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ABSTRACT 

Many locomotor actions require controlling velocity of approach to a destination, as 

when a long jumper prepares for take-off, or a gymnast connects with a springboard 
before a vault. This thesis is about how springboard divers control their approach 
and take-off. 

In a preliminary study, the body kinematics of five springboard divers of varying 
experience were monitored during diving training. Findings indicated that all but 

one of the divers displayed a very consistent movement pattern during the forward 

approach. Significant differences in the accuracy of footfall position at take-off 
between beginner and advanced divers were noted. As a result, the kinematics of 
three elite springboard divers were analysed during the forward approach, hurdle, 

and take-off, to test a theory of how braking and timing of actions might be 

conjointly controlled. 

When an animal approaches a surface the ratio of its distance away at any time to its 

speed of approach provides a first order estimate of its time-to-contact with the 
surface. This ratio is termed the tau function. The tau function of x is defined as x 
divided by its rate of change over time (jr). In symbols: 1(x) = x/z. Controlled 
braking is possible by simply keeping -c(x), the rate of change of tc(x), constant. 
Since the visual coupling of the eyes and head to the environment is necessary to 

establish a perceptual frame of reference for action, the control of body movements 
relative to head position and the environment was appraised in the main study. In 

the case of the springboard diver it was hypothesised that the movement of the head 

would maintain a constant spatio-temporal relationship with the environment at key 

moments before take-off. It was revealed that all three subjects in the main study 
regulated their braking when approaching transition and take-off by keeping i(x), 

constant, thus the data support the hypothesis, and argue further for the tau function 
in the perceptual regulation of action. 

The study of real life non-laboratory skills can provide important insights into 
movement control systems. In addition, research of this nature can also be of 
applied value to coaches and athletes alike. 
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PREFACE 

The act of diving into water from a height can be traced as far back as the 5th 

Century BC. A painting of a young man diving from a narrow platform was 

discovered on the roof slab of a large burial vault south of Naples. Archaeologists 

established that the Tomba del Tuffatore (the Tomb of the Diver) was constructed 

around 480 BC. Whether diving was pursued as a sport at this time is not clear, but 

the earliest written instructional account of diving occurs in Master Digbie's Book of 

the Art of Swimming which was translated from Latin and published in 1590. 

He must, if he be in a place where he may stand upon the ground, 
with as much force as he can, leap up, and bending his head towards 
his breast fall forwards down into the water... His hands he must 
holde before his head, with their backs together. 

The hands were held in this way so that the diver could pull himself under the water 

after breaking the surface, 'forcing him downe under the water. ' It is interesting that 

sophisticated techniques are presently employed to produce 'rip' entries, (a clean 

entry into the water without any splash) although the basic idea of pulling the body 

under the surface remains essentially the same. 

There were no springboards when Digbie wrote his account and it was not until the 

latter part of the nineteenth century. that diving began to develop as a sport. 

Although documentation is scarce, we know that the first modern day diving 

competition was held in England in 1880. When diving became an Olympic sport in 

1904 the competition was held from a fixed platform and was known as 'Plain 

Diving'. Four years later, mainly due to the influence of German and Swedish 

gymnasts who brought their skills into the aquatic arena, the London Olympic 
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Games played host to the first 'Fancy Diving' competition which included dive sets 

from both the high platform and an 'elastic board'. The Olympic Committee of the 

day created a table that listed all the different dives allowed on both springboard 

and high platform together with a value for each dive based on the degree of 

difficulty. The springboard competition comprised twenty dives and there were 

fourteen dives for the high platform compared with eighty and eighty-seven dives 

respectively in modem times. The sport was restricted to men until the 1912 

Olympics. 

In the report of the IV Olympiad, the records show that a diver failed a double 

somersault. It was recommended that this dive be eliminated from future Olympics 

as it was believed that multiple spins could not be controlled without serious risk of 

injury. This is in sharp contrast to modem-day diving. At the recent XXV Olympiad 

held in Barcelona, competitors were performing back and reverse two and a half 

somersaults, back and reverse one and a half somersaults with two and a half twists, 

as well as triple twisting one and a half somersaults, and three and a half 

somersaults from both forward and inward groups. Progress can be attributed to a 

combination of the technical design of the modern springboard and the coaches' 

increased biomechanical knowledge. As a result the diving lists have undergone 

substantial changes over the years. Obsolete dives have been changed or dropped 

completely and many new dives have been added. In 1929 the dives were divided 

into six groups and these remain the same today: forward, back, reverse, inward, 

twist, and armstand dives (highboard only). These terms classify dives according to 

their different direction. In addition each dive can be performed in one of four 

positions: straight position, pike position, tuck position, and free position. In the 

free position the diver is not limited by strict form and is able to combine different 

body positions in one movement as in twisting dives where the body often exhibits 

both straight and pike positions. The names of dives have also changed over the 

years. The current F. I. N. A. dive list catalogues dives descriptively, and so dives are 
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listed according to direction, position, and the number of twists or somersaults to be 

performed. In the early days the dive was often named after its originator. The 

reverse dive, for example, has been known by several names: Flying Dutchman, 

Overback Half Turn, and the Half Gainer. It was originally called Islander's Dive 

after the Swedish diver who invented the movement. Another Swede, Molberg was 

credited with the reverse somersault, which became Molberg's Dive but was also 

known as the Overback One Turn, the Flying Dutchman Somersault and the Full 

Gainer. 

Throughout the long history of competitive diving, the single most important 

technical development was the design and construction of the aluminium 

springboard. The original 'elastic board' was made of wood and covered with 

coconut matting to aid traction. This type of board was in use for over fifty years, 

but was gradually replaced by plastic and fibre glass materials in the sixties. When 

aluminium boards emerged around this time they soon set the standard for 

international competition. The aircraft industry played a major role in the 

development of the modern springboard, mainly due to the evolution of lightweight 

high tensile metals. In 1947 Norman Buck developed and manufactured the 

'Buckboard' which was constructed from extruded aluminium tubing used in the 

manufacture of the B17 bomber aircraft. Several pieces of tubing were bolted 

together to make the springboard. While the board was popular at the Melbourne 

Olympics, problems emerged because the bolts wouldn't stay tight. In the early 

fifties, jimmy Patterson, a former U. S. A. diving champion, manufactured his version 

of the aluminium springboard, made from extruded aluminium angles and 

aluminium sheet. At this time the Continental aluminium diving board was also 

developed and was similar to the Buckboard design. Neither of these designs could 
facilitate a smooth taper to the board which is necessary for the distribution of 
bending stress. 
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The best these early designers could do was to make a 'step down' taper that went 

some way towards solving the problem of excess weight at the end of the board 

which in turn modifies the 'action' of the board by affecting its oscillation pattern. 

However, one man did manage to optimise the design. 

Raymond Rude invented and manufactured the Duraflex springboard that has been 

used exclusively in all Olympic and Pan American Games since 1959. The name 

'Duraflex' originated by combining two words: 'Dura, ' derived from 'Dural, ' the 

name of the aircraft aluminium alloy used in the construction of the springboard, 

and 'flex' which simply describes the most important characteristic of the 

springboard. The springboard itself is an aluminium extrusion of tested yield 

strength. Since this material is an aircraft industry alloy, its quality and consistency 

ensure uniform performance. (Appendix 1) 

Access to a sophisticated diving board is only the first step. Using it correctly is 

crucially important. To date, no experimental analysis of the control factors 

governing the forward approach in springboard diving has been conducted. 
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MOVEMENT CONTROL 

CHAPTER 

1.1 INTRODUCTION 

The challenges of bringing together the theoretical and practical dimensions of a 

specific sporting skill are complex, and demand an understanding of the different 

levels of the physical basis of movement. At the biomechanical level, 

movement is understood in relation to the forces generated by muscles and their 

interaction throughout the human body. At the neurophysiological level motor 

behaviour is studied in relation to the neural structures and their functional 

interactions. At the observational level, the connection between the athlete's 

movement action and the environment is fundamental to the development of 

skill. Ultimately, the processes which underlie these relationships are critical to 

fully comprehend the complex system of human motor performance. 

This thesis adopts an ecological perspective on movement control, wherein the 

organism is conceptualised as an open system which acts in relation with its 

environment. It is appropriate that the explication of this viewpoint is 

considered in the context of sporting excellence, where the practical application of 

a variety of movement control theories is particularly germane. In adopting this 

position, it is recognised that there are competing hypotheses about the nature of 

movement control. 
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1.2 A SYSTEMS APPROACH TO MOVEMENT CONTROL 

Historically, studies of movement control were in the behaviourist tradition, 

focusing on the outcome of performance, and largely ignoring the underlying 

processes. More recently, due to the influential works of J. J. Gibson (1966,1979), 

there has been growing interest in the study of natural skills and their ecological 

components. It is important that these different approaches are brought together 

so that they are not viewed as competing explanations, but rather as different 

dimensions of the same puzzle. According to Kelso (1982) 

A full understanding of human movement, in my opinion, can 
only come about if we integrate behavioural work (which tends to 
focus on the outcome of performance) with kinesiology (which 
provides us with information about the kinematics of human 
movement) and neurophysiology (which tells us the nature of 
underlying neural mechanisms involved in controlling 
movement). 

The ecological approach mirrors aspects of the New Paradigm thinking 

developed over the last twenty years. Traditional architectural models of science 

which rest upon concepts of 'foundation' and 'building blocks' have been 

replaced by a more dynamic 'systems' view of the universe (Capra 1983). In part, 

this situation arose from the tremendous advances made in quantum mechanics 

and relativity theory as the development of modern physics brought with it an 

entirely new way of looking at the universe. Established concepts have made 

way for an awareness of the essential relatedness and interdependence of all 

phenomena which transcend current disciplinary and conceptual boundaries. In 

The Turning Point (1983) Capra proffers a systems tree model for the individual 

living organism (p304). His argument traces the development of multi-levelled 

systems in nature and points to the adaptability of non-stratified systems as the 

main reason for their successful evolution. The underlying processes of self- 

organisation which balance the self-assertive and integrative tendencies of 
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biological structures is often misleadingly referred to as a 'hierarchical' pattern of 

organisation. According to Capra (1983): 

To avoid confusion we may reserve the term 'hierarchy' for those 
fairly rigid systems of domination and control in which orders are 
transmitted from the top down. The traditional symbol for these 
structures has been the pyramid. By contrast, most living systems 
exhibit multi-levelled patterns of organisation characterised by 

many intricate and non-linear pathways along which signals of 
information and transaction propagate between all levels, 
ascending as well as descending. That is why I have turned the 
pyramid around and transformed it into a tree, a more appropriate 
symbol for the ecological nature of stratification in living systems. 
As a real tree takes its nourishment through both its roots and its 
leaves, so the power in a systems tree flows in both directions, with 
neither end dominating the other and all levels interacting in 
interdependent harmony to support the function of the whole. 

Essential to this model is the importance of the organisation of system 

complexity over the transfer of control. In this way, Capra encourages us to view 

the various systems levels as 'stable levels of differing complexities... which 

makes it possible to use different descriptions for each level. ' As in a real tree, 

each system level interacts with its total environment. It follows that each level 

of the system can constitute an individual organism. 'A cell may be part of a 

tissue but may also be a micro-organism which is part of an ecosystem, and very 

often it is impossible to draw a clear cut distinction between these descriptions' 

(Capra 1983). Effectively, this paradigm asserts that every subsystem retains its 

autonomy while also being a component of the whole. 

In classical science, nature was viewed as a mechanical system composed of basic 

building blocks. Accordingly, Darwin's theory of evolution proposed the species, 

the subspecies, or some other building block of the biological world as the unit of 

survival. More recently, Bateson (1972) suggested that 'what survives is the 

organism-in-its-environment, ' based on his contention that an organism which 

functions purely in terms of its own survival will ultimately destroy its 

environment. A good example of this is the current interaction between human 
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beings and the world. Therefore, when examined from a systems perspective, the 

unit of survival is perceived as a pattern of organisation which is adopted by an 

organism in its interactions with its environment. 

The 'degrees of freedom' problem exemplifies the similarities between the 

systems model and the ecological approach to movement control. In the context 

of complex motor activity, when there are too many parts of the human body to 

be separately regulated, the answer is to link some of the parts together in order 

to 'constrain' relationships of parts to the whole. Each part can be thought of as a 

'free variable' of which there are many, such as a joint, a muscle, or a motor unit. 

Provided that the degrees of freedom of the system are reduced the control of 

actions is simplified. In addition the environmental effects of gravity, inertia, 

and spatial location all interact to exert an influence on the movement outcome. 

Thus the forces acting on the body are not restricted to internal relationships. 

Bernstein (1967) suggests that a theory is unsound if it ignores the totality of 

forces of an action and considers only the functional descriptions of movement. 

The proper expression of any co-ordinated movement activity must take into 

account the environment of forces to be complete (Fowler and Turvey 1978). 

1.3 ACQUISITION OF SKILL 

Over a number of years, movement scientists have handed down different 

theories of control to athletes and coaches. Until recently much of the research 

pertaining to sport has rested on the information processing model which 

emphasises sequential independent stage models of human performance. 

Whilst it is true that the information processing model is useful as a framework 

for conceptualising a skill (by focusing attention upon underlying processes), and 

can enhance the diagnosis of movement errors, it is fundamentally incomplete. 

Its dependence on reaction time as a common dependent measure, and its neglect 

of the response itself, weakens its value both to scientist and coach. Despite these 
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drawbacks, information processing in its broadest sense provides useful insight 

into the cognitive aspects of skilled actions and is a useful tool for both scientist 

and coach, provided extreme reductionism is avoided. In the past the over- 

emphasis of the individual elements of performance encouraged by the 

reductionist approach resulted in the adoption of a rigid step by step procedure to 

skills coaching by some coaches and educators. Problems arise when too much 

emphasis is placed on the components without regard to the skill as a whole. 

These points are best illustrated by the forward twisting somersault, a relatively 

advanced diving movement. Due to the complexity of a skill where the 

performer is required to rotate about two body axes simultaneously, the learning 

approach must be systematic. The standard procedure is to establish a sound base 

for the movement by practising a single forward piked somersault from the one 

metre springboard. Then at the critical moment, a twist (around the longitudinal 

axis) can be introduced into the action. Some coaches insist on the performance 

of a perfect front piked somersault ending in a vertical foot first entry. Only 

when this has been achieved will the diver be encouraged to add the twist to the 

movement; but this approach fails to take into account the effect of the twisting 

action on the somersault. Since twisting about the longitudinal axis of the body 

cannot be completed with an entirely straight body alignment, the body must 

bend at the hip, thus shortening the overall length of the rotating body. The 

resulting increase in angular velocity will cause the diver to over-rotate and 

crash-land. For some, past experience of the front piked somersault with 

preparatory practice is not enough to guarantee a successful outcome. The new 

movement simply cannot be described as the addition of a lateral twist to a near 

perfect front somersault. Yet, in working to achieve their goal, divers often 

persevere without modifying their somersault action, and attribute the feeling of 

over rotation solely to the unfamiliar movement of the twist. A better approach 

that more closely reflects the learning task is working towards a blending of these 
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movements. Thus the diver is taught a somersault action which lands short of 

vertical to compensate for the rotation effect of the twist. In this way, a 

relationship between the two components is forged. From the coach's 

perspective, the challenge is to convey the importance of the individual parts of 

the skill so that the diver comprehends the basic movement characteristics. 

Then, the relationship between individual movement components can be 

addressed. The way in which these components interrelate demonstrates that the 

biomechanics of the parts are quite different from the whole. 

But the whole skill is more than a simple aggregate of component parts. 

Information about the movements made during the approach to a dive is not 

merely propriospecific, about the positions and movements of parts of the body 

relative to the body itself, nor is it exterospecific, concerning the layout of the 

environment and about external objects and events. Expropriospecific 

information (Lee 1978) about the position, orientation and movement of body as 

a whole, or part of the body, relative to the surrounding environment is crucial 

to understanding the control process. 

Many educators are intuitively aware of these processes without necessarily 

having any involvement with the scientific theories that lie behind such ideas, 

whilst others develop their teaching methodology by reading about the way that 

different teachers or coaches approach the learning situation. Despite the early 

behaviourist influence in sports training, it is not surprising that the ecological 

approach has been adopted by a wide variety of experienced sports coaches and 

educators. At a simple practical level ý the mediating influence of a host of 

environmental factors has always been present in competitive sport. Tennis and 

squash players often have a favourite racket, professional golfers have their clubs 

individually designed to match their own body dimensions and technique. 

Springboard divers are very sensitive to changes made at the, fulcrum, since this 
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affects the action of the board, and trampolinists are equally susceptible to 

variations in tension between trampoline beds. In winter sports the interface 

between ski and snow surface has led to the development of a sophisticated ski 

waxing technology. In outdoor sports, the condition of the playing surface can be 

critical; elements such as the compliance, speed, and smoothness of the surface 

can vary tremendously depending on local conditions. Although modern 

materials have greatly helped to standardise playing conditions, the athletes must 

still prepare for the unexpected. 

A good coach will therefore encourage the athlete to be adaptable, so that 

environmental factors can be exploited rather than overcome, and in this way 

the human body becomes a part of a larger system. 

1.4 THE INNER GAME TECHNIQUE 

From time to time new models of teaching and learning are developed which do 

not harmonise with accepted dogma. One such approach was introduced by 

Timothy Gallwey in his best selling book The Inn r Game of Tennis (1975). In a 

subsequent publication with co-author Bob Kriegel, The Inner Game of Skiing 

(1987), the author's sought to develop and apply 'inner game' techniques for both 

recreational and competitive skiers. The concept of 'self 1' and 'self 2' is central 

to their method. To help the reader conceptualise the difference between 'self 1' 

and 'self 2' Galiwey and Kriegel provide a list of words that best describe the 

characteristics of each 'self. Self 1 is characterised as trying, tense, mechanical, 

unsure, scared and distracted, while self 2 is free flowing, relaxed, exhilarated and 

rhythmic. They suggest that it is a mistake to focus on preconceived notions 

about the correct way to ski. Constant self-evaluation together with on line 

conscious judgement of personal skiing ability is seen as counter productive. 

Encouraged by self 1, the ideals of the ski manual are often strived for in a 

mechanical and reductionist manner. By constantly analysing performance it is 
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possible to lose touch with the experience itself. Learning may be impeded 

because the individual is led by ideas rather than experience: we ski best when we 

are thinking least. The 'breakthrough run' where intention, action, and 

environment are as one, can be achieved by getting out from under the influence 

of self I because it is more important to feel where your skis are rather than to 

know where they should be. Adults tend to segment movement experience into 

distinct parts so that they view a parallel turn as a series of separate components; 

edge the downhill ski, plant the pole, step on the uphill ski, ride through the 

turn, and keep body weight over the front of the ski. In contrast, children learn 

to ski holistically. By watching the whole skill and then trying to imitate it, they 

learn to feel what they are seeing. There is little doubt that sports performance 

can be hampered by a negative psychological disposition, which is characterised, 

in part, by Gallwey and Kriegel as 'self 1: 

Where Kriegel describes Gallwey's teaching method the richness of this approach 

unfolds. In setting out to free the body from the influence of self 1, Gallwey 

unwittingly describes an ecological dimension to skills learning. His novel 

approach turns conventional ski instruction upside down by making intuitive 

connections with environmental dimensions of downhill skiing. In this extract, 

Kriegel describes Gallwey's initial approach to teaching a group of twelve 

students who had never skied before. 

The first step with beginners at this particular school was to teach 
them to side step up a hill. Tim followed this procedure but gave 
no instructions about how each step should be done.... After a few 
minutes Tim said , "follow me, " and started side stepping up the 
gentle slope. Before the novices could start worrying about 
whether they were following him "correctly, " Tim started talking: 
"The first thing I want you to become aware of is your skis. As you 
move up the hill, are they flat or edged into the snow? Don't look 
at mine and don't look at your own. I simply want you to feel 
them. " The students immediately stopped trying to side step and 
became aware of their skis. 
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Rather than begin with a set of instructions designed to convey the standard text 

book method, Gallwey teaches by drawing the pupil's attention to their 

relationship with the environment right from the start. Gallwey and Kriegel 

interpret the outcome of this method in terms of the nature of self 1 and self 2, 

but the technique also serves as an excellent metaphor for the ecological approach 

to the acquisition of skill. Freed from the constraints of a specific body posture, 

the learners in this instance were able to optimise body movements in a specific 

context. 

