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ABSTRACT 

Keskinen, Kari Lasse 
Stroking Characteristics of Front Crawl Swimming 
Jyvaskyla: University of Jyvaskyla, 1993, - 77 p 
(Studies in Sport, Physical Education and Health 
ISSN 0356-1070; 31) 
ISBN 951-34-0143-X 
Diss. 

The aim of the study was to find explanations for the great variability of 
the technique performances of swimmers, observed during competition 
and practice. The study also aimed to find practical methods of data 
presentation in order to be able to follow the technique development of 
swimmers during the training process. Special interest was focused on 
investigating the effects of enhanced swimming intensity on the stroking 
strategy and the interrelationships between the stroke parameters dur
ing exercise. Mean velocity (v), stroke rate (SR), stroke length (SL), and 
stroke index (SI), as well as the duration of different phases of a stroke 
cycle, were considered as the parameters to describe the stroking charac
teristics of front crawl swimming. Blood lactate concentration (BLa) in 
relation to v was used to define the intensity categories during the tests. 
The subjects were 87 well-conditioned male competitive swimmers rep
resenting five different samples taken to participate in the studies. The 
results showed that the initial stroking strategy in training conditions 
was not very much different from that observed in competitions, re
ported in the scientific literature. Several factors, however, were noticed 
to effect the stroking strategy. The absolute values of v, SR, SL and SI 
changed with the enhancement in swimming intensity, and the five in
tensity categories were characterised by different relationships among 
the stroke parameters. The results also demonstrated that the physi
ological responses of the swimmers during exercise could be attributed 
to the variables of technique performance. The major findings showed 
that the changes in the SL could be connected with parallel changes in 
blood lactate concentration, especially around the aerobic-anaerobic 
transition. Thus, it is suggested that the measurement of technique vari
ables, under the influence of physiological stress and simultaneously 
with the physiological parameters, by examining the relationships be
tween v, SR and SL in standardised pool testing conditions, should be a 
part of the control of training in swimmers. 

Key words: front crawl swimming, stroking characteristics, blood lactate 
concentration, aerobic/ anaerobic loading 
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1 INTRODUCTION 

Swimming, like any other competitive sports event, sets general re
quirements which the sportsmen have to achieve during their perform
ances. In swimming, the most significant requirements are set by the 
surrounding water itself. On one hand, it is the greatest hindrance for 
any kind of locomotion due to its great density. But on the other hand, 
the aquatic environment, although essentially strange and even hostile 
to humans, offers almost an unending selection of possibilities for vari
ous modes of techniques to be used by well-organised arm, leg, and 
trunk movements above and under the water surface. Therefore, one of 
the most important aspects which both the practitioners and scientists 
have to consider, is related to techniques and styles used by the swim
mers during various situations of competition and practice. 

Baumann (1992), a distinguished biomechanist, has said: 

"If effective application is of primary importance more pragmatic ap
proaches have l:o be considered. This means that not only scientific meth
ods and results and technical instruments can be used but also the empiri
cal knowledge from practical coaching and training, from Physiology and 
Psychology, from Biomechanics and other sciences have to be exploited. 
In this way the empirical knowledge guides the research methodology 
and set-up. On the other hand, scientific theories and experimental find
ings influence the strategy and observation priorities m practice. The 
analysis of a movement technique and its physical conditions may give a 
clear description of the relations within a set of variables. This may be 
available for different levels of r,erformance. However, this is not suffi
cient when an athlete has to be 'transformed" from a given state into an
other one. If the adaptation processes, the biological reactions of the lo
comotor system to certain training measures are not known, it is possible 
to perform what is called "control of the training process". The study of 
these adaptive processes and the use of empirical l<nowledge is unavoid
able." 
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Dillman (1989) specified: 

"If the Biomechanics field is to advance in the _practical application of 
knowledge, new methods of data presentation will have to be aeveloped." 

Dillman's guide-line, however, is valid not only for Biomechanics but for 
other sciences as well. With these considerations in mind, this thesis 
aims to generate a theory from the practical biomechanical and physi
ological considerations of human locomotion in the aquatic environ
ment, and to make further practical propositions. However, the primary 
aims and the designs used would merely be considered as a fundamen
tal part of the Science of Sports Coaching, and especially of the Science 
of Swimming. 

In general, it was the aim of the present study to try to find ans
wers to questions which are related to some of the basic problems 
among swimmers and coaches: 

• Why are the techniques of swimmers so variable during both compe
tition and practice?

• Why are their technical performances continually changing during
practice?

• Is it possible to measure technique performances in order to follow
their development in swimming skills?

More specifically, the goal was to give answers to those questions by ex
amining the effects of variable swimming conditions during training on 
mechanics and stroking performances, and by making comparisons with 
the known facts about competitive situations. Special interest was fo
cused on investigating the effects of the enhancement of swimming in
tensity on stroke parameters and their interrelationships. A useful tool 
to merge all this information from various sources and of different levels 
of quantification could be the examination of stroking characteristics in 
practical training conditions. 

1.1 Top performances while swimming 

In order to examine top performances in aquatics, one has to refer to 
studies made in Zoology. In studies of animal locomotion in the water, 
most of the examples have been taken from fish swimming (see e.g. Al
exander & Goldspink, 1977). It has been observed that fish swimming 
involves changes not only in the frequency but also in the amplitude of 
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the tail beat, and as the speed of swimming increases there is an increase 
in both the frequency and the aptitude of the beat (Bainbridge, 1958). 
Furthermore, Bainbridge (1960, 1962) found that a 28-cm trout had top 
speeds around 2.8 m*s-1 with a tail beat frequency of 18 Hz. A trained, 
1.9 m long dolphin, more comparable to humans in size, was able to 
swim a 60-m course at 8.3 m*s-1 (Lang & Norris, 1966). The power 
needed to propel this 1.9-m dolphin at 8.3 m*s-1 speed was estimated to 
be about 1700 W (Alexander, 1975). Top speeds up to even 21 m*s-1 have 
been estimated for some tunnies (Walters & Fierstine, 1964). All these 
values are far beyond the abilities of the humans at the same conditions. 
The most advanced human performances can be best described by refer
ring to the swimming world records. The fastest competitive event, 
men's 50-m free style, has been covered at about 2.3 m*s-1 speed. 

1.2 Competitive swimming performances 

Competitive swimming performances can be divided into three main 
elements: starting, turning and stroking (Miller, 1975; Hay, 1978). Their 
relative importance depends on the distance to be covered during a race. 
Hay (1987) presented data which was collected in freestyle events from 
50 to 1000 yards in collegiate athletes swimming short course (25 yards) 
races. Time for starting occupied from less than half percent for the 1000 
yards to 11 percent for the 50 yard event (in 25 y pools). The percentage 
of the total time spent turning ranged from 37 percent for the 1000 yard 
to 21 percent for the 50 yard event. Over one-third of the race time was 
spent turning in all events of 200 yards and longer. The percentage for 
the stroking time ranged from 63 for the 1000 yard to 69 percent for the 
50 yard event. For the 100-m in long course, the time spent stroking may 
account up to about 80 percent. According to Thayer and Hay (1984) the 
time stroking accounted for 60-70 percent of the event time in the middle 
distances (200-400 yards). 

