. A polysterene casing was placed around the bath to further maintain the 

temperature (Figure 4.20). 
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Figure 4.20 Test rig for measuring the swelling stresses of polyacrylamide gels immersed in 1.2% TEMED 

at 44°C. 



A Lloyd's laser extensometer was used to record upper plate extension as the gel swelled 

in the TEMED solution. To do this a thin plastic strip rose vertically from the top plate 

through an opening in the polysterene. A relative displacement could be read from this 

strip. The actuation force exerted on the upper plate, due to the swelling of the gel cube, 

was calculated using the measured displacement and the stiffness of the spring system, 

0.33 N/mm. 

Figure 4.21 shows the actuation swelling forces exerted against the upper plate, as the 

polyacrylamide gel swelled in 1.2% TEMED at 44°C, over a period of 7 days. So as not 

to affect the test, the dimensions of the gel could not be measured as the cube was 

swelling. Therefore, the actuation stresses due to swelling could not be determined during 

the test period. The cross-section area of the cube at the end of the test was 23.5mm x 

23.5mm, which corresponded to an actuation stress on the upper plate of 3.272 x 10-
3 

MPa, which is quite a low actuation stress. 
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Figure 4.21 Actuation swelling forces of polyacrylamide gel immersed in 1.2% TEMED at 44°C for one 

week. 

The gel sample in the above experiment swelled isotropically in the TEMED solution, i.e. 

swelling took place in all three axis directions. It is difficult to get an accurate measure of 

swelling pressure during the test, because the original dimensions change as the gel swells. 

The desired swelling for linear actuation is in one direction. Therefore, the test was 

modified to restrict swelling on the sides of a gel sample, leaving only one direction for 

the gel to swell. There were two advantages to this set-up: cross-sectional area of the gel 

sample would remain constant throughout the test, allowing ease of stress calculations 

without interfering with the test; and it was hoped that the 'restricted' swelling would be 

transferred to the free-swelling direction, thus augmenting the reaction in that direction. 
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Figure 4.22 Test rig for measuring the swelling stresses and strains of polyacrylamide gels immersed in 

1.2% TEMED at 44°C. Swelling has been restricted to just one direction. 

A cylindrical polyacrylamide gel was prepared as before, using a polypropylene cylinder 

to cast the shape. The gel rod so produced was 100mm long and had a diameter of 12mm. 

It was washed in distilled water to remove any residue monomers and then allowed to 

equalise in distilled water at room temperature for one week. The gel rod was cut into a 

disc of height 22.8mm and placed in the bottom of a glass capsule, which had an inner 

diameter equal to the diameter of the gel, as in Figure 4.22. The capsule was filled with a 

solution of 1.2% TEMED and then sealed with a cap. The system was immersed in a 

water bath at 40°C and the gel was allowed to swell against a piston and compression 

spring connected to the top of the capsule. The compression spring had a stiffness of 0.23 

N/mm. The displacement of the piston, caused by the swelling of the gel, was measured 



daily using digital vernier callipers. As the cross-sectional area was kept constant, the 

actuation stresses due to swelling could be determined. 

The results of the test are shown in Figure 4.23. Immediately obvious was the greater 

degree of swelling, compared to the previous experiment where the swelling directions 

were unrestricted. After just one day, the actuation swelling stress was 2.644 x 10-3 MPa. 

In the previous test, it had taken over six days to reach this value. There was a high rate of 

swelling in the first couple of days, with the rate decreasing steadily in subsequent days. 

After nine days, the actuation stress had reached a value of 13.259 x 10-3 MPa. This 

corresponded to an increase in the height of the gel disc by almost 30%. However, the 

length of the test, nine days, is impracticable in terms of using the materials as actuator 

elements in marine devices. Of much more importance is the actuation stress and strain 

after the first two days in TEMED at 40°C. Over 50% of the maximum stress and strain 

recorded occurred in the first two days. 

The results of the test were ultimately governed by the strength of the spring used, and it 

remains to be seen if different spring constants would affect the strain rate and final strain. 

The test was essentially strain controlled, and it may be inferred that the final strain might 

have been greater with a weaker spring, or with none at all. A stronger spring may have 

actually fully constrained the gel, leading to an attempt at measuring the bulk modulus of 

the gel. 
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Figure 4.23 Actuation swelling stresses of polyacrylamide gel immersed in 1.2% TEMED at 40°C, where 

radial swelling is restricted. 

Although a substantial increase in actuation stress and strain was observed for 

polyacrylamide gels restricted to swelling in one direction, it was felt that only the top 

edge of the gel disc was being exposed to the TEMED solution, thereby slowing down the 

diffusion of the solution through the gel. To realise a more pronounced swelling in this 

direction, the solution would need to penetrate at the sides of the gel disc as well as at the 

top, while radial swelling was still being restricted. Therefore, the tubing used to hold the 

gel disc would need to be permeable to the surrounding solution. 

A study was carried out to investigate the swelling characteristics of polyacrylamide gels 

in semi-permeable Visking tubing, immersed in 1.2% TEMED at three temperatures: 



20De, 40De, or 60D C. The diameters of the gel discs and the tubing were 16mm. The 

heights of the gel discs were also 16mm. Glass capsules were used to contain the TEMED 

solution, Visking tubing and gel discs (Figure 4.24). Water baths were used to maintain 

the solution temperatures at 20De, 40D e, or 60D C. All tests were carried out in triplicate. 
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Figure 4.24 Test rig for measuring the actuation swelling strains of polyacrylamide gels immersed in 1.2% 

TEMED at 20De, 400 e or 60°C. Swelling has been restricted to just one direction by using 

semi-permeable Visking tubing, but allowing TEMED to penetrate the sides of the gels, as 

well as the top. 

The actuation strains for the polyacrylamide gels swelling in Visking tubing are outlined 

in Figure 4.25. All gels swelled in the Visking tubing, and the tubing restricted swelling in 

the radial direction. The gels also appeared to be stronger when handled, due to the tubing 

support. The most significant results were for the gels in the TEMED solution at 60De, 

due to the extra thermodynamic energy. However, after two days at 60De the gels began 

to distort in the tubing and fractnre. This is noted with tllf~ large standard devi(ltions in the 



graph. There was clearly little actuation strain for gels at 20oe, but the strain at 400 e 

increased steadily. It took three days for gels at 400 e to achieve an actuation strain 

equivalent to that after just one day for gels at 60°C. However, the gels remained intact, 

with no sign of fracture. 
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Figure 4.25 Actuation swelling strains of polyacrylamide gels immersed in 1.2% TEMED at 20°C, 40°C 

or 60°C. Swelling has been restricted to just one direction by using semi-permeable Visking 

tubing, but allowing TEMED to penetrate the sides of the gels, as well as the top. 

From Figure 4.25 a number of recommendations can be made for the application of 

polyacrylamide gels as actuator elements. If a short-term actuation strain is required then 

swelling a polyacrylamide gel in 1.2% TEMED at 600 e is the best option. Swelling for 

more than one day will cause distortions and fracture in the gel, however. For longer 



periods it may be better to swell a gel in 40°C TEMED to achieve a steadier increase in 

actuation strain and volume and to keep the gel in good condition. 

4.4.2 Contraction Stresses - Experiments and Results 

A series of tests were performed on wedge-ended polyacrylamide gel strips, using the 

specially constructed grips illustrated in Figure 4.10. The gel strips were produced using 

the method described earlier [5], cured for one day at room temperature and equalised in 

distilled water for one week. The strips so produced had gauge lengths of 35mm and a 

thickness of 1.5mm. Four widths of gel strip were tested: 5mm, 10mm, 15mm, and 

20mm. The grips and gel strips were fitted to a Lloyds 10000 materials testing machine, 

and immersed in a solution bath also fitted to the testing machine. While the crosshead of 

the machine was fixed, the gel samples were allowed to contract in a bath of 50% acetone 

and distilled water at room temperature, thus recording a contraction force on the load cell. 

It was not easy to determine the actuation stresses during the contraction of the gels, 

because of the difficulty of measuring the cross-sectional area. The rig set-up impaired 

direct measurement, and an accurate measure would have involved interrupting the test. 

For this reason, only the final dimensions could be measured, after the test was stopped. 

The tests were, typically, of a duration of between 90 and 110 minutes. Tests were 

stopped only when there was no apparent increase or decrease in the recorded load. 

Figure 4.26 shows the behaviour of the final actuation stress, as a function of the initial 

widths of the gel strips. 
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Figure 4.26 Final actuation stresses due to the contraction of polyacrylamide gel strips, of widths from 

5mm to 20mm, immersed in 50% acetone and distilled water at room temperature. Fixing the 

position of the crosshead restricted strain. 

As can be seen from the figure above, there is a slight decrease in contraction stress as the 

width of the strip is increased. A similar observation was noted earlier in Section 4.3.2.1, 

where the optimum diameter of NIPA gel was determined. The time needed for solvent 

diffusion into or out of a polymer gel, whether it is polyacrylamide or NIPA, is 

proportional to the square of the gel diameter [21]. The same is true for gels in the form of 

strips. The larger the gel, the longer is the distance for solvent to penetrate and, thus, the 

longer it takes for the solvent to permeate through. It takes approximately 30 minutes for 

a new acetone mixture to thoroughly permeate a centimetre long gel by diffusion [6]. The 

contraction that follows can take much longer to reach completion, perhaps days. From 

the graph, the fastest diffusion and subsequent contraction occurs with the gel strip of the 



smallest dimensions, as this gel has exhibited the greatest contraction stress. The decrease 

in maximum stress is small, as the gel width increases, which could indicate that the bulk 

modulus of the gels is quite low. However, there are advantages to using the smaller gel 

samples, in terms of compactness, weight, greater actuation force to volume ratio, etc. 

There would probably be a greater power output per unit volume if the gels were even 

smaller, such as in the form of fibres, and an array of such gel fibres could be used to exert 

a significant force. 

4.4.3 Conclusions on Actuation Stresses of Polymer Gels 

Polyacrylamide gels have been found to be very soft and have a low strength. The 

swelling stresses measured were also quite low, in the range of 6-8 x 10-3 MPa. The 

results are similar to an alternative study [26], which had used the formation of Newton's 

rings, as the gel swelled against a glass plate, to determine the pressures exerted. 

Contraction stresses determined were also low, but about three times the magnitude of 

swelling stresses. Polymer gels designed for contraction have the advantage of 

miniaturisation to augment their actuation potential. This could be a problem for gels 

designed for swelling, which would need a diameter to height ratio great enough to avoid 

possible buckling problems due to their compression. 



4.5 Conclusions on Polymer Gel Studies 

Although the conclusions on electric field studies were not very positive, electrically 

activated polymers could still prove to be useful as actuators. Overall, polymer gels can 

exhibit useful changes in volume and density to facilitate a possible buoyancy change in 

an underwater device. They also exhibit controllable mechanical properties, and can apply 

actuation stresses and strains to facilitate work production. Although these actuation 

properties are quite small in magnitude, the miniaturisation of the materials may enhance 

the actuation capabilities. 
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Chapter 5 Shape Memory Alloys - Experiments and 

Results 

Shape memory alloys (SMA's) might be used as the basis for actuators to control 

buoyancy in underwater applications. As described in Chapter 3, Section 3.3.2.7, shape 

memory alloys exhibit some of the best power output per amount of material known [1]. 

This quality, coupled with their shape changing and actuating abilities, could prove very 

useful characteristics in the development of a novel buoyancy control system. 

5.1 Development of Thought 

The purpose of this study was to investigate shape memory alloys as possible actuators to 

control the buoyancy of underwater devices. The key was to find an effective means of 

controlling the volume expansion and contraction of an actuator element, whereby the 

effective density of the element can be changed. As shown in Chapter 3, Section 3.3.2.6, 

"Applications in Underwater Technology", tubular SMA elements have been considered 

for this application [2]. However, other solutions using shape memory alloys are worth 

consideration. SMA helical coil springs may provide the answer, as they are elements that 

can expand or contract considerably when heated, but without the need of great amounts 

of power. A SMA extension spring provides a tensile force by contracting when heated to 

the high-temperature austenitic state. By contrast, a SMA compression spring will extend 

when heated, providing a compressive force. 



Obviously, any expansion or contraction of SMA springs would not, by itself, bring about 

a volume change, as any surrounding fluid would be free to flow through the spring coils. 

However, if the springs were enclosed in a deformable membrane, or other form of 

extendable enclosure, an overall change in volume and density would occur as the springs 

either expanded or contracted, when they were heated above their respective transition 

temperatures. It is preferable to have small SMA springs with diameters less than 10-

15mm, wire diameters less than 2mm, and lengths of a few centimetres or less. Although 

larger springs are made and used, they require much more power to bring them to their 

transition temperatures, thus negating any advantages of using shape memory alloys in the 

first place. They also have a smaller surface area to weight ratio, which results in poorer 

cooling times [3]. Therefore, the volume and density changes produced from these small 

SMA springs would only be useful for small underwater devices. Larger devices would 

require a large number of the spring systems to obtain an effective density change. Again, 

in an autonomous underwater system, the advantages of SMA springs would be lost as 

their numbers increase, as more onboard power would be required to heat them. 