Similarly, the development of teaching methodology for gymnastics (Mauldon 

and Layson 1965) was based upon Laban's principles of movement. Acquisition 

of skill was viewed not as an end in itself, but the means by which children could 

experience and understand movement in a variety of practical situations. A 

central aim of 'movement education', according to Mauldon and Layson was 'to 

give valid movement experience by drawing upon the child's natural desire to 

come to terms with his physical environment'. The measurable aspects of 

weight, space, time, and flow, were therefore perceived as interconnected. 

1.5 COINCIDENCE TIMING 

A more specific approach to movement control considers ecological theories of 

visual perception. J. J. Gibson (1966,1979) was first to point out that the receptor 

systems in the human body do not necessarily serve a unique function. In two 

innovative studies by Lee et al (1974,1975), children and adults were each placed 

in a room whose walls and ceiling could be moved by a suspension system, but 

whose floor was perfectly stable. Although mechanical exproprioceptive 

information could be used to inform individuals that they were standing still, 

minute movements of the room, both forwards and backwards, caused the 

subjects to lose balance. The children, (ranging in age from 13-16 months) fell 

over a third of the time, or swayed and staggered in the direction that the room 
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moved, indicating a compensatory adjustment based on the optic flow pattern 

arising from the motion of the room. Adults, on the other hand, seemed more 

attuned to proprioceptive information. Although results were similar, the effects 

on body sway were less pronounced. In a study involving novice fencers, Jordan 

(1972) concluded that in a condition where both visual and proprioceptive inputs 

were available, the subject was biased toward the visual response, even when the 

effect was detrimental to the timing of the reaction! In a review of this paper, 

Kelso (1982) suggests that: 'vision is the most reliable source of information for 

the control of activity and we attend to it naturally because it allows us to plan 

our activities more effectively. ' 

Our dependence upon visual information is evident in day to day living. This 

requires perceptual information about the position, orientation and movement 

of the body relative to the environment. Judgement of impending contact 

between the body and other objects or surfaces in the environment is necessary to 

either avoid or engineer collisions. Actions such as crossing the road, walking up 

stairs, or running over uneven terrain all require precise coincidence timing 

skills (Stadulis 1972). 

In sport, coincidence timing can be highly developed, and there is substantial 

evidence that humans are attuned to information which specifies time-to- 

contact. The accurate pick up of visual information about time-to-contact is a 

fundamental aspect of both traditional and ecological theories of visual 

perception. In a review of visual information for the timing of skilled 

movements by Abernethy and Burgess-Limerick (1992), the empirical separation 

of the two strategies was deemed to be complex, if not impossible. Whether or 

not the accurate pick-up of visual information about the time-to-contact between 

an individual and an object or surface is determined by computation of distance 

and velocity, or by direct specification in the optic flow field (as the inverse of the 

10 



relative rate of dilation of the closed optical contour generated by an approaching 

object or surface) is a matter of on-going debate. The optical variable tau (Lee 

1976,1980) specifies a particular time relation between an individual and an 

object or surface (or vice versa), i. e. the distance between the individual and the 

object or surface divided by the relative rate of approach. Under constant 

velocity, the tau-margin or tau function, is equal to time-to-contact. In a 

situation where approach velocity is accelerative, as under gravity, then the tau 

function to the approaching surface is an overestimate of the time-to-contact 

with the surface, although with normal accelerations the overestimate is 

negligibly small over the last 300ms of approach (Lee et al., 1983). 

The wide variety of empirical approaches makes it difficult to resolve the conflict 

between the distance /velocity (computational) method and the tau (direct 

perception) method of extracting time-to-contact information. Key findings can 

be interpreted from either viewpoint (Young 1988) depending upon the level of 

analysis, and the powerful effects of task specificity on different paradigms. For 

example, Kaiser and Phatak (1993) are critical of the paradigm where observers 

are shown the initial segments of constant taudot deceleration profiles and are 

asked to predict whether a hard or soft collision will result (Kim et al 1993). 

Kaiser's contention that simulation experiments are no substitute for the 'real 

thing' (in terms of good empirical examinations of actual approach behaviour of 

humans in an ecologically valid framework), is also proffered by Abernethy et al 

(1992). Additionally, it appears that tau is infrequently used alone (Savelsbergh et 

al; 1991). In situations where tau is ambiguous (Von Hofsten 1987) accurate 

coincidence timing is still possible. In fast ball sports such as cricket, tennis or 

baseball, there is a lot of postural information about the batter that is available to 

the opponent prior to the ball being struck. Such information can be used to gain 

a tactical advantage. It is known that experts are better than novices at picking up 

the preparatory actions of opponents (Abernethy, et al 1990) because it can be 
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shown that there is a movement reciprocity between contestants (Abernethy and 

Packer 1989). It appears that humans are essentially opportunistic, and will 

happily utilise whatever information is available for any particular task (Cutting 

1986). 

Affordance 

Existing research reveals that humans and animals do perceive the relationship 

between the environment and their own action system. Affordance is the term 

that Gibson (1979) applies to this phenomenon and it is defined as 'an invariant 

arrangement of surface/ substance properties that permits a given animal a 

particular activity, ' (Turvey and Kugler 1984). Thus the prospective control of 

movement can be understood in terms of the laws of ecological optics (Gibson 

1966) where the light structured by an affordance will be specific to that 

affordance. Therefore, a general theory of affordances is about the behaviour of 

an interactive organism-environment system that it is not decomposable into 

optical variables of a more basic type. In this way the perception of affordance is 

direct because it does not require an intermediate computational process. 

Accordingly, the optical variable tau (Lee 1976,1980,1991, and 1992), provides a 

useful relational description of time-to-contact with a surface or object because it 

specifies environmental dimensions relative to the dimensions of the organism 

in action scaled units. 

More evidence for the primacy of time-to-contact information (consistent with a 

tau explanation) can be found in the flight times of the final few strides of long 

jumpers as they approach the take off board (Lee, Lishman, and Thomson, 1982, 

and Hay, 1988). Similarly, the following studies are all consistent with a tau based 

theory of time-to-contact. Meeuwsen and Magill (1987) found that approach to a 

take-off board by gymnasts was modulated in response to time-to-contact. Other 

equally significant examples can be found in nature. Plummeting gannets 
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studied by Lee and Reddish (1981) geared their wing folding activity to time-to- 

contact, in order to dive through the surface of the water. Sensitivity to time-to- 

contact theoretically allows precise coincidence-timing to be achieved across a 

range of approach velocities and distances without the animal being required to 

adjust the duration of its wing folding movements. In another study that 

interestingly brings humans and animals together, (Laurent, Dinh Phung, and 

Ripol, 1989) it was shown that the gait of jumping horses is adjusted by their 

riders so that the take-off position of the horse is at a constant time-to-contact 

value. 

This thesis is about how springboard divers control their approach and take-off. 

Since the visual coupling of the head to the environment is necessary to establish 

a perceptual frame of reference for action, the control of body movements 

relative to head position and the environment will be appraised. Movement 

control is therefore conceptualised as process orientated (Van der Meer, & Van 

der Weel, 1992). The study of real life non-laboratory skills can provide 

important insights into movement control systems. In addition, research of this 

nature can also be of applied value to coaches and athletes alike. 
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THE FORWARD APPROACH 

CHAPTER 

Complexity in diving begins with the 
springboard. So many physical laws enter into 
the control of this lever and its human 
projectile: the basic principle of the fulcrum, 
the shifting relationship of the diver to gravity, 
and all the individual differences in weight, 
body structure, and flexibility. 

Fairbanks (1964) 

2.1 INTRODUCTION 

The main pre-requisite to a good dive is a properly executed take off. The flight 

trajectory is determined once the diver's feet leave the board after take-off. It is 

crucially important that the diver develops sound boardwork technique so that the 

elements of balance, height, rotation, and distance from the board can be positively 

affected. Coaching manuals are unanimous in emphasising the importance of 

correct board technique as a foundation skill. This thesis will examine the control 

factors that underpin performance by close investigation of the forward approach in 

springboard diving. Essential to this detailed analysis is a broad understanding of 

the actual movement sequence. This chapter lays the foundation for such an 

understanding by defining the three main elements that comprise the forward 

approach; the approach, hurdle, and take-off. In addition I will also introduce the 

'transition' as a distinct aspect of the forward approach that previously has not been 

singled out as a separate component. The technical manuals tend to include this 

action as part of the hurdle. This is sufficient for coaching purposes but not so for 

the movement scientist; the resulting change in segment orientation as the body 
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shifts from predominantly horizontal to vertical motion has the potential to advance 

our understanding of the control factors that facilitate the hurdle. 

ýýýýýýýý 

A-ýý Ij 

Figure 2.1 The Approach, Hurdle and Take Off in Springboard Diving 
k From Diving für Cold Basic to advan .d 'n7b rd and Platform Skills 
(M-8) by R. O'Brien, 1992 Champaign, 11. Human Kinetics. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

During the forward approach the diver must take three or more steps at walking 

speed to arrive about a metre from the end of the springboard. From here, a jump 

into the hurdle is required so that the diver can land on the end of the board with 

sufficient force and balance to initiate the final element. The take-off starts when the 

feet touch the board at the end of the hurdle; after the board is compressed the body 

is projected upwards during recoil, and the movement finishes when the feet leave 

the board. A smooth even flow of movement is recommended throughout, and 

consequently, no part of the movement pattern should stand out. 

It is recommended that the eyes are focused on the tip of the springboard during the 

approach and hurdle. Just before landing from the hurdle, the focus should be 

shifted to the far side of the pool as the head is lifted up (Moriarty 1959, Fairbanks 

1964, O'Brien, 1992). The diver must not watch the feet make contact with the board! 
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2.2 THE APPROACH 

ýýýýý 

Figure 2.2 

&k From Dim-far Cold" l6df to advanred Springboard and P/atform Ski71e 
(pp. 8) by R. O'Brien, 1992 Champaign, 11: Human Kinetics. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

An essential component of the approach is balance. The body must be in alignment 

but with the centre of gravity held slightly forwards to facilitate an easy transfer into 

forward motion (i. e. weight held over the balls of the feet and not on the heels). The 

feet should be placed in the normal heel to toe walking action during the approach. 

The overall effect of this first phase should be a smooth even flow of motion. The 

rules specify a minimum of three steps prior to the hurdle, but most divers prefer a 

four or five step approach since there is more time to establish a good rhythm before 

taking a longer, faster step prior to the hurdle (Fairbanks, 1964; O'Brien, 1992). The 

only difference among the three, four, or five step approach is in the timing and 

execution of the arm swing, which is important for the maintenance of good rhythm 

and overall timing, and to increase the amount of lift into the hurdle. It is critical 

that the arms swing forward during the last step as the diver prepares for the hurdle. 

Should the arms swing too early or too late, the rhythm will be upset and poor 

balance will result. Diving coaches have observed that patterns of step length vary 

throughout the whole movement, since each phase has a different mechanical 

requirement. In the approach phase, since the first step is initiated from a 'feet 

together' stance, it is always shorter (about 90% of step length) than subsequent steps 

which are maintained at normal step length. However, the last step is slightly longer 

(about 30%) and faster than the preceding steps because the diver is preparing to 

convert horizontal movement into upward thrust. 
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2.3 THE TRANSITION 

Figure 2.3 
h(c From Diving for GoI& Baa_ir to a&vncd S ngkmrd and Platform Skills 
(yp. 8) by R. O'Brien, 1992 Champaign, Ii: Humon Kinetics. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

The transition phase begins when the leading foot of the last step of the approach 

reaches toe down, and it ends at toe off. During this short period of time the 

predominantly horizontal progress of the diver is re-directed to facilitate a smooth 

transformation into the more vertical motion of the hurdle. As the foot is placed on 

the board at the commencement of transition the body bends at the knee and hip as 

the 'drive leg' is pressed firmly into the board and prepares to launch the diver 

upwards into the hurdle. In addition to leg movements the diver must also time the 

arm swing to aid the rhythm and flow of the action. This is merely a continuance of 

the arm swing that was initiated at the commencement of the last step of the 

approach; the arms now move forward and up as the diver nears the hurdle. At the 

same time the 'drive leg' extends to a straight line at the hip, knee, and ankle while 

the hurdle leg begins its forwards and upwards lift. Because the hurdle flight path is 

determined during this period, the transition is a critical element of the movement 

control process. The transition phase exists as one component of a carefully blended 

overall movement sequence that relies upon a smooth even flow of motion -a 

principle fundamental to the ensuing analysis. 
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2.4 THE HURDLE 

ýýý 

Figure 2.4 

From Diving for Coi Basic to dvanctd gbaard and Platform S 71s 
(pp2) by R. O'Brien, 1992 Champaign, II: Human Klnetio. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

The hurdle step is characterised by the different function assigned to each leg. In the 

above illustration the left leg is the 'drive' leg. During the transition this leg is driven 

into the board so that the body can be projected upwards into the hurdle. At the 

same time the right leg or 'hurdle leg' starts its forward and upward lift. The arms 

also swing forward and upward simultaneously, thus contributing to the 

smoothness of the action. At the commencement of the hurdle the body 

momentarily assumes a position where the drive leg is straight, the hurdle leg is bent 

at ninety degrees, and the arms are straight, parallel, and located overhead slightly 

in front of the body. Ideally the head is in a neutral position with the chin drawn in 

so that the diver can see the tip of the board. From the hurdle crest the diver drops 

on to the end of the springboard. Prior to contact the legs bend and the vertical 

trunk angle increases as the diver anticipates the landing. At that moment, the body 

is slightly crouched and the feet are flat. Some early training manuals, (notably 

Dawson, 1966) advocated a toe-first landing followed by the heels being brought 

down immediately. Since then film and video recordings have shown that almost all 

divers flatten their feet prior to contact with the board, landing on the balls of the 

feet with the feet more or less parallel with the springboard. 
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2.5 THE TAKE OFF 

Figure 2.5 

U& From Diz"ng for . old: Basic to a_dm rrd SpEingbaoºd and PLatform Skills 
(pp-8) by R. O'Brien, 1992 Champaign, Ih Human Kinetic. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

Once contact is made with the springboard, the knees are extended strongly to push 

the board down. The further down the board is depressed the more energy is stored 

and the greater the potential for height. As the legs extend the angle of the trunk to 

the vertical is decreased as the whole body straightens up. Finally the arms swing 

through as the diver is catapulted into the air. 

At the 1982 United States Diving Sports Science Seminar held in Memphis 

Tennessee, a panel of top USA Diving coaches were asked to comment on the 

essential ingredients of a good approach and take-off. The following points 

emerged: 

1A lot of time should be spent simply practising hurdles in a port-a-pit (a dry- 

mounted springboard with a soft foam landing area). Repetition of the 

hurdle followed by a straight jump on to a soft landing area helps build a 

foundation of good technique. 

2 Balance and body position are important just prior to the hurdle (the 

transition step). Alignment through the lower back and the chest region was 

emphasised. All coaches highlighted the desirability of a smooth action 

throughout the whole movement sequence. 
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3 It is advantageous to drop the knee at the crest of the hurdle in order to 

facilitate a straight body position prior to landing. According to Hobie 

Billingsley (in Golden 1982, Proceedings of the 1982 United States Diving 

Sports Science Seminar, p118), 

What you try to do in a hurdle is to make sure that the knee is at right 
angles to the board and get it down as soon as possible because the 
sooner you commit a motion the more time you have to correct for the 
motions you made. ... The person who is unique in doing that is 
Louganis if you watch him, because he'll wiggle around and get 
himself right in position. 

Since many of the top coaches are former divers themselves much can be revealed by 

a marriage of the coaches' internal viewpoint with an external perspective. A coach 

can learn a lot about a diver by watching repeated performances of a variety of 

movements. In addition, exposure to different divers and different styles presents 

the coach with a unique overview of the determining factors of movement control in 

springboard diving. It is worth noting that during competitions diving judges are 

asked to appraise dives in real time, and have only a few seconds to decide upon a 

score after the dive has been completed. Despite this apparent difficulty, 

experienced judging panels seem to have few problems in reaching a consensus 

view. A judge can perceive apparently complex kinematic detail in real time whilst 

the lay person is often confounded by the speed and complexity of advanced 

movements. The performance of a two and a half or three and a half somersault 

dive provides a simple example. To the experienced eye the difference is obvious, 

but to the uninitiated, the first ever view of a multiple rotation dive is not easy to 

absorb and the dives are difficult to tell apart despite a difference of a full 360 

degrees of rotation. Television coverage of a wide variety of sports often show slow 

motion 'action replays' for the benefit of the viewer, but in diving these images are 

not used as an aid to judging; however slow motion playback facilities are a useful 

aid to coaching and are utilised extensively in research. Through constant 

observation of cause and effect the coach has a highly evolved awareness of 
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movement and movement consequences in relation to a body interacting with a 

springboard. 

It is important to emphasise these points in order to comprehend the contribution 

that the coach can make to movement science, and to explore the relationship 

between the theoretical and practical aspects of diving. There is little doubt that the 

development of modem day sport owes much to the advent of scientific research. In 

diving, early studies such as those undertaken by Lanoue in 1936 and 1940, 

investigated the mechanical properties of both springboard and platform diving and 

contributed positively to our understanding of the laws of motion and how they 

specifically relate to diving. More recently researchers such as Dennis Golden and 

Doris Miller have undertaken extensive research into the kinematics of springboard 

techniques, and top coach Ron O'Brien's newly published handbook of springboard 

diving techniques (1992) translates the physics and mechanics of diving into a 

language that can be easily understood by the athletes themselves. Undoubtedly, it 

is the subtle combination of the science of movement with the art of the coach which 
has enhanced the sport over the last decade. 

2.6 ACHIEVING ROTATION 

In 1981, Dennis Golden set out to determine whether or not there were any 

systematic variations in take-off movement patterns associated with increases in 

rotation in the forward and inward groups. At that time much of the existing 

research literature was characterised by isolated studies of a few dives from a few of 

the dive groups. Studies which had examined several dives in a category had either 

been conducted before the advent of the modern springboard (i. e. Groves, 1949; 

Lanoue, 1936) or used subjects of moderate skill (Goldberg, 1972; Miller 1972,1974). 

Despite these limitations, there appeared to be some agreement that forward lean 

should increase with increased rotation, and that the variations in body orientation 
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related to specific dives are noticeable at maximum depression of the springboard. 

Golden's data was gathered at the 1981 Midwestern Diving Invitational. Three male 

subjects were selected for filming based upon their expertise: two were in the U. S. 

National Team and the third was a prominent age-group diver. The film obtained 

was digitised and interfaced with an IBM 370/158 computer where the x and y co- 

ordinates were stored on disk for analysis. According to Golden: 

The process of increasing somersault rotation and therefore the 
number of somersaults that can be completed is a fairly 
straightforward one. As a diver adds a somersault (forward or 
inward) increment to a dive there must be a change in the movement 
patterns and timing during the recoil of the springboard. The most 
visible and systematic movement changes to increase rotation are 
seen in the hip and shoulder joints. As the springboard recoils the 
arms and trunk will rotate in the direction of the somersault. By the 
time the diver is losing contact with the springboard the body 
position at that instant will be characterised by more flexion at the hip 
joint and a smaller angle at the shoulder joint (relative to the trunk). 
These incremental changes will be generally consistent for each 
somersault added. In general an increase in hip flexion of 
approximately 20 degrees will be required for each additional 
forward somersault added to the forward dive pike and 
approximately 20 to 25 degrees of additional rotation at the shoulder 
joint. As a result of these incremental changes made to increase 
rotation in the forward group, there will be an increase in lean away 
from the springboard. However there will also be a decrease in 
horizontal and vertical velocity of the centre of gravity while its 
trajectory will be more vertical. 

Golden concludes that increased rotation of the arms and trunk in the direction of 

the somersault is accompanied by a retarding force at the diver's feet. This reaction 

force (directed along the surface of the springboard towards the fulcrum) will result 

in an increase iii the rotational velocity of the body during the dive, at the expense of 

time in the air. 