1.3 Stroking characteristics of competitive swimming 

While the time that a swimmer spends stroking occupies the major por
tion of the whole swimming race, it can be considered as the most sig
nificant part of the competitive performance in swimming. The average 
velocity (v) during stroking is the product of the average stroke length 
(SL) and the average stroke rate (SR). SL is equivalent to the distance the 



12 

body is displaced during one complete stroke cycle. SR is the frequency 
of stroke cycles in a unit of time, either seconds or minutes (Hay, 1987). 

East (1970) aimed to investigate the relationships between SR, SL 
and performance time in competitive 110-yard swimming. He found 
that faster times in the front crawl for men were characterised by in
creases in SR with slight decreases in SL. When male and female swim
mers were compared across all strokes, they were found to have the 
same SR with differences in performance times being a function of their 
SL. The improvements in performance depended primarily upon the in
crease in SR in men's free style, increase in SL in men's backstroke and 
butterfly, and increase in both SR and SL in women's butterfly. 

Hay & Guimares (1983) aimed to determine how the SL, SR and v 
varied during a course of 200-yard event in the four competitive strokes. 
The races of University of Iowa's men team (14 swimmers) were filmed 
throughout a training season and the analyses were reported for the 200-
yd events. For each swimmer, the v was observed to decrease from lap 
one to lap eight throughout the race. The decline of the v was almost 
completely accounted for by decreasing SL while SR stayed essentially 
constant as the race progressed. The results suggested that the loss in v 
was primarily the result of a failure to maintain the SL at its initial level, 
probably due fatigue. Significant correlation between SL and v was 
found for freestyle, butterfly and breaststroke, but not between SR and 
v. A significant negative relationship was found between SL and SR for
all four strokes.

Letzelter & Freitag (1982 and 1983) studied the free style swim
ming performances of top European swimmers (best 16) in the Champi
onship finals (200-m event) and top German athletes (34 males and 34 
females) in national Championships of BRD (100-m event). They aimed 
to examine: On which laps do the stronger swimmers mainly secure 
their lead?, or Are all laps equally responsible for the advantage?, and Is 
it preferable to swim with longer strokes or with a higher SR?, or Are 
better swimmers superior in both variables? It was observed that the ve
locity patterns for male and female swimmers were similar, although 
males were faster than females and elite swimmers were faster than the 
average competitive swimmers. In all cases, a significant reduction in v 
throughout the race was obtained. In 200-m swims the swimmers could 
slightly increase their speed in the final lap compared to the 2nd and 3rd 
laps. It was also observed that whereas women were obviously inferior 
in SL, they swam with practically identical SR. So SL was the only dif
ference between male and female swimmers. The performance differ
ence between the subgroups could not always be explained by a single 
variable. The faster males were superior in SL as well as in SR to the 
slower males. For women, SL was the only difference. The SL was found 
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to decrease progressively for both male and female swimmers. The re
duction of SL was the main reason for speed reduction after the starting 
lap. The increased v during the final lap was due to increased SR. The SR 
diagrams varied substantially and had different patterns on individual 
basis. The combination between SR and SL in producing v was indi
vidually arranged and the variation in both SL and SR was larger than 
their product v. The SR which was observed to counteract SL from lap to 
lap, increased from start until the end and reached the peak values on 
the final lap in men. Women followed a different pattern so that on the 
2nd lap, SR decreased and then increased towards the end of the 200-m 
race. 

The results of Pai & al. (1984) closely conformed to those of Let
zelter & Freitag (1982, 1983) concerning the behaviour of the stroke pa
rameters during the course of a race. They studied the finalists (male and 
female) in fifteen of the sixteen 100-m and 200-m individual swimming 
events in the 1982 British Commonwealth Games in Brisbane, Australia. 
They concluded that among elite swimmers, the combination of SL and 
SR in producing v may vary greatly and yet still produce very similar 
values for v. They suggested that this result may imply that no general 
optimum in SL versus SR relationship exists, and it therefore would 
seem to be an individual rather than a general optimum. They also re
ported that in all events, SR was significantly higher in 100 m events 
than in 200 m events; SL was longer in all 200 m events except the 
women's butterfly and men's backstroke. 

Satori's observations from the major swimming championships 
from 1970's have demonstrated that the inter-individual differences in 
both competitive and stroking specific performances were significantly 
large (Satori, 1974, 1975, 1976, 1978, 1980). Swimmers of around the same 
performance level performed with highly different number of strokes, 
e.g. in 1500-m free style the amount of stroke cycles per 50-m lap varied
between 26.5 and 18.5. The reason for this difference was most probably
the effect of different leg action. This suggestion refers to the variants of
the front crawl swimming. It is common knowledge that the six-beat and
two-beat styles require a different kind of arm stroke frequencies. Simi
larly, also the men's 100-m race included correspondingly large differ
ences between the individuals: Montgomery's 18.5+21 cycles and Bure's
28+32 cycles per lap (Satori, 1974). Other observations in major swim
ming competitions, e.g. in Soiil Olympics 1988 (Nelson & al., 1990;
Kennedy & al., 1990; Chengalur & Brown, 1992) and Pan Pacific Games
1989 (Wakayoshi & al., 1992,) reported closely similar findings to those
of Satori's.
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1.4 Stroking characteristics and adaptation to exercise 

Craig & Pendergast (1979) examined the relationships between SR and 
speed. Repeated swims for a 22-m distance were made at speeds varying 
from slow to maximum. It was found that each swimmer increased 
his/her speed with the increase in SR. However, the maximum in speed 
was reached much earlier than was the case in SR. When SR was in
creased still further, the speed started to decrease, implying that there 
would be an optimum SR for each swimmer. 

Craig & al. (1979) aimed to indicate how relationships of SR, SL 
and v can be useful in practice. The curves for SR versus v relationship 
were obtained on swimmers of varying skill. It was observed that those 
who had the longest SL at 20-25 strokes per min had the greatest maxi
mal v. There was also a positive correlation between the degree of short
ening and the maximal v. These two observations suggest that practice 
for competitive swimming should probably involve considerable 
swimming with slow SR (20-30 strokes per min) to achieve a greater SL. 
li a swimmer does not have a long SL in low speed swimming, there is 
less latitude for shortening and a greater dependence on SR to swim fast. 
The data of individual swimmers was presented before and after chang
ing their stroke patterns. It was demonstrated that swimmers can in
crease their level of performance by increasing their SL. Thus, the v in
creases, SR maintains at the initial level or increases slightly at maximal 
level, and SL increases at any given v and SR. 