A larger system could be built using the small SMA springs, possibly in a pusher-plate 

configuration, that would, effectively, output a similar percentage volume change, but with 

fewer spring elements. Such a system would need to be able to expand or contract, so 

there would be a combination of biasing (return) springs and NiTi springs, which could be 

controlled to bring about the required amount of volume change necessary. 



SMA springs provide an actuation stroke when they are heated from below their transition 

temperature to just above their final transformation temperature. This essentially gives an 

on/off configuration, but for accurate buoyancy control, it would be necessary to have 

proportional control of the actuation stroke. This should be feasible as the change in 

length of SMA springs occurs over a temperature range. A desired stroke can be achieved 

by interrupting the progress of the transformation at a particular temperature. The 

problem with using SMA elements is the large amount of shape change that occurs over a 

reasonably small transition temperature range. The length change characteristics of a 

SMA tension spring are shown in Figure S.la. 

A more gradual change in spring extension could be achieved by having a SMA spring 

work against a stiff bias spring, thus strongly increasing the opposing force as the SMA 

spring attempts to accomplish its shape recovery. Because of the stress sensitivity of the 

recovery temperature, this would force the shape recovery to occur over a wider 

temperature range [4]. This is illustrated in Figure 5.1 b for a SMA tension spring. The 

figure also illustrates that hysteresis must still be taken into account. Even small changes 

in the desired SMA spring position means that one must move across the temperature 

hysteresis gap. If the SMA spring was being cooled to position 'a', and a new spring 

position was desired at 'b', the spring would need to be heated through the hysteresis gap, 

and along the transformation curve to the desired position. 
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5.2 Experimental Details 

5.2.1 Preliminary VolumelDensity Tests 

A number of preliminary volume/density experiments were performed using NiTi 

compression and tension springs, supplied by Mondo-tronics [5]. The 50:50 NiTi shape 

memory alloy compression springs had a wire diameter of 0.95mm, a spring diameter of 

8mm, and 17 turns (Figure 5.2). They could be compressed down to 16mm in length 

when cooled below their transformation temperature, which is in the range 55°C to 65°C, 

according to the suppliers [5]. When heated electrically with 3 Amps (0 = lohm), the 

SMA compression springs extended, unrestricted, to approximately 40mm, a percentage 

extension of 150%. If extension is restricted, the springs can exert a pressure of up to 0.16 

MPa, based on the spring diameter [5]. 

The NiTi tension springs had a wire diameter of 0.75mm, a spring diameter of 6mm, and 

19 turns (Figure 5.3). The overall closed length of the springs was 29mm and they could 

be extended by up to 775% when cool [5]. When heated above the transformation 

temperature of 45°C to 55°C, all deformation was recovered, if the springs were 

unrestricted. When a load of 3.5 N is exerted on a NiTi spring, corresponding to a shear 

stress of 150 MPa on the spring, it can contract from an extension of 152% to an extension 

of 48%, when heated with 2 Amps (0 = 1.2ohms) [5]. 



~~ i (* tmr:l:t;.~} 1 -.---
8 
.L-

Figure 5.2 Austenitic (hot) form of a NiTi shape memory alloy compression spring [5]. 
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Figure 5.3 Austenitic (hot) form of a NiTi shape memory alloy tension spring [5]. 

The volume/density experiments were performed by enclosing a NiTi spnng in a 

deformable membrane, which was made of latex rubber. Firstly, the latex rubber was 

stretched over the NiTi compression spring and sealed to make the system watertight. The 

latex rubber had a sufficient stiffness to compress the spring. The initial volume of the 

compression spring and sealed membrane was approximately 2.25 cm
3

, and the density 

was approximately 1.06 g/cm3
. The spring/membrane system was then placed in a 

Techne Circulator C-85D water bath using tap water, p == 1.000 g/cm
3

. The system was 

then heated above the final transition temperature of the SMA compression spring, 65°C. 

The above experiment was repeated for the NiTi tension spring, which was extended to 

70mm, or 140% extension. The spring was enclosed in the latex rubber membrane, but 



this time the membrane was under no tension to compress the spring. The initial volume 

of the tension spring and sealed membrane was approximately 1.98 cm3
. The 

spring/membrane system was then placed in the water bath using tap water, and heated 

above the final transition temperature of the SMA tension spring, 55°C. 

5.2.2 Design and Testing of SMA Spring Actuator Device 

A parallel-plate device was constructed, as detailed in Figure 5.4, linked by four NiTi 

compression springs. The SMA compression springs were supplied by Mondo-tronics [5], 

and were of the same composition, dimensions, force output and stroke as those used in 

the preliminary tests (see Figure 5.2). The basic design of the rig was four NiTi 

compression springs between two circular fibreglass epoxy panels of diameter lOOmm and 

2mm thickness. A steel extension spring was positioned at the centre of the plates to 

provide enough biasing force to return the SMA compression springs to their original 

length, but not enough to restrict the actuation power of the SMA springs. Two 

aluminium guide bars ensured the rig remained stable during the actuation and return 

phase. 



aluminium 
guide bars 

steel extension spring 

SMA compression spring fibreglass 
epoxy plates 

Figure 5.4 Actuator design to provide a volume change, incorporating four SMA compression springs 

and a centre extension spring, used as a biasing element. 

Initially, the steel biasing extension spring was omitted, so that tests could be carried out 

to determine the influence of constant external loads on the plate separation. It is difficult 

to spot-weld or solder NiTi shape memory alloys, therefore the four SMA compression 

springs were attached to the contact pads on the parallel plates using conductive epoxy 

adhesive. They were electrically linked in series and connected to a temperature 

controller. A thermocouple was attached to one of the springs, using the conductive 

epoxy, and was also connected to the temperature controller. 

Constant load tests were performed by placing weights, corresponding to loads of I N to 

12N, on the top plate of the SMA spring device. The increase in plate separation distance 

!! 



was recorded for each load as the temperature of the springs was increased from 35°C to 

70°C, and back again to 35°C (Figure 5.5). 

laser 
extenso meter 

Figure 5.5 Experimental set-up for SMA spring device under constant load. 

Temperature 
Controller 

Before the application of each load, the plate separation distance was set at approximately 

32mm, which involved compressing the springs and allowing them to naturally recover 

under no external stress. The placing of weights obviously compressed the springs further, 

and the new separation was denoted the initial plate separation (IPS) for that external load. 

A Lloyds extensometer recorded the plate separation, using reflective strips on the edges 

of the two plates (Fip;ure 5,')). 



Tests were also carried out to determine the influence of spring temperature on the elastic 

modulus of the device as a system, i.e. modulus values were calculated using the device 

area of 7854mm2 (plate diameter = IOOmm). The actuator device was heated to a set 

temperature using the temperature controller. While the temperature was held constant, a 

compression test was conducted using a Lloyds LlOOOO materials testing machine (Figure 

5.6). The resultant slope from the compression test was used to find the elastic modulus of 

the device for that temperature. This was repeated for temperatures ranging from 30°C to 

: ____ Cross head 
i------------'------l-----'---'-------------; .4------

~ ___________ ~=======l 

Acrylic Plate 

Temperature 

Controller 

Figure 5.6 Experimental set-up for testing the elastic modulus SMA spring device at various 

temperatures. 



5.3 Results and Discussion 

5.3.1 Preliminary VolumelDensity Results 

The maximum volume Increase the SMA compressIOn spnng IS capable of is 

approximately 150%, if enclosed In an ideal membrane. For the experiments, the 

extensibility of the latex membrane prevented the spring from being compressed to its 

closed length, and the stiffness of the membrane also prevented maximum austenitic 

extension. The resultant volume increase would be much less than 150%. The initial 

volume of the SMA compression spring and sealed membrane was approximately 2.25 

cm3
, and the density was approximately 1.06 g/cm3

, 6% greater than the density of the tap 

water in the water bath. Therefore, upon immersion in the water bath the compression 

spring immediately sank to the bottom. As the SMA compression spring was heated to 

65°C, it expanded against the flexible latex rubber membrane and the overall volume 

changed by approximately 25%. This was a sufficient increase in volume to reduce the 

system density to 0.88g/cm3 and cause the spring to rise to the surface. When taken out of 

the bath, the spring system cooled in air, and the extended rubber membrane had a 

sufficient stiffness to compress the spring back and restore the original volume of the 

spring/membrane system. 

Initially, for the SMA tension spring enclosed in the flexible latex rubber membrane, the 

system was extended by 140%,. The initial density of the system was less than the density 

of tap water in the water bath, causing the system to float. When the spring contracted due 



to heating, it decreased in volume by approximately 50% and increased in density, causing 

it to sink to the bottom of the tank. The problem with this SMA tension spring system was 

that there was no biasing force present to return the tension spring to its original length. 

There was a lack of control inherent in these initial experiments. They were basically 

on/off experiments using the low-temperature and high-temperature spring system 

volumes to bring about a change in density. A more precise control of temperature could 

have produced the exact volume required to produce neutral buoyancy of the system. For 

example, in the SMA compression spring experiment, a total volume increase of 25% 

occurred when the temperature was raised from below to above the transition temperature 

range. If the temperature of the spring had been known, which would have produced a 

percentage volume increase of just 6%, the system could have achieved neutral buoyancy. 

5.3.2 SMA Spring Actuator Device Results and Discussion 

The dependence of plate separation distance on temperature and constant external loads is 

shown in Figure 5.7. The corresponding shear stress on each compression spring, due to 

the external load, is also included, so as to determine the point when the springs start to 

become overstressed. As can be seen from the figure, the initial plate separation (IPS), at 

the beginning of each test, steadily decreased as the external load increased. The plate 

separation at zero load was 31.SSmm and this decreased by 27% to 23.0Smm with the 

application of a shear stress of 63.43 MPa (l2N) on each SMA compression spring. This 

corresponded to a (cold) system spring stiffness of 1.41 N/mm. 
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As the SMA springs in the device exhibited only one-way shape change with temperature, 

an external load is essential for returning the springs and plate to their initial position, but 

the external load has to be sufficient to overcome the natural (cold) spring forces. 

Therefore, as can be seen from Figures 5.7, loads of 2N or less were insufficient to return 

the plates back near their initial position. This corresponded to a shear stress on each 

SMA spring of 10.57 MPa or less. With greater shear stresses, the final plate separation 

(FPS) may actually sink below the initial separation. For example, a shear stress of 63.43 

MPa (12N) on each SMA spring caused an initial plate separation of 23.05mm. After the 

temperature cycle was completed, the FPS was 13.7% lower than the IPS, at 19.9mm. For 

control reasons, a similar initial and final separation would be preferred, and a simple stop 

mechanism incorporated into the device would ensure there was no excess travel. The 

stop mechanism would also prevent over stressing of the SMA springs. 

The application of external loads also affected the plate separation distance when the SMA 

compression springs were hot, i.e. when they had been heated into their austenitic state. 

With no external stress, the plates reached a maximum separation of 38.8mm, but this 

decreased steadily by nearly 17% to 32.3mm, when each spring was subjected to a shear 

stress of 63.43 MPa (l2N). This corresponded to a (hot) system spring stiffness of 1.85 

N/mm, a 31 % increase from the cold state of the device. 

For all plots in Figure 5.7, the phase transition began at a temperature of approximately 

45°C and ended at around 55°C. Transition from austenite back to the martensitic phase 

occurred at about 53-55°C and ended around 45°C. The,;e transition temperatures are, in 



actual fact, about lODe lower than the stated transition temperatures from the suppliers. 

There is very little hysteresis evident from the plots in Figure 5.7. This is encouraging, as 

a device with as little hysteresis as possible is the most desirable from a control point of 

view. Up to a shear stress of 52.S6 MPa (10N) on each spring, the temperature hysteresis 

was very small. At the higher shear stresses, however, there was a difference of nearly 

5De in temperature between the fully heated spring temperature, Ar, and when it started to 

cool (i.e. the point when the plate started to return). Transformation temperatures are 

certainly dependent on the stress level, with the effect of raising the Mr and Ar 

temperatures with increasing stress [6]. By association, the hysteresis range also increases 

with increasing stress. An interesting observation is that the plate began to return at a 

temperature higher than the Af temperature. This is in contrast to classical hysteresis 

behaviour of shape memory alloys [7], where return movement normally starts at a 

temperature lower than the Af temperature, giving a typical hysteresis of around 1O-15DC. 

The influence of external shear stresses on plate separation can be seen more clearly in 

Figure 5.S. The graph illustrates the decrease in initial plate separation (IPS) and 

austenitic plate separation (APS) as shear stress was increased. The position of the plate 

upon completion of the temperature cycle is also shown. As stated earlier, for shear 

stresses greater than 10.57 MPa (2N), the final plate separation decreased below the IPS. 

This did not become a significant problem until the external shear stress on each spring 

exceeded 42.29 MPa (SN). The actuation stroke of the device, denoted APS - IPS in 

Figure 5.S, increased with external shear stress to a maximum at 52.S6 MPa (1 ON), after 

which the stroke began to suffer due to the severity of the imposed stresses. Figure 5.9 



shows more clearly the actuation stroke of each SMA spring as a function of the external 

shear stress. 
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shape memory alloy compression spring. 