2.7 ACHIEVING HEIGHT 

Doris Miller and Carolyn Munro (1984a) investigated the way in which divers 

achieve the necessary height to accomplish the rotational requirements of 
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springboard diving. Their study focused upon the way in which divers achieve a 

large upward velocity necessary for the initiation of flight. Much of the investigation 

was directed towards an elaboration of the methods utilised to depress the 

springboard, since it is this downward deflection which facilitates the storage of 

potential energy released during recoil. The vertical acceleration of the diver's centre 

of gravity was expressed relative to the metatarsals, which represented the point on 

the board directly beneath the feet. During the first half of springboard depression it 

was found that the divers accelerated upwards relative to the metatarsals. This 

period of positive relative acceleration is considered a key factor in the effective 

deflection of the springboard. In a second paper Miller (1984b) described the 

temporal, displacement and velocity characteristics of the final approach step, 

hurdle, and take off of six male and ten female elite American divers. The main 

objectives were to determine whether or not there were measurable differences 

between male and female divers in the variables investigated, and to provide 

information which would be useful in the training of diving coaches. In an attempt 

to reduce the turn around time for analysis, a comparatively fast and simple system 

was sought so that the study could inform both qualitative and quantitative 

coaching practice. The number of frames digitised was therefore kept to a minimum. 

Analysis showed that overall, the men had, on average, higher vertical velocities 

than the women at the beginning of the hurdle flight. Accordingly, they spent a 

longer time in the air, resulting in a greater downward velocity at the beginning of 

the take-off. By the end of the take-off the men demonstrated an average upward 

velocity which was 1m/s greater than that for women. As a result of lower vertical 

and horizontal velocities, the women tended to have less board clearance than men 

during the flight. 

A further study, (Sanders and Wilson 1988) retrieved data from twelve elite male 
divers and twelve elite female divers competing in the 1986 Australian National 

Championships. Its purpose was to quantify factors that affect the height achieved 
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in forward and reverse dives and to describe the influence of these aspects on the 

storage and utilisation of springboard strain energy. Some results corresponded 

closely to the findings of Miller (1984b). Sanders and Wilson showed that height 

achieved was highly dependent upon the rotational requirements of the dive, with 

males achieving greater heights than females. As rotational demands increase, less 

energy is available for translation and height is reduced. Better performance of the 

same dive by different divers, with regard to height achieved, is characterised by a 

large vertical velocity at touchdown from the hurdle. In addition, a deep crouch at 

this time can increase the vertical velocity by delaying contact with the board, so as a 

general guide, the greater the hip flexion at touchdown the better! Care must be 

taken, however, since the diver might mis-time the push and jump up (relative to the 

board) while the board is still going down. Both rotation and height are enhanced 

by storing a large amount of energy in the board. During the recoil portion of the 

take-off, the whole body angle of lean is strongly influenced by the rotational 

requirements of the dive. In order to develop angular momentum the body must 

lean forward (in a dive from the forward group) and as a result height is often 

slightly compromised. Furthermore, there is an additional period of slight 

unweighting of the springboard during the latter part of the take-off phase which is 

also associated with the rotational requirements of the dive. 

In an attempt to provide the sport of diving with a standard reference of 

performance, Miller and Munro (1985) sought to record a biomechanical profile of 

Greg Louganis in a detailed and systematic manner. Louganis was chosen because 

of his acknowledged superiority on the three metre springboard at that time. Since 

then, Greg Louganis accomplished the rare feat of winning back to back double gold 

medals at the 1984 and 1988 Olympic Games. Temporal and joint position analysis 

was conducted on Greg Louganis' forward and reverse springboard take-off 

performed during National Sports Festival V in Colorado Springs. The data was 

compared with the results of a similar competition which analysed the technique of 
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eight women finalists in the 1982 Canadian Winter Nationals (Miller and Munro 

1985). It was found that Louganis displayed greater ranges of joint motion 

particularly at the knees, hips, and shoulders. In addition he also employed a 

straighter arm swing. His mean take off duration was longer than the mean take off 

duration of the women (0.45s compared with 0.38s), allowing him more time for joint 

flexion and extension. Miller concludes that Louganis' ability to extend his knees 

through a large range during the latter half of springboard depression and the initial 

three quarters or so of recoil is related to his superior performances. This is 

evidenced by the finding that the degree of knee extension in divers clearly 

differentiates good from poor or mediocre performances. 

These studies have influenced the development of descriptive movement models in 

springboard diving and provide diving coaches access to useful kinematic detail to 

enhance the already substantial body of biomechanical knowledge of the sport. In 

the next chapter data is presented from a pilot study that pursues the patterns of 

footfall of different divers in a series of dives performed on the one metre 

springboard. The aim is to develop an experimental framework which will facilitate 

accurate data capture and analysis. A central objective is to identify possible 

problems within this process and to develop an experimental strategy for the main 

thesis. 
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PATTERNS OF APPROACH 

CHAPTER 

The ability to recognise order seems to be an 
essential aspect of the rational mind; every 
perception of a pattern is, in a sense a 
perception of order. The clarification of the 
concept of order in afield of research where 
patterns of matter and patterns of mind are 
increasingly being recognised as reflections of 
one another promises to open fascinating 
frontiers of knowledge 

Capra (1983) 

3.1 INTRODUCTION 

Of the papers reviewed in the previous chapter, Miller's (1984b) investigation of the 

biomechanical characteristics of the final approach was the only one to quantify step 

lengths; specifically the final step (transition) and hurdle. In addition, the horizontal 

and vertical displacements of the centre of gravity during hurdle support and hurdle 

flight were determined at minimum time intervals of 0.25 sec. The divers performed 

a variety of dives from different groups but there were no restrictions on the fulcrum 

adjustments. Since the duration of hurdle support (i. e. the time between toe-down 

and toe off at transition) is dependent upon the fulcrum setting, the distance of the 

support foot from the fulcrum, and the force exerted by the diver against the 

springboard, Miller was compelled to utilise velocity data obtained at the end of 

hurdle support, rather than use data relating to hurdle support duration. If possible, 

an experimental design which restricts the movement of the fulcrum is a desirable 
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alternative. During her analysis, Miller found considerable inter-individual 

differences in final approach step length (transition) and in hurdle length. In 

addition there were marked differences between men and women. Generally, men 

jumped higher and their steps were longer and faster, resulting in a longer time in 

the air during the hurdle, and greater board depression prior to take-off. There was 

no detailed analysis of the complete forward approach. 

Ron O'Brien's training manual, 'Diving for Gold' gives a detailed theoretical account 

of the requirements of the forward approach. O'Brien improves on previous 

coaching publications by outlining detailed formulae for the calculation of step 

length in the forward approach. He suggests that the first step is approximately 90% 

of normal step length because the diver commences the movement with both feet 

together and must overcome initial inertia. He claims that the transition step is 

longer and faster by about one third of step length and that the hurdle is about 80% 

of step length. If these figures do not suit particular divers then O'Brien simply 

offers the reader another formula, thus acknowledging individual differences in 

technique. In this way the training manual provides a position of reference for the 

coach from which to develop a structure sensitive to the complex movement 

relationships that comprise the forward approach. Such a strategy can facilitate 

optimum development of this foundation skill by describing the inter-relationship of 

its component parts. It is implicitly acknowledged that there is scope for individual 

interpretation of the skill provided that basic principles are followed, while 

recognising that such individuality will only emerge after a period of sustained 

practice. 

3.2 PILOT STUDY 

In an effort to collect more empirical data a pilot project was designed to look at a 
small sample of divers of different ability. Footfall patterns were sampled during 
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the performance of a total of ten trials of the same basic dive from a one metre 

springboard. The aim was to look at the resulting movement patterns to see if there 

was scope for more detailed analysis and to gather any information which might 

assist in the development of a future experimental framework. 

3.3 PROCEDURE 

Five divers took part in the study. Subject A and subject B were elite and performed 

at national level. Subject C was experienced and competed at inter-district age- 

group level. Subject D was a beginner with some six months experience of basic 

movements. Subject E was a novice with only six weeks experience. 

3.4 DATA COLLECTION 

The subjects were filmed during training with a Panasonic M7 variable high speed 

shutter video camera fitted with a 9-54mm 1: 1.2 zoom lens. The camera was 

positioned on a tripod at a distance of approximately four metres from the board, 

and aligned with the end of the springboard. The camera operated at 50 frames per 

second for all fifty five trials. The surface of the springboard was taped across its full 

width with 1cm wide black tape set at 10cm intervals for the entire length of the 

board. After a suitable warm up each subject performed ten trials of a forward dive 

in the tuck position (except subject A, who performed fifteen trials). The fulcrum 

was set by the diver prior to the commencement of recording and was kept in the 

same position until all trials were completed. All of the divers in the study preferred 

a four step approach. 

3.5 FILM ANALYSIS 

A clock was superimposed on the video tape so that foot positions could be recorded 

relative to elapsed time. Each single step was measured for each dive approach in 
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the series. Measurement was taken from heel down to heel down. Accurate 

measurement of heel position (±0.5cm) was facilitated by the good quality image 

produced at the time of recording and the configuration of the black tape on the 

surface of the springboard. 

3.6 RESULTS 

The data of individual divers were divided into two main sections: footfall and step 

length. Within each section, descriptive data are provided, and comparisons are 

drawn between different levels of performance. Subjects who had more experience 

(A, B, and C) were consistent in their start position, while the two beginners (D and 

E) did not take care with their start positions, as evidenced in the graphs for those 

trials. 

F-test results in this chapter follow the procedure outlined in Introduction to 

Mathematical Statistics P. G. Hoel, New York: Wiley, 1954, p235. The larger variance 

is divided by the smaller variance, and the resulting value is translated into p by 

referring to the appropriate statistical table. Degrees of freedom (n-1). 

Figure 3.1 Subject A Results 
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Table 3.1 Step Length Data 

Subject A Step 1 Length Step 2 Length Transition Hurdle Length 

Mean 67.13cm 72.46cm 117.20cm 42.06cm 

Standard Dev 1.59cm 3.29cm 3.00cm 4.84cm 

Table 3.2 Footfall Data 

Subject A Step 1 Footfall Step 2 Footfall Step 3 Footfall Take-off 

Mean 262.86cm 190.40cm 73.20cm 31.13cm 

Standard Dev 1.59cm 3.39cm 4.19cm 2.94cm 

The bar chart shown in figure 3.1 presents an overview of the step pattern of an elite 

male springboard diver during fifteen individual trials. It is useful to view each bar 

as an individual springboard with the end of the board located at point zero, with 

each footfall being represented by a vertical line. Viewed in this way, it is clear that 

there is a progressive increase in the length of the first three steps, and that the last 

step (the hurdle) is shorter. This conforms to the observed pattern (O'Brien 1992) that 

the transition step (third step) is always longer and the hurdle step is always shorter 

than normal step length. The subject also displays remarkable accuracy in foot 

position at final contact with the springboard, at the end of the hurdle. The actual 

figures for step length and footfall position are shown in table 3.1 and 3.2. 

Footfall data is of most relevance here, particularly the measurements for transition 

and take-off positions. Although the standard deviation of the footfall positions 

across fifteen trials show an increase over the first three steps, but a decrease at the 

point of take-off, i. e. when the feet hit the springboard at the end of the hurdle, there 

is no significant difference in variance between step 2 footfall and step 3 footfall, or 

step 3 footfall and take-off footfall (F-test). This demonstrates that the diver is 

capable of producing a very consistent performance, which is characterised by 

accurate foot positioning and fluidity of movement (as observed during video 

playback). 
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Figure 3.2 Subject B Results 

Table 3.3 Step Length Data 

Subject B Step 1 Length Step 2 Length Transition Hurdle Length 

Mean 62.90cm 72.50cm 105.40cm 48.00cm 
Standard Dev 2.07cm 1.77cm 3.47cm 2.49cm 

Table 3.4 Footfall Data 

Subject B Step 1 Footfall Step 2 Footfall Step 3 Footfall Take-off 
Mean 247.10cm 174.60cm 69.20cm 21.20cm 

Standard Dev 2.07cm 2.27cm 2.65cm 2.25cm 

The elite female subject represented in figure 3.2 (N=10) demonstrates a slightly 

shorter overall approach but her transition and hurdle conform to the expected 

pattern of step proportion. Her accuracy in foot position at final contact is similar to 

subject A, but she lands nearer to the end of the board. Miller (1984) showed that 

women achieve lower hurdle height than men, (and therefore a shorter hurdle flight 

time) but comparable hurdle lengths. Thus women tend to have a higher horizontal 

velocity during the hurdle flight. Overall, the standard deviations of both footfall 

and step lengths vary less than subject A. There is no significant difference between 

the variance of footfall positions or of step lengths during this movement sequence 

(F-test). Here also, the accuracy of foot placement indicates a strongly stereotyped 

movement action. 
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Figure 3.3 Subject C Results 

Table 3.5 Step Length Data 

Subject C Step 1 Length Step 2 Length Transition Hurdle Length 

Mean 69.10cm 65.10cm 78.60cm 43.90cm 
Standard Dev 4.04cm 4.95cm 3.37cm 4.40cm 

Table 3.6 Footfall Data 

Subject C Step 1 Footfall Step 2 Footfall Step 3 Footfall Take-off 

Mean 221.10cm 156.00cm 77.40cm 33.50cm 

Standard Dev 4.14cm 2.78cm 3.37cm 3.30cm 

The third subject (male) in the study competes at age-group inter-district level and is 

less experienced than the previous two divers. His overall movement pattern (Fig. 

3.3) is distinguished by a longer first step during the approach and slightly greater 

variance in footfall patterns, but length of his forward approach is less than the first 

two subjects. The transition and hurdle conform to the expected pattern of step 

proportion. Analysis of the footfall patterns over the four steps of the approach and 

hurdle show that there is no significant difference between the variances of adjacent 

step positions (F-test). So apart from generating slightly greater variance on his first 

step, this diver also produced a consistent performance. 
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Figure 3.4 Subject D Results 

Table 3.7 Step Length Data 

Subject D Step 1 Length Step 2 Length Transition Hurdle Length 

Mean 57.70cm 62.80cm 100.20cm 17.60cm 

Standard Dev 2.79cm 2.09cm 2.85cm 5.62cm 

Table 3.8 Footfall Data 

Subject D Step 1 Footfall Step 2 Footfall Step 3 Footfall Take-off 

Mean 215.70cm 152.90cm 52.70cm 35.10cm 

Standard Dev 7.37cm 5.82cm 3.46cm 4.86cm 

This female subject (Fig. 3.4) shows inconsistency in her start point. During the first 

four trials the subject stood approximately twenty centimetres in front of her 

preferred position. (This demonstrates a lack of experience rather than a lack of 

skill). Her lack of experience is also evidenced by a very short hurdle and large 

variances in stride length and foot position. The step length profile shows that both 

the first stride and transition step appear to be too long, and the hurdle step is too 

short: a pattern commonly displayed by beginner divers (O'Brien 1992). Despite this 

there is no significant difference between the variances of adjacent footfall positions 

(F-test). Although the diver performed her approach and hurdle less well than the 

other divers, there is no support for notion that any deficiencies arose from stride 

length or footfall patterns in this instance. 
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Figure 3.5 Subject E Results 

Table 3.9 Step Length Data 

Subject E Step 1 Length Step 2 Length Transition Hurdle Length 

Mean 72.10cm 59.60cm 74.20cm 39.33cm 
Standard Dev 5.91 cm 3.56cm 4.21 cm 10.64cm 

Table 3.10 Footfall Data 

Subject E Step 1 Footfall Step 2 Footfall Step 3 Footfall Take-off 

Mean 213.90cm 154.30cm 80.10cm 40.77cm 
Standard Dev 8.07cm 7.02cm 4.81 cm 9.40cm 

The final graph illustrates the profile of a female novice diver (figure 3.5). There is 

evidence of considerable inconsistency in her start position (the first white area on 

the bar chart), excessive length during the first stride, and much greater variance in 

both step length and step position. The step pattern displayed above is associated 

with a jerky movement profile. A long first step followed by a shorter second step 

followed by a long third step, and so on, is not conducive to smooth movement 

action. Nevertheless an analysis of footfall variance reveals that there was no 

significant difference between the variance of step 1 and step 2 footfall positions. 

Similarly, there was no significant difference in variance between step 2 footfall and 
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step 3 footfall positions, but there was a significant difference between step 3 footfall 

and take-off footfall positions (p<0.005 F-test). It seems that the diver could not 

accurately control the length and position of her last step. In addition to this the 

subject failed to complete one of the trials and aborted the movement after the third 

step. 

3.7 SUMMARY AND DISCUSSION 

In this study, measured footfall patterns were interpreted in relation to the actual 

movement performed. Lack of fluidity of motion is easily detected by the observer 

due to the obvious nature of corrective actions taken by less experienced divers. 

These distinct performance differences are revealed by simple observation of the 

video data both at normal speed and in slow motion playback. The equation of 

movement performance with actual information about footfall and step length is 

useful strategy in the pursuit of a theory of movement control, especially if this 

approach has strong parallels with other sporting activities. For example, if it is the 

case that springboard divers control their approach in the same way that long 

jumpers control targeting their take-off, (Lee et al 1982, Hay 1988) then we would 

expect the divers to exhibit definite trends in the variance of the measured stride 

pattern prior to take-off. But unlike long jumpers, the divers have only four or five 

steps to achieve the requisite horizontal and vertical velocity for take-off. 

Accordingly, experienced divers display a very consistent movement pattern prior to 

take-off. In this study, only one diver (a novice with less than six weeks experience) 

showed any discrepancy in the variance of footfall pattern. It seems unlikely, 

therefore, that any clues to the control of the approach and hurdle in springboard 

diving will be forthcoming from this particular analysis. 
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However the research remains incomplete. Comparison of the amount of variance 

between individual divers at key moments during the approach and take-off is 

necessary to conclude this chapter. 

Step Length Data 

b E 

c 
0 

II 

d 
Q 
I 
I 

'v 
C 
'2 

cA 

Figure 3.6 

12 

10 

8 

6 

4 

2 

Summarising Step Length Variance 

Footfall Data 

V 
ö6 

"w 

d C 

rr 

10 

8 

- 0--- Subject A 

----- Subject B 

--ß- Subject C 

& Subject D 

--*- Subject E 

---D-- Subject A 

-+r- Subject B 

-0-- Subject C 

-a. Subject D 

-*- Subject E 
.3 N2 

0 
Step I Step 2 Step 3 Take Off 

Figure 3.7 Summarising Footfall Variance 

36 

Stept Step 2 Transition Hurdle 



The five divers in this study can be divided into two main groups. Subjects A, B, and 

C, the three most experienced (in order of merit) and subjects D and E. When 

comparing variance among these five individuals it is evident that there are some 

differences between the two groups. Footfall positions at the third step and at take- 

off are of particular interest. 

The function of the transition phase is to prepare the diver for the crucial hurdle 

step, therefore it is important that the third footfall occurs at an optimum distance 

from the end of the springboard. There was no significant difference in the variance 

of the footfall positions of the third step measured across all five subjects (F-test). It 

appears that all subjects are capable of reaching the transition footfall position with a 

good degree of accuracy. 

After transition, the hurdle step is used to lift the diver into the air so that a near 

vertical landing can be achieved in order to facilitate a powerful take-off. When 

comparing the position of footfall at take-off significant differences in variance were 

found between subjects A and E, (f =10.222, Df = 9, p<0.001 F-test), subjects B and 

E, (f =17.453, Df = 9, p<0.001 F-test), and subjects C and E, (f = 8.113, Df = 9, 

p<0.001 F-test). Similarly, there was a significant difference in the variance of take- 

off footfall position between subject B and D (f = 4.665, Df = 9, p<0.031 F-test), 

It is evident that the experienced divers (A, B, and C) are capable of producing very 

consistent footfall positions throughout the whole movement. In addition the 

overall performance is characterised by a very fluent movement pattern. In contrast, 

subjects D and E are less accurate in positioning their feet at take-off, compared with 

subjects A, B and C. It was also noted that there was less fluency in the overall 

movement pattern. In particular, subject E, (a novice with only six weeks 

experience) adopted a jerky movement profile. 
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In summary, differences in control of the hurdle step (as evidenced by the position of 

the feet at transition and take-off) were noted between beginner and experienced 

divers. One explanation is that novice divers are overly concerned with the concept 

of achieving the correct foot position on the springboard. As a result the correct foot 

position may be achieved without regard to appropriate body posture. Experienced 

divers learn to focus on the take-off rather than the hurdle, and over time they 

develop a highly stereotyped approach. What this pilot study reveals is that things 

can go horribly wrong for the beginner at the transition. If the body does not 

maintain balance at this juncture then it is very difficult to complete a satisfactory 

hurdle step. To understand the movement control process it is important to look 

beyond footfall patterns, and to focus upon other body characteristics at the moment 

of transition. Since it is important that the body remains in balance at this point, an 

investigation which considers the posture of the upper extremities seems to offer 

most promise. 