Hay & Guimares (1983) aimed to determine the effects of regular 
training by examining how the SL, SR and v alter as performances im
prove over a season in the 200-yard events. This study yielded a signifi
cant correlation between v and SL over the course of a season in all 
competitive strokes except for the backstroke. No significant correlation 
was found between v and SR. It was suggested that the improvements in 
v over the course of a season were almost exclusively due to correspond
ing improvement of SL. 

Craig & al. (1985) re-examined the same basic relationships and 
the absolute values of v, SR and SL in the 1984 USA Olympic Swimming 
Trials as was already done in 1976 (Craig & Pendergast, 1979). The mean 
v of nine out of ten women's events was greater in 1984 as compared to 
1976. Three of the men's events showed improvement. In nine out of 
twelve events, the increased v was accounted for by increased SL (4-16 
% ) and in eight there was also a decrease in SR (3 - 13 % ) . The finalists in 
each event were compared to those whose v were 3-7 % slower. In al
most all events and all strokes the finalists achieved greater SL than did 
the slower group. In the men's events, increased SL was associated with 
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decreased SR. 
Saito (1982) intended to reveal the relationships between v, SR 

and SL in the breaststroke and to determine whether the v is increased 
by an increased SR induced by breaststroke training. A group of 168 
previously untrained male subjects (age 15-16 years, height 168±7 .8 cm 
and weight 57 ±6.9 kg) took part in swimming lessons three times per 
week for a six week period. It was found that v and SL were increased 
significantly by the training. SR decreased slightly but this result was 
statistically non-significant. The correlation between v and SL were close 
both before and after the training but not between v and SR. 

1.5 Stroking characteristics and anthropometric variables 

Toussaint & al. (1983) investigated two groups of swimmers with differ
ent performance levels in order to examine the differences in anthro
pometric measures which could influence the flow of external power 
and the propelling efficiency while swimming. Elite swimmers differed 
from trained swimmers in arm length and in frontal area of the forearm 
and hand. The hand frontal area, especially when related to body length, 
was observed to be significantly different between the two groups. The 
SR did not differ between the groups but a significant difference was 
found in SL in favour of the elite group swimmers. It was concluded that 
the quality of anthropometric variables influence the propelling effi
ciency, but in order to increase the propelling ability the improvement of 
techniques should be an important objective in training for swimming. 

Grimston & Hay (1986) determined the relationships between se
lected characteristics of the physiques of 14 male college swimmers and 
the SL and V they used during competitive free style events. Researchers 
found that the anthropometric variables accounted for 89 percent of the 
variance in SL, 41 percent of variance in SR and 17 percent in v. It was 
concluded that although v is little influenced by the physique of the 
swimmer, the combination of SL and SR used to attain that v appears to 
be very much a function of his physique. 

Toussaint & al. (1991) studied the effects of artificial enlargement 
of the propelling surfaces of the hand in front crawl swimming. Re
searchers observed that the rate of energy expenditure, power output, 
and work per unit distance decreased significantly, whereas the propel
ling efficiency and work per stroke increased with paddle swimming. It
was concluded that the increase in SL and the decrease in SR at a certain 
v, could be explained by the increase of the propulsive surface area. 

Also Monteil & Rouard (1992) examined the influences of the size 
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of the paddles in front crawl. The swimmers could increase the time 
spent in one stroke cycle with the increase in paddle size. No significant 
linear increase between the size of the paddles and electrical activity of 
the studied muscles was observed. The greatest muscular activity was 
obtained with medium sized paddles, commonly used for training, 
when compared with small and large sized paddles. 

1.6 Stroking characteristics and possible effects of age 

Rivera & al. (1986) collected data from the 100-m finals of the Puerto 
Rico's junior championships 1983. The study aimed to determine and 
evaluate v, SR and SL in competitive male and female infantile and ju
venile elite swimmers representing age group categories for 9-10, 11-12, 
13-14 and 15-17 years. Although the statistical analyses could not pro
vide clear evidence, the data gives an idea of about the possible age-re
lated changes that could occur within the relationships between v, SR
and SL. The data shows that with the increase in age there was an in
crease in v and SL. On the other hand, in female groups and in all four
strokes, the SR demonstrated slight but non-significant decrease when
the age was increasing. In male swimmers the SR remained practically
unchanged throughout the age categories in breaststroke and butterfly
events, but increased slightly in backstroke and decreased slightly in
front crawl. In order to be able to utilise these possible findings, the re
sults should be reproduced with a more carefully selected sample of
swimmers and research design.

Toussaint & al. (1990) examined whether the age-related increase 
in body size of young swimmers (mean age at the start of the study was 
12.9 years), would cause increased water resistance and hence might re
quire greater propulsive forces at equal velocities while swimming. Dur
ing a period of 2.5 years the children showed significant increase in 
height and weight. The body cross sectional area increased by 16 per
cent. However, the drag did not change (30.1-30.9 N) at a constant 1.25 
m*s-1 speed. It was suggested that the change in height resulted in a 
more streamlined position of the swimmers, demonstrated by the de-

crease in Froude number ( v ), and thus in a decrease in wave-
.Jg X H 

making resistance. Researchers therefore concluded that during growth 
a complex process takes place and different factors determine drag, 
among others: height and the shape of the body, changes differently, 
having opposite effects on drag. 
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Swaine & Reilly (1983) used a protocol similar to Craig & Pendergast 
(1979) to produce the relationship between v and SR on a biokinetic 
swim bench. They determined also the oxygen consumption (V02) ver
sus SR relationship. The purpose of their study was to investigate the 
consequences of altering the spontaneously chosen SR in all-out swim
ming on performance and metabolic variables, even though the exercises 
on a swim bench is completely different from real swimming. The re
sults confirmed that freely chosen SR produced the top performance in 
swimming and the highest peak V02 values in simulated swimming on 
a biokinetic swim bench. 

Costill & al. (1985) studied the energy expenditure during front 
crawl in order to predict success in middle distance events. This study 
introduced a concept of stroke index (SI) which is the product of v and 
SL. The best predictors of V02max for trained swimmers were lean body 
weight (LBW) and SI (r=0.97). The single best predictor of performance 
in the 400-yd front crawl swim was SL (r=0.88), whereas the combination 
of SL and V02max (ml*kg-1 LBW *min-1) correlated 0.97 with perform
ance during the swims. The findings of this study demonstrate the im
portance of stroke technique on the energy cost and variations in per
formance during competitive swimming. 