Tests were also carried out to determine the influence of spring temperature on the elastic 

modulus of the device as a system. Figure 5.10 shows the change in modulus for the 

device as the temperature of the shape memory alloy springs was increased from 30°C to 

65°C. The modulus behaviour as spring temperature was returned from 65°C to 30°C is 

also shown in the figure. 
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Figure 5.10 Relationship between the elastic modulus of the device as the temperature of the SMA springs 

was increased and decreased. 

As can be seen from the above figure, the elastic modulus of the device during the heating 

phase initially decreased, as the temperature was increased from 30 to 45°C. The modulus 

then increased significantly as the springs were heated through their transition 

temperatures, from 45 to 55°C. The modulus reached a maximum at a temperature just 

higher than the final austenitic temperature, which is an increase in elastic modulus of 

approximately 60% from the value at 43°C. Further heating caused a slight decrease in 

65 



elastic modulus. The presence of the minimum in both the heating and cooling curves 

occurs close to the Ms and Mr temperature values. The slight decreases in elastic moduli 

may be due to the formation of self-accommodation in the crystal lattice of the NiTi alloy. 

The lattice changes from the ordered austenite configuration to a twinned lattice, which 

are more mobile, with low energy interfaces. Direct comparison with previously 

published work is difficult, as the design and configuration of the device is unique to this 

study. However, similar increases in elastic modulus of shape memory alloys have been 

observed. The modulus of NiTi wire increases from 27600 MPa to about 70000 MPa with 

the application of temperature [8]. The shear modulus of a 5.25mm diameter NiTi tension 

spring increases from 2700 MPa to 24500 MPa [9]. 

As the temperature was decreased from 65°C to 30°C, the modulus behaviour followed a 

similar trend to that observed during the heating phase curve. There was a sharp decrease 

in modulus as the springs were cooled to below their final martensitic temperature at 45°C. 

The magnitude of the modulus was lower at this point than in the heating phase, and 

remained lower during the remainder of the cooling phase to 30°C. 

5.4 Further Development of SMA Spring Actuator Device 

In the state used in the previous experiments, the SMA spring actuator device provided a 

useful actuation force output and stroke. For the purposes of producing appropriate 

volumetric changes, however, the device would need to be contained in a watertight casing 

if it is to be used underwater. This casing would have [0 have the abiiity to deform to 



accommodate the expanding and contracting spnngs, and resist the direct or indirect 

effects of the surrounding water pressure. 

The actuator device was modified slightly by reducing the diameter of the parallel 

fibreglass epoxy plates from 100mm to 60mm. The two aluminium guide bars were also 

modified so they could be contained between the two plates. This was achieved by using a 

piston system. The new guide bar system also provided a suitable stop mechanism to 

prevent over stressing of the SMA springs. A steel extension bias spring was also fitted to 

the device to act as a bias when the shape memory alloy springs were cool. The spring 

constant for the bias spring was 1.5 N/mm, which was approximately 10% greater than the 

spring constant of the actuator system. This would provide enough bias to return the SMA 

springs to their original positions, but low enough to have little effect on the high

temperature actuation stroke. The new actuator system was then enclosed in a two-piece 

sliding assembly, with the use of o-rings and lubricant to create an effective seal. The 

assembly can be seen in Figure 5.11. The two-piece casing was made from aluminium 

alloy of 4mm thickness, with access holes to accommodate the supply wires and 

thermocouple wire. The inner diameter of the base section was 61 mm and the inner height 

was 30mm to accommodate the SMA spring actuator. The inner diameter of the top 

section was 72mm, to create an effective sliding seal with the base section and o-rings. 



to power supply guide bars 

heat. 

Figure 5.11 Actuator design to provide a volume change, enclosed in a two-piece aluminium assembly 

using o-rings to provide an effective seal. 

Upon testing the new system, a number of problems became evident. The main problem 

was associated with how the assembly was sealed, and the associated friction caused by 

the two o-rings, even with a lubricant, such as vacuum grease. The casing was found to be 

too tight, causing it to greatly restrict movement. The actuation force of the SMA springs 

could not overcome the friction. The wall if the casing was thinned slightly, which 

allowed it to move somewhat under spring force while maintaining a watertight seal. The 

vacuum grease was found to be too viscous and it also greatly restricted a smooth sliding 

motion as the springs expanded. In fact, very often there would be no movement at all 

until the springs had heated to their final transformation temperature, thereby exerting 



their greatest force. A sudden motion would then occur as the strength of the springs 

overcame the friction. 

Various alternatives to the vacuum grease were tested, and a combination of silicone oil 

and petroleum jelly was found to improve the motion of the aluminium caps while still 

maintaining the seal. However, there was still a degree of friction evident from the 0-

rings. 

Another problem, associated with the friction of the casing, was that the biasing force of 

the steel spring was now insufficient to reset the position of the SMA springs after they 

had cooled. The bias spring had to be replaced with one of greater stiffness, nearer to the 

stiffness of the system at high temperature, 1.85 N/mm. The advantages of having a 

greater bias force were outlined earlier in Figure 5.1, allowing a more accurate control of 

spring extension with temperature. The downside, however, is an overall reduction 111 

maximum stroke output of the springs, due to the increased load on them. 

A further problem was the air enclosure for the springs. Even with a stiffer bias spring, 

the system would take a long time to return to the original position after the temperature 

cycle. This was due to inefficient cooling inside the enclosure, causing the springs to cool 

slowly. Under the conditions, the heating phase took just 20-30 seconds, but the cooling 

phase took extremely longer at 5-10 minutes. 



Due to the problems outlined earlier, the results of tests on the system were less than 

encouraging. Under constant external loads, because of the friction present in the system, 

the spring temperature had to be around 55°C or higher to record any significant 

movement of the device. At most, a 3mm stroke was recorded, corresponding to just 5% 

volumetric increase. This stroke was recorded only at lower loads. External loads greater 

than 6N were too high for the springs to work against. It was difficult to determine the 

shear stresses imposed on the SMA springs. Apart from the known applied loads, the 

sliding friction from the two-piece assembly could not be determined. 

The tests carried out on the two-piece actuator design showed that the sliding seal greatly 

restricted a smooth stroke as the springs expanded upon heating. Therefore, the two-piece 

assembly was abandoned. The current proposal is to return to a one-piece assembly. The 

simplest and most effective solution is to enclose the actuation device in a flexible 

membrane, such as latex rubber, as was done previously for individual SMA springs. 

Expansion of the actuation device could bring about an increase in volume and, hence, a 

decrease in density that could be sufficient enough to cause it to rise in a water column. 

Latex rubber is flexible and would stretch as the device expanded, and the membrane 

could also serve as an effective bias force to return the springs to their original position, 

negating the use of a bias spring. 



5.5 Conclusions of Shape Memory Alloy Studies 

NiTi shape memory alloys show great potential for being used as effective actuators to 

output substantial axial stresses and strains. This could lead to a device, enclosed in a 

suitable enclosure, which utilises the controllable mechanical properties of the alloys to 

bring about volumetric changes. The SMA spring actuator device constructed and tested 

for this study has been donated to the Science Museum, London, minus a flexible 

membrane. The device, shown in Figure 5.12, will be part of the 'Innovations' exhibition 

in the Wellcome Wing. 

Figure 5.12 SMA spring actuator design, minus flexible enclosure. 
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Chapter 6 Overall Discussion and Future Work 

The target application of this project was an element of variable buoyancy with uses in 

oceanographic surveys and in other underwater operations. For this purpose, research was 

conducted into the behaviour of 'smart' materials in an underwater environment, such as 

responsive polymer gel systems and shape memory alloys. Much attention was also 

focused on the diverse buoyancy mechanisms present in nature, in the hope of finding a 

viable analogue that could be transferred to the engineering world. 

As described in Chapter 2, Stoke's equation stated that a marine organism's position in the 

water column is determined by its form, or hydrodynamic, resistance, and its density 

relative to the density of the surrounding seawater [1-2]. In most cases, marine creatures 

attempt to change their density, rather than their form resistance, to control their 

buoyancy, as the transferral and replacement of heavy fluids and ions with lighter ones 

results in less expenditure of energy. Either a change in mass or a change in volume can 

control density, and practically all organisms use a change in mass. The exception is the 

sperm whale, which can solidify a quantity of hydrocarbon oil, causing its volume to 

contract and reduce the volume exposed to the sea [3]. The whale can then dive to great 

depths with less propulsive power required from its tail fin. 

The review identified a number of engineering analogues to natural buoyancy methods. 

For example, flexible bladders, which are vital for the maintenance of depth for teleost 

fish, are used in a number of survey floats [4-5]. The purpose is slightly different, though. 



Whereas a fish swimbladder helps to maintain a constant depth, the bladder in a float is 

inflated to assist the float to the surface so that it can transmit its data. This system is quite 

efficient in terms of energy conservation. There is no need for thruster power to rise or 

fall in the ocean. The only power required is for a quick transferral of liquid or gas to or 

from the bladder. Once the volume change is completed, the physical forces due to the 

change in density are sufficient to raise or sink the device. 

The above example shows how difficult it is to obtain an ideal biomimetic solution to the 

control of buoyancy. Most marine creatures are quite happy to stay within their small 

range of depth, but underwater vehicles are often required for a variety of missions 

involving various depth changes. However, many of the natural buoyancy methods could 

form the basis for specific applications in buoyancy control of underwater vehicles, such 

as in the fine control of neutral buoyancy. 

There is scope for much future work in this area. Existing biomimetic solutions can 

always be refined to improve efficiency, and new ideas may be obtained by looking at 

some of the less obvious natural buoyancy mechanisms. For example, many species of 

plankton and some cephalopods exclude the presence of heavy ions from their body fluids 

and replace them with lighter ions. The emergence of responsive polymer gels could serve 

as effective engineering analogues for this exclusion of ions. It has already been shown in 

Chapter 4 how the major seawater ions affect the volume of polyacrylamide gels. Similar 

gels are also finding many applications in drug release systems, where the gels are 

'programmed' to slowly release an enclosed drug to the body system [6]. The advantage 



of this system in an underwater environment would be its passivity, not drawing on the 

onboard battery supply. It would remain to be seen if such a release of light ions to an 

entrained solution would output an appreciable change in weight and density. In nature, 

many organisms using this method need to have large amounts of fluid compared to their 

overall body volume, making them quite cumbersome [7]. This was also evident with the 

vessel, Trieste, containing large amounts of low-density petrol [8]. 

It may also be worthwhile investigating the other terms of Stoke's equation, such as the 

density of seawater and the viscosity of seawater. Such terms are regarded as constant and 

unchangeable for a particular depth in the ocean, and certainly they remain so for marine 

organisms. However, there may be ways of manipulating these values immediately local 

to a vessel, maybe with the application of electric or magnetic fields, or through the 

release of substances from polymer gel systems, as mentioned above. If such a method 

existed, it would still need to be weighed against the power drawn from batteries to create 

the effect. 

Polymer gel systems exhibit good properties contributing to their suitability for use in 

marine applications. As was seen in Chapter 4, NIP A gels have a density close to that of 

seawater. However, this density value can also be changed with the application of 

temperature, thus giving a buoyancy control mechanism closely paralleling the mechanism 

found in sperm whales. Although the density changes found with NIP A gels are not very 

appreciable, especially when used in conjunction with a possibly larger vehicle or device, 



the manipulation of this density may prove to be of great benefit in the fine control of 

neutral buoyancy. 

To achieve neutral buoyancy, the aggregate density of a vehicle would need to 

continuously match that of the surrounding seawater. The density of seawater increases 

by approximately 0.45% for every change in depth of 1000m [9], and the overall density 

change of an underwater device would have to match this increase. The study of the 

density of NIP A gels showed a marked increase in density of 30-40%, just above their 

transition temperature of 28°C to 30°C. This is well above the requirements for neutral 

buoyancy as depth is increased. These gels would form only a small fraction of the total 

volume of a device or vehicle, allowing an array of such gel systems to be activated at will 

to produce the required change in density to bring about the neutral buoyancy. 

If the density changes of NIPA gels were to be used in buoyancy control systems, the 

effects of hydrostatic pressure would need to be taken into account. The phase transition 

temperature of NIP A gels has been found to be stress and strain dependent, with 

corresponding increases in transition temperature evident with the application of 

hydrostatic pressure [10). The swollen state of NIP A gel is more stable at higher 

pressures, resulting in higher temperatures being needed to induce the phase transition 

[11]. There are also some complex gel-volume profiles, depending on solution 

temperature, as hydrostatic pressure is increased up to 250 MPa [11]. The effects on gel 

density are currently unknown for these parameters. The density experiments conducted 

in this study were performed under negligible hydrostatic pressures. Clearly the present 



results need to be expanded to include the effects of hydrostatic pressures on the density 

and volume of NIP A ( and polyacrylamide) gels. 

Polymer gel systems, particularly NIP A gels, were seen to provide excellent changes in 

elastic modulus, as temperature was increased above the transition temperature. Such a 

property has great potential in an element of variable stiffness. This may be possible by 

embedding the gel in some hybrid material, which would be capable of adjusting its 

compressibility to match that of seawater. Traditional compressees consist of a hollow, 

pressure resistant cylinder containing a spring element, such as a steel spring or gas

charged hydraulic accumulator [9]. Descent to depths greater than 1000m are not very 

feasible, however, as cylinder wall thicknesses need to be substantial to withstand sea 

pressures. Polymer gel materials may have the advantage of being in the form of a 

membrane, directly exposed to the sea pressure. Further work would need to be conducted 

on the suitability of such materials as compressee spring elements by determining the 

strain energy, or modulus of resilience, of polymer gels at different external pressures, 

temperatures and salinities. 