Although the stride patterns reveal only a small aspect of the control of action, the 

pilot study suggests that there is a clear movement pattern as the diver progresses 

through the approach sequence. 
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METHOD AND ANALYSIS 

CHAPTER 

4.1 INTRODUCTION 

All of the research outlined in chapter 2 was geared towards the investigation of the 

biomechanics of a variety of springboard diving movements. Common to this 

approach is the use of high speed video and cinematography techniques to collect 

detailed movement records of divers in action. Elaborate and expensive systems are 

now available to process this raw data so that the spatial co-ordinates of body 

landmarks can be evaluated to determine a variety of mechanical properties. For 

example, the work of Miller (1985), and Golden (1981) focuses on the diver's centre 

of gravity as the main reference point for plotting the kinematics of the approach, 

hurdle and take off. In addition, Sanders and Wilson (1987) investigated the in-flight 

rotation of springboard divers by determining the angular momentum requirement 

about the transverse axis through the diver's centre of gravity (somersault axis) 

required to perform a forward one and a half somersault with and without twist. By 

combining film techniques with computer analysis it is possible to calculate a variety 

of mechanical properties with ease. The centre of gravity displacement and velocity, 

the acceleration of the centre of gravity with respect to the springboard, as well as 

the angle of take off, the amount of lean at take off, and a variety of joint angles, have 
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all been successfully recorded and analysed by the above authors. Central to this 

body of research is the work of Wilfred Dempster. In Dempster's The Space 

Requirements of the Seated Op re ator (1955) he provides information on body mass, 

body mass distribution, and volumes of body segments based on his research at the 

Wright-Patterson Air Force Base, in Ohio, U. S. A. His characterisation of the body as 

a series of linked segments, each with finite mechanical properties, provides a 

conceptual framework for facilitating mechanical models of body segment motion, 

and influenced a generation of biomechanics research. The result of this particular 

approach was to provide more than just a mere description of movement kinemetics, 

or improved feedback to be utilised by athlete and coach. The endpoint sought to 

reach outside the domain of description to attempt explanations of the complexities 

of the force-length and force-velocity relationships in skeletal muscle. 

In contrast, the present study aims to identify possible control factors in the 

springboard diving take off. To this end, an experiment was set up to gather data 

from elite springboard divers performing a series of basic straight jumps on a dry 

mounted springboard. The subjects (as well as the springboard) were fitted with 

infra-red light emitting diodes, (L. E. D's) which were tracked by two infra-red 

cameras. The data was captured on computer disk. 

4.2 METHOD 

Apparatus 

A dry-mounted Duraflex springboard, conforming to international specification was 

positioned one metre above a large foam matted landing area and, to ensure safety, 

was placed parallel to the nearest wall at a distance of two metres. A standard 
Duraflex fulcrum was installed to specification, thus exactly duplicating the normal 
training facilities available to the three divers who took part in the study. 
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The data was gathered using a Selspot movement monitoring system: Infra-red light 

emitting diodes were mounted on the springboard and on the main joints of the 

divers body (Fig. 4.1). In addition an accelerometer was installed one metre from the 

end of the springboard on the underside to monitor board movements. In total 

fourteen light emitting diodes were used to gather the information which was 

collected and stored on a Uman computer. 

Two Selspot cameras were set up three metres from the side of the springboard with 

their optical axes perpendicular to the vertical plane through the centre of the diving 

board. The 50mm 1: 0.95 camera lenses produced a viewing area of 2.5 metres per 

camera and both the viewing areas overlapped (Fig 4.2). Selspot data were recorded 

on the computer at 62.5 frames per second. Each session was also video taped using 

a Panasonic M7 video camera located just above the Selspot camera to obtain a 

similar field of view. 
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Figure 4.1 
L. E. D. Positions 

The use of such a large number of light-emitting diodes was ambitious and there 

were many technical difficulties to be overcome. Several practice sessions were 

required to ensure that all such difficulties were eliminated. The diodes were 

attached to the body using stretch elastoplast which held them in position for the 

duration of each set of ten trials and a light but close fitting polypropylene vest and 
long john kept the loose wires in place. An extra L. E. D. was fitted to the middle of 
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the back on a small cardboard dorsal fin. A second hip L. E. D. was installed on a 

similar fin which was attached to the skin just above the coccyx. The wires for the 

L. E. D. 's were joined to a small relay box which was attached to a belt fitting into the 

small of the back. The umbilical cord which ran across to the computer was 

supported by an assistant who walked behind the diver (on the floor) while the 

movements were performed. 

Subjects 

Three elite male divers took part in the study. Two of the divers had competed in 

the Commonwealth Games. Prior to the data collection the divers had the 

opportunity to practise on the dry mounted board to become familiar with the 

surroundings. Then they were given a practise opportunity while wired up to all 

fourteen light emitting diodes. 

Procedure 

After a warm up the fulcrum was adjusted by the diver to his own satisfaction and 

then kept in the same position for the duration of the trials. Each diver was required 

to perform two or three sets of ten practise jumps. In order to master the correct 

approach and learn to control the take off, the forward approach followed by a 

vertical jump is a standard drill for all levels of ability. During normal training, this 

excellent test of balance and technique is usually performed from both one and three 

metre springboards, with divers entering the water feet first. The movement is well 

suited to analysis because it is simple, and can easily be adapted to the dry board 

environment. It presented few problems for the experienced subjects in the study, 

yet to complete the movement with precision is a challenge for all divers. 

Accordingly, each subject was required to perform this movement to the highest 

possible standard. The objective was to achieve optimal height while maintaining 

good form. Each trial ran smoothly and there were no recorded stumbles or crash 
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landings. The divers all displayed a relaxed confidence and performed the 

movements at a standard commensurate with their experience. 

Measures 

The spatial co-ordinates of body landmarks were recorded for each subject. The data 

was smoothed with a double pass of a second order Butterworth filter, with a low 

pass cut-off ranging between 6-8 Hz. Cut-off points were made on the basis of prior 

inspection of the frequency spectrum. Velocity was calculated using finite 

differences technique, based on a moving five point average. 

The experimental design facilitated improved accuracy of data capture. Unlike 

previous diving studies, the fulcrum was set by the diver at the commencement of 

each set of ten trials and remained in the same position throughout. The divers were 

given an opportunity to reset the fulcrum before commencing further sets, hence all 

the data has been analysed in groups of ten trials. In addition, the problems of 

accurate determination of toe-down and toe-off alluded to by Miller (1985) were 

avoided by placing three light emitting diodes along the edge of the springboard. 

Toe-down and toe-off values (Fig 4.3) were calculated by finding the perpendicular 

distance between toe or heel to the springboard [as defined by xlyl (Springboard) and 

x2y2 (Springboard) ] 

X1yl X2 Y2 
(Springboard) (Springboard) 

Figure 4.3 Determining toe down and toe off 
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The equation for the perpendicular distance between springboard and foot is: 

_ 
(Y2 - Yº)xto. - (x2 - xl)Y, a + (Y, x2 - Y2XI) Equation (1) dr Ty 

z- Yýý2 + (xz xl )2 

Where II in numerator means make positive if negative and keep positive if 

positive. i. e. d1 must be greater than 0. For heel equation (d. ) substitute x ,, Iy, ICe, 

Hip angle, knee angle and whole body angle were calculated using the following 

equation: 

9b. d, = arctan[ X ad - Xtoe Equation (2) 
yeas - y, oe 

The equation (2) returns the whole body angle to the vertical. To calculate knee 

angle substitute xh; p - x.,, d, and yhc - y, To convert results from radians to degrees 

multiply the solution to equation (2) by 180/Pi. 

To find the hip angle, calculate trunk angle to the vertical and femur angle to the 

vertical by substituting equation (2). Add trunk and femur angle to vertical and 

subtract from 180 degrees. 

Previous biomechanical studies have collected spatial co-ordinates of the body 

landmarks of different divers performing under a variety of conditions. (The 

combination of individual subject data into group data has the effect of increasing 

sample variability and further biasing statistical tests to produce non-significant 

differences, see Gentner 1987 for elucidation). In contrast, the elements which 

comprise the movement control process are perhaps better studied under conditions 

which involve the monitoring of the consistency (or otherwise) of simple real life 

sporting skills. In this instance, the experimental protocol was designed to evaluate 

the movement kinematics of three individual divers each repeating the same 

movement. 
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Application of this method acknowledges that the factors controlling each jump are 

specific to that movement pattern, and so all calculations of velocity and rate of 

change of velocity are specific to individual movement samples. This notion is in 

accordance with Bernstein's principle of non-equivocality: movement outcome is 

repeated with varying movement characteristics. In a study which measured 

consecutive hammer strokes, Bernstein (1967) reported that when driving a nail into 

wood the movement outcome was identical across strokes, i. e. the nail was hit, but 

movement kinematics were always different. Bernstein referred to this phenomenon 

as 'repetition without repetition. " Each time a diver performs a movement, the 

outcome (the take off) is achieved despite different movement kinematics in the 

approach and hurdle. The following chapters will attempt to illustrate this paradox 

by making explicit the factors which contribute towards movement control. 
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CHAPTER 

HUMAN-SPRINGBOARD COLLISIONS 
5 

5.1 INTRODUCTION 

It is no surprise that the movements of the approach, hurdle, and take-off, are 

characterised by elements of rhythm, flow, and grace. It is evident that experienced 

divers strive to optimise their capacity to reproduce good dives, by working to 

develop movement consistency during the forward approach. In springboard 

diving, as in many other sports, it is apparent that the control of complex human 

motion is related to the cultivation of concordant movement actions. The distinctive 

postures observed during the approach, hurdle, and take off, attest to the many 

hours that experienced divers spend in practise as they pursue higher standards of 

performance. 

In chapter three, the pilot study demonstrated clear movement patterns as different 

divers progressed through the approach sequence. This chapter looks beyond 

footfall patterns, and aims to generate a simplified model of human-springboard 

collisions in terms of the transfer of kinetic-to-potential-to-kinetic energy that occurs 

both at transition and take-off. In an effort to establish what features of the 

movement pattern are invariant, the degree of consistency of leg flexion (hip-knee 

angle-angle plots) will be assessed thus leading to important questions about the 

type of information necessary for the control of the action system. 
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5.2 THE TRANSITION 

J. ik 

Figure 5.1 

h4ft From Diving for Cold: Basic to advanced_ Sp gkx rd and Platkm kills 
(M. 8) by R. O'Brien, 1992 Champaign, H. Human Kinetics. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

During transition, the goal is to convert forward movement into predominantly 

upward movement. This is achieved by the diver taking a longer penultimate step 

and bending the power leg so that the body can be propelled upwards into the 

hurdle. In figure 5.1 the third frame (from the left) illustrates the bending of the 

power leg (the left leg), and the fourth frame shows the start of the 'drive' by the 

power leg. The 'drive' is completed as the diver extends into the final hurdle 

position, (frame five). In tandem with the hip-knee action, the armswing also 

contributes to overall balance by helping to stabilise the slight rotational effects of a 

single foot take-off. Since the transition step occurs approximately one metre from 

the end of the springboard, the amount of springboard depression is negligible. 

Thus body kinematics at transition are not substantially affected by the resultant 

minimal springboard action. 

Accordingly, it is sufficient to plot knee and hip angles at the start of the hurdle 

(measured between toe-down and toe-off) to produce a simple description of the 

consistency of body movements. Figure 5.2 and 5.3 show typical hip and knee 

angles at transition plotted against time. The results of one subject (subject A) were 

analysed (N=9). Knee and hip angles were lined up with toe-down at time zero. 
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Since transition and take-off results are discussed separately, time zero at transition 

and take-off are independent measures. 

Because the transition step is longer than the preceding steps, the diver is able to 

check forward motion by bending the knee of the power leg and sinking low down 

(the knee angle of the power leg is approximately 140 degrees at toe-down and 

decreases as the first part of the transition is effected). Then, after about 160ms the 

diver initiates an upwards action by extending the power leg forcefully into the 

springboard as the whole body straightens prior to the hurdle step (knee angle 

increases as the power leg straightens). Meanwhile, the hip angle at toe-down is 

about 115 degrees and maintains a constant level of increase throughout the 

transition. As the knee bends during the first several frames of the movement, the 

trunk angle to the vertical decreases as the diver assumes a more erect trunk 

position. In figure 5.4 hip-knee angle-angle plots clearly illustrate the consistency of 

the transition movement. 

Energy Exchange 

During the transition some of the kinetic energy of the forward movement of the 

body is converted to potential energy stored in the stretched muscles and tendons. 

Thus the leg acts like a pole vaulters pole during the first 160 ms of transition. Since 

tendons connect muscle to bone, they transmit the muscle force to the moving joint 

(an increase in force stretches tendons and a reduction in force allows them to 

shorten). Although tendons are not obviously elastic this small amount of stretch is 

enough to save the muscles a considerable amount of work. During walking or 

running the tension produced in muscle and tendons exhibit the characteristics of a 

spring. The amount of force generated by this 'spring' depends upon the forward 

momentum of the body, the angle at the hip and knee, and the degree of muscle 

activity of the system. At the end of the transition, the potential energy stored in the 
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stretched muscles and tendons is released, converting back into vertical kinetic 

energy as the legs extend and the diver becomes airborne. 

Tendons from different mammals have very similar properties and all will stretch by 

about the same percentage of their length when under the same stress. McNeill 

Alexander (1992) describes a dynamic test of the hind leg tendon of a wallaby (small 

kangaroo) where it was found that the tendon returned 93% of the energy losing 

only 7% as heat. In humans the Achilles tendon is important in walking and 

running. When stretched by 6% it extends about 15 millimetres, sufficient to 

facilitate an 18 degree bend at the ankle joint. Its extensibility contributes to the 

efficiency of human gait by saving up to a third of the energy that would otherwise 

be lost as negative muscle contraction and heat. In running men there is evidence 

(Cavagna, Saibene & Margaria, 1964) that about half the power which would 

otherwise be needed is saved by elastic storage. 

Since tendons behave in the same way as an elastic band or a steel spring, it is 

evident that the springiness of the legs at transition can be controlled by the amount 

of tension in the leg muscles. As energy is released it is important that it is 

discharged in the right direction, thus the control of human gait in this context 

depends upon the timing of leg movements relative to body position. The position 

of the foot when it strikes the ground is also significant. McNeill Alexander (1992) 

has shown that in normal human gait the force transmitted through the foot into the 

ground is always more or less in line with the leg. 

Hip-knee angle-angle plots at transition indicate a consistent movement pattern. In 

addition it is evident that the timing of combined hip and knee movements is critical 

to fully exploit the 'spring' characteristics of the legs. In so doing, the foundations 

are laid for the production of body movements attuned to external environmental 

conditions. 
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5.3 THE TAKE-OFF 

ýý j 

Figure 5.5 

b(& From Dir or . of " Bari to , an rd Sp ngbmrd and Platform Skills 
(pp. 8) by R. O'Brien, 1992 Champaign, 11: Human Kinetics. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

In contrast to the transition, the events at take-off are complicated by the movement 

of the springboard as it bends under the weight of the diver. Furthermore the diver's 

body also compresses and extends in apparent harmony with the springboard 

action. Before toe-down, both knee and hip angle are observed to reduce by about 

the same amount (20degrees) as the body folds in mid-air (first frame of Figure 5.5) 

in anticipation of landing on the springboard. The graphs in figure 5.6 to 5.8 show 

hip and knee angles prior to landing for the take-off as well as angle-angle plots. 

It is evident that hip and knee angles are fairly consistent prior to take off. Hip angle 

commences at an average value of 136 degrees (SD 5.3 degrees), knee angle at 144 

degrees (SD 4.6 degrees). Both decrease with little change in respective standard 

deviation values throughout the duration of the airborne phase. It appears that the 

diver anticipates the springboard landing by ensuring body alignment is optimised, 

i. e. the diver always lands with knees bent and hips flexed. 

Body extension is initialised immediately the foot contacts the springboard at the 

commencement of the take-off phase. Figure 5.9 illustrates the distance between the 

head and toe (Dht) measured from mid-air in the hurdle through toe-down to toe-off 

at the end of the take-off phase (distance is given in centimetres). 
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Figure 5.6 
Hip angle before toe-down 
prior to take-off 

Figure 5.7 
Knee angle before toe-down 
prior to take-off 

Figure 5.8 
Hip-Knee Angle-Angle plot 
before toe-down prior to 
take-off 
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The graph shows that the overall effect of the sum of hip and knee movements is a 

Depression Recoil 

Toe-down 

-0.2 -0.1 0.0 0.1 0.2 0.3 0.4 

Time 

relatively smooth compression and extension of the body. 

180 

170 

160 

150 

140 

130 

120 

Figure 5.9 
Distance between head and 
toe between mid air and toe- 
off 

It is interesting to note that, overall, the body commences its extension at the 

moment of toe-down and continues smoothly until toe-off. However, viewed 

separately, hip and knee angles follow slightly different patterns. In figures 5.10 and 

5.11 it is evident that hip angle (plotted against time) increases in a constant manner, 

whilst over the same time period knee angle levels out slightly after an initial 

increase. At the moment of toe-down the knee angle starts to increase (from about 

120 degrees) and continues smoothly until the springboard reaches full depression. 

Knee angle then levels off at approximately 130 degrees for a short time before 

increasing again, reaching about 170 degrees at toe-off. Meanwhile, hip angle at toe- 

down starts at 110 degrees and increases to 170 degrees as the whole body 

straightens. Figure 5.12 shows hip-knee angle-angle plots for the take off, measured 

between toe-down and toe-off. Since the body is airborne during the first part of the 

take-off phase, the forces transmitted through the muscles and tendons are higher at 

toe-down. If the movement of the springboard underfoot is ignored for a moment, 
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Figure 5.10 
Hip angle between toe-down 
and toe-off at take-off 

Figure 5.11 
Knee angle between toe- 
down and toe-off at take-off 

Figure 5.12 
Hip-knee angle-angle- plot 
between toe-down and toe- 
off at take-off 
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the principal energy exchanges must follow the same pattern as described for the 

transition. McNeill Alexander (1992) suggests that in human and animal gaits the 

movement action can be compared to a bouncing ball. When the ball hits the ground 

it is brought to a momentary halt, thus losing kinetic energy, which is then converted 

into elastic strain energy (potential energy) as the ball changes shape. When the ball 

springs back to its original shape, the elastic energy (potential energy) is converted 

back into kinetic energy as the ball rebounds. Similarly, in springboard diving, the 

kinetic and potential energy lost at each footfall are converted briefly into elastic 

strain energy before being returned in an elastic recoil. However, at take-off the 

springboard is compressed under the feet. The diver must control the potential 

energy stored in the muscles and tendons as well as the potential energy now stored 

in the springboard. 

This is essentially a timing problem. Although differences in hip and knee angles 

illustrate the distinct contributions of these individual components to the whole 

movement, answers to questions about the control of the approach and take-off in 

springboard diving must acknowledge the combination of the movements of the hip 

and knee. Hip and knee angles appear to work together to produce a smooth 

extension and compression of the body as it moves along the springboard. In turn 

this affects whole body angle at transition and take-off, which determines the flight 

trajectory and rotation of the final airborne phase after take off. 