Weiss & al. (1989) made an attempt to evaluate the influence of a 
swimmer's biomechanical behaviour on aerobic and anaerobic energy 
requirements. A total of 43 elite female swimmers were studied with a 
testing protocol similar to earlier presented by Simon & al. (1982). SL 
was observed to decrease with the increase in both v and SR. The in
crease in SR and the decrease in SL were related to v in a linear manner 
up to the anaerobic threshold. With the onset of blood lactate accumula
tion, the stroke was shortened and the swimmers required a higher 
stroke frequency. It was concluded that both the aerobic and anaerobic 
capacity may play an important role in maintaining optimal swimming 
technique. 

Toussaint (1990) studied two groups of endurance trained ath
letes, competitive swimmers and triathletes, who differed in their 
swimming performance significantly. The groups did not differ in gross 
efficiency , stroke frequency and work per stroke. Differences were 
found in distance per stroke and mean velocity of swimming. Toussaint 
(1990) concluded that triathletes should focus their attention on their 
swimming technique rather than improving their ability to do more 
work. The distance per stroke (SL) was suggested to be used as a crite
rion to evaluate skill improvements in swimming. 
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Recently, Johns & al. (1992) investigated the specific influences of 
taper, independent of possible shaving effects, upon factors associated 
with swim performance in twelve male swimmers. The taper was per
formed prior to the swimmer's season ending meet. On the one hand, all 
subjects improved their performance times significantly. On the other 
hand, SL was slightly different between the two groups of swimmers 
(better and worse) but taper did not result in statistically significant al
terations in SL in either groups. No changes in SR were observed. How
ever, the SL increased during the submaximal swim by 5% with body 
hair removal, and also the SR was significantly reduced with shaving. 
No alterations in estimated oxygen consumption and post-exercise BLa 
levels were observed with taper but BLa was lower in better swimmers 
at the pre-taper testing session. Better swimmers had slightly higher 
power outputs as compared with worse ones. All swimmers improved 
their peak power by 5 % with taper but shaving did not produce a fur
ther increase in power-generating ability. 

1.8 Biomechanical performance in other sports 

Several studies have been conducted to determine relationships between 
the physical characteristics of runners and their preferred- and presum
ably optimum combination of stride length and stride frequency (Rom
potti, 1957; Hoffmann 1972; Cavanagh and Williams, 1982). Ballreich & 
Gabel (1975) listed five possibilities of gaining advantage in a sprint 
running race: (1) Longer SL with constant SR, (2) higher SR with constant 
SL, (3) longer SL with higher SR, (4) longer SL with relatively lower SR, 
and (5) higher SR with relatively lower SL. The ideal would be the third 
alternative, but it is only possible with very high performance capacity. 
Elliott and Blanksby (1976) noticed that in general the velocity increases 
with the decrease in SL and increase in SR. Nelson & al. (1972) observed 
that when the velocity increased over 5 m*s-1, SL was increasing with the 
decrease in SR. Luhtanen & Komi (1978) demonstrated that with the in
crease of velocity even over 7 m*s-1, both the SL and SR were noticed to 
increase. However, Frishberg (1983) observed no change in SL with the 
increasing velocity while sprinting. 

It has been suggested that the manipulation of biomechanical 
variables may be one of the factors through which the running economy 
can be altered. Hogberg was the first to document that SL variation from 
that which was freely chosen by a runner resulted in an increase in sub 
maximal oxygen consumption. Also Knuttgen (1961) observed that 
when SL has been changed from the normal, the oxygen uptake will in-
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crease. Hogberg's investigation was replicated by Cavanagh & Williams 
(1982) with a larger sample size. They found that runners were most 
economical at their freely chosen SL and described overstriding to be 
less economical than understriding. They also observed no change in 
oxygen uptake when only minor enhancements were made in SL. When 
they calculated the percent value of SL from the leg length, it was no
ticed that SL cannot be related to leg length. Morgan & Martin (1986) in
vestigated the effects of SL manipulation in race walking economy and 
found that trained subjects selected locomotion patterns that are nearly 
optimal in terms of aerobic demands. 

Nelson & Gregor (1976) reported that the augmentation of run
ning speed in long-distance runners depends mainly on incremental in
crease in SR as a result of an expanded training period. However, with 
the passage of time both the SL and SR were noticed to change. Im
provement of running economy can theoretically be achieved by reduc
ing the amount of external energy needed to overcome resistance. Bailey 
& Pate (1991) suggested that age, segmental mass distribution, SL and 
other biomechanical variables may play a significant role in determining 
external energy demand. SL and running economy have been shown to 
differ between experienced and novice runners, with experienced run
ners possessing longer SL and greater running economy. Therefore, it 
was hypothesised that with training a novice will develop a longer SL 
and greater running economy than that observed at the onset of training. 
Bailey and Messier (1991), however, found that neither SL nor running 
economy changed significantly over a seven-week training period in 
novice male runners. Therefore, it may be so that changes in SL and run
ning economy take several months, if not years to develop. 

Williams and Cavanagh (1987) investigated the relationships be
tween running economy and a large array of biomechanical variables in 
trained runners. The results indicated that the most economical runners 
possessed a significantly lower force peak at heel strike, greater shank 
angle with the vertical at heel strike, smaller maximal plantar flexion an
gle following toe off, greater forward trunk lean, and lower minimum 
velocity of a point on the knee during foot contact. They also reported 
that 54% of the variation in running economy could be attributed to 
variation in biomechanical variables. It was suggested that it may be 
possible to systematically vary aspects of an individual's running style 
with an ultimate goal to modify selected variables on a more desired 
level, precipitating an improved running economy. 

In cross-country skiing, it has been found that the diagonal skiing 
performance is strongly influenced by a skier's SL. For example, Dillman 
(1979) suggested that in uphill skiing, the skiers should concentrate on 
increasing SL more than SR. Smith & al. (1988) studied the techniques of 
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elite male skiers skating up a hill in World Cup competitions by high 
speed filming. The skiers were noticed to skate about the same tempo. 
The significant correlation of cycle length with velocity (r=0.85) empha
sises the importance of cycle length for ski skating racers also. 

1.9 Summing-up 

It seems surprising that there have been only a few studies concerned 
with obtaining a clear understanding of the relationships among SL, SR 
and v. There is an agreement among investigators that the mean SR for 
free style, butterfly and breaststroke are very similar, and that differ
ences in SL determine the differences in the v attained. For some reason, 
the mean SR in the backstroke is considerably less, and the SL somewhat 
greater, than in the other strokes. Furthermore, there is an agreement 
that the greater stroking speeds attained by male swimmers, compared 
to females, are primarily due to correspondingly greater SL, the SR val
ues being very similar in general. 