The actuation capabilities of polymer gels were found to be quite low. In comparison, the 

contractile force generated from a single fibre (5mm2 cross-section) of polyvinyl alcohol

polyacrylic acid (PVA-PAA) gel was 1.45N, equivalent to 0.29 MPa [12]. This is over 10 

times greater than the contractile response of polyacrylamide gels found in this study. It is 

also close to the actuating capabilities of human muscle, which is approximately 0.35 MPa 

[13]. Other polymer-based materials, such as conducting polypyrole actuators are capable 



of active stresses that are at least 10 times greater than human muscle [13], or over 100 

times greater than the active stresses measured in this study. For the advancement of 

polymer actuators in underwater applications, research may need to be concentrated on 

these new polypyrole actuators. 

Much work is still needed on the use of shape memory alloys in a practicable variable 

volume device. The experiments conducted in Chapter 5 have shown the potential of 

these materials for producing effective and reproducible strains, with the application of 

significant stresses. However, the design for enclosing the SMA spring device was less 

than satisfactory and much improvement needs to be made in this area. Enclosing the 

device in a deformable and flexible membrane may prove to be useful, but the concerns 

for this configuration would be the maximum workable depth for the device. Enclosures 

need to be capable of withstanding hydrostatic pressures, and the strength of a flexible 

membrane may not be sufficient, thus limiting the device to shallow depths. 

The following are a few ideas for more pressure-resistant enclosures. 

(1) Buckling Plate Design: 

• SMA actuator is enclosed in a pressure-resistant casing 

.. ends are capped with saucer-shaped plates, which are initially concave 

when the actuator device is in its cold contracted position 

.. end plates are designed to buckle between concave shape and a convex 

shape 



• when the SMA actuator is heated, it expands and pushes against the 

plates, causing them to buckle outwards, thus increasing the volume of 

the system 

It bias springs (not shown) will return the SMA actuator to its original 

position 

CI stop bars attached to the plates will pull the plates back to the concave 

shape as the actuator is contracting 

Plates designed to 
buckle between 
concave and convex 
shape (with suitable ~ 
stop bars) ~ 

(2) Reinforced Bellows Design: 

Heat 

Cool 

sure -resistant 
cylinder 

• SMA actuator is enclosed in reinforced flexible ducting or a mechanical 

bellows, with pressure-resistant end caps 

III metal bellows have the advantage of working at greater depths 

• heating the actuator will expand the system against hydrostatic pressure 



• the spring resistance of the flexible ducting or mechanical bellow will 

provide sufficient bias to return the system to the initial position and 

volume 

Reinforced 
tlexible ducting or 
mechanical 
bellows 

Heat 

Cool 

Pressure -resistant 
end cap 

(3) Inflatable Bladder Designs: 

• SMA actuator is enclosed in pressure-resistant casing with opening 

exposed to sea pressures 

• Actuator works against a fixed volume of liquid in a flexible rubber 

bladder 



II As actuator expands, the bladder is pushed out of the opening, thus 

increasing the volume of the system 

II Bias springs or sea pressure will return the system to the original 

position and volume 

casing 

Inf1atable rubber 
bladder filled with 
volume of liquid 

II SMA actuator works as part of a larger system in a pressure-resistant 

casing to expand or deflate an external bladder filled with oil 

II When contracted, the space vacated by the SMA actuator fills with oil 

from the internal bladder 

II The actuator forces the oil up to expand a mechanical bellows, which in 

turn compresses a volume of nitrogen gas. 



Bellows 

• Upon the opening of a valve, the pressurised nitrogen forces the oil out 

of the bellow and into the external bladder, causing the overall volume 

to increase and reduce the density if the system 

It To increase density again, a valve allows oil from the external bladder to 

the internal bladder 

• The SMA actuator contracts again and the cycle can be repeated. 

Nitrogen is 
compressed by 
expanding 
bellows 

Compressed 
nitrogen forces oil 
out of bellows into 
external bladder 

expands as oil -111-~-
Oil is transferred 
from external 
bladder to internal 
bladder 

is forced into it 

SMA actuator 
pushes oil into 
bladder 

SMA actuator 
cools back to 
contracted 
position, 
allowing oil to 
fill space 

Oil is transferred 
from internal 
bladder to SMA 
actuator chamber 



Future work in this area may diverge from the SMA spring assembly. The NiTi springs 

used in the study show appreciable increases in stiffness as their temperatures are 

increased. As suggested for polymer gels, these properties could be used as a variable 

stiffness element, if incorporated in a suitable membrane or laminate. To be effective, 

however, it may be better to use SMA wires, which have a superior work output per unit 

of material to SMA springs. SMA wires have also been proposed for an alternative 

buoyancy control method, as mentioned in Chapter 2. The design uses a compliant 

cylinder wrapped with SMA wires that contract to quietly and slowly pump a volume of 

ballast seawater from the vessel [14]. Another effective method uses arrays of small 

hollow tubes (,straws') made of shape memory alloy, which can increase in volume when 

electrically heated [15]. The 'straws' are limited to depths of less than IOOOm. 

There are clearly a number of avenues of future research which require to be pursued to 

achieve the objective of an effective and versatile buoyancy change device. 
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Chapter 7 Conclusions 

The general conclusions from this body of work are outlined as follows: 

1. There is a need for a low power method of controlling the buoyancy of small 

autonomous underwater vehicles and devices. 

2. There are a variety of natural buoyancy mechanisms, including the exclusion of heavy 

ions to create a less dense liquid, increasing or decreasing the surface area, the use of 

gas chambers, low-density waxes and oils, and hydrodynamic planes. 

3. No clear biomimetic solution was obtained from the buoyancy mechanisms present in 

nature. However, many of them provide inspiration for engineering analogues. 

4. Of the many smart materials currently available, responsive polymer gels and shape 

memory alloys appear to be the most suitable candidates for use as actuators in an 

underwater environment. 

5. Polymer gels can be manipulated to output a change in volume, stiffness and density 

that can be used in the control of neutral buoyancy of a vehicle. However, there is 

still room for research and improvement, such as determining the effects of 

hydrostatic pressure on the density and volume of gels, and investigating alternative 

polymer actuators capable of outputting greater power ratios. 

6. Shape memory alloys have great potential for providing actuation forces, but much 

work needs to be done to improve that knowledge and to design an effective 

buoyancy control device. 



Materials 
& Design 

ELSEVIER Materials and Design 21 (2000) 169-174 

The effects of salinity and temperature on the behaviour of 
polyacrylamide gels 

P.J. Molloy*, M.J. Smith, M.J. Cowling 

Glasgow Marine Technology Centre, University of Glasgow, Glasgow G 12 SQQ, UK 

Received 9 August 1999; accepted 27 September 1999 

Abstract 

Polymer gels are capable of undergoing large volume changes under the influence of solvent composition and temperature. 
Studies have been conducted on the effects of salinity and temperature on hydrolysed polyacrylamide gels. Three salinities were 
investigated from 5 pints per thousand Cppt) to 35 ppt, which is approximately the salinity of natural seawater in temperate 
waters. For each of the salinities, the effect of temperature from 5°C to 40°C with 5°C increments was investigated. It was found 
that hydrolysed polyacrylamide gels shrank in all the solutions, this effect being most pronounced at the high salinity (35 ppO, 
with a smaller volume decrease noted in 20 ppt and 5 ppt salinities, respectively. The effect of temperature was minimal, with all 
solutions promoting a decreasing volume change as the temperature increased. The polyacrylamide gels remained whole in the 
experiments with no visible signs of degradation. The cyclical volumetric strain behaviour of the gels was also investigated by 
alternate exposure to saline solutions and distilled water. Cyclical swelling and deswelling of the gels was observed which, in some 
cases, was fully reversible. © 2000 Elsevier Science Ltd. All rights reserved. 

Keywords: Polyacrylamide gels; Seawater 

1. Introduction 

There is a need for marine devices which are able to 
take measurements throughout the water column, usu
ally with limited power sources. Buoyancy control is 
important in these small, underwater vehicles and sen
sor packages to enable greater flexibility in measure
ments in the ocean. This paper has concentrated on the 
behaviour of polymer gel systems which exhibit large 
volume changes when subjected to certain stimuli. Such 
gel systems might be used as the basis for actuators to 
control buoyancy in underwater applications. 

Polymer gels can respond to changes in their envi-

'Corresponding author. T~I.: +44-141-330-4361: fax: +44-141-
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ronment, such as pH (1), temperature (2), solvent com
position (3), and applied voltage (4). One response can 
be a change in size and shape (5), which could mean a 
conversion of chemical energy directly to mechanical 
work. The benefits of this conversion could he used 
wherever power for more conventional devices is limited 
or difficult to obtain, such as in an underwater environ
ment. 

This paper studies the effect of immersing hydrol
ysed polyacrylamide gels, i.e. ionic gels, in seawater of 
various salinity concentrations in order to mimic realis
tic marine environments. Seawater is effectively a solu
tion of major and minor ions, gases and nutrients. 
Eleven major ions make up more than 99.99% of the 
dissolved material in the sea (6). These major ions are 
listed in Tahlc I. 

The effect of salt solutions on gels has hecn investi-
[7-1 (11 not I he (~ffect nf scaV!;lt'~r 'If "'1!';OllS 
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Tahle I 
Major ion composition of seawater 

Common name Chemical 
form 

Chloride CI-
Sodium Na + 

Sulphate SO}-

Magnesium Mg'+ 

Calcium Ca2+ 

Potassium K+ 

Bicarbonate HCO, -

Bromide Br 
Strontium Sr'+ 

Boron H J BO, 

Fluoride F 

Amount(%) 

19.353 
10.76 
2.712 
1.294 
0.413 
0.387 
0.142 
0.067 
0.008 
O.(){)4 

0.001 

salinities and at various temperatures, where the cock
tail of numerous ions and salts can affect the behaviour 
of the gel. The varying salinities were used to emulate 
real environmental conditions in which these materials 
could be used, such as oceans, coastal waters and 
estuaries. If gels are to be used in such marine environ
ments, the effects of salinity and temperature are of 
significant interest. 

Polymer gels consist of two components: a liquid 
phase and a network of long-chain molecules. The 
network of polymer molecules holds the liquid in place, 
and the liquid prevents the network from collapsing 
into a compact mass. The volume of a gel is influenced 
by osmotic pressure, 7T, which is the sum of three 
components illustrated by the following Flory-Rehner 
[11] assumption: 

7r = 7Tmix + 7TeI + 1Tion' 

where 7Tmix is polymer-polymer affinity, which relates 
to the interaction between the polymer strands and the 
solvent. The 7Tmix pressure is always negative. Its value 
depends on the solvent composition and is independent 
of temperature. 7T,[ is rubber elasticity, the pressure 
which relates to the elasticity of the individual polymer 
strands, i.e. their resistance to stretching or bunching. 
The strength of the rubber elasticity of a gel is propor
tional to the temperature. The temperature, however, 
does not affect the direction of the 7Te[ pressure, but 
only the magnitude of this force. Direction depends on 
the state of the gel. When the gel is swelling the 7Te[ 

pressure is considered positive. 7T;"n is the hydrogen 
ion pressure, which is associated with the degree of 
ionisation of the polymer network. Ionisation releases 
an abundance of positively charged hydrogen ions into 
the gel fluid. Hydrogen ions give rise to a positive 
pressure that is temperature-dependent and tends to 
cause swelling in such gels. 

The magnitude and direction of the three compo
nents of 7T in conjunction with each other governs 

whether a gel swells or shrinks. At a fixed solvent 
composition and temperature the gel will adjust its 
volume so that the total osmotic pressure will be zero. 
If the osmotic pressure is positive, the gel will take up 
fluid and the volume will increase. If it is negative, the 
gel will expel fluid and the volume will decrease. This 
process continues until equilibrium is reached. 

The elastic force due to swelling depends on the 
degree of crosslinking of the polymer network. There is 
less swelling for strongly crosslinked gels. Also, as the 
temperature of the gel decreases the polymer network 
loses its elasticity. At a critical temperature the elastic
ity goes to zero and the gel becomes infinitely com
pressible. 

Temperature is thus an important factor in gel 
strength and phase transition. The temperature at which 
polymerisation of the network takes place also affects 
the structure and physical properties of the gel. Gelfi et 
al. [12] have shown that gels polymerised between 0 
and 4°C are turbid (opaque), highly porous and unelas
tic. These opaque gels are regarded as 'faulty' gels, 
because the distribution of polyacrylamide chains within 
the matrix is non-homogenous, i.e. there are areas of 
high and low strand density. This leads to low swellabil
ity in solvents. The optimum polymerisation tempera
tures are between 25 and 30°C. The resultant gels are 
transparent, with small pores, and are compliant. Po
lymerisation above 60°C results in gels with short po
lymer coils, which are slightly more porous and less 
compliant [12]. 