5.4 BODY ANGLE AT TRANSITION AND TAKE-OFF 

By calculating the rate of change of the whole body angle to the vertical, the 

combined effect of hip-knee action can be further assessed. During transition the 

mean body angle is -6.47 degrees and it decreases to a mean angle of -0.44 degrees at 
toe-off (Fig 5.13 and Table 5.1). The body thus moves from a backwards leaning 

direction to a vertical position in preparation for the hurdle. Table 5.1 and Fig. 5.14 
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Figure 5.13 

Body angle at transition 
between toe-down and toe- 
of 

Figure 5.14 

Rate of change of body angle 
at transition between toe- 
down and toe-off 

Table 5.1 vvnoie ooa angie at rransirlon lsu n eCt H1 

Body Angle (in des) Rate of change of Bod Angle 

Toe-down Toe-off Toe-down Toe-off 

Mean -6.47 Mean -0.44 Mean 0.78 Mean 0.08 

SD 0.688 SD 0.590 SD 0.063 SD 0.053 
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Table 5.2 Whole bodu angle at take-off (subiect A) 

Figure 5.15 

Body angle at take-off 
between toe-down and toe- 

Off 

Figure 5.16 

Rate of change of body angle 
at take-off between toe-down 
and toe-off 

Body Angle (in deg) Rate of change of Bod Angle 

Toe-down Toe-off Toe-down Toe-off 

Mean 13.49 Mean 10.87 Mean 0.73 Mean -0.02 

SD 0.873 SD 0.875 SD 0.271 SD 0.093 
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show the rate of change of body angle at transition. It is evident that there is a 

reduction in the variance of body angle between toe-down and toe-off as well as a 

reduction in the variance between the rate of change of body angle between toe- 

down and toe-off. However, the change in variance is small and not significant 

(F-Test). 

In contrast, body angle at take-off shows a forward leaning orientation (Fig. 5.15 and 

Table 5.2). A reduction in variance of both body angle and rate of change of body 

angle between toe-down and toe-off was also observed. Body angle change in 

variance between toe-down and toe-off was not significant (F test) but the change in 

the variance of the rate of change of body angle between toe-down and toe-off was 

significant (p<0.007 F-test). This suggests that the diver controls body angle at 

take-off by adjusting the rate of change of velocity of the whole body angle, (the 

angle to the vertical between head and foot). 

It is clear that there are several critical components essential to a successful take-off 

in springboard diving. Not only must the various body parts be manoeuvred into 

the correct position, they must be moving in the right way at the right time. A more 

sophisticated level of analysis is required to identify viable movement control 

strategies. 

The ecological significance of coincidence-timing skills in this context is important 

and may contribute to a better understanding of how perception-action coupling 

might be controlled. In the following chapter a time-based model is presented as a 

conceptual and empirical framework for the main experimental analysis presented 

in chapters 7 and 8. 
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THE TAU FACTOR 

CHAPTER 

6- 
(The general theory of the control of velocity of approach is also described in: Lee, D. N., Young, D. S., 

and Rewt, D. How Do Somersaulters Land On Their Feet? Journal of Experimental Psychology: Human 

Perception and Performance. 1992, Vol. 18 No. 4,1195-1202) 

The tau notion is attractive to believers in 
direct perception because it allows visual 
support for a whole range of coincidence- 
timing skills to be provided without the need 
for cognitive mediation and hence without the 
imposition of a large cognitive load on the 
observer. 

Abernethy and Burgess-Limerick (1992) 

6.1 INTRODUCTION 

One of the basic challenges of movement control is the timing of action. Sport 

provides many examples: the golf swing, the backhand return in tennis, catching a 

cricket ball, or performing a double back somersault dismount from the parallel bars 

all require precision timing to ensure a successful outcome. The athlete's ability to 

make split second decisions about object/body relationships is strongly dependent 

upon visual judgement. Visual information can be used either to avoid or engineer 

collisions according to context. In a simple rugby tackle, one player is intent on 

stopping the opponent's progress while the 'target' must try to evade interception. 

In tennis both players must contrive to hit the ball over the net in such a way as to 

make it impossible for the opponent to return the ball successfully, and in 
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springboard diving the diver must land as close to the end of the board as possible to 

ensure optimal lift at take-off. The development of such coincidence-timing skills 

(Stadulis 1972) may have ecological origins, and their use is evident over a wide 

variety of movements. When an individual approaches an object, time-to-contact is 

an important factor in the control of braking. There are many examples of this 

phenomenon both in nature and in the interface between human and machine. A 

driver stopping at traffic lights, or a humming bird docking on a flower are just two 

examples of linear approach to a destination. Similarly, conjoint control of both 

linear and rotational approach is required when landing upright from a somersault 

(Lee et at 1992) or when stopping for an obstacle while steering a bend. If control of 

approach is simply a matter of maintaining constant deceleration then the subject 

would have to know its distance away from the destination and its speed of 

approach to set the appropriate deceleration, but this would result in a complex 

neural computation involving evaluation of these variables. A much simpler 

solution is available, that does not require perceiving distance, speed or deceleration. 

6.2 THE TAU FUNCTION 

The explication of many movement control situations can be found in a time based 

model. The ratio of the subject's distance away from its destination, to its speed of 

approach provides a first order estimate of its time-to-contact with the destination. 

This ratio has been termed the tau margin (Lee and Young, 1985). In a condition 

where the velocity of approach remains constant, the ratio provides an accurate 

estimate of its time to contact with the destination. For the purpose of extending a 

general theory, the term tau function is used which embraces two other velocity 

patterns. Thus if a subject shows an increase in velocity as an object is approached, 

then the ratio will over-estimate time to contact, and likewise a decrease in velocity of 

approach will produce an under-estimate of time to contact. 
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ANIMAL 

-X ýQ 

OBJECT 

At time t animal has co-ordinate 
x(< 0) and is approaching surface 
with velocity x and acceleration 1 

The tau function of x is defined as x divided by its rate of change over time(x). 

In symbols: 

T(x) =x x 

In principle, the value of r(x) can be derived directly from the optic flow field and is 

not dependent upon information about either distance or velocity (see Lee, 1976 and 

Tresilian, 1990). However, it should be borne in mind that it is a matter of debate as 

to how tau might be picked up and utilised. Although the elegance of the tau 

hypothesis makes it an attractive proposition for supporters of direct perception, it 

remains the case that a number of studies show only that movement regulation was 

consistent with the tau hypothesis, and not that movement was actually regulated on 

the basis of tau. 

The timing of interception of a moving object by human infants (von Hofsten, 1980) 

and by adults (Bootsma and van Weiringen, 1990; Lacquaniti and Maiolo, 1989; Lee, 

Young, Reddish, Lough, and Clayton 1983; Savelsberg, Whiting and Bootsma, 1991) 

is consistent with a tau based strategy. Similarly, the utilisation of optical r(x) is the 

favoured explanation regarding the timing of motor actions when approaching 

surfaces by flies, (Wagner 1982), birds (Lee and Reddish 1981) and humans (Lee et al 

1982; Sidaway et al., 1989; Warren et al., 1986). Experiments based upon simulations 

of approaching surfaces lead to similar conclusions (Schiff and Detwiler, 1979; Todd, 

1981). 
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6.3 CONTROLLING COLLISION 

If the rate of change over time, of z(x) is monitored, then information about the 

control of braking can be obtained. The rate of change of z(x) [= i(x)] (tau - dot) 

is a dimensionless quantity which contributes to our understanding of animal 

movement related to stopping at or colliding with an object. 

By differentiating Z(x) =X with respect to time we obtain i(x) =1- . x .z 
It follows that during approach to an object (with x< 0), 

i(x) >1 implies animal accelerating (i. e., z> 0) and time to contact less than 

-z(x); 

i(x) =1 implies animal moving at constant velocity (i. e., z = 0) and time to contact 

equal to -z(x); 

and t(x) <1 implies animal decelerating (i. e., x<0 and time to contact greater 

than -z(x) 

6.4 SUMMARY OF CONTROL OF VELOCITY OF APPROACH (T) 

Value of Implied movement Effect of keeping Effect of keeping 
Tau Dot(i) of animal acceleration and tau-dot constant 

deceleration 
constant 

i>1 Accelerating Collides 
(T decreases to 1) 

Collides 

i=l Constant velocity 

0.5 < i<1 Decelerating 

i=0.5 Decelerating 

Collides 
(t constant) 

Collides 
(z increases to 1) 

Stops at 

Collides 

Controlled collision 
(braking increases) 

Stops at 
(braking constant) 

O< i7<0.5 Decelerating Stops short Stops at 
(t decreases) (braking decreases) 
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6.5 CONSTANT TAU-DOT APPROACH 

It is evident that if i(x) is kept constant at a value k between 0.5 and 1.0, then 

braking has to get progressively harder as the destination is approached, but in 

order to stop at a destination using this strategy, an infinite braking force is 

theoretically required. A realistic procedure- the controlled collision procedure - is to 

keep i(x)constant at a value between 0.5 and 1.0, until maximum braking power is 

reached, and then maintain this braking force. This would result in a controlled 

collision between the animal and its destination. Film analysis of a humming bird 

docking with a feeder tube was consistent with the controlled collision procedure; as 

it braked the humming bird held i(x) constant at a value of 0.71 and its bill passed 

into the feeder rather than stopping at the opening (Lee et al 1991). 

It has also been shown that people can distinguish between a 'soft collision' 

(i(#5 0.5) or 'hard collision' (Z(x) > 0.5) when viewing a computer simulation of 

approach to a surface where i(x) is held constant at different values (but no 

information about distance, speed, and deceleration of approach is given), (Kim et al 

1993). Critics of this proposal suggest that active control is the appropriate domain in 

which to evaluate the optical variables used for control and navigation (Kaiser and 

Phatak 1993). 

To avoid collision, all that is necessary is to register the value of i(x), adjust 

braking so that i(#5 0.5 and then keep braking constant. This procedure, which 

implies constant deceleration, will result in stopping short of the surface. 

To stop at an object, the general procedure is to adjust braking so that 1(x) stays 

constant at a value k, 0<k: 5 0.5. This procedure would require steadily slackening 

off the brakes as the surface is approached (except for k=0.5 when deceleration is 

constant). Analysis of the braking behaviour of drivers confirms that they followed 

the stop at procedure with i(x) = 0.425 (Lee, 1976). 
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6.6 SUMMARY 

Control of approach comprises five fundamental conditions. If an animal accelerates 

towards a destination or approaches a destination with constant velocity a collision 

will result, but if the animal decelerates as it approaches a destination, a different 

outcome will be produced. By regulating i(x) the animal can stop short of a 

destination, stop at a destination, or engage in a controlled collision with a 

destination. 

The remainder of this thesis sets out to explore whether or not specific patterns of 

acceleration and deceleration between diver and springboard at transition and take- 

off can be controlled by maintaining a constant rate of change of r. 
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THE TRANSITION PHASE 

CHAPTER 

This is a difficult asymmetrical force 
and balance, and takes much practice 
to perfect. 

A. R. Fairbanks 1964 

7.1 TRACKING THE MOVEMENT OF THE HEAD 

The transition phase begins when the leading foot of the last step of the approach 

reaches toe-down, and ends at toe-off (figure 7.1). During this short period of 

time the predominantly horizontal progress of the diver is re-directed to facilitate 

a smooth transformation into the more vertical motion of the hurdle. This 

chapter investigates the kinematics of this 'pass through zone, ' and focuses on 

the head as a possible locus of control. 

Figure 7.1 The Transition 

From Diving for Cold: Basic to advanced Springboard and Ptatjorm Skiºf. 
(pp. 8) by R. O'Brien, 1992 Champaign, It. Human Kinetics. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 
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During the transition, the horizontal and vertical movements of the head were 

tracked and recorded as described in the previous chapter. It was observed that 

although the horizontal head velocity slowed down, it never reached a zero 

value. However, both horizontal and vertical velocities of the head reached their 

minimum value at the same time. 

240 
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p 220 

210 

200 

0 p(ý 
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X Head 

Figure 7.2 Typical XY Head co-ordinates during the transition (in centimetres) 

A graph of head movement (figure 7.2) was produced by plotting the y,,, d co- 

ordinate against the x,, .d co-ordinate between toe-down and toe-off. The lowest 

point reached by the head was nominated as the actual moment of transition and 

provides a point of reference for the ensuing analysis. A linear regression of the 

line to the left of the lowest head position was calculated and the approach angle 

of the head (with respect to the horizontal) was computed by finding the arc 

tangent of the slope; similarly, the departure angle of the head was determined by 

calculating the linear regression of the line to the right of the lowest head 

position and then computing the arc tangent of the slope (also with respect to the 

horizontal). The actual low point was omitted from the calculation. It was found 

that this method provided an accurate representation of the approach and 
departure angles of the head for the 28 trials which were analysed. 
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The mean and standard deviation of approach and departure angles were 

recorded for each subject and are presented in table 7.1. The mean slope and 

mean r2 values are also given. The consistency of the head movement pattern 

was evident. All three subjects maintained similar approach and departure 

angles. There was no significant difference in the variance of the approach and 

departure angles of each individual subject (N=10). Among the three subjects, 

the index of dispersion values (i. e. standard deviation/mean) ranged from 1.8% 

to 6%. 

TnV, Io 71 Annrnnrh and departure anale of head at transition 

Subject A (n=10) Subject B (n=10) Subject C (n=8) 

Approach 
Angle (in deg. ) 

Departure 
Angle (in deg. ) 

Approach 
Angle (in deg. ) 

Departure 
Angle (in deg. ) 

Approach 
Angle (in deg) 

Departure 
Angle (in deg. ) 

Mean 47.054 Mean 74.225 Mean 39.832 Mean 67.709 Mean 54.961 Mean 69.638 

SD 1.783 SD 1.359 SD 2.391 SD 1.858 SD 3.111 SD 4.801 

r2 0.998 r2 0.984 r2 0.993 r2 0.971 r2 0.980 r2 0.986 

7.2 INTERPRETING HEAD MOVEMENT 

The apparent sensitivity of humans and other animals to visual information 

which specifies time-to-contact is well documented. Some excellent examples of 

visual regulation of gait demonstrate how the body utilises perceptual 

information from the environment to facilitate appropriately scaled body actions 

(chapter 1): the long jump run up (Lee et al., 1982, Hay, 1988), running over 

irregularly spaced stepping stones (Warren et al., 1986), and approaching take-off 

during a gymnastic vault (Meeuwsen and Magill 1987). Similarly, springboard 

divers must co-ordinate body actions to coincide with the movements of the 

springboard underfoot, and to manage the asymmetrical postural requirements 
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necessary for the correct execution of the hurdle by judicious application of 

muscle force throughout the body. 

The consistency of head movement at this time has already been clearly 

demonstrated, so it is reasonable to take the view that head kinematics have an 

important role in the movement control process. Central to this idea is the 

notion that the head maintains a stable track' with the environment at key times 

during the performance of a variety of physical actions. There are numerous 

examples of this effect both in sport and in nature. Slalom skiing is characterised 

by large sweeping movements of the legs and torso at the initiation of a turn 

whilst keeping both side to side and up and down movements of the head to a 

minimum. In nature, a lioness chasing down her prey runs and swerves at high 

speed over rough ground with legs and body moving almost erratically to 'fill in' 

the bumps and hollows of the terrain, while her head is observed to move 

smoothly with respect to her target. In a unique study by Berthoz and Pozzo 

(1988) the photographs made by Muybridge in his famous book The Human 

Figure in Motion (1955) were evaluated to determine the angle of the head to the 

earth vertical. In addition five subjects were asked to perform the same motor 

tasks recorded by Muybridge while their movements were analysed by means of 

an optical automatic TV image processor (E. L. I. T. E. system) in conjunction with a 

PDP 11/37 computer. The findings were remarkable. A wide range of locomotor 

movements were studied, and subjects were observed to exhibit precise angular 

stabilisation of head position in space. During repetitive movements such as 

walking it is possible to sustain stabilisation within a few degrees, but when the 

movement is more complex it was found that stabilisation is intermittent and 

corresponds to distinct segments of the motor behaviour. During running, for 

example, the head is stabilised around the horizontal with a spread of about 7 

degrees, while the mean angular displacement of head-shoulder link is 

approximately 25 degrees. It was shown that the degree of precision varied with 
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specific motor tasks. Berthoz and Pozzo suggest that the head and trunk might be 

organised into a posture adapted to each movement or task, a view which stems 

from their observation that certain Muybridge photographs show a stiff posture 

of a 'head trunk unit' while the legs move around underneath. They refer to this 

phenomenon as the 'top down' approach to postural control as opposed to the 

'bottom up' view which is concerned with the reactive response of the body to 

perturbations of stance rather than the active integration of posture and 

movement. 

Much can be learned from this approach that is relevant to diving. If actions are 

scaled to facilitate relative head stability in the environment, then both body and 

springboard actions must blend together to produce the desired fluency of head 

movement. A simple model is shown in figure 7.3 below. 

Figure 7.3 Approximate body position at moment of transition 

During transition the body acts as a coiled spring and unfolds to depress the 

springboard. [Information about the behaviour of the body as a spring can be 
found by calculating the distance between the head and foot co-ordinates. (D,, )] 
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There are three inter-relating features of this arrangement; the spring like 

movements of the body on the springboard, the actual movements of the 

springboard itself, and the resulting head track (relative to the external 

environment) which is the sum of the first two movements. In accordance with 

the argument advanced in chapter four of this thesis, the time derivative of tau is 

thought to be central to this process. Subsequent analysis will focus upon the 

horizontal and vertical components of head track, each being assessed separately. 

7.3 THE VERTICAL COMPONENTS OF TRANSITION 

The movement sequence which unfolds between toe-down and toe-off at the 

transition comprises a variety of actions, each complementing the fluidity of the 

performance. In figure 7.4 the time relationship between these various factors is 

given. 

Time in seconds 

Figure 7.4 Schematic representation of the sequence of movement timing 
between toe-down and toe-off, showing the moment of transition 
as a critical point. 

During transition several key variants reach a critical value, a pattern which was 

observed for each of the three subjects over a total sample of sixty individual 

trials. Between toe-down and toe-off the value of the distance between the head 
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and toe increased throughout. This confirms that the body was extending for the 

duration of the transition. However, at the moment of transition, the y value of 

the head and the y value of the mid-point of the springboard (under the foot) 

both reached their minimum value within 16ms. In addition, both x and y 

head velocity values also reached their minimum (within 16ms). Such 

consistency is doubtless a result of the expertise of the subjects, and is indicative 

of the many hours of practice necessary for the optimal control of body actions as 

the diver prepares for flight. 

Abernethy and Burgess-Limerick (1992) suggest that superior coincidence-timing 

skills are an important component of expert performance in a wide variety of 

sporting activities. They also suggest that experts can operate with precision 

within smaller time windows than novices. However, the difficulties involved 

in demonstrating these differences in the laboratory are considerable (Del Rey, 

Whitehurst, Wughalter, & Barnwell, 1983; Blundell, 1984). The, constraints of 

simplistic linear push-button responses in laboratory experiments which are well 

understood, emphasise the importance of developing an alternative 

experimental framework which accounts for the task-specific nature of 

coincidence timing activities. Comparison between expert and novice 

performance is a significant aspect of movement control theory, but of equal 
importance is the establishment of a good movement model of expert 

performance. The following paragraphs present the results of three expert divers 

performing in real conditions. 

The first part of the analysis is concerned with the movement of the head in the 

vertical direction relative to the environment, together with the movement of 
the middle of the springboard in the vertical direction, and movement between 

the head and toe, (usually referred to as the distance between head and toe or Dh, ) 

which has both horizontal and vertical components (close inspection of the 
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database revealed that the D. movement occurred principally in the vertical 

direction and so the data is presented in this section of the thesis). 

Hypothesis 

The hypothesis is that the head moves in a consistent way relative to the 

environment. Thus «y,,., a) plotted against time (where T(y,. ) is measured 

relative to the environment) should produce a linear relationship. Since it is 

probable that vertical head movement is modulated by the combined action of 

body extension relative to springboard compression and extension, z(D, ) and 

ý y, �;, a,,. �d) were also plotted against time (table 7.2). 

Calculating Tau 

Tau values were calculated with respect to the moment of transition, according to 

equations 1-4 below. 

D, v = (mead - xwe )2 + (Yhead -Y )2 (1) 

ýDnr/ =)- 
Dnr - Dnr(m 

wcdo") C2) Dht 

`Y midboard) 
- 

Ymidboard Ymidlward(attransirioR) 

Ymid 
board 

Yhead 

With regard to head movement, decelerative patterns (in the vertical direction) 

were found prior to the moment of transition, and accelerative movement 

patterns of the head (in the vertical direction) were found after the moment of 

transition. A similar arrangement was found when the vertical component of 

the mid board was analysed. 