The investigators seem to agree that as the distance of the race 
increases, the SL increases (except in the butterfly stroke), while the SR 
and v decreases. There is also an agreement concerning how SL, SR and 
v vary as a race progresses. Except for finishing bursts in the final 1-2 
laps of distance events, SL and v generally decrease throughout the 
course of a race. No similarly consistent pattern has been found with re
spect to SR. In some instances, it decreases, in others it remains essen
tially constant, and yet in others it actually increases, as the race pro
gresses. 

The comparisons between elite and less good swimmers in SL, 
SR and v show that the differences in v are due primarily to differences 
in SL. As a group, fast swimmers have greater SL than less-fast swim
mers. In addition, the anthropometric variables seem to have a major ef
fect on SL and consequently on the ability to swim fast. 

Hay (1987) discussed the general confusion related to stroke per-
formance: 

"Studies of SL and SR often appear to be very confusing because the 
results obtained in one often appear to be exactly opposite of those 
obtained in another. Thus if one notes how swimmers increase speed 
when moving down from 200 m to 100 m; usually by increasing SK and 
decreasing SL; one might conclude that the empli.asis in training should 
be on increasing SR and decreasing SL. Then, if one exammes the 
difference between a group of fast swimmers and a group of not-so-fast 
swimmers and notes that the faster group have longer SL, one might 
conclude that the emphasis in training should be on increasing SL. Some 
exceptions aside, the truth of the matter appears that (a) to increase Speed 
in the short term (for example, at the finisb of a race), one should strive to 
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increase SR, and (b) to increase Seeed in the long term �for example, over 
the course of a season), one shoula strive to increase SL.' 

One thing, however Hay didn't account, was that it is not only the speed 
increase or decrease leading to either short term or long term adapta
tions, that may actually effect the stroke parameters. There may also be 
confusing changes in the stroke performance due to speed and intensity 
variations during the course of a single training session as well. These 
effects have not been discussed extensively before. 



2 PURPOSE AND RESEARCH PROBLEMS 

2.1 General purpose 

The general purpose of the present study was to try to find answers to 
questions which are related to some of the fundamental problems 
among swimmers and coaches: 

• Why are the techniques of swimmers so variable during both compe
tition and practice?

• Why are their techniques continually changing during practice?

• Is it possible to measure technique performances in order to follow
their development in swimming skills.

More specifically, this study tried to find answers to those questions by 
examining the effects of variable swimming conditions on the relation
ships among stroke parameters during training, and by making compa
risons with the known facts about competitive situations. Special inte
rest was focused on investigating the effects of the enhancement in 
swimming intensity on stroke parameters and their interrelationships. 

Study I was designed to evaluate the stroke performances in free 
style swimming by measuring mean velocity (v), stroke rate (SR), and 
stroke length (SL) in three different intensity levels during aerobic/ an
aerobic loading. Study II aimed to examine the interrelationships be
tween v, SR, SL, stroke index (SI), and blood lactate concentration (BLa) 
in different types of exercises of varying distance and duration. The in
tention of study ill was threefold: (1) to examine the relationships 
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among the stroking characteristics during short maximum swims; (2) to 
study the relationships of some anthropometric variables and biome
chanical performance; and (3) to study the relationships between maxi
mum tethered force and maximum performance in the water. The aim of 
the study IV was to examine the interaction between stroke technique 
and performance capacity during a fitness test. Study V was designed to 
make comparisons among the biomechanical parameters between nor
mal crawl and crawl arm stroke swimming. The purpose of Study VI 
was (1) to examine the differences in the relationships among the strok
ing characteristics between the laps during swimming exercises; and (2) 
to examine whether these relationships would change in relation to en
hancement in swimming intensity during aerobic/ anaerobic loading. 

2.2 Research problems 

Based on the major goals of the study the objectives have been summa
rised in the form of the following questions: 

(1) How does the initial stroking strategy among the stroke parameters
in training conditions correspond to tnose in competition?

(2) How does the initial stroking strategy among the stroke parameters
change when there is a change in swimming intensity during training?

(3) How does the stroking strategy change between different swimming
distances during training sessions?

(4) How does the stroking strategy change between successive pool
lengths during the course of a traming session?

(5) How does physical conditioning effect stroke performance during
training?

(6) How does the different modes of crawl swimming effect stroke per
formance during training?

(7) What is the role of selected anthropometric variables on the stroke pa
rameters during training?



3 METHODOLOGY 

3.1 Design and testing procedures 

A 50-m long indoor swimming pool with standard water temperature of 
26-27°C was used to arrange the different aerobic/ anaerobic loading
situations of free style swimming. The six original studies included five
different procedures commonly used for testing and/ or normal training
practice as well. Table 1 lists the protocols used during the entire pro
ject.

In studies I, II and IV, a set of ten to fourteen 100-m swims (pro
tocol A) was performed with the velocity increased progressively from 
low to maximum according to guidelines reported by Gullstrand and 
Holmer (1980). In study V, two exercises were performed with a similar 
(15*100-m) procedure, but with a different starting time than the previ
ous one. In protocol A, the swimmers were instructed to employ an even 
pace during the 100-m swims and to increase speed by about 1.5-2 s/5 s 
after each swim. Before getting started the swimmers were allowed to 
do warm-up swimming for about 10-15 minutes and the predetermined 
starting velocity was practised by performing two or three 100-m swims 
successfully with that pace. The warm-up procedure was similar to all 
incremental type of exercises (protocols A, B and D). In study V the 
subjects carried out two sets of fifteen 100-m swims: by normal crawl 
swimming (CN) and by crawl stroke with arms only (CA). In CA swim
ming, pull-buoys between the legs with ankle ties were used to inacti
vate the lower extremities in a conventional manner. The two sets were 
conducted on separate days, one rest day in-between. The order of the 
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performances was randomised so that four subjects carried out CN be
fore CA and vice versa. 

TABLE 1 Summary of the testing arrangements during the experiments. 

Protocol A 10-15* 100-m swims (Gullstrand & Holmer, 1980) 
progressively increasing velocity with 1-min rest between swims 

Studies: (a) starting time 25 s + 6est time in 100-m swim (I; II; IV)
I; II; IV; V - speed increase by 1.5-2 s per 100-m swim

Protocol B 

Study: 
II 

Protocol C 

Study: 
II 

Protocol D 

Study: 
VI 

Protocol E 

Study: 
ill 

(b} starting time 2:00 / 5 s increment per 100-m swim (V)
*blood samples 20-40 s after swims+ -S, 5, 7, 10 min at the end
measurement of time and stroke parameters in each pool length

5-6*300-m swims (Simon & al., 1982)
progressively increasing velocity with 1-min rest between swims
starling time 4 min 30 s / 15-s increment per 300-m swim
*blood samples 20-40 s after swims +3, 5, 7 min at the end
measurement of time and stroke parameters in each pool length

2*100 and 2*400-m swims (Mader & al., 1976) 
first reps at moderate and second reps at maximum pace 
20-30 min rest between swims; 1 hour between the sets
*blood samples before and 1, 3, 5, 7, 10 min after each swim
measurement of time and stroke parameters in each pool length

5-6*400-m swims
progressively increasing velocity with 2-min rest between swims
starling time 120 s + best time in 400-m / 20-s increment/ 400 m
*blood samples 20-40 s after each swim and 3, 5, 7 min at the end
measurement of time and stroke parameters in each pool length

3*10-m free swim and 3*15-s tethered swim in randomised order 
maximum efforts with full recovery between swims 
measurement of time and stroke parameters in each swim 
measurement of maximum tethered swimming force (fig. 2) 

*) Pre-exercise blood samples after warm-up swimming in protocols A-D. 