2. Experimental 

2.1. Gel preparation 

Polyacrylamide gels were prepared using an acryl
amide monomer (Sigma) and the crosslinking co
monomer, N' N-methylene-bis-acrylamide (Fluka). All 
chemicals were of reagent -grade quality and were used 
without further purification. Transparent rods of gel 
were prepared based on a method described by Tanaka 
[13]. Doubling the amount of crosslinking agent and 
halving the amount of water altered the quantities, in 
order to produce a more mechanically robust gel. The 
gels were produced in polypropylene cylinders and 
cured at room temperature. The gel rods so produced 
were 100 mm long and had a diameter of 15 mm. These 
were washed in distilled water to remove any residue 
monomers and the rods were then allowed to equalise 
in distilled water for I week. 

Using nomenclature introduced by Hjerten [14] to 
describe composition, the total monomer concentration 
T was found to be 10% and the percentage concentra
tion of the crosslinking agent relative to the total 
concentration C was found to be 5%. Such gels were 
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found to have an equilibrium water content (EWC) of 
approximately 90%. 

After equalising, the rods were cut into discs and 
allowed to hydrolyse for 3 weeks by soaking in 1.2% 
N, N, N', N' -tetramethyl-ethylenediamine (TEMED), a 
basic solution. Assuming that the gels swell isotropi
cally [IS], the degree of swelling is calculated as a 
swelling ratio, V /V';), 

V/V';) = (D/D,/, (2) 

where Vo and V are the volumes of the gel discs at 
preparation and after immersion in TEMED, respec
tively, and Do and D are the corresponding gel diame
ters. All gels used in the study were hydrolysed for a 
period of 21 days, resulting in a mean swelling ratio of 
V /V';) = 3.585 ± 0.D95. 

2.2. Salinity stlldy 

The salinity studies were carried out using seawater 
collected from the Largs Channel of the Firth of Clyde, 
Scotland. The seawater had a salinity of 35 ppt when 
collected and it was filtered through Whatman glass 
microfibre filters, which removed any bacterial cultures. 
Solutions of 5 ppt and 20 ppt were prepared from 
seawater by diluting it with distilled water. The distilled 
water was produced by a Millipore-UIO system. 

In order to investigate the effects of salinity on the 
hydrolysed gels, all the discs were weighed and their 
diameters were recorded using a Mitutoyo Profile Pro
jector Type PJ-300. The discs were soaked in solutions 

(approximately 30 m\) of distilled water,S ppt saline, 20 
ppt saline or 35 ppt saline (natural seawater). 

All swelling experiments were carried out in tripli
cate. They were begun at SoC and were taken through a 
temperature range in increments of SoC up to 40°C. 
The solutions were kept at constant temperature using 
a Techne Flow Cooler FC-500 in conjunction with a 
Techne Circulator C-85D in a poly-(methyl methacry
late) (PMMA) 10 L tank of water. 

After each SoC temperature increment the gels were 
left for 2 days at this temperature to adjust. They were 
weighed and their diameters recorded each day. The 
solutions were changed daily during the experiment to 
simulate a larger body of water. The degree of swelling 
of the gels at each salinity concentration and tempera
ture was found using Eq. (2). 

The cyclical volumetric strain behaviour of the gels 
was also investigated by alternate exposure to distilled 
water and saline solutions of 5 ppt, 20 ppt or 35 ppt 
seawater. The gels were allowed 2 days to equalise in 
the respective solution before being transferred to the 
alternate solution. 

3. Results and discussion 

Fig. I shows the degree of swelling of the gels with 
respect to temperature when immersed in one of the 
three saline concentrations. As mentioned previously, 
after hydrolysation in 1.2% TEMED for 21 days, the 
average degree of swelling of the gels was 3.585 ± 0.095. 
This will be referred to as the hydrolysation value. 

1.5 r---------------------------------. 
o 5ppt I::. 20ppt o 35ppt 

'0 
1.4 

~ 
Cl 

.§ 1.3 

Qi ::: en 
'0 1.2 
Q) 
Q) 

OJ 
C]) 

0 
1.1 

10 15 20 25 30 35 40 45 

Temperature eC) 

Fig. I. Degree of s\\/clling of polyacrylamide gels with respect to temperature when immersed in onc of the three saline concentrations. 
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From Fig. 1, it can be seen that the degree of swelling 
of the gel discs decreases significantly from the above 
value when they are immersed in saline solutions, ex
hibiting a V /V";) range between 1.1 and 1.4. The swelling 
degree for gels in 20 ppt and 35 ppt solutions are 
practically the same, with that for the 35 ppt values 
being slightly lower than for the 20 ppt solution. These 
values are significantly lower than the swelling degree 
for the gels in the 5 ppt solution. The results are in line 
with what would be expected of such materials due to 
their polymer structure. 

Since the gels were hydrolysed before the salinity 
experiments, some of the -CONH 2 groups will have 
been converted to carboxyl groups, which sponta-

HYDROLYSIS IN BASIC SOLUTION 

I I I I 
cf'C'NH 0-7.c'OH 

oC 
cf'C'NH 

2 
0'7 'NH

2 2 

11 
IONIZATION 

I I I I 
0-7'C'NH 

C oC 
0-7'C'NH 

2 
0-7' '0-

H' 
0'7 'NH

2 2 

Fig. 2. Hydrolysis of polyacrylamide gels. 

neously ionise leaving -COO - ions (Fig. 2). This causes 
the gel to expand due to the repulsion of the ions. 
When the gel is then immersed in a saline solution the 
positive ions, such as the sodium and magnesium ions, 
shield the -COO - ions, negating the repulsion and 
resulting in a decrease in the degree of swelling. This 
effect is less pronounced in the low salinity as there are 
less ions available than at the higher salinities, i.e. 20 
ppt and 35 ppt. 

The effects of temperature play only a small part in 
the degree of swelling of the gels immersed in saline 
solutions. At all salinity concentrations there is less 
shrinkage from the hydrolysation value as the tempera
ture increases, but only to a small extent. This is to be 
expected as polyacrylamide gels are relatively insensi
tive to temperature [16]. The hydrogen ion pressure, 
7T;on' and the rubber elasticity, 7TcI , are temperature
dependent and, thus, this dependency will have a small 
effect on the magnitude of the swelling degree as the 
temperature increases [5]. 

Fig. 3 shows the relationship between the degree of 
swelling and temperature for gels in the salinity solu
tions investigated and also in distilled water. There is a 
great difference between gels in distilled water and 
those in seawater solutions. Distilled water gels have a 
swelling degree in the region of 4-5.5, which is higher 
than the hydrolysation value. This is due to the intro
duction of extra ions, 0- and H+, into the gel network 
and augmenting the existing repulsion that causes 
swelling. The gels in saline solutions, on the other 
hand, have contracted to a V /V";) range of 1-1.5. 
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Fig.], Degree of swelling of polyacrylamide gels with respect to ternpl!rature when immersed in one of the three saline concentrations and also 

in distilled water. 
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Fig. 4. Cyclical volume contraction and expansion of polyacrylamide gels when transferred to and from solutions of seawater and distilled water. 

These results demonstrate a possible use of hydrol
ysed polyacrylamide gels in a seawater environment. 
There is a significant contraction of gels when immersed 
in seawater, regardless of the salinity concentration. 
This was re-affirmed in a cyclic test (carried out at 
40°C) where polyacrylamide gels were repeatedly trans
ferred from distilled water to salinity solutions and 
back again. Fig. 4 illustrates the significant swelling and 
contraction that can occur by changing the external 
solution from distilled water to seawater. The gels show 
good repeatability when contracted in seawater solu
tions. This shrinkage is reversible on transfer to dis
tilled water. The changes in gel volume are not rigid or 
sudden. It takes approximately 1 h for a new solvent 
mixture to permeate the gel by diffusion [5]. The 
shrinking and swelling that follows can take much 
longer to reach completion, perhaps several days. 

4. Conclusions 

Thc purpose of this study was to investigate poly
acrylamide gels for their usefulness as possible actua
tors in marine applications, such as in buoyancy control 
of small vehicles and sensor packages. Thc work de
monstrated that such gels contract in various seawater 
solutions and therefore, the use of polyacrylamide gels 
as actuators in marine applications may be considered. 
There was a significant reduction in the degree of 
swelling of the gels when transferred from TEMED to 

saline solutions, the most contraction occurring at the 
highest salinity concentration of 35 ppt, with less con
traction for the lower salinities. All saline solutions 
promoted an increasing volume as the temperature 
increased. The significant differences in degree of 
swelling for gels in seawater and in distilled water also 
demonstrates their possible applications as actuators in 
marine applications. 
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Abstract 

This paper reviews how many pelagic organ
isms maintain their buoyancy in the ocean. 
Although there are thousands of different spe
cies of marine organisms, ranging in size from 
microscopic plankton to squid, shark and the 
large whales, the mechanisms they use to 
avoid sinking are not as varied. These mechan
isms include: the exclusion of heavy ions to 
create a less dense liquid; enlarging the sur
face area of the organism to increase drag; the 
use of gas chambers; the use of low-density 
waxes and oils; and hydrodynamic planes. 
Natural buoyancy systems are compared with 
those currently used in various underwater 
vehicles; in addition, the attempts being made 
to mimic the mechanisms present in nature are 
described. 

1. Introduction 

Thousands of pelagic organisms exist in the 
ocean, from the surface waters down to the deep 
sea floor. Each species lives within a certain range 
of depth and, as far as is known, the individuals of 
a species must keep to their particular environ
ment in order to flourish [I]. The protein-based 
tissues and skeletal materials of many of these 
marine organisms are considerably more dense 
than seawater, which has a density range of 
about 1.024--1.030 g/cm3 [2]. To compensate, 
these organisms employ a variety of methods in 
order to remain at their chosen depth in the water 
column. Table I summarizes many of the 
mechanisms found in marine life. The Stokes' 
equation determines the sinking rate of an 
organism [3]: 

SR = 2 (PI - (2)gr
2 

9 (Vw )(¢) 

where SR = sinking rate, PI = density of the 
organism, P2 = density of seawater, g = gravi
tational acceleration; r = radius of a sphere of 
identical volume; VII' = viscosity of water; and 
cj; = form resistance, which expresses the effect 
of departure from the spherical form on sinking 
rate. Control of the local density or viscosity of 

namic resistance or decreasing its density with 
respect to that of seawater can bring about a 
reduction in the sinking rate. 

2. Plankton 

The proteins, carbohydrates and skeletal struc
tures that make up plankton usually have a den
sity greater than that of seawater and, hence, 
plankton tend to sink in the water column. 
Therefore they must employ strategies to aid 
their buoyancy or reduce their rate of sinking. 

Plankton have a number of ways of reducing 
their density, one such method being ionic re
placement to reduce the density of body fluids. 
Seawater is a complex mixture of ions, of which 
sodium (Na+), chloride (en, magnesium (Mg2+) 
and sulphate (SO~-) account for over 97% of the 
total ionic content [4]. Replacement of a heavy 
ion, such as sulphate, with a lighter ion, such as 
chloride, can reduce the density of the solution. 
Ions with negative partial molar volumes, such as 
magnesium, cause close packing of water mol
ecules and therefore increase the density of the 
solution. Replacement of these with ions of posi
tive partial molar volumes, such as sodium, 
induce a less regular structure and lower the solu
tion's density [4]. 

Organisms such as ctenophores, sa Ips and het
eropods actively exclude heavy ions such as SO~
from their bodies and replace them with osmot
ically similar but lighter Cl- ions [3]. Newton and 
Potts [4] observed the exclusion of Mg2+ and 

Table 1 Buoyancy mechanisms in marine 
organisms 

Method 

Ex<;,lusion of heavy ions 

Increase in surface area 
Ammonium-rich body 

fluid 
Gas-filled shell 

Gas-filled swimbladder 
Hydrocarbon squalene 
Low-density waxes 

None 

Marine organisms 

Gelatinous marine animals, 
plankton 

Plankton 
Some oceanic squid and 

crustaceans, plankton 
Some cephalopods (e.g. 

cuttlefish, Nautilus and Spirula) 
Teleosts (e.g. cod and haddock) 
Squaloid sharks 
Deep-diving mammals (e.g. 

sperm whale) 
Bottom dwellers (e.g.lobsler, 

octopus), constant swimmers 
(e.g. comp, 
b!1Je si1ftrk,l 
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SO~- ions from the larval bodies of Hoarlls vul
garis (Arthropoda: Decapoda), Asterias 
(Echinodermata) and Obelia. Gross and 
Zeuthen [5] and Kahn and Swift [6] have found 
similar ion replacement mechanisms present in 
other plankton. One such organism is the dino
flagellate Noctilllc(!, whose internal Iluid contains 
ammonium chloride (NH4Cl) which is isosmotic 
with seawater but is less dense [3, 6]. 