However, there were significant differences in the nature of the i profiles. To 

restate the argument outlined in chapter 4, the rate of change of z(x) referred to 
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as i(x) provides information about the control of approach to a destination, in 

this case, the approach to the moment of transition. In order to stop at a location 

it is sufficient to keep i constant at a value not greater than 0.5 (Para 6.4). This 

action will result in deceleration decreasing monotonically and speed being zero 

as the location is reached. But the transition is only a stop point for the y co- 

ordinate of the mid board. It is a pass through zone for the body and for the head 

co-ordinates in particular. In this circumstance, i values greater than 0.5 (and 

less than 1.0), will result in a monotonic increase in deceleration until a 

maximum is reached. In general terms, the continuous action of the springboard 

diving approach produces a constant series of decelerations and accelerations of 

various body parts. Specific to the transition phase is an overall deceleration 

prior to the moment of transition followed by acceleration. 

7.4 RESULTS 
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Figure 7.5 Typical r values of y idb,,., d and D,, 

The graphs in Figure 7.5 show typical results for all three subjects. It was found 

that «D, 
u) and T(ymidboard) between toe-down and toe-off were not linear with 

time. The mean and standard deviation of r2 values are shown in table 7.2. 
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Table 7.2 r2 values for r against time between toe-down and toe-off 

Subject A (Trial 1-10) Subject A (Trial 11-20) Subject A (Trial 21-30) 
Tau 

Y Board r2 

Tau 
Dht r2 

Tau 
Y Board r2 

Tau 
Dht r2 

Tau 
Y Board r2 

Tau 
Dht r2 

Mean 0.926 Mean 0318 Mean 0.866 Mean 0.176 Mean 0.910 Mean 0.272 

SD 0.029 SD 0.253 SD 0.048 SD 0.199 SD 0.033 SD 0.240 

Subject B (Trial 1-10) Subject B (Trial 11-20) Subject C (Trial 1-8) 
Tau 

Y Board r2 

Tau 
Dht r2 

Tau 
Y Board r2 

Tau 
Dht r2 

Tau 
Y Board r2 

Tau 
Dht r2 

Mean 0.842 Mean 0.337 Mean 0.865 Mean 0.370 Mean 0.917 Mean 0.186 

SD 0.146 SD 0312 1 SD 0.080 SD 0.290 SD 0.032 SD 0.236 

In sharp contrast, when «yh,,, ) was plotted against time, a linear relationship 

was observed (figure 7.6 and table 7.3). The mean slopes and r2 values were 

recorded for each subject, based upon six sets of ten individual trials. All subjects 

demonstrated constant z movement of the head between toe-down and toe-off as 

0.1 

� o. a 

ýv 
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-0. a 

-o 

Time 

Figure 7.6 Typical plot of i(yh,, d) against time between toe-down and toe-off 
Additional plots for subjects A, B and C are in Appendix 2 Page 122 
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the head first decelerated toward the moment of transition and then accelerated 

away, at mean slope values ranging between 0.576 and 0.624. (mean slopes for all 

subjects were significantly greater than 0.5 and less than 1.0, p <. 001, t test) 

The mean r2 values for r(y,, ) were compared with the mean r2 values for 

T(ym;, jb.,, j) and ýD, ). To find out whether the differences between these values 

were significant, the Wilcoxon non-parametric signed ranks test was used. Each 

block of ten individual trials was assessed separately. It was found that the r2 

values for t(yd) were significantly greater than the r2 values for T(y.; ib,,, d) at 

p <. 005 (for all trials). Similarly the r2 values for (yh, 
d) were significantly 

greater than the r2 values for r(Dh, ). at p <. 005 (for all trials). 

The detailed results are shown in table 7.3 

Table 7.3 Linear regression coefficients for r(yh,. d) against time between 
toedown and toe-off 

Subject A (Trial 1-10) Subject A (Trial 11-20) Subject A (Trial 21-30) 
Tau Y Head Tau Y Head Tau Y Head 

Slope 2 r Slope 
r2 Slope 2 r 

Mean 0.579 Mean 0.994 Mean 0.587 Mean 0.991 Mean 0.576 Mean 0.995 

SD 0.009 SD 0.002 SD 0.013 SD 0.002 SD 0.011 SD 0.001 
p<0.001 
(t-test) 

p<0.001 
t-test 

p<0.001 
t-test 

Subject B (Trial 1-10) Subject B (Trial 11-20) Subject C (Trial 1-8) 
Tau Y Head Tau Y Head Tau Y Head 

Slope 2 Slope 2 Slope 2 

Mean 0.618 Mean 0.988 Mean 0.612 Mean 0.989 Mean 0.624 Mean 0.985 

SD 0.009 SD 0.002 SD 0.022 SD 0.004 SD 0.001 SD 0.002 
p<0.001 

t-test 
p<0.001 
(t-test) 

p<0.001 
(t-test) 

(t-test measures the significance of the difference of the slope value from 0.5) 
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These results support the hypothesis that the vertical head track movement is 

geared to the environment. Mean r2 values of *(y, ) are very close to 1.0 

representing perfect linearity. Mean slope values of *(y,. ) range from 0.576 to 

0.624, confirming that a 'controlled collision' occurred with respect to the 

moment of transition. This is entirely consistent with the 'pass through' nature 

of the movement. 

7.5 THE HORIZONTAL COMPONENTS OF TRANSITION 

Current coaching manuals suggest that the apparent complexity of approach, 

hurdle and take off, can be more effectively managed by focusing upon 

smoothness and flow of movement. The consistency of head action was alluded 

to in figure 7.4 where it was shown that several key variants reach a critical value 

at the moment of transition. Both vertical and horizontal head velocity reached 

their respective minimum values at this point. While horizontal head velocity 

remained positive (with a value close to zero) it was noted that the movement 

action of the horizontal head component was similar to patterns observed during 

analysis of the vertical component. Not surprisingly, it transpired that horizontal 

head velocity decreased prior to the moment of transition, and increased 

afterwards. From a coach's perspective, it is critical to maintain smooth 

movements which blend into each other. If too much speed is present during the 

approach to the hurdle then there is a tendency to make the last step of the 

approach too long and the hurdle too short, effectively throwing the diver off 

balance at take-off. The horizontal component is therefore extremely important 

to emphasise at this juncture. The reader must understand that for divers 

functioning at sophisticated levels of performance, checking the speed of 

approach is almost exclusively thought of in terms of the horizontal component. 
Based upon these observations, it is likely that both vertical and horizontal 

components of head velocity are controlled in a similar manner. 
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Results and Hypothesis 

In this section, the analysis focuses on the forward movement of the head. Tau 

values were calculated with respect to the moment of transition according to the 

following equation: 

T(x, ead) ": 
'Yhead - xheua(athu, 

4rition) (5) 
-'head 

The graphs were plotted between toe-down and toe-off, and are shown in figure 

7.7. The results of two subjects (subject A and subject B) are shown for 

comparison. Each subject performed individual movements which were 

recorded in blocks of ten trials. It should be noted that apart from a small 

difference in the total duration of time between toe-down and toe-off, the results 

were remarkably similar. This held true for all three subjects over the total of 

sixty individual movements which were recorded. The full results are shown in 

table 7.4. 
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Figure 7.7 Graphs of z x,,, d) against time for subject A (left) and subject B (right) 
(N= 10 ) between toe-down and toe-off lined up at toe-down 
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Table 7.4 Linear regression coefficients for ýx,,, 
,) against time between 

the-down and toe-off 
Subject A (trial 1-10) Subject A (Trial 11-20) Subject A (Trial 21-30) 

Tau X Head Tau X Head Tau X Head 
Slope 2 Slope 2 r Slope 2 r 

Mean 0.673 Mean 0.988 Mean 0.697 Mean 0.988 Mean 0.734 Mean 0.898 

SD 0.019 SD 0.008 SD 0.030 SD 0.003 SD 0049 SD 0.281 
p<0.001 
(t-test) 

p<O. 001 
(t-test) 

p<0.001 
(t-test) 

Subject B (Trial 1-10) Subject B (Trial 11-20) Subject C (Trial 1-8) 

Tau X Head Tau X Head Tau X Head 
Slope 2 Slope 2 r Slope 2 r 

Mean 0.823 Mean 0.976 Mean 0.804 Mean 0.978 Mean 0.646 Mean 0.976 

SD 0.053 SD 0.013 SD 0.062 SD 0.005 SD 0.068 SD 0.010 
p<0.001 

t-test 
p<0.001 

t-test) 
p<0.001 

t-test 

(t-test measures the significance of the difference of the slope value from 0.5) 

The mean r2 value for i(x,, ) was very close to 1.0 representing perfect linearity 

(mean slopes for all subjects were greater than 0.5 and less than 1.0, p <. 001, t test) 

Discussion 

The transition phase in springboard diving is essentially a pass through zone, and 

as previously indicated, good performance in diving requires that no part of the 

movement sequence should stand out. The main objective of the transition is to 

optimise speed of approach in order to facilitate a high hurdle step. If this part of 

the approach is completed accurately, the diver will be in a good position to 

control the difficult take-off movements. Control of transition has been shown 

to be focused upon head movement. Both horizontal and vertical components of 

the head follow particular trajectories relative to the environment. The next 

chapter will examine the movement of the head at take-off. 
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1 The term 'track' is used to describe the trajectory of the head as the body moves along the 

diving board. During filming with an infra-red camera, the divers moved in a vertical 

plane perpendicular to the optical axis of the camera while the x, y coordinates of the 

head (and other body locations) were fitted with light emitting diodes which were 

monitored by the camera. Because the divers move principally in a single plane, 

the x, y coordinates picked up by the camera are proportional to the real world. 
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THE TAKE-OFF PHASE 

CHAPTER 

8.1 INTRODUCTION 

This chapter will focus on events preceding the moment of toe-off, at the end of 

the hurdle. To control the take-off, the diver must influence a complex range of 

body movements, but the essential task is that the diver lands on the end of the 

springboard in such a way as to create optimal vertical lift. 

I- 

Figure 8.1 

b(Q From Diving for Gold: Basic to advanced Springboard and Platform Skills 
(pp. 8) by R. O'Brien, 1992 Champaign, 11: Human Kinetics. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

Previous studies (Miller and Munro 1984 and Golden 1981) have shown that, 

during the take-off phase, divers have higher vertical velocities at toe-off than at 

touchdown, which supports the notion that they are introducing additional force 

to depress the board and so are actively controlling the magnitude of their take- 

Aý 
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off. In addition, the regulation of the angular momentum required for a 

particular dive or jump must take into account the trade off between the 

horizontal and vertical components of the take-off. Since the trajectory of the 

flight is determined during the take-off and cannot be altered, the diver must be 

accurate in the management of translational and rotational elements of the 

movement. After detailed analysis of re-drawn figures from The Human in 

Motion (Muybridge 1955), Berthoz and Pozzo (1988) described a stiff 'posture' of 

the 'head-trunk unit' while the legs move around (like actuators) as if the body 

was suspended from the head. Similarly, in this study, observations of the 

hurdle flight and take-off phase show that there is consistency in the movement 

pattern of the upper extremities. In particular it was noted that the head appears 

to reach a position of stability just after toe-down at the commencement of the 

take-off phase. 

This final stage of the springboard approach and take-off might be thought of as a 

slightly more dynamic version of events at the transition. All the same elements 

of body movement are present, but in this instance the body drops down from a 
high hurdle step, thus introducing more energy into the springboard. Typical 

x, y head co-ordinates were plotted for all three subjects in the study (fig. 8.2,8.3, 

and 8.4). To assess the true extent of the head approach and departure angles the 

time window was extended by several frames (1 frame = 0.016sec). Approach and 

departure angles of the head were calculated using methods similar to those 

employed in the previous chapter. The time window was extended prior to toe- 

down, and plots were made between the moment of maximum horizontal head 

velocity and toe-off. After careful study of the x, y head co-ordinates the following 

observations were made: Subject A and subject C showed similar patterns of 

movement. The head moved nearly vertical from the point of maximum 
horizontal head velocity to toe-down. A few frames after toe-down the head 
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Figure 8.2 
Typical head track for subject A 
during take-off (in cms) 

Figure 8.3 
Typical head track for subject B 
during take-off (in cms) 

Figure 8.4 
Typical head track for subject C 
during take-off (in cms) 
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curved back to its lowest position, before commencing a near vertical lift off. 

Subject B had a different, straightforward strategy. There was a slight curve 

during the first part of the approach, followed by a near vertical take-off. 

To assess the approach and departure angles the following procedure was 

adopted. A graph of the x, y head co-ordinates was plotted between the 

maximum horizontal head velocity (max HHV occurs several frames prior to 

toe-down), and toe-off. The lowest x, y point was located. A linear regression of 

the line to the left of the lowest head position was calculated and the approach 

angle of the head (with respect to the horizontal) was computed by finding the arc 

tangent of the slope; similarly, the departure angle of the head was determined by 

calculating the linear regression of the line to the right of the lowest head 

position and then computing the arc tangent of the slope (also with respect to the 

horizontal). The actual low point was omitted from the calculation. 

Table 8.1 Approach and departure angle of head at take-off 
Subject A (n=10) Subject B (n=10) Subject C (n=8) 

Approach 
Angle (in deg. ) 

Departure 
Angle (in deg. ) 

Approach 
Angle (in deg. ) 

Departure 
Angle (in deg. ) 

Approach 
Angle (in deg. ) 

Departure 
Angle (in deg. ) 

Mean 72.090 Mean 81.288 Mean 78.137 Mean 76.366 Mean 70.482 Mean 76.839 

SD 0.92 SD 1.22 SD 1.715 SD 3.331 SD 1.881 SD 2.006 

r2 0.996 r2 0.996 r2 0.955 r2 0.971 r2 0.963 r2 0.981 

The results shown in table 8.1 (above) are similar in pattern to the results 

obtained at the transition. For a second time the consistency of head movement 

was evident. All three subjects maintained steeper but similar approach and 
departure angles. There was no significant difference in the variance of the 

approach and departure angles of each individual subject. Among the three 

subjects, the index of dispersion (i. e. standard deviation/mean) ranged from 2.2% 

to 4.4%.. 
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8.2 HEAD MOVEMENT 

In the previous chapter it was shown that, at transition, the vertical and 

horizontal components of head track could be regulated on the basis of the rate of 

change of r. Since body actions are very consistent during the take-off phase ,a 

similar model applies. 

A 
F 

Z 
Z 

E 

ýs 

Figure 8.5 Approximate body position at toe-down 

Here also, the body acts as a coiled spring and unfolds to depress the springboard 

between toe-down and toe-off, but there is one major difference between this 

action and the movements of the transition. just before the commencement of 

the take-off phase, the diver is airborne and is under the accelerative influence of 

gravity. Considering the movement as a whole, as the total forward approach 

sequence unfolds, horizontal movement is first converted into predominantly 

upward thrust at the moment of transition; next, the diver jumps up into the air 

at the commencement of the hurdle step. From the top of the hurdle the diver 

then drops down on to the board at a head pathway angle of between 70 and 80 

degrees to the horizontal. At this point, the accelerations and decelerations are 

greater than those at transition, and the forces transmitted through the feet into 

the springboard are higher. Control at this stage is more difficult, and depends 

upon a solid foundation of practised stereotyped actions. During landing from 

the hurdle and between toe-down and toe-off, the diver has two main tasks. 
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First, the hurdle must be brought under control as the diver attempts to land as 

close to the end of the springboard as possible without losing balance. Secondly, a 

near vertical take-off must be effected whilst maintaining the balance and poise 

prevalent throughout the movement. These two distinct aspects of the 

movement must also be successfully integrated to result in a performance which 

looks natural and flowing, and is under control at all times. To further test the 

theory that the vertical and horizontal components of head track can be regulated 

on the basis of the rate of change of r (relative to the environment), the values 

of ýr(D,, ) and r(ya, ., 
) were plotted against time and analysed in conjunction 

with the r values of both vertical and horizontal components of the head, also 

plotted asgainst time. For clarity, the vertical and horizontal components were 

separately assessed. 

Prior to this analysis, an overview of events surrounding the point of maximum 

springboard depression during the take-off phase will elucidate the order and 

approximate timing of key actions in the movement sequence. Figure 8.6 (next 

page) shows a schematic representation of both horizontal and vertical head 

velocities from a few frames prior to toe-down to toe-off. In addition, y,. and 

y, I, db... d positions are given. Events are temporally well defined with regard to 

the moment of maximum springboard depression (or the moment of resolution) 

as defined by the heavy dotted line in the diagram, where it can be seen that 

several events coincide: 

Head velocity reaches zero in the horizontal and vertical directions virtually 

simultaneously (within 0.016secs) which signifies momentary stopping . 

The head reaches its lowest vertical position. 

The springboard reaches its lowest vertical position. 
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Figure 8.6 Schematic representation of key kinematic events during 
depression and recoil of the springboard during take-off. 

During this time the D, increases indicating that the body is extending for the 

full duration of the take-off phase between toe-down and toe-off. (Note, that D 

decreases prior to toe-down, indicating body compression at this stage. This 

particular aspect of body kinematics will be treated in more detail in part 8.4). 

The yad value decreases prior to the moment of resolution, and increases 

afterwards. Similarly, the y,,, jb,, �d value decreases prior to resolution and 

increases afterwards. 

8.3 THE VERTICAL COMPONENTS OF TAKE-OFF 

Of the factors which contribute to the success of springboard diving performance, 

the height achieved at take-off has been distinguished as pre-eminent by several 

authors (notably Miller 1984). Adequate height is an essential pre-requisite to 
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good performance, since more time is afforded to complete the required number 

of somersaults or twists of any dive. During take-off, height achieved is 

dependent upon the diver's vertical velocity at the initiation of the flight, and in 

turn this is related to what happens during the take-off phase immediately 

preceding the flight. Thus the physical challenge which the diver meets at the 

start of any dive is to resolve the conflict between the need for a horizontal take- 

off which will place the diver a safe distance away from the end of the 

springboard, and the need for a vertical take-off which results in longer flight 

time. In terms of movement control, both horizontal and vertical components 

must be optimised to produce a good technical performance. Whether the 

magnitude of one particular direction of the take-off action is greater or smaller 

than the other is not important; however, the relationship between the two 

directions is central to our understanding of the control processes involved. 

Hypothesis 

The hypothesis is that the head moves in a consistent way relative to the 

environment. Thus, ti(y,.. d) plotted against time (where r(y,,,, ) is measured 

relative to the environment) should produce a linear relationship. In addition, 

i(D,, ) and r(yn, , d) were also plotted against time to assess the combined effect 

of body and springboard movements (as in chapter 6). 

Calculating Tau 

The tau values were calculated with respect to the moment of resolution, i. e. 

when the springboard is fully cocked, » ad is at its lowest point, and both 

horizontal and vertical head velocities are zero. See equations 1-4 below. 

Dk _ (x, ead -xIae)2 
+ (Yhead 

-Yta)2 (1) 

Z`DhtJ ` 
dht -d, (attoedown) 

(2) 
dht 
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, ý(`Yerdbna d) _ 
yard -Yerdboard(atresolutio, ) 

(3) 
` 

Ye�d t, ard 

I(Yhead) _ 
Ynead -Yhead(o resohW. ) (4) 

Ynead 

Findings were similar to results retrieved from the analysis of the transition 

(chapter 7). Decelerative patterns (in the vertical direction) were found prior to 

resolution, and accelerative movement patterns (in the vertical direction) were 

found after resolution. 

Results 

The following analysis extended the window of interest beyond the boundaries of 

toe-down to toe-off. Since the diver was airborne for the first part of the 

movement, it was deemed appropriate that the kinematic analysis be extended by 

several frames prior to toe-down. This extended time period corresponded with 

the position of maximum horizontal head velocity and included the position of 

maximum vertical head velocity prior to toe-down at the commencement of 

take-off. 