In protocol B, the instructions of Simon & al. (1982) were fol
lowed, and the number of repetitions, starting times and velocity in
creases during testing were chosen according to their suggestions. On 
the other hand, this protocol was very similar to that of the A mode's. 
Protocol D followed closely similar principles and pacing as the B mode. 
In study VI, each of the subjects performed a set of five to six even-paced 
400-m swims. The velocity was progressively increased with a time de
crease of 20 s by each successive effort and with about two min breaks
for blood sampling in between. The starting time was set so that the
swimmers were asked to estimate their best performance in 400-m dis
tance during the set. The starting time was calculated by adding 120 s to
this estimate. In addition, one or two days after the 400-m efforts, a set
of two 100-m swims was performed using a protocol described earlier
by Mader & al. (1976).

Protocol C, "the two speed test", has been introduced by Mader &
al. (1976). This test mode consisted of two separate test series with two 
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different velocities in both of them. The pace for the first repetitions 
were about 80 percent of previously observed maximum at that particu
lar distance and the second ones were performed with maximum pace. 
Protocol E included two different maximum intensity exercises: (a) three 
10-m swims preceded by 10 m for speed acceleration up to maximum,
and (b) three 15-s tethered swims. Both exercises were performed in
randomised order during the same training session and allowed full re
covery between the repeated swims. The median time performance of
the three trials in both cases was chosen for further analysis of maximum
velocity and other parameters. The procedure for the tethered swim
ming trials will be described later in chapter 3.5.

The studies which combined data obtained by different proto
cols, had to consider some additional factors affecting the results. 
Among them, the effect of testing order. To avoid this influence, the or
der of the occurrence of the trials was randomised in every case. For ex
ample in study II, a group of 11 swimmers performed the four sets of 
exercise in randomised order during a one week period. At first, twelve 
different choices were arranged, and each of the eleven subjects had to 
perform the testing in one of those choices. One remained unused be
cause of a failure to complete the testing in one subject. During the 
course of the experimental week the subjects did their daily training 
programs also between the test days but with reduced intensity and to
tal volume of training. The heavy weight training was abandoned for a 
while but the circuit weight training with light weights and stretching 
exercises was carried out as usual. These same principles were followed 
also in the studies ill and V which made comparisons between two dif
ferent sets of exercises. 

3.2 Subjects 

The subjects were 87 well-conditioned male competitive swimmers, 
representing five different samples, taken to participate in the six origi
nal studies. Table 2 presents the five groups with varying numbers of 
participants. Study IV includes three sub-groups. 

The rights and privileges of the subjects were respected in accor
dance with World Medical Association Declaration of Helsinki. The sub
jects were interviewed by the investigator in order to reveal any kind of 
malfunction which might risk their healthy status during the physical 
loading. A detailed information was given about all of the risk factors 
which might be connected with the experiments, before the subjects 
gave their consent to serve as subjects in each of the six original studies 
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separately. One of the prerequisites was that the swimmers should be 
able to perform the exercises designed for these studies, and it was also 
a must for a subject to be prepared to execute ultimately strenuous and 
exhaustive training sessions throughout the entire projects. The swim
mers were active members of competitive swimming teams at the time 
of the measurements, representing medium to top level performances at 
their age groups or senior level. The fact that all of the subjects had been 
participating in competitive swimming and regular training for several 
years, enabled their attendance and reduced the danger of hurting them
selves during the examinations. The subjects for the study IV were se
lected according to their participation in physical conditioning tests dur
ing the course of regular training, representing three different fitness 
categories, as shown by the table 2. 

TABLE 2 Means, standard deviations (S.D.) and coefficients of variation (CV) of 
the sub�ects for afe, stature, body mass and best competition time in short course
100-m ront craw swim. 

Study N A'e Stature Mass Time 
(nb) (nb) (y (cm) (kg) (s) 

Mean I; II 11 19.5 182.7 71.6 56.0 
S.D. 3.5 6.5 6.0 2.3 
CV 17.9 3.6 8.4 4.1 

Mean m 33 17.9 176.9 66.9 59.6 
S.D. 3.7 10.2 13.2 5.0 
CV 20.7 5.8 19.7 8.4 

Mean/1 IV 15 19.4 183.5 72.7 55.0 
S.D. 2.9 5.6 6.2 1.3 
CV 14.9 3.1 8.5 2.4 
Mean/2 15 17.4 177.7 67.5 57.7 
S.D. 1.9 5.5 5.3 1.4 
CV 10.9 3.1 7.9 2.4 
Mean/3 15 15.7 177.4 69.8 60.5 

S.D. 1.3 5.1 9.1 1.4 
CV 8.3 2.9 13.0 2.3 

Mean V 8 21.0 184.3 73.0 55.1 
S.D. 2.4 4.0 5.8 1.7 
CV 11.4 2.2 7.9 3.1 

Mean VI 10 19.9 184.4 77.1 54.9 
S.D. 2.4 4.1 4.9 1.5 
CV 12.1 2.2 6.4 2.7 

Furthermore, the subjects represented different competitive 
strokes. Each of them, however, had been actively competing also in 
front crawl even if it was not their major stroke. The selection of crawl 
swimming instead of any other mode was based on its generality as the 
most commonly used stroke in swimming training. All of the subjects 
represented a more or less pure six-beat variant of the front crawl style 
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which is typical, especially for sprint and middle-distance freestylers. 
There were also some other major concerns which had to be con

sidered before the start of the experiments. The most important one was 
related to the subjects' participation in regular training, which was not 
to be excessively disturbed. Therefore, the execution of the testing had to 
be synchronised with their training routines. Additionally, in some rare 
occasions, the training programs had to be organised differently than 
planned so that the high intensity experiments could be performed un
disturbed during the examinations, and the high intensity workouts 
could be performed properly during the weekly training sessions. On 
the other hand, the experiments were closely similar to many of the 
workouts commonly applied for training and therefore could be used as 
the elements of the entire training practice as well. In accordance with 
these considerations, the training season which preceded the major 
summer competitions was considered as the most suitable one for the 
purposes of all six projects. While it was necessary to allow decently 
long rest periods in between the exercises, one or two days was conside
red as an appropriate time for recovery from one trial to another (studies 
I, II, V, VI). This was handled so that the day preceding the exercises, in 
all of the cases, allowed rest with aerobically paced swimming and with 
no heavy strength training in close proximity. 