Some plankton use gas vesicles for buoyancy. 
Researchers [7, 8] describe how freshwater and 
marine blue-green algae can change overall buoy
ancy by modifying the cellular carbohydrate con
tent. The siphonophore colonies also use gas 
floats, e.g. the Portuguese man-of-war (Physalia) 
[3]. Another low-density strategy is the use of fats 
or oils that are less dense than water. Copepods 
and diatoms store oils that maintain their buoy
ancy, and which can also be used as food reserves 

[3]. 
If plankton cannot reduce their density, then 

they must increase their hydrodynamic resistance. 
The smaller an organism is, the greater is its sur
face area relative to volume [3]. By remaining 
small, plankton offer far more surface area of 
resistance to sinking per unit volume of living 
material than if they were large. The other way 
of increasing the hydrodynamic resistance is to 
change the shape of the body or develop spines 
and body projections. These can add considerable 
resistance, but add little to the weight [9]. A few 
long spines increase drag more than a greater 
number of short spines. The species 
Acallthollletra has projections. called l11yonemes. 
projecting out from the gelatinous body of the 
organism [2]. When the l11yonel11es contract. 
the gelatinous matrix is greatly expanded and the 
organism rises in the water. On relaxation of the 
myonemes. the matrix shrinks and is followed by 
sinking (Figure I). 

Certain plankton can undergo vertical migra
tions to the depths and back up to shallow waters. 
For example. during a typical day. phytoplankton 
photosynthesize and accumulate carbohydrates. 
causing nitrogen supplies to become limited. 
This tips the balance of the cell from being posi
tively buoyant to negatively buoyant and the cell 
begins to sink. Photosynthesis decreases and with 
it the production of carbohydrates. However. 
metabolic activity continues and internal NO.1 
pools accumulate in the cell with the expenditure 
of energy. These tip the balance back in favour of 
positive buoyancy and the cell begins to rise 
again. In this way the plankton oscillates between 
positive and negative buoyancy. Studies of the 
coastal marine diatom Til1llllssiosirll lI'C'is.I/fogii 
showed that the density and sinking rate of the 

Figure 1 The acantharian radiolarion. Above, with outer 
cytoplasm expanded (myonemes contracted): below, with 
cytoplasm withdrawn (myonemes relaxed) [2]. 

studied the vertical migration of three oceanic 
diatoms of the genus Rhi~o.\'Olellia and found 
that carbohydrate ballasting can account for 
buoyancy changes. Whether as solitary cells or 
as aggregations (mats). Rhi~o,\'OI(,llia migrate in 
this way to keep nutrient pools (below 80· 
100 m) and then return to the surface for photo
synthesis. This migration helps the transport of 
nitrate (new nitrogen) from depth into the surface 
waters. and surface-derived carbon is respired at 

depth [13]. 
A number of hypotheses have been suggested 

for the vertical migration of zooplankton [3]. 
Mclaren [14J and Haney [15J suggest that zoo
plankton descend into the depths during the day 
to avoid predators in the upper lighted areas. 
Another hypothesis is that they are avoiding 
damage from light. Hardy [16] suggests that de
~\:t?nt into tl!\' (kpth\ hrinp.s ~j rl<I~ .. dl supplv of fond 
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plankton. The zooplankton then rise to the sur
face to feed. A final reason for migration is that 
descent into the depths allows the production of 
phytoplankton. The hypothesis also suggests that 
less energy is needed for zooplankton to stay in 
cold, deep waters than trying to maintain them
selves constantly in the warm. upper waters [14, 
17-19]. 

3. Cephalopods 

There are some 700-800 species of modern ceph
alopod. They are mostly squids and a number of 
octo pods, with a few sepioids of the cuttlefish 
group [2]. They employ a number of methods to 
achieve neutral buoyancy [20]. including the use 
of gas-filled chambers of Naulilus, Spirilla and 
Sepia, replacement of heavy ions as in some octo
pods, and the storage of low-density fats in the 
Gonatidae family of squids. However, the 
majority of cephalopods achieving neutral buoy
ancy are oceanic squids using ammonium-rich 
solutions isosmotic with seawater. 

Ammonium storage was first discovered in 
cranchiid squids [21]. Since then, thirteen families 
of oceanic squid have been documented, or sug
gested, to use ammoniacal buoyancy. as have 
genera in three of the fourteen otherwise non
ammoniacal, muscular families [10, 12]. The cran
chiid squids can hang almost motionless in the sea 
and possess a large, fluid-filled buoyancy 
chamber. The liuid is principally ammonium 
chloride and is isosmotic with seawater [1. 21]. 
It has a specific gravity of about LOI0-LOI1. so 
a relatively large volume of the ammoniacal Iluid 
is required to make the squid neutrally buoyant. 
This could take up almost two-thirds of the ani
mal's total weight. making it very cumbersome. 
The squid secretes nitrogen from the breakdown 
of proteins in the form of ammonia instead of 
urea. This ammonia is trapped in the coelomic 
cavity. Because the acidity is high. the ammonia 
difTuses from the bloodstream into the ca\'ity and 
dissociates into ions. They remain in the ca\ ity to 
reduce the density of the Iluid. The coelomic 
ca\'ity hardly leaves space for the development 
of a capacious mantle ca\'ity. In fact. such 
squid. though capable of' rather quick escape 
reactions. arc small-finned. unhurried s\\'immers. 
In larger and more acti\'\~ kinds of squid therc is 
no single buovancy chamber (c.g. llisliolelilitil). 
Instead. there are many smali v,lcuolar chambers 
over the bod~. particularly in the anns and 
mantle. that are filled \\ ith ammoniacal Iluids 
vel'\ similar in compo,ition to tl1\),c 01' cranchiid 
,quids [~, ~(). 2~ ~SJ. Although ammoniacal 
hUO~;~I])C'\' ~)(r\..'r\ an ,ld'. 

Naulilus, the last surviving genus of externally 
shelled cephalopod, maintains neutral buoyancy 
in the sea through the use of a gas- and Iiquid
filled portion of the shell which serves to lower the 
specific gravity of the entire shell and enclosed 
tissue to approximately that of seawater [27]. 
The saline or cameral liquid that originally filled 
the chambers is removed by osmosis through the 
siphunc\e. a thin strand of tissue that extends 
back from the body of Nal/lilus through each 
chamber. The space left is filled passively with 
gas by difl'usion. and the pressures within these 
chambers are subatmospheric [28]. As the 
animal grows, producing new flesh and shell 
material, it becomes progressively denser. By 
removing liquid in small volumes each day, a 
NaUlill/s can counterbalance density increases 
[19]. The system can also be used if there is a 
sudden increase or decrease in the weight of the 
Naulilus. such as ingestion of food or following 
an attack by a predator, where a portion of the 
shell may have been broken off [30J. Studies have 
shown that, when challenged with a sudden 
decrease in buoyancy, Nal/lilus can increase its 
chamber emptying rate in a compensatory 
fashion [31]. When sections of shell were 
removed. or when extra buoyancy was attached 
to the Nal/lill/s, it shut off the pumps in the 
siphuncle, resulting in a slow refilling of the last 
several chambers with liquid until neutral buoy
ancy was again achieved [32]. This gave the 
animal time to grow new shell material. It was a 
popular misconception that the Naulilus was cap
able of rapidly adding or subtracting water in the 
shell for the purpose of quickly ascending or de
scending [33. 34]. Chamber refilling or emptying 
takes days. not hours. preventing rapid buoyancy 
changes. 

The more recently evolved cephalopods, Sl'pia 
(cuttlefish) and Spil'llia. also have chambered 
shells that are used to achicve neutral buoyancy. 
The cuttlebone of the Sl'pia consists of a number 
of thin chambers laid down. one below the other. 
at the rate of about one or two a week as the 
animal grows [2X]. Parallel sheets (lamellae) of 
calcium carbonate form the chambers which are 
sealed from each other. but within any individual 
chamber gas or liquid can move freely [35]. 
Numerous pillars support each chamber. and 
these haw a sigmoidal cross-section (Figure 2). 
Liquid can be pumped into or out of the cuttle
bone to decrease or increase the gas volume. The 
gas is principally nitrogen and its pressure in the 
older chambers is only about four-fifths of an 
atmosphere. regardless of depth [2g]. This is 
enough to giw the bone an overall density of 
around ()()", " that of ,eawater. sutlicient to 

'j" : h' 
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lamella pillar chamber 

Figure 2 The position and microstructure of the cuttlebone 
[35]. 

This entrained liquid is primarily a sodium 
chloride solution, at a lower concentration than 
in the blood of the cuttlefish. This creates an 
osmotic pressure sufficient to balance hydrostatic 
pressure. The yellowish membrane at the back 
end of the cuttlebone has an ample blood 
supply that enables the membrane to pump salts 
from the liquid within the cuttlebone and into the 
blood. The effect of this is a tlow of liquid from 
the cuttlebone into the bloodstream. Therefore, 
this salt pump can increase or decrease the 
osmotic pressure between the animal's blood 
and cuttlebone liquid in response to changes in 
hydrostatic pressure exerted by the sea. 

Birchall and Thomas [35] found the cuttlebone 
matrix to have a mean crushing strength of 
1.1 MPa. Therefore, along with actively main-

lactic acid 
displaces O2 from 
haemoglobin 

9~ 'J'l !l)0 

'N 111( 101 

l()OatmO~ 

S\\'I)'1BLADDER 

taining the buoyancy of the animal. the scaled 
chambers also provide a structure which com
bines high porosity (93%) and low specific gravity 
(0.19) with the ability to resist external pressures 
greater than I MPa. Denton el al. [36] reported 
that under hydrostatic pressure a whole cuttle
bone withstood a pressure of 2.4 MPa (corre
sponding to a depth of 230 m) before imploding. 
Failure of the shell was found to be progressive, 
not catastrophic [35]. The S-shaped cross-section 
of the pillars minimizes any tendency for the pil
lars to buckle by maximizing the second moment 
of area. Although cuttlefish can withstand pres
sures up to 24 atm, they do not seem to live deeper 
than 150 m, where the pressure is 16 atm. Nallli/lls 

shells collapse at about 65 atm, but they also 
remain at a safer depth of about 500 m, where 
the pressure is at 51 atm [37]. The same is true 
of the Spirilla. Even though its shell implodes at 
pressures corresponding to a depth of 1700 m, 
most Spirula are caught at depths of 600--700 m 
during the day, and at 300--100m by night [38]. 

4. Teleost Fish 

Teleosts are a large diverse group of bony fish. 
Many species, including the cod and haddock, 
are equipped with swimbladders that give them 
neutral buoyancy [2]. Typically, a swimbladder 
occupies around 5% of the total volume of a 
fish, and the low density of the gases that intlate 
the bladder offset the higher density of the muscle 
and bone. However, the volume of the swim
bladder can change with depth. As the fish 
swims downward, pressure increases at one 
atmosphere every 10 m. Therefore, when a fish 
dives deeper, it must secrete more gas into the 
swimbladder, and reabsorb gas from the swim
bladder when it wishes to rise. The rates of secre
tion or reabsorption are quite slow. Fish caught 
at depth and immediately brought to the surface 
nearly always die because their swim bladders 
expand rapidly as the pressure drops, thus 
crowding and rupturing their vital organs. 

The gas pressure exerted in the swim bladder 
directly opposes the hydrostatic pressure of the 
sea. The proportion of oxygen found in swim
bladders increases with depth. A fish living at a 
depth of 1000 m has a partial pressure of oxygen 
in the swimbladder of 100 atm, but only 0.1 atm in 
the surrounding tissues, so somehow the swim
bladder pressure must he maintained to resist 
the hydrostatic pressure [18]. This is partly 
achieved 'hy having impermeable walls and also 
hv the !.!as !.!Iand and its hlood supply, the rete 
n;irahil~. The rete is made up of arterial and 
venous capillaries lying next to each other, 
Cnrmin? ~\ counkn qrrC!lt ';yskni 
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haemoglobin [39]. Therefore there is an increase 
in the concentration of free (difrusible) oxygen 
molecules. The blood leaves the gas gland and 
enters the rete mira bile countercurrent system. 
There is a progressive equilibration of diffusible 
substances between the ingoing and outgoing 
streams. Free oxygen molecules diffuse into the 
incoming blood and the acidity of the outgoing 
blood decreases [28]. Alkaline blood causes 0, 
molecules to recombine with haemoglobin~ 
However, the rate of combination is far slower 
than displacement from haemoglobin, and it is 
this difference in rates that brings about an 
excess of oxygen molecules available for secre
tion. The countercurrent system allows the con
centration of free O2 molecules to build up within 
the gas gland until there is a net diffusion of gas 
from the gas gland into the lumen of the swim
bladder, against the hydrostatic pressure of the 
sea. 

Gas reabsorption is carried out in one of two 
ways. Some fish have a valved duct leading to the 
oesaphagus through which gas can escape [28]. 
Other fish have a closed system with a structure 
called an oval that acts like a sphincter to open or 
close some region of the swim bladder wall, so that 
the region is either exposed to or occluded from 
the gases. This region has its own blood supply 
not connected to a rete, so gases can dissolve into 
the blood and get carried away from the swim
bladder. 