Table 8.2 r2 values for z against time between toe-down and toe-off 
Subject A (Trial 1-10) Subject A (Trial 11-20) Subject A (Trial 21-30) 
Tau 

Y Board r2 

Tau 
Dht r2 

Tau 
Y Board r2 

Tau 
Dht r2 

Tau 
Y Board r2 

Tau 
Dht r2 

Mean 0.833 Mean 0.255 Mean 0.818 Mean 0.194 Mean 0.86 Mean 0.276 

SD 0.133 SD 0.265 SD 0.123 SD 0.282 SD 0.062 SD 0.334 

Subject B (Trial 1-10) Subject B (Trial 11-20) Subject C (Trial 1-8) 
Tau 

Y Board r2 

Tau 
Dht r2 

Tau 
Y Board r2 

Tau 
Dht r2 

Tau 
Y Board r2 

Tau 
Dht r2 

Mean 0.917 Mean 0.186 Mean 0.892 Mean 0.090 Mean 0.833 Mean 0.052 

SD 0.032 SD 0.236 SD 0.069 SD 0.069 SD 0.036 SD 0.066 
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In table 8.2 the mean r2 and SD values for r(y., ) and z(D, u) were recorded for 

each subject, based upon six sets of ten individual trials. The T values recorded 

from just before toe-down to toe-off were not linear with time. In contrast, when 

i(y ) was plotted against time, a linear relationship was observed (table 8.3). 

Table 8.3 Linear regression coefficients for r(yh ad) against time, from several 
frames before toe-down to toe-off 

Subject A (Trial 1-10) Subject A (Trial 11-20) Subject A (Trial 21-30) 

Tau Y Head Tau Y Head Tau Y Head 
Slope z Slope 2 r Slope 2 

Mean 0.527 Mean 0.997 Mean 0.525 Mean 0.996 Mean 0.524 Mean 0.997 

SD 0.007 SD 0.001 SD 0A16 SD 0.001 SD 0.009 SD 0.0006 
p<0.001 

t-test) 
p<0.001 

t-test 
p<0.001 

t-test) 

(t-test measures the significance of the difference of the slope value from 0.5) 
Subject B (Trial 1-10) Subject B (Trial 11-20) Subject C (Trial 1-8) 

Tau Y Head Tau Y Head Tau Y Head 
Slope 2 Slope 2 Slope 2r 

Mean 0.550 Mean 0.993 Mean 0.583 Mean 0.992 Mean 0.530 Mean 0.997 

SD 0.017 SD 0.002 SD 0.020 SD 0.002 SD 0.012 SD 0.0008 
p<0.001 
(t-test) 

p<0.001 
(t-test) 

p<0.001 
t-test 

The mean r2 values for r(yh.. d), plotted against time, were compared with the 

mean r2 values of z(yadboord) and T(D, u). To find out whether the differences 

between these values were significant, the Wilcoxon non-parametric signed 

ranks test was used. Each block of ten individual trials was assessed separately 

and it was found that the r2 values for 'y,,, 
d) were significantly greater than 

the r2 values for r(ya, dyoa d), at p <. 005 (for all trials). Similarly, the r2 values 
for r(y,, ) were significantly greater than the r2 values for r(D ), at p <. 005 

(for all trials). 

These results support the hypothesis that the vertical head track movement of 

the head r is geared to the environment in this particular way. Mean r2 values 
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for ýye, d) are very close to 1.0 representing perfect linearity. Mean slope values 

for «yp) range from 0.524 to 0.583, and confirm that movements were very 

close to constant braking procedure (see 4.4). Mean slopes for all three subjects 

were significantly greater than 0.5 and less than 1.0 (p <. 001, t test). 

8.4 THE HORIZONTAL COMPONENT 

Control of the horizontal component of the divers velocity is important because 

any excess of horizontal velocity will result in the diver overshooting the end of 

the board or landing on the board and toppling forward. Similarly, a lack of 

horizontal velocity will result in the diver failing to clear the end of the board. 

While Miller (1984) found a direct and predictable relationship between hurdle 

length and horizontal velocity (of the centre of gravity) in the hurdle flight, she 

argues for the importance of increasing horizontal flight distance by increasing 

the vertical velocity at take-off rather than the horizontal velocity. She suggests 

that if a diver is incapable of generating adequate vertical velocity at take-off 

during difficult dives, then an increase in horizontal velocity is necessary to 

compensate, thus adversely affecting the flight trajectory. In pursuing answers to 

questions about the control of movement in this context it is useful to remember 

that the relationship between the horizontal and vertical components of the take- 

off is fundamental. Whilst it is true that the resultant take-off pathway is 

predominantly vertical, it is perhaps more instructive to stress the crucial nature 

of the interaction between horizontal and vertical dimensions. So although a 

strong vertical lift is a desirable quality of take-off, it must still be accompanied by 

an appropriate horizontal component. In this way movement control can be 

understood as an optimising of forces to produce a desired physical effect, as 

opposed to a purely biomechanical approach to springboard diving which often 

stresses the differences between various components of movement. 
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8.5 BODY KINEMATICS AT TAKE-OFF 

_ý 
abcd 

Figure 8.7 The Hurdle 

From Diving for Cold: Basic to advanced Springboard and Platform Skills 
(pp. 8) by R. O'Brien, 1992 Champaign, Il: Hunan Kinetics. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

From the hurdle crest, the diver drops down on to the springboard and prepares 

to activate or drive the board (fig 8.7). As the diver approaches the landing after 

the hurdle (Fig 8.7c) the knees bend in anticipation of touchdown. At the same 

time the angle of the trunk to the vertical increases and reaches approximately 35 

degrees just prior to toe-down, resulting in a crouched position. 

Iýý 
Figure 8.8 The Take-off 
From Diving for Cold: Basic to advanced Springboard and Platform Skills 
(pp. 8) by R. O'Brien, 1992 Champaign, 11: Human Kinetics. 
Copyright 1992 by Ron O'Brien. Reprinted by Permission. 

When touchdown is effected the body moves from compression to extension as 

the knees extend and the trunk angle to the vertical decreases. This coincides 

with the active push of the springboard by the diver. When the springboard is 

.. 
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almost at full depression, the diver must move in a forward direction to achieve 

the requisite angular momentum for the flight. 

Crude observation of the head movement around this time shows a substantial 

slowing down of the horizontal head velocity (HHV) followed by a 

corresponding increase prior to take-off, but actual measurement reveals that the 

head reaches zero velocity soon after toe-down. It may be, that prior to take-off, 

modulation of the rate of change of horizontal velocity of the head is a 

fundamental aspect of the control process. By investigating the relationship 

between the rate of change of HHV relative to the environment at toe-down it is 

possible to assess some important characteristics of the take-off. 

Horizontal Head Movement 

The graph in figure 8.9 is representative of head movement across all trials, and 

shows the pattern of horizontal head velocity between maximum HHV and toe - 

off. In all cases the horizontal head velocity value reaches zero just after toe- 

down (about 50 milliseconds) and then becomes negative as the head moves 

backwards for a short while (about 130 milliseconds). 

Horizontal Head Velocity at Take Off 

Toe-down 
6 Toe-Off 

4 
Zero Head Velocity 1 Zero Head Velocity 2 

2 

0 o 
> 

-2 0 

-4 

Time 

Figure 8.9 Typical horizontal head velocity 

92 



After reaching a second zero horizontal velocity value, forward direction is re- 

established and continued. This pattern is a consequence of the effect of the 

forces that act to influence body movements as the diver lands on the 

springboard and prepares for take-off. There are two distinct phases in this 

process. In the first phase the body lands on the springboard and must bring its 

horizontal velocity under control. Then, immediately following the controlled 

landing phase the body must initiate forward motion to continue the movement 

and launch from the springboard with optimal vertical and horizontal velocity. 

The whole action must be achieved as smoothly as possible. The diver must 

somehow switch from slowing down and stopping to moving forwards and 

speeding up. The forces that act to modulate the head velocity must ultimately 

pass through the feet. Although ground reaction force between the feet and the 

board was not measured in this study, it is safe to assume that at least in 

principle, the feet should exert a force in the direction of the front of the board 

while landing, and a force in the direction of the rear of the board while taking 

off. Theoretically, the best time for the change in direction of the force which 

affects horizontal head velocity would be at the time when the negative 

horizontal velocity of the head is at maximum value. How might this 

apparently complex process be controlled by the athlete? 

8.6 A TAU THEORY FOR TAKE-OFF 

While it may seem that to facilitate landing from the hurdle step followed by the 

take-off, simple control is possible based upon the value of r, there is a slight 

problem with this approach. Due to the additional airborne component before 

toe-down at take-off, movement kinematics are somewhat different from those 

recorded at transition. Prior to the moment of resolution, the horizontal head 

velocity reaches zero value a few frames after toe-down. In an effort to explain 
the underlying control factors governing this difference, it was decided to 
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separate the analysis of take-off movements according to the two distinct phases 

which were identified in the preceding paragraph, i. e. the action of landing from 

the hurdle, and the action of taking-off from the springboard. 

Landing from the hurdle 

Let us suppose that the diver aims to control the r function of the distance of his 

head from an imaginary vertical plane just in front of the feet during landing 

from the hurdle. 

r 

Figure 8.10 Approximate head position at toe-down 

Consider figure 8.10 above. The distance between hh (the head) and yl yl (a fixed 

plane in the environment relative to the foot position at toe-down) will decrease 

as the head moves closer to y y, . Based on similar events at transition, it is 

logical to propose that head movement in the horizontal direction is modulated 

by control of the rate of change of the tau function of the horizontal distance 

between the head and the imaginary plane yl yl . According to the argument 

detailed in chapter four, if the z value (the rate of change of tau) of the 

horizontal distance between the hh and y1 y, planes was to stay constant at a 

value greater than 0.5 and less than 1.0 braking would become progressively 

harder as the destination approaches (Lee et al 1992); but in order to stop at a 

destination using this method, the theory implies infinite braking force. In 

practice, the divers adopted the controlled collision procedure where i(x) is kept 

constant at a value between 0.5 and 1.0, until maximum braking power is 
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reached. The braking force is then maintained, which results in the diver 

colliding with the destination y, y, in a controlled way. The effect of 

maintaining a maximal braking force when the body is close to its destination (an 

imaginary plane in front of the head) will result in rapid slowing of velocity, and 

a controlled collision. Because there is no actual physical collision between the 

diver and a solid object at this point the effect of such rapid braking is to 

precipitate a 'bounce back' phenomenon. Consider a motor boat on the surface of 

the water making an emergency stop by rapid reversal of the engine. The 

momentum of the boat will continue to move the craft forward when reverse 

gear is first engaged, until reverse thrust eventually causes the boat to stop. Since 

the engine is still running fast in reverse as the boat stops, it will be propelled 

backwards with increasing speed. This 'rapid braking' or 'maximum braking' 

condition is a key aspect of movement control during the springboard diving 

take-off. The analysis will show how this condition may be exploited by the 

athlete. 

The Take-Off 

After a controlled collision with the maximum forward horizontal position(y1yl) 

the head is bounced backwards for several centimetres in the horizontal plane, 

where it reaches a point of maximum negative horizontal velocity (referred to as 

min HHV in Fig. 8.6) Since braking control is now effectively spent it is proposed 

that the take-off phase commences at this juncture. 

Here, the motor boat analogy can be extended to illustrate a further level of 

movement complexity. To facilitate the emergency stop, remember that the boat 

operator merely selects reverse gear and waits until the forward momentum of 
the craft is overcome. Now consider that after the emergency stop the driver 

wishes to continue in a forward direction. Forward gear is once more engaged, 
but the boat is still moving backwards as a result of the 'bounce-back' effect of the 
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initial rapid braking. Now the forward thrust of the engine must overcome the 

backwards momentum of the boat. There will be some backwards movement 

before the boat is stopped by the forward thrust of the engine, and then propelled 

forward with increasing velocity. 

During the springboard diving take-off, a similar process occurs. At minimum 

HHV a forward movement is initiated, whilst the head continues to travel 

backwards (with decreasing velocity) in the horizontal plane as a result of the 

'bounce back' phenomenon. The head now moves towards a second imaginary 

vertical plane y2y2 (Fig 8.9) where a further controlled collision will occur. From 

this point the diver will launch into the air to complete the movement. It is 

interesting to note that the head reaches the vertical plane y2y2 at the point of 

resolution. There seems to be a moment in time where both athlete and 

springboard are poised at the threshold of the dive ready to unleash the stored 

energy of both human and aluminium springs. Furthermore it is encouraging to 

observe that the head seems to be central to this process. 

Hypothesis 

Previous studies (Lee et al 1991,1992a, 1992b) have shown that approach to a 

single destination can be controlled by adjusting braking so that t(x) is kept 

constant. Different values of i will result in different collision effects (Para 6.4). 

Here, the theory is extended to account for the presence of two destination points. 

Before toe-down, head movement was observed to reach zero horizontal 

velocity'. During take-off, head movement reached a second position of zero 

horizontal velocity which also corresponded with the moment of resolution. It 

is proposed that the rate of change of the horizontal velocity of the head 

maintains a constant relationship with the environment as defined by the 

vertical planes y1 y, and y2y2 . The plane yl yl is defined by zero HHV 1 and 
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plane Y2y2 is defined by the moment of resolution or zero HHV 2. These will be 

referred to as boundary 1 and boundary 2 respectively. 

Calculating Tau 

Tau values were calculated with respect to boundary 1 and boundary 2, according 

to equations 5-6 below: 

Tau x head = 
xh`°d - X'ead(when HHV=0) 5 

aý�ýeal =() xh,, j 

Tauxheadbo� 

,, z-- 
xlad -xhe°°(at, e 1h uon) 6 () -'head 

Results 

The graphs in figures 8.11 to 8.13 show the typical i profile for each of the three 

subjects. The results (table 8.4) confirm the hypothesis that the rate of change of 

horizontal head velocity maintains a constant relationship with the 

environment at mean slope values which range from 0.561 to 0.672 for boundary 

1 and 0.535 to 0.622 for boundary 2. Mean slopes for all three subjects were 

significantly greater than 0.5 and less than 1.0. t-Test results are given on table 

8.4. Mean r2 of i(xh,. d) (for both boundaries) are very close to 1.0 representing 

perfect linearity. Subject A, the most experienced of the three subjects had higher 

mean slope values than the other two subjects. His style was observed to be more 

aggressive and dynamic, and accordingly more effort was required during the 

approach to boundary 1, when braking strategy was most crucial. Subject A 

recorded consistently higher slope values than the other two divers during this 

phase, which indicated a near maximum braking condition. 
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Figure 8.11 Subject A 
Showing X head tau at 
boundary 1 on the left side of 
the frame and boundary 2 on 
the right side of the frame 

Figure 8.12 Subject B 
Showing X head tau at 
boundary I on the left side of 
the frame and boundary 2 on 
the right side of the frame 

Figure 8.13 Subject C 
Showing X head tau at 
boundary 1 on the left side of 
the frame and boundary 2 on 
the right side of the frame 

Note: About jumps in graphs at zero, see page 123. 
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Table 8.4 Linear regression coefficients for ýx,, a) against time between max 
HHV and toe-off 

Subject A (Trial 1-10) Subject A (Trial 11-20) Subject A (trial 21-30) 
Boundary 1 Boundary 1 Boundary 1 
Tau X Head Tau X Head Tau X Head 

Slope z Slope 2 Slope 2 

Mean 0.672 Mean 0.987 Mean 0.656 Mean 0.989 Mean 0.668 Mean 0.990 

SD 0.041 SD 0.006 SD 0.024 SD 0.002 SD 0.022 SD 0.001 
p<0.001 
(t-test) 

p<0.001 
(t-test) 

p<0.001 
(t-test 

Subject A (Tria11-10) Subject A (Trial 11-20) Subject A (Trial 21-30) 
Boundary 2 Boundary 2 Boundary 2 
Tau X Head Tau X Head Tau X Head 

Slope r2 Slope r2 Slope 2 

Mean 0.581 Mean 0.987 Mean 0.561 Mean 0.992 Mean 0.622 Mean 0.995 

SD 0.018 SD 0.014 SD 0.020 SD 0.001 SD 0.020 SD 0.002 
p<0.001 
(t-test) 

p<0.001 
(t-test) 

p<0.001 
t-test 

Subject B (Trial 1-10) Subject B (Trial 11-20) Subject C (rria11-8) 
Boundary 1 Boundary 1 Boundary 1 
Tau X Head Tau X Head Tau X Head 

Slope r2 Slope r2 Slope 2 

Mean 0.538 Mean 0.985 Mean 0.545 Mean 0.973 Mean 0.569 Mean 0.991 

SD 0.040 SD 0.016 SD 0.073 SD 0.014 SD 0.023 SD 0.005 
p<0.007 
(t-test) 

p<0.039 
(t-test) 

p<0.001 
t-test 

Subject B (Trial 1-10) Subject B (Trial 11-20) Subject C (trial 1-8) 
Boundary 2 Boundary 2 Boundary 2 
Tau X Head Tau X Head Tau X Head 

Slope r2 Slope 2 Slope 2 

Mean 0.535 Mean 0.993 Mean 0.590 Mean 0.988 Mean 0.560 Mean 0.992 

SD 0.051 SD 0.002 SD 0.051 SD 0.008 SD 0.057 SD 0.006 
p<0.027 
(t-test) 

p<0.001 
t-test 

p<0.001 
t-test 

(t-test measures the significance of the difference of the slope value from 0.5) 
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The results show that as a whole, all subjects exhibited similar trends in braking 

behaviour and there appeared to be a common strategy of control consistent with 

the scaling of body actions to the environment. 

8.7 SUMMARY AND DISCUSSION 

Yl 

Slowing 
down 

Controlled 
Collision 

Controlled 
Collision 

Slowing (bounce back) 

down Speeding 
UP 

vi 

Speeding 
UP 

Y2 

Figure 8.14 Dual boundary model 

It is evident from the graphs in Fig. 8.11 to 8.13 that the two distinct movement 

phases of the horizontal head component, (1) braking from the hurdle and (2) 

preparing for take-off, both blend together seamlessly. Figure 8.14 shows a 

diagrammatic representation of i(xhe d) as it approaches each of the two 

destination boundaries. In response to a braking force applied through the legs 

and trunk, deceleration increases monotonically as the head approaches its 

destination. As a result of this maximum braking condition the head slightly 

overshoots the y, y, boundary and is bounced back towards y2y2. When the 

horizontal head velocity reaches its maximum negative value, (at point 0) the 

diver initiates forward force to complete the take-off. Since the head is still 
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moving towards the back of the board at this time, a further braking condition 

occurs. There is a slight overshoot, as the rear boundary yi y, is infringed before 

forward motion is established and the take-off is completed. 

It is remarkable that for the duration of this part of the movement the head 

maintains a constant spatio-temporal relationship with the environment in both 

horizontal and vertical dimensions, especially when one considers that at least in 

the horizontal dimension two apparently different movement requirements 

must be resolved. 

1 The best estimate of zero horizontal head velocity for boundary 1 and 2 is specified by the 

minimum velocity value contained in the frame (1 frame = 0.016secs) before the velocity 

value becomes negative. 
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SUMMARY AND DISCUSSION 

CHAPTER 

9.1 THE ECOLOGICAL PERSPECTIVE 

Science has reached a watershed where architectural metaphors no longer 

adequately explain aspects of the world we live in. By embracing new concepts the 

movement scientist is better prepared to understand the complexities of animal or 

human locomotion. An action approach to human movement, in the context of a 

real life sporting skill was analysed in this study. Based on the forward approach, 

hurdle and take-off phase in springboard diving, the investigation sought to 

appraise head movement relative to the environment. In this way, the systems view 

of the organism could be assessed in terms of its relevance to the ecological 

perspective proffered by Gibson (1966,1979). 

Ideas about the connection between athlete and environment are not exclusive to 

movement scientists. The coaches' intuitive comprehension of sporting performance 

is evidenced by those 'progressive' teaching methods which emphasise relationships 

rather than components. In Physical Education the accent is on the exploitation of 

the child's natural desire to interact with the physical environment. The 

development of these concepts continue to interest movement scientists and physical 

educators alike. 
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9.2 FOOT MOVEMENT 

The first study sought to analyse the footfall patterns of five divers of varying 

experience. The results replicated O'Brien's (1992) observation (confirmed by Miller's 

1984a investigation) that the step before the hurdle is always longer, and the hurdle 

step always shorter than the length of the diver's normal walking pace. In addition, 

it was found that all but one of the divers displayed a very consistent movement 

pattern prior to take-off. The novice diver in the group (with less than six weeks 

experience) was significantly less accurate in her foot position at take-off than the 

other divers. Novice divers probably try too hard to achieve correct foot position at 

transition because coaches emphasise this during training. As a result, accurate foot 

position is often accomplished but without regard to appropriate body posture. 