3.3 Measurement of stroke parameters 

Mean velocity of swimming (v), stroke rate (SR), stroke length (SL) and 
stroke index (SI) as well as the duration of different phases of a stroke 
cycle were considered as the parameters for observing the stroking char
acteristics of swimming. The measured values represented either a mean 
of a certain distance (10, 100, 300, 400 m) or a mean of a 50-m pool 
length. 

Mean velocity of swimming (v): Time to the nearest 0.01 s was 
measured for each of the swims with a digital stopwatch to obtain v 
(m*s-1) during the experiments. The v was calculated as an average value 
for a predetermined distance. Split times for each 50-m swim were also 
obtained to calculate v for each of the pool lengths. No dive was allowed 
in starting in order to avoid additional high velocity in the early part of 
the swims. Maximum v (MV) in study ill was obtained so that times for 
the three 10-m all-out swims, preceded by 10-m speed acceleration, were 
measured from the subjects' head crossing a 10-m line before the pool 
end until the touch to the wall at the end of swim. The swims were per
formed with full recovery between the trials. The median time was se-



29 

lected for further analysis of maximum velocity and other variables. 
Mean stroke rate (SR): The elapsed time for ten complete one arm 

stroke cycles during about 35-m section of each pool length was ob
tained to the nearest 0.01 s, and used to calculate SR (stroke cycles*s-1).
In all cases the swimmers completed the ten stroke cycle distance with
out inclusion of a turn, which allowed an accurate estimation of SR. In 
study ill, SR was measured during both free swimming (SR£) and teth
ered swimming (SRt) experiments according to time spent in 4-5 stroke 
cycles. 

Mean stroke length (SL):The SL (m*cycle-1) was calculated by di
viding v by SR for each distance and pool length. 

Mean stroke index (SI): The SI has been presented by Costill & al. 
(1985) as a measure of swimming economy. It is the product of v and SL 
(m2*cycle-1*s-1). 

Duration of the phases of a stroke cyde: The swims were video-
taped underwater (Panasonic Industrial Video, 5.6 mm wide angle ob
jective, 50 frames*s-1) in order to be able to distinguish between the dif
ferent phases of a stroke cycle (Studies I, II, ill, VI). The camera was set 
stationary on the bottom of the pool (2.5 m deep) so that the arms could 
be seen clearly from about 30 m after the start end until about 5 m before 
the turning end of the 50-m pool. In order to determine the time spent in 
different phases of the stroke cycle, a digital time signal (0.01 s) was re
corded on the tape. The stroke cycle was divided into four different time 
phases which were analysed for both arms separately from the vide
otapes: (1) Catch time, from the hand entry into the water until the exit 
of the opposite hand from the water, (2) Pull time, from the end of catch 
until the start of the extension movement in the elbow joint, (3) Push 
time, from the end of pull until the exit of the hand out of the water, and 
(4) Recovery time when the hand was out of the water.

3.4 Assessment of swimming intensity 

In order to define the different levels of aerobic/ anaerobic metabolism 

during the exercises, 50 µI of ear capillary blood was taken from hyper
emisized earlobes after each of the swims. Table 1 describes the timing 
of the blood sampling. The blood samples were inserted into tubes con
taining percloric acid and deep-frozen before further analysis of blood 
lactate concentration (BLa). Shortly after the measurements had been 
completed, the BLa was analysed by using the enzymatic method of Bio
chemica Bohringer (Bohringer Mannheim, 1979). 

The range of velocity was divided into five different categories 
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according to BLa responses during the exercises. The first intensity cate
gory (IC1) represented pure aerobic swims. It was based on the assump
tion that there wouldn't be significant stress on anaerobic lactacid me
tabolism when the BLa stayed around its initial lowest level during easy 
swimming. The category was changed into IC2 when BLa started to 
slowly but irregularly increase above this initial level (Study V). It was 
considered that the so-called anaerobic threshold (AT) was reached 
when the increase in BLa became more vigorous, i.e. after 0.5, 1.5 and 2 
mmol*l-1 increase above the initial lowest level in 100-, 300- and 400-m 
sets, respectively (Keskinen & al., 1989). The AT has commonly been 
used as a reference for endurance training and especially training for 
swimming economy. The values greater than this threshold level be
longed to the third intensity category (IC3), AT being the lower limit. 

The fourth intensity category (IC4) was reached at medium high 
BLa levels. In the 100-m sets the lower limit was set at BLa of 8 mmol*l-1. 
In 300- and 400-m sets the corresponding limit was set to the point 
where BLa versus V curve was observed to reach linearity at medium to 
high levels of BLa. The upper limits for IC4 were the maximum perform
ances in 100-400-m distances. The fifth intensity category (IC5) was rep
resented by the all-out sprints in the 10-m swims. 

3.5 Measurement of force production while swimming 

Maximum force (MF) was measured during tethered swimming (figure 
1) lasting about 15 seconds from the start of the measurement. An elastic
cord from the subject's belt was attached to a strain gauge force dyna
mometer. The subjects tightened the cord by easy swimming and after
the starting signal began to swim as hard as possible. The highest value
(N) which was found in about 5-10 s after ~the start, was called MF in
swimming. The force meter was calibrated before the measurements by
hanging external weights (5, 10, 15, 20 kg) from the dynamometer in or
der to verify that the weights were displayed correctly by the force me
ter.

3.6 Measurement of anthropometric variables 

The total length of the body (TL) was measured while subjects were ly
ing on their back with their upper extremities extended above the head 
and, ankles plantar flexed. The width of abducted arms (AS, arm span) 
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was measured between right and left arm from the fingertips. Standing 
height (H) and body mass (M) were measured by conventional methods. 
The AS:H-index was calculated to demonstrate the arm span versus stat
ure relationship of a swimmer. The density of the body was estimated 
by skin fold thickness measurements from seven different points and 
from both sides of the body Oackson & Pollock, 1978). The percentage of 
fat was calculated according to body density by Siri's formula (Siri 1961) . 

D 

8 

FIGURE 1 Measurement of force production while swimming. Symbols: 
A=belt, B=elastic cord, C=strain gauge, D=force dynamometer. 

3.7 Analytical techniques 

Data Analyses: In order to be able to make comparisons between the 
studied exercises and subject groups, the individual curves for the 
measured parameters were averaged. The averaging of the data was 
handled so that at first BLa values were plotted against v values and in
dividual diagrams between BLa and v were drawn. Then the lowest 
level in BLa during the exercises was defined and the highest v at initial 
BLa level (I-point) was chosen as a common reference point to observe 
the changes in BLa (i\BLa). Thereafter, the parameters (v, SR, SL, SI, BLa) 
were averaged according to changes in i\BLa in individual diagrams and 
in each of the testing conditions separately. 