5. Sharks 

Deep-sea squaloid sharks have attained neutral 
buoyancy through the development of a large 
and oily liver. In most animals the liver is 
around 4-6% of the total weight, but in the 
shark it may be more than a quarter of the total 
weight [40]. The liver oil is mainly composed of 
hydrocarbon squalene, which has a specific 
gravity of 0.86 and is stored in such quantities 
that the uplift provided almost eliminates the 
shark's weight in seawater. It has been suggested 
that the mass of squalene would have to be con
trolled to within I % in order to keep the animal 
within 0.1 % of neutral buoyancy. The Sqllu/lls 
(/('(/11111;(/.1' shark responds to changes in its 
weight by varying the less abundant lipid consti
tuents of the liver oiL and not the amount of 
squalene [41]. When weights were attached to 
the shark, the presence of diacyl glyceryl ethers, 
which are less dense than the triglycerides in the 
liwr oil. increased over two days. This increase in 
the low-density lipids was sutlicient to counter the 
weight increase. 
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Figure 4 The structure of the head of the sperm whale [47]. 

whales, Clarke [42] advanced the theory that the 
spermaceti organ in the head of the sperm whale 
is used to regulate buoyancy by exploiting appre
ciable differences in density between the melted 
and unmelted forms of the entrained waxes. The 
theory received much criticism [43-45], but the 
hypothesis was expanded to greater detail [46, 47]. 

The spermaceti organ makes up the bulk of the 
head of the sperm whale, and it is filled with a 
liquid called spermaceti (Figure 4). It is a complex 
mixture containing some triglyceride fats like 
those found in other mammals and animals. 
However, spermaceti is composed chiel1y 
(~73.5%) of waxes. These are the esters of fatty 
acids and monohydric alcohols, which have a 
much lower specific gravity than the triglyceride 
f~lts. Spermaceti is a clear straw-coloured oil at 
about 30T, but becomes cloudy if cooled and 
progressively solidifies and crystallizes as the tem
perature drops. As it solidifies, it contract and 
becomes denser. Clarke [46] found that the rate 
of density increase on cooling is greater at higher 
pressures. An increase in density of the spermaceti 
will result in a decrease in the buoyancy of the 
IVhale. If the sperm whale could control the tem
perature of the spermaceti organ and its oiL it 
could also control its density, and sink or rise 
with small expenditure in energy. 

Clarke suggested that a mechanism might exist 
for flushing water through the right nasal passage, 
which, lVith its expanded sacs at the front and 
back of the spermaceti organ, would bc wcll 
fitted to act as a useful heat-exchanger [46, 47]. 
This would cool the spermaceti oil. increasinl! the 
specific gravity and causing the whale to be;ome 
less buoyant. The lungs of the whale are isolated 
from the surfac.e of the heat-exchanger by a 

"!l' ;;li 
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salis, which can lift the forward end of the case, 
thus expanding the cavity within the right nasal 
passage. The cold seawater would cool the sper
maceti organ near the passage. Blood flowing past 
the nasal passage would also be cooled, which 
could then cool the spermaceti oil further from 
the nasal passage. Using this method, and also 
from heat loss through the blubber and skin. the 
whale could achieve neutral buoyancy in 3 min
utes while diving to a depth of 1000 m. 

To rise again. the whale would cease to circu
late water through the nasal passages [46, 47]. In 
addition, vasoconstriction at the skin surface 
would cease the loss of heat through the blubber. 
There would be enough muscle activity to cause 
heat to accumulate and be transferred to the sper
maceti organ via the blood. The whale would then 
gently rise to the surface. 

7. Seabed Dwellers and Active 
Swimmers 

Although many organisms possess buoyancy 
devices, others do not and they must therefore 
remain on the bottom of the ocean or employ 
some form of muscular effort to maintain them
selves at their particular depth. Lobsters. plaice 
(Pleurollet/es). rays (R{/i{/, selachians) and 
common octopus have no buoyancy organ so 
must live at the bottom of the sea [18]. 

Many organisms from plankton to certain spe
cies of shark must swim to keep themselves 
buoyant. Motile phytoplankton are capable of 
directed swimming and can control their position 
in the water column [10]. The barrel in which the 
amphipod Pi1rollil11{/ sedell/{/ri{/ lives acts as a pro
pulsion system with an entrance three times the 
area of the exit. This barrel greatly reduces the 
energy expended by the amphipod in maintaining 
its position [4X]. This also occurs in individuals 
of the class Larvacea [.+9]. The spiral shell of the 
pteropod LiIlIilCill({ re//'()\'erslI is supported by 
having a foot II'ith two lateral extensions. like 
wings. Rhythmical flapping of the wings effects 
swimming [~9]. The crustacean EII/,i1allsia /wci(iCll 

is the most negati\'ely buoyant of the midwater 
crustaceans. and must swim constantly to avoid 
sinking [50]. 

Although man)' spccies of cephalopod possess 
buoyancy systems. some squid need to swim 
actilely to prelent themselves from sinking [20]. 
The squid Loligo «,rhesi has fins at its posterior 
end that tend to tilt its nose down. but the thrust 
exerted by its jet from the funnel balances the 
moments. Actiw swimming is also a II'ay of life 
I'ur the OmmastrephilLtc. Enoplotcuthidae. 
Brachiotcuthidae and Ctenoptervgidae species. 

',h!ch 

enough lift from its fins [37]. Tunnies and 
sharks, such as the blue shark, swim with their 
pectoral fins extended with a positive angle of 
attack. so that upward lift acts on them. As 
these hydrofoils are anterior to the centre of 
mass, they tend to tilt the snout of the fish 
upwards. The forward thrust and uplift generated 
by the tail fin, called the heterocercal tail, bal
ances the moments and allows the fish to swim 
horizontally. There is a minimum speed at 
which these fish can swim, under which stalling 
may occur. For a dogfish this is about 0.24 m/s, 
and 0.6 m/s for a skipjack tuna. In general. the 
more primitive fishes must rely on hydrofoils 
and propulsive power to maintain their buoy
ancy. whereas the more advanced organisms 
have evolved static or passive means to achieve 
a constant level in the water column [3]. Less 
energy is expended to obtain neutral buoyancy 
by these mechanisms than to have to move con
stantly to attain the required lift. 

8. The Buoyancy of Underwater 
Vehicles: Learning from Nature? 

Over the last century, mankind has attempted to 
emulate the ability of marine organisms to con
trol their buoyancy and explore the ocean depths~ 
The majority of submersible vehicles built in the 
twentieth century have used a buoyancy system of 
making adjustments in weight by admitting or 
expelling seawater from variable ballast tanks 
[St]. The principle is similar to the rigid buoyancy 
chambers of the N{/u/ilus, Spirula and cuttlefish, 
by varying the gas and liquid contents. Mankind 
has managed to go one step further by being able 
to achieve rapid descents and ascents with the aid 
of sophisticated pumps. However. variable sea
water ballast systems are restricted to shallow 
and mid-depth ranges because of the ditliculty 
of pumping or blowing against high hydrostatic 
pressures [51]. Variable displacement systems 
using intlatable bladders are also unsuitable for 
deep ocean depths due to the high pressures. 
Adjustments in buoyancy are made by increasing 
or decreasing the displacement of oil-intlatablei 

detlatable bladders. Again. active pumping is 
required to transfer a volume of liquid from an 
internal reservoir to an external bladder. 

An int1atable bladder system was used in the 
submersible AIl'ill in the 1lJ60s to control its buoy
ancy finely. It 1V0uid dive and climb using three 
manoeuvrable propellers [52]. More recently. 
bladder systems have been used etTectively in 
underwater profilers and gliders [53. 54]. These 
relatil'Cly smaillclrpedo-shaped !loats periodically 
change their buoyancy bv pumping tluid from an 
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Figure 5 The thermal engine of the Slocum glider (a) To 
dive, a three-way control valve is closed, allowing glycol to 
flow into an internal bladder. (b) The cold temperatures at 
depth freeze the liquid hydrocarbon into a solid, creating a 
space that is filled by glycol from the internal bladder. To 
ascend, the control valve is closed the other way, and 
compressed nitrogen from the top tank pushes glycol out of 
a metal bellows into the external bladder. (c) The hydro
carbon melts again, pushing glycol back into the bellows, 
compressing the nitrogen and readying the glider for the 
next dive [54 J. 

[54] looked for ways of using the changes in tem
perature of seawater at the surface and at depth 
somehow to power the pump system, They opted 
for a system similar to that used by the sperm 
whale. By using a volume of pure hydrocarbon 
that was solid at deep ocean temperatures. but 
expanded when melted by surface temperatures 
[53]. they were able to design a heat engine that 
could store enough energy to pump a volume of 
liquid to the external bladder of the Iloat (Figure 
5). The only internal power requirements \\'ere the 
control of the various valves of the pumping 
system. 

Many forms of marine life usc low-density 
materials to onset their bulkier materials. For ex
ample. as explained earlier. many sharks have 
squalene in their li\'ers that keeps them buoyant. 
and some squid species use ammonium-based 
coelomic fluid to buoy themselv'es, E\'en tiny 
plank tOil employ some form of ion-exchange 
system to keep their internal body fluids light. 
1n ]96n i\1!.~~lhlt~ Picclrd. in his h;\l!J:'\Clnh 

[fl" lJI':_r)(~\t 1,110\\'1.... 011 :)',1' ·.--:1:"(1, ,1 I; 

was buoyed by a large float containing petrol. The 
fine adjustments to buoyancy were made by 
slowly releasing the petrol and by dropping 
weights to keep it just negatively buoyant as it 
descended. 

Also in the 1960s. foam composites and syn
tactic foams were developed which had low den
sities, high hydrostatic strength, a bulk modulus 
almost equal to seawater, and immunity to cata
strophic failure. The foams could also be fabri
cated into irregular shapes and be used as a filler 
when 'foamed-in-place'. Since then they have 
been used in a wide variety of applications such 
as submersible vehicles, buoys, risers and flota
tion units [56]. However, the buoyancy provided 
by foams is passive and static, which is fine for 
flotation units and buoys, but inadequate for sub
mersibles where other dynamic means are necess
ary for ascent and descent. 

Hydrodynamic planes to facilitate vertical 
travel in the ocean are being utilized in gliders 
that use a fixed hydrofoil and the thermal 
engine described in Figure 5 [53]. At the surface 
the engine deflates the external bladder, giving the 
glider a negative buoyancy, which is sutlkient to 
point the glider downwards. It sinks and gains 
speed, but the hydrofoil generates lift on the 
way and the glider eventually reaches a nadir 
point and begins to rise again. Meanwhile the 
thermal engine has been storing energy. The 
external bladder is inflated and provides a posi
tive buoyancy to help the glider back to the sur
face. 

With costs of running and maintaining large 
manned and unmanned submersibles remaining 
high, there is a trend towards the development 
of smaller. low-cost autonomous vehicles. 
Researchers are turning more and more to 
nature to try and mimic the characteristics of 
fish. One such project is the Robot Tuna and 
Robot Pike [57]. small underwater robots that 
mimic the swimming actions of the tuna and 
pike. The buoyancy of these robots has been 
made neutral using light acetal structural ele
ments. Another project is concentrating on the 
swimming behaviour of the lamprey or eel [58]. 
The undulations of their tails are being imitated 
by using shape memory alloy wires. 

It is the adwnt of smart materials such as shape 
memory alloys (SMAs) and polymer gels that 
could pave the way towards an intelligent buoy
ancy system for underwater vehicles. A small 
rohotic fish, called MEFiR (Micro Electronic 
Fish Robot). is using shape memory alloy wires 
to control the tail movement. and the buoyancy 
of the dt'\icc may be controlled by a water 
bladder utilizing the contraction properties of 
;\ H l~ ''-; ", ;, Iii' 
,~ "V 
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stand hydrostatic pressures of 20--30 atm. 
Another possible buoyancy system is a peristaltic 
pump using a compliant SMA-wrapped cylinder 
that would quietly and slowly pump a large 
volume of ballast seawater [61]. Finally, the 
great expansions and contractions found with cer
tain polymer gels could be used as actuators to 
displace water and bring about a buoyancy 
change. The volumetric changes could be brought 
about by the natural temperature and salinity 
gradients in the ocean [62]. thus providing a 
power source for actuation. 
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Volume and density changes in polymer gels in seawater 

environments 

P J Molloy and M J Cowling * 

Glasgow Marine Technology Centre, University of Glasgow, Scotland, UK. 

Abstract: Some polymer gels are capable of undergoing large volume changes and 

significant density changes under the influence of sol vent composition and 

temperature. Such characteristics are of interest in the design of small underwater 

devices. Studies have been conducted on the effects of temperature on the density 

and volume of poly(N-isopropylacrylamide), NIP A, gels. The gels were investigated 

in solutions of distilled water and solutions of natural seawater, which has an 

approximate salinity of 35 parts per thousand (ppt). For each solution, the effect of 

temperature from 5°C to 50°C was investigated. Such gels contract significantly 

when heated above their phase transition temperatures. The transition temperature for 

gels in seawater, 26-28°C, was found to be lower than for gels in distilled water, 33-

34 dc. Gels in seawater become more dense at higher temperatures, whereas gels in 

distilled water decrease in density . Short-term tests reveal that such NIP A gels realise 

full contraction after 4-6 hours, but re-swelling takes longer. Density values fluctuate 

greatly in the first few hours due to phase co-existence. Mechanical tests on the NIPA 

gels showed a marked increase in mechanical strength and elastic modulus as 

temperature was increased above the phase transition temperature. 