Consequently, poor body posture at transition leads to inaccuracy of foot position at 

take-off, and movement fluency is impaired. In light of these findings, subsequent 

analysis focused on the kinemetics of transition and take-off. 

9.3 HEAD MOVEMENT AT TRANSITION 

Three elite divers performing a basic practise movement on a dry mounted 

springboard were studied to see how movement was being controlled. Observations 

of body kinematics during transition suggested that the head moved in a consistent 

way relative to the environment. At the moment of transition the head 

simultaneously slowed down to its minimum value in both vertical and horizontal 

directions, and in addition several key variants also reached a critical value. All 

three subjects maintained similar approach and departure angles of head track 

(relative to the moment of transition, ) and demonstrated remarkable individual 

consistency of head track angle over the complete range of recorded trials. During 

transition, the goal of the diver is to convert forward movement of the body into 

upward thrust to achieve a high hurdle. To assess the tenability of the head as a 
locus of control, -r(xk, d) and z(yh,, d) were computed during transition. It was found 

103 



that the vertical and horizontal components of the head track could be regulated by 

keeping the rates of change of r(x,,, d) and r(yd) each constant at mean slope 

values ranging between 0.576 and 0.624 (vertical) and 0.646 and 0.823 (horizontal). 

Higher slope values for the horizontal component illustrate a 'slowing down' 

procedure rather than a 'stop at' function which is consistent with the 'pass through' 

nature of movement kinematics at this juncture. In addition, the mean r2 values of 

rr(y,, ), plotted against time, were compared with the mean r2 values for 'r(y.,,, j) 

and «Da). Using the Wilcoxon non-parametric signed ranks test, it was found that 

the r2 values for z(y,,,, d) were significantly greater than the r2 values for T(y.,,, d) 

at p <. 005 (for all trials). Similarly the r2 values for z(y,,, ad) were significantly 

greater than the r2 values of -r(D.,, ) at p <. 005 (for all trials). It is clear from these 

findings that the head moves in a consistent way relative to the environment in both 

vertical and horizontal directions. The results are concordant with all three divers 

maintaining a constant i relationship between the head and the environment 

between toe-down and toe-off, at slope values between 0.5 and 1.0, which indicate 

maximum braking /controlled collision conditions. Interestingly, the head track is 

the product of the movement of the body on the springboard and the movement of 

the springboard itself, but when viewed separately *(D,, ) and i(y, d) are not 

kept constant. 

9.4 HEAD MOVEMENT AT TAKE-OFF 

At take-off, between toe-down and toe-off (and including a few frames before toe- 

down when the divers were in mid-air) the three divers in the study demonstrated 

slightly different head tracks. Despite this difference, all three subjects maintained 

similar approach and departure angles of head track (slightly steeper than at 

transition). There was no significant difference in the variance of the approach and 

departure angles of the head track of each individual subject. All subjects produced 

a very consistent performance characterised by smooth body movements. The goal 
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at take-off is very similar to that at transition: the diver must convert forward 

movement of the body into upward thrust but only after first controlling the landing 

from the high hurdle step (where the diver is airborne). As a result, accelerations 

and decelerations are greater than those at transition and the forces transmitted 

through the feet into the springboard are higher. In order to pursue the tenability of 

the head as a locus of control a similar analysis was applied to the take-off data. 

Accordingly, r(y,,,,. d) was calculated in both vertical and horizontal directions. 

The vertical component 

It was found that the vertical components of the head track could be regulated by 

keeping the rate of change of z(y,,,. d), at mean slope values ranging between 0.524 

and 0.583. When the mean r2 values for r(y ad), plotted against time, were 

compared with the mean r2 values for r(y,., ard) and 1(D), it was found that the 

mean r2 values for z(y,, ead) were significantly greater than the mean r2 values for 

Z(Ypidboard) and z(Dh, ) at p <. 005 (for all trials). These findings are very similar to 

the results produced at transition, and are also consistent with all three divers 

maintaining a constant i relationship between the head and the environment 
between toe-down and toe-off, at slope values between 0.5 and 1.0, which indicate 

maximum braking /controlled collision conditions at take-off. Due to similarities 
between the transition and take-off phases, head movements are also determined by 

the product of the movement of the body on the springboard and the movement of 
the springboard itself, but when viewed separately z(D,, 

�) and *(ymidb. 
ard) were not 

kept constant. 

The horizontal component 

Values for the horizontal component of head track were also consistent with the 

constant i strategy (as described in the previous paragraphs) but differed from 
transition head track in an unusual way. Detailed analysis of the kinematics of the 
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horizontal component of head track revealed that the z relationship between head 

track and the environment was based on the presence of two controlled collision 

destinations. The higher forces involved in landing from the hurdle and controlling 

take-off velocity in the horizontal direction, resulted in a much stronger braking 

action. Kaiser (1993) suggests that the deceleration profile generated by a constant T 

of 0.6 is close to the realisable maximum. In this study, where fine body control is 

required, deceleration profiles ranging from 0.561 to 0.672 (indicating controlled 

collision) were found as the divers approached boundary 1, just before take-off. 

What is important here is not controlled collision per se, rather it is the effect of a rapid 

or maximum braking condition on movement kinematics. In this instance the 

maximum braking condition, common to all three divers, produced a minimum 

collision (circa 4mm overshoot) between the head and the imaginary plane yly, (fig 

7.10). An important aspect of the maximum braking or rapid braking procedure is 

that it is accompanied by a bounceback' phenomenon. When the horizontal velocity 

of the head reaches zero (as it moves towards the front of the springboard) just after 

the hurdle landing, the effect of rapid deceleration causes the head to rebound 

backwards (towards the back of the springboard). As the head moves towards the 

back of the springboard the point of maximum negative horizontal head velocity is 

reached, signifying the end of the first phase of braking. The take-off phase is then 

initiated. This causes the head to decelerate as it continues to move towards the back 

of the springboard, where it 'collides' with boundary 2 atz values ranging from 

0.535 to 0.590. Boundary 2 also coincides with the moment of resolution (the thick 

dotted line in figure 8.6) where the diver is poised at the threshold of the take-off. At 

this critical moment the head position is stationary with regard to the environment. 

This would be an ideal time for the diver to spot' prior to completion of the take-off 

phase. 

Overall, the horizontal component of head track is geared to the environment for the 

duration of the take-off phase. It is remarkable that the action of slowing down from 
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the hurdle, and speeding up for take-off are blended seamlessly together in terms of 

the rate of change of T(x , a). Mean slopes for all three subjects were significantly 

greater than 0.5 and less than 1.0. Mean r2 of T(x,,, d) against time (for both 

boundaries) are very close to 1.0 representing perfect linearity. 

It is interesting to note that «y,,., 
d) and *(x 

, d) were calculated between maximum 

horizontal head velocity and toe-off. For the first part of the movement the divers 

are airborne, yet they managed to maintain a constant z with the environment for 

the complete duration of the take-off phase. 

9.5 THE DIVER'S PERSPECTIVE 

Excellence in a variety of sporting activities is characterised by the apparently 

'effortless' movements of top performers. The grace and precision of human 

movement is not restricted to a single activity, and so runners, throwers, dancers, 

gymnasts, basketball players, hockey players and, of course, springboard divers (to 

name only a few) all contribute to the rich diversity of skilled movement. Of critical 

importance to the experienced. diver is controlling body movements to produce a 

smooth flowing action. Uppermost in the diver's mind is the need to produce fluent 

movements. Getting to the right place in the correct posture at the right time is 

extremely important, so elements of rhythm and timing are central to this approach. 

This study has shown that the pursuit of a smooth approach and take-off in 

springboard diving is manifested in the movements of the upper body. It is clear 

that the head track maintains a constant spatio-temporal relationship with the 

environment at key moments during the transition and take-off phases, a condition 

fundamental to our understanding of the movement control process. 

Further research is necessary to gather more data from a larger sample of skilled 

springboard divers. The addition of tau based analysis of non-elite divers would 

provide a useful source of comparative information. Differences between beginner 
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and expert divers might reveal clues about the way people learn specific motor 

Skills. 

In conclusion, it is paramount that theories of movement control keep up with the 

pace of science as a whole. Today, the older behaviourist theories emphasising the 

reductionist approach are out of fashion, and have been replaced by the more global 

systems perspective which is consistent with the ecological position of movement 

control. In the same way that Cutting (1986) suggests that (in the context of 

movement control) humans are essentially opportunistic and will happily utilise 

whatever information is available for a particular task, we must strive to be both 

alert and receptive to any future challenges to the theoretical basis of movement 

science. 

1 In springboard diving, the term spot (or spotting) describes a technique used to assist in 

spatial orientation. Spotting entails visually sighting a specific location in the environment at 

a particular moment in the performance of a dive. It is most useful in somersault dives where 
it is more difficult for the diver to know when to come out of the spin. It is similar to the way 
ballet dancers fix their vision on a single location in the environment during a series of 

rotations around their vertical axis. 
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APPENDIX 1 

Notes regarding history of Duraflex design, manufacture and use: 3-25-85 

recounted from events related by Raymond Rude to Janice Rude 
Arcadia Air Products 

Name & President of the Manufacturing Company: 

Arcadia Air Products began as a subsidiary of an aircraft tooling company in 
California. The name comes from the hometown of the company: Arcadia. 
The parent company was Productioneering of Pasadena. 
The designer and manufacturer of the Duraflex is Raymond Rude. He has humble 
beginnings and is self-taught; but he rivals the best of engineers, and is unequalled 
in his success in this field. He attends to every detail; and continues to be the 
creative mind that drives Arcadia Air Products. 

Origin: 

The first Duraflex was a rejected aircraft wing panel. The wing panel was the first of 
its kind, designed by Lockheed Aircraft Co. in the mid '40s. Mr Rude had sub- 
contracted to manufacture the tooling for this wing panel. When part #1 was made 
from his tooling, the part-maker (another sub-contractor for Lockheed) did not 
finish-off the part to the exacting specifications of the drawing. It was a Saturday 
when Mr Rude examined the first part and discovered that it was a reject. 

Coincidentally, on that same day a neighbor had varnished a wood diving board in 
preparation for a special party at his pool. He had invited divers from the Univ. of 
Southern Calif. to put on a show for his guests. He was most upset because the 
varnish wasn't drying fast enough to be ready that afternoon; he presented his 
problem to Mr Rude. 

Mr Rude considered the size and flexibility of the tapered aluminum wing panel; the 
size of the part happened to be 15' x 20". He drilled anchor bolt holes in the thicker 
end and mounted it on the diving board stand. Mr Rude's neighbor told him on the 
following day, that it was the most terrific diving board ever. That was in 1948. 

The aircraft business had Mr Rude working about 80 hrs/week; but he gave time 
and thought to making aluminum diving boards based on the principle of integrally 
stiffening wing panel. The first few Duraflex were machined from solid plate, and 
were used in tests at nearby Swim Schools. Much of the experimental data gathered 
was with the help of diver Gary Tobian. Gary went on to win the Gold Medal for 
Three-meter Men's Springboard event at the 1960 Olympic Games in Rome. 
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Gaining Recognition: 

Encouraged by a few Southern California divers and coaches, Mr Rude tried to 
introduce the Duraflex into national diving competition. At the suggestion of these 

coaches, Mr Rude shipped a Duraflex to the University of Michigan for the NCAA 
Men's Championships (either 1956 or 1957). He went to Michigan to see the Meet; 
there he met Bruce Harlan. Bruce told Mr Rude that he was satisfied with the 
Patterson aluminum diving board, and had not even unpackaged the Duraflex. 

Disappointed, Mr Rude was telling his friend Adolph Keifer that he must make 
arrangements to send it back to California. Overhearing this, Matt Mann, 
swimming/diving coach at Oklahoma State University, said "Ray, ship it to 
Oklahoma. I'll give it a try. " 

Within a couple of weeks, Mr Rude received a phone call from Matt Mann. "Ray, I 
want 2 more Duraflex. But don't hurry, we are having the ceiling above our 
swimming pool raised to accommodate the lift of the Duraflex. " 

Mr Rude met Dr Sammy Lee at the Meet in Michigan; he asked Dr Lee if he knew 
someone in Europe who would market the Duraflex. Dr Lee was acquainted with a 
German, former champion diver, then diving coach, Hans Aderhold. Rude wrote to 
Aderhold, asking if he would accept a Duraflex for trial. He replied that he was no 
longer active in coaching, and that West Germany had no diving "star"; however, 
East Germany did have a star. Mr Aderhold said he would like to send the Duraflex 
to Ingrid Kramer. He did, and Ingrid Kramer took the Duraflex with her to Rome. 
There she won the Gold Medal in the Women's Three-meter Springboard event. 

It was the custom at that time for the diving team of each country to bring their own 
diving board. During trials, the divers would vote for the 4 or 5 diving boards that 
would be available for the finals. At the Rome Olympics, a problem developed 
during trials: there was only one Duraflex and all the divers wanted to use it. In 
desperation, the Olympic officials contacted Mr Rude. He told them that there was a 
Duraflex in Spain that he had donated to the Air Force Base; it was rushed to Rome. 
Adolph Kiefer flew one from his stock to New York, and then on to Rome. So by the 
Finals, there were 3 Duraflex boards in Rome. Since then, of course, Duraflex has 
been the only board used in Olympic diving competition. 

How is the Duraflex made? 

The main extrusion is pressed, cold, from high-strength aircraft alloy aluminum; it is 
pushed through a die as if it were toothpaste, by a 12,000 ton press. At the present 
time, there are only 2 of these giant presses that are big enough to make this section 
for Arcadia Air Products; one is in the USA and the other is in Germany. The hat- 
section torsion member is also extruded from the same alloy, but on a much smaller 
press. 

These pieces are shipped to Arcadia Air where the diving boards are manufactured. 
The underside ribs are machine tapered. The underside torsion member is attached 
by standard aircraft riveting procedure. This gives a rectangular "tube" type 
crossection (see crossection drawing) to eliminate torque, i. e. twisting or other than 
straight up & down motion of the board. 
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Tip end cap and anchor end extrusions are also attached by riveting. The Maxiflex 
model has bolt reinforcement parts riveted at the anchor end because it is thinner 
than the Duraflex model due to the tapering from the fulcrum to the anchor. 

At this point, if the board is a Maxi model, it will be a model "B", the holes are 
punched in a 100 ton press. 

All manufacturing operations are performed to the most strict specifications. 

Because of the fact that the high-strength alloy is susceptible to corrosion, great 
attention is given to the protective coating (chemical bonding with the aluminum 
surface). Then they receive 5 layered epoxy coating with the special non-skid surface 
application. 

Vinyl channels are applied with epoxy glue to the ribs on the underside of the board. 
The length of the channels is 30" to accommodate fulcrum adjustment of approx. two 
feet. 

A warning label is attached to the anchor end so that the person installing the board 
will be reminded that the board is not to be installed on pools that do not conform to 
local, state, or NCAA codes for pool depth & bottom profile, and are not to be 
mounted too close to other boards or to the sides of the pool. 

Finally, a serial number tag is attached at the anchor end, and the board is packaged (or crated, for export). 

A word about the different models: 

The Maxiflex was introduced in 1969. It is tapered from the fulcrum to the anchor as 
well as from the fulcrum to the tip. 

The Maxi- model B was introduced in 1979. It has perforations which reduce the 
weight of the board at the tip, and reduce wind resistance. This makes it a quicker "responding" board for the diver. In addition, The holes in the tip are said to provide better traction and allow drainage of water. 

Other Aluminum Diving Boards : 

Norman Buck developed and manufactured the Buckboard about 1947. It was made 
of surplus aluminum extruded tubing that was used for the B17 bomber aircraft of WWII. Nine pieces of square tubing were bolted together, and had the disadvantage 
that the bolts wouldn't stay tight. However, the aluminum tubing was good aircraft 
alloy. The Buckboard was popular at the Melbourne Olympics (1956) and for several 
years after that. 

In the early '50s an aluminum board was manufactured and marketed by Jimmy 
Patterson, a former diving champion. It was made of extruded aluminum angles 
and aluminum sheet, closely resembling the aircraft engineering of the WWII era. 
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The Continental aluminum diving board is also an assembly of 9 pieces of extruded 
aluminum. Its members were held together with tongue-in-groove joints bonded 

with epoxy. 

One problem with each of the above board designs was that is was almost 
impossible to make a smooth taper with these materials; they made instead a "step- 
down" taper. The taper is necessary for the distribution of bending stress; without 
being tapered, the board bears the bending stresses unevenly. 

The "Giant" aluminum springboard (from Buffalo, NY) was said to be designed by 
Reynolds Aluminum Co. It was constructed of 4 extruded members and 2 sheets of 
aluminum that were welded by 100 lineal feet of Heliarc welding, We only know of 
about 10 or 12 that were ever made. 

Another diving board was made from high-strength aluminum alloy sheet. The top 
and bottom were bonded to a balsa-wood core. It was very lightweight. However, 
when the sun shone on the top and heated it, the uneven thermal expansion caused 
it to fall apart at the seams. 

How is the Duraflex different from these boards, and how is it better? 

An engineer's description of the Duraflex would be: an integrally-stiffened 
lightweight cantilevered support member whose crossectional height is smoothly 
tapered from the fulcrum down to the tip. (Maxi is tapered also from the fulcrum to 
the anchor. ) It is made of high-strength aircraft aluminum alloy (The "Dura" of 
Duraflex comes from the name of the aircraft alloy: "Dural"). It is not uncommon for 
the Duraflex to be structurally sound after more than twenty years of diving use. 

See following description of its manufacture: 

Many of the older divers and coaches will tell you that Duraflex performance 
revolutionised the sport of springboard diving. Dives that were listed as "three- 
meter dives" were seen to be possible on a one-meter installation of the Duraflex; 
dives that were listed as "five-meter platform dives" were seen to be possible on a 
three-meter installation of the Duraflex. Duraflex has lift capacity that previous 
boards did not. 

RE: Durafirm Diving Stands 

What motivated Mr Rude to begin manufacture of the diving stands were 
complaints regarding his diving board which were found to be the fault of the 
installation fixtures. 

At Tulane University the Dean's office was built over the indoor swimming pool. 
The Dean complained of the noise when divers were using the Duraflex boards. Mr 
Rude asked: "Are you sure it's the boards that are making the noise? " He suggested 
that they buy some inexpensive wood diving boards and try those. They did this, 
and found that the clattering noise was due to shaking and reverberation when 
stresses of the board were transferred to the support structure. They asked Mr Rude 
what could be done about it; he suggested that they make a project of it for their 
graduating class of engineering students, i. e. the design and construction of diving 
support structures. Meanwhile, Mr Rude was working on his own design. 
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What was most irksome were complaints of the Duraflex performance that was a 
result of the supporting structures. Newton's law says that for every action there is 
an equal and opposite reaction; when the supporting structure is not rigid is absorbs 
and reduces the flex of the board. This was brought to Mr Rude's attention by coach 
Horst Gorlitz of Italy, who was also an engineer. 

In 1963 Arcadia Air began installing their Durafirm product line. Mr Rude 
advertised: The Flex is in our Boards, not in our Stands. No other adjustable 
fulcrum in the world is as rigid and still carry the extreme loads without deflection. 

In addition to the One and Three-meter models, the basic Durafirm fulcrum is 
available for any kind of installation. 
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ABOUT JUMPS IN GRAPHS WHERE THEY CROSS ZERO 

Tau is calculated with respect to a target value, (r) either at transition (page 70) or 

when the head and springboard are stationary at take off (page 86) 

Tau is calculated by subtracting the value (t) from a range of values of the same type 

in the time series eg. y(J) or xi,, i and then dividing by the velocity of that value. 

In symbols: i=v, - v, [at target value (r)] 
vi 

At the target value (t) it is evident that in the numerator vl is always subtracted 

from itself. Thus the tau value must always be zero. 

At the target value (t) +0.016sec one frame later, tau will always equal 1, because v, 

at (t) +0.016sec will always be the same as vt (velocity is calculated by A2-A1, A3- 

A2, A4-A3, etc). 
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