Keywords: polymer gels; seawater, temperature, density 



There is a need for small autonomous manne devices that are able to traverse 

throughout the water column of the oceans and coastal seas, usually with limited 

power sources. Buoyancy control is important in these small underwater vehicles, 

which usually carry sensor packages, to enable greater flexibility in measurements in 

the ocean [1]. This paper has concentrated on the behaviour of polymer gel systems 

that exhibit large volume changes when subjected to certain stimuli, such as 

temperature. Such gel systems might be used as the basis for actuators to control 

buoyancy in underwater applications [2], particularly if the density of the gel also 

varies in a reproducible manner. 

Some polymer gels respond to changes in their environment, such as pH [3], 

temperature [4], solvent composition [5], or applied voltage [6]. One response can be 

a change in size and shape [7], which offers the prospect of a conversion of chemical 

energy directly to mechanical work. The benefits of this conversion could be used 

wherever power for more conventional devices is limited or difficult to obtain, such as 

in an underwater environment. 

The effects of salinity and temperature on the behaviour of polyacrylamide gels has 

been reported previously [5]. It was found that the salinity of seawater played a 

significant factor in gel volume, but that the temperature sensitivity was minimal. 

This paper represents an extension of the former study, but concentrates on thermo

sensitive poly(N-isopropylacrylamide), NIPA, gels and examines the correlation 

between changes in volume and density changes. A temperature-sensitive gel has 

advantages over the solvent-sensitive gel system examined previously [5], in terms of, 

potentially, easier control by onboard vehicle systems. 

The volume phase transition of NIP A gels in distilled water has been extensively 

reported [8-10]. The transition occurs at a temperature of approximately 34°C in 

distilled water and the mechanism has been attributed to the change in the balance of 

hydrophilic and hydrophobic interactions [9]. The concentrations of monomer (N-

/\f'-n 



studied. The allll of the current study was io investigate the suitability of NIPA gels 

as possible elements in underwater vehicles, especially in the area of buoyancy 

control. 

2. EXPERIMENTAL 

2.1 Gel preparation 

NIP A gels were prepared Llsing an N-isopropyJacrylamide monomer (Sigma) and the 

crosslinking comonomer, N'N-methylene-bis-acrylamide (Fluka). All chemicals 

were of reagent-grade quality and were used without further purification. The 

distilled water was produced by a Millipore-U 10 system. Transparent rods of gel 

were prepared based on a method described by Tanaka [11]. The mass of 

crosslinking agent was doubled and the amount of water was halved, in order to 

produce a more mechanically robust gel. The gels were produced in polypropylene 

cylinders of various diameters and cured at ambient temperatures for one day. The 

gel rods so produced were 100mm long and had diameters of 4.8mm, 12.8mm, 

15.4mm or 20.4mm. These were washed in distilled water to remove any residue 

monomers and the rods were allowed to equalise in distilled water at ambient 

temperatures for one week. 

2.2 Optimum diameter study 

After equalising, the rods were cut to roughly equal lengths of approximately 30mm. 

The gel rods were then immersed in distilled water for one day at 34°C, which is 

O.5°C above the known phase transition temperature for NIPA gels [4,9]. All gel 

samples remained cylindrical after the transition period, therefore, the degree of 

swelling, or contraction in this case, was calculated as a ratio, VGFJVo, 

(I) 
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them to swell again. After this the above test was repeated, but this time the period of 

time at each temperature was longer, at 6 clays. All tests were carried out in triplicate. 

Gel dimensions were recorded using a Mitutoyo Profile Projector Type PJ-300, 

accurate to to.OO 1 mm. 

2.3 Long-term density study 

The gels used in this study had a diameter of 4.8mm and were roughly equal in length 

at 15mm. The density studies were carried out using distilled water or seawater 

collected from the Largs Channel in the Firth of Clyde, Scotland. The seawater had a 

salinity of 35ppt when collected and was filtered through Whatman glass microfibre 

filters (GF/C) to remove any bacterial cultures. 

The density and volume of each NIP A gel was found using a density bottle. This 

consists of a pear-shaped flask and a ground glass stopper, which has a capillary hole 

through its centre, allowing liquid to escape. The volume contained in the density 

bottle can be determined to 0.001 ml, which allows density measurements to be made 

with an accuracy of 0.0 I %. The empty density bottle is weighed, MOB, and then re

weighed when filled with a liquid of known density and temperature, MOB+L. The 

densities of distilled water and seawater are known at all temperatures [12,13]. Care 

was taken to ensure the exterior of the density bottle was dried of overflowed liquid 

before re-weighing. The internal volume of the density bottle, VOB , was found from 

the equation, 

(2) 

where PL = density of liquid at known temperature. For a gel sample, the empty 

density bottle was weighed with the gel inside, MOB+w:L, and re-weighed with the 

bottle filled with liquid, M 013 +GEL+L. The volume of liquid entrained, VL, was 



f-L [)n-! was then ::::: 'VOR 

- VL and the density of the gel, pGEL, was found from the equation 

PGEL = MCEL / VCEL = (MOB+CEL - MOB) / VCEL (3) 

All experiments were carried out in triplicate. Tests began at SoC and were taken 

through a temperature range up to SO°C. The temperature increments were SoC, but 

were reduced to 2°C increments between the temperature range 28°C to 40°C. The 

solutions were kept at constant temperature using a Techne Flow Cooler FC-SOO in 

conjunction with a Techne Circulator C-8SD in a 10-litre polymethyl methacrylate 

(PMMA) tank of water. After each temperature increase the gels were left to adjust 

for one day in the respective solution (distilled water or seawater). The solutions 

were changed daily during the experiments to simulate the effects of a larger body of 

water. The volume and density of each gel was found as outlined above and these 

were used to determine the volume ratio at each temperature, VGEL/ Vo. 

2.4 Short-term Density Study 

NIP A gels in distilled water and seawater solutions were allowed to equalise at 2SoC 

before being transferred to solutions at SO°C for a 12-hour period. As the gels shrank 

in size, the volumes and densities were recorded using a density bottle, with 

measurements taken every 2 hours. In a similar study, contracted gels, that had been 

equalised at SO°C, were transferred to distilled water and seawater solutions at 2SoC 

for 12 hours and allowed to swell. 

2.5 Mechanical Tests 

Compression tests were performed on cylindrical samples (IS.4mm diameter) of 

NIPA, contained in a volume of temperature controlled distilled water, using a Lloyd 

L I 0000 materials testing machine. The distilled water was circulated and kept at a 

constant temperature using a Techne Circulator C-8SD. To determine the modulus of 

elasticity of the NIPA ~~el<; they we1'e sllhjecterl to a tn~l'{imum ~;train of 10%, at the 

e, ) \' 
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3. RESULTS AND DISCUSSION 

3.1 Optimum Diameter Study 

The results of this study can be seen in Figure 1. At 34°C for one day, the volume 

change (contraction) increases as the gel diameter decreases. This is also true when 

the gel swells in solutions at 30°C for one day. Only the gels with the smallest 

diameter, 4.8mm, actually achieved a fully reversible volume change. Even after 

longer periods at respective temperatures, the larger diameter gels did not realise a 

volume transition comparable to smaller diameter samples. This is because the time 

needed for water diffusion into or out of the gel, to effect swelling and shrinking, is 

proportional to the square of the gel diameter [15]. In fact, most researchers now use 

gels of sub-millimetre size to speed up experiments [8]. If NIP A gels are to be used 

in applications involving buoyancy control, these response characteristics need to be 

taken into account. 

3.2 Long-term Density Study 

The volume ratios of NIPA gels, in both distilled water and seawater, as the 

temperature is increased slowly from SoC to sooe is shown in Figure 2a. The volume 

phase transition temperature for NIPA gels in distilled water is known to be about 

34°C [4] and the gels in this study do achieve full contraction at, or just above, this 

temperature. A surprising outcome for NIPA gels in seawater is that the transition 

temperature is significantly lower at around 26 to 28°C. This is encouraging, as the 

power needed to heat the gels to this temperature would be less than if they were 

immersed in distilled water solutions. Saltwater effects on gel volume include 

polymer-polymer interactions and the combination of the three competitive 

interactions of polymer-water, polymer-ion and water-ion [8]. The polymer-water 

interaction is most important with respect to the shrinking force, as this depends on 



temperature to tile lower temperature side. 

The corresponding densities of the gels as they shrink and undergo the phase 

transition are shown in Figure 2b. There is little change in density for gels in 

seawater or distilled water, below their respective transition temperatures. This, 

however, changes once the transition temperature is exceeded. For gels in distilled 

water, the density decreases by 15-25%. Gels in seawater exhibit the opposite effect 

after they exceed their transition point, in that they become denser (by as much 30-

40%), before returning to their original densities at higher temperatures. The standard 

deviations tend to increase soon after the transition is reached. This may be due to the 

fact that the gels become a two-phase system during transition [9], with both shrunken 

and swollen phases in coexistence. As temperature increases, the shrunken phase 

becomes dominant due to the hydrophobic effect, but small pockets of swollen 

material may still exist which could affect the density of the gel. The large change in 

density seen at approximately 5°C above the transition temperature, coupled with the 

corresponding reduction in volume, could pave the way towards a variable 

volume/density device suitable for controlling the buoyancy of small underwater 

vehicles and sensor packages. 

3.3 Short-term Density Study 

Having a gel system with a fast response time is of great interest in the field of 

buoyancy control. Figure 3a shows the reduction in volume of NIP A gels when 

immersed in distilled water and seawater at 50°C for a period of 12 hours. Figure 3b 

shows the corresponding density changes. After 6 hours the gels have shrunk to a 

volume ratio comparable to the long-term study. There is much fluctuation in density 

for both distilled water and seawater gels during this period, including a brief drop in 

density at the 4-hour mark. The phase coexistence is most pronounced at this point, 

as can be seen in Figure 4, and this presence of collapsed sections and hydrated 

swollen sections has possibly caused the gels to become less dense. After 6 hours, 

however, the gels are predominantly collapsed and increase in density again. 



when they were shrinking, as can be seen in Figure Sa. After 12 hours they still have 

not returned to their original volume and need a full 24 hours to do so. The 

corresponding densities, in Figure 5b, fluctuate in the first 4 to 6 hours, where the 

coexistent phases are most prevalent, but seem to settle into a smaller range at longer 

times. 

3.4 Mechanical Tests 

Compression tests performed on NIP A gels in distilled water reveal that the 

mechanical properties also depend on the temperature of the gel and its volume phase 

transition temperature. These gel materials are very soft and mechanically quite 

weak. The elastic Young's modulus of NIPA gel at 30°C is 0.0152 N/mm2, which is 

approximately 5% that of low modulus, acetoxy type silicone rubber sealant. The 

yield stress at 30°C is also very low (0.0395 N/mm\ Figure 6 shows how the elastic 

modulus of a NIP A gel almost doubles in magnitude as the temperature is raised 

above the transition temperature. A corresponding increase is noted for the yield 

stress. 

4. DESIGN IMPLICATIONS 

The results of this study illustrate the possible uses of NIPA gels in the control of 

buoyancy in small, underwater vehicles. The significant change in compliance of the 

material could be exploited to create a passive or very low power, variable stiffness 

element, which could be controlled through a change in temperature, to counteract the 

effects of seawater pressure. A change in compressibility could be enough to correct 

deviations from the neutral buoyancy position. 

The differences in density of NIPA material in seawater, compared to its density in 

distilled water, could also be effectively used in buoyancy control. From Figure 2b, it 

can be seen that the density of the NIP A gel in seawater changes from a value very 

close to that of natural seawater (1.024 g/cm3 at 20ne), to a maximum of 1.344 g/cm
3 
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incorporaring an element of the NIpA material could, with a suilaole seawater or 

distilled water exchange system, bring about a substantial change in its overall density 

to control the buoyancy of the vehicle. 

5. CONCLUSIONS 

The purpose of this study was to investigate NIP A gels for their usefulness as possible 

actuators in marine applications, such as in the buoyancy control of small vehicles and 

sensor packages. The work demonstrated that for such gels there is a significant 

contraction in both distilled water and seawater solutions and that the volume phase 

transition temperature is lower for gels in seawater. The majority of contraction can 

occur within a couple of hours. The density of NIP A gels also changes above the 

transition temperature, increasing in seawater and decreasing in distilled water. The 

significant differences in mechanical properties, density and volume of NIPA gels, as 

temperature and solvent medium is changed, demonstrate the possible use of NIP A 

materials as controllable elements in specific marine applications, such as the control 

of buoyancy of small, autonomous marine devices. 
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during temperature cycles. 

Fig. 2 (a) Gel volume as a function of temperature for gels in distilled water or 

seawater. (b) Corresponding dependence of gel density on temperature. 

Fig.3 Short term effects on gels in distilled water or seawater immersed at 50°C for 

a period of 12 hours. (a) Gel volume; (b) Gel density. 

Fig.4 (a) NIPA gel below the phase transition temperature. (b) Gel exhibiting 

phase co-existence as it contracts. 

Fig. 5 Short term effects on gels in distilled water or seawater immersed at 25°C for 

a period of 12 hours. (a) Gel volume; (b) Gel density. 

Fig. 6 Elastic modulus and yield stress as a function of temperature for NIP A gels 

tested in distilled water. 
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