Statistical analyses: After the data for each swimmer from vari
ous measurements had been collected, a series of statistical calculations 
were performed using computerised Survo-84 data files (Mustonen, 
1987). The conventional statistical methods were employed to calculate 
the means and standard deviations for all measured variables. The coef
ficient of variation was computed where appropriate. Statistical analyses 
were performed to determine the inter-correlations among the variables. 
Regression analyses were conducted between SR, SL, v and BLa for the 
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measurements and separately in different intensity categories. Other fac
tors included the differences of the variable means between the exercises 
(Studies II and V), intensity categories (Studies I and VI), subject groups 
(Study IV), swimming distances (Studies II and VI), and pool lengths 
(Study VI). T-statistics with paired observations was used to test the sig
nificance of statistical differences in each of the conditions. To determine 
the statistical significance, the computed values were compared with 
critical values at P=0.05 level. 

The reliability of the measurement of stroke parameters: In order 
to evaluate the reliability of the measurement of SR and consequently SL 
and SI, a series of measurements were performed by two experienced 
examiners, unaware of the results of the fellow examiner. Twelve 
swimmers performed ten swims each, at different intensities from very 
slow up to maximum. In a sample of 120 swims, the two series of times 
taken from ten one-arm stroke cycles, demonstrated no significant dif
ference (t=0.249; P=0.598) and a very high correlation coefficient 
(r=0.993; P<0.001) between the two samples. The largest difference was 
0.25 s while the average values (15.65 and 15.66 s), demonstrated very 
minor mean difference (0.01 s). The coefficient of variation within the 
two samples of analyses were identical (24.4 and 24.6 percent). The large 
variability demonstrated that the swimmers were swimming with very 
different stroke rates during the experiment, the measured times corre
sponding to SR values between 0.419 and 1.182 Hz. 

Duplicate determinations in 212 swims were performed in order 
to evaluate the reliability of the measurement in the duration of the cycle 
phases from the video-tapes. The comparisons demonstrated no signifi
cant difference (t=0.239; P=0.5944) and a very high correlative connection 
(r=0.981; P<0.001) between the two analyses of the duration of the un
derwater stroke. The variability of the phase duration times in underwa
ter and above-the-water stroke phases varied between 15.7 and 21.1 per
cent, respectively. 



4 RESULTS 

4.1 Initial stroking strategy 

The data consisted five different samples taken from totalling 87 sub
jects. Each one of the tests which the subjects performed during the ex
periments were analysed individually. This means that the results were 
applied to training purposes shortly after the measurements had been 
completed. Thereafter the materials were organised in the six studies as 
presented in the preface of this thesis. Figures 2 and 3 demonstrate how 
the testing results were presented to the swimmers and their coaches. 
The examples have been taken from one subject after performing a set of 
eleven 100-m swims, according to the protocol presented earlier by Gull
strand & Holmer (1980). Anaerobic Threshold (AT) was estimated at 

approximately 1.39 m*s-1 (72 s/100 m) speed, corresponding to a �0.5 
mmol*l-1 increase in BLa above the initial lowest level. SR demonstrated 
a continuously increasing pattern (fig. 2) while SL values showed more 
complex relationships with v. In fig. 2 and 3, the SL values stayed at 
their constantly high levels in the early phase of the exercise. After the 
AT level was reached, the exercise became more and more anaerobic as 
seen in continuously increasing BLa; meanwhile the SL was decreasing. 
However, all swimmers did not necessarily follow this pattern, but in
stead demonstrated a continuously decreasing SL. The pattern changed 
in relation to aerobic/ anaerobic metabolism so that under the AT, the 
decrease in SL was linear, and after AT, the reduction became more 
rapid (SL collapse). Some swimmers increased their SL in the early 
phase of the set and after the AT level was reached, the SL curves started 
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to decrease. This information could be used to help the swimmers to 
find the most appropriate number of strokes per lap when training at 
around the aerobic/ anaerobic transition. 
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FIGURE 3 An example of a test result handed over to the swimmers participated
in a testing session for physical conditionin_g and technique. The arrows inaicate
the maximum performance velocities in 3000--m, 400-m ana 200-m swims. 
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The <lata were analysed so that the relationships among the different 
stroke parameters could, on one hand, be examined for all of the data 
separately in the six original studies and, on the other hand, for the dif
ferent swimming conditions correspondingly in each of the cases. The 
results demonstrated that the overall relationships between v, SR and SL 
in variable exercise conditions followed similar behaviour as has earlier 
been observed in different competitive swimming situations (East, 1970; 
Satori, 1974, 1975, 1976, 1980; Craig & Pendergast, 1979; Hay & Guima
res, 1983; Craig & al., 1983; Pai & al., 1984; Craig & al., 1985; Kennedy & 
al., 1990; Wakayoshi & al., 1992). 

Thus, the data of the six original studies when combined with the 
results previously obtained from competitive situations elsewhere, can 
be considered as the normal biomechanical stroking pattern, i.e. the 
initial stroking strategy to produce speed during training. This strategy 
consisted of significant non-linear relationships between v, SR and SL. 
This means that the increase in v was produced with the increase in SR 
while SL was decreasing. When the results of the four sets in study II 
were put altogether, a significant positive correlation (r=0.86) was found 
between v and SR, while negative correlation coefficients were detected 
between v and SL (r=-0.44) and between SR and SL (r=-0.83). 

4.2 Stroke parameters and enhanced swimming intensity 

The initial stroking strategy was used as a reference when the compari
sons were made between the five intensity categories (IC1 to IC5). Study 
II (see table 1) made comparisons between different exercise modes and 
study VI examined the stroking characteristics between the laps during 
exercises at intensities from IC2 to IC4. Studies I and IV examined the in
cremental type of exercises using a set of 100-m swims with the inten
sities varying from well below the anaerobic threshold (AT) until ex
haustion (from IC2 to IC4). Study V included the pure aerobic paces (IC1)

also, otherwise with practically identical design. Study ill examined IC5

swims only. 
The results showed that the v, SR and SL changed with the en

hancement in swimming intensity and the five intensity categories were 
characterised by different relationships among the stroking parameters. 
Figure 4 demonstrates the changes between IC2 and IC3 - IC4 in v versus 
SL relationship in four exercises. Figure 5 shows the same situation in v 
versus SR comparisons. The intensity categories correspond to velocities 
as presented by figure 6 (IC2=low; IC3=medium; IC4=high). The early 
part of both the n*l00-m (solid line) and n*300-m (dotted line) curves 
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(figure 4) remained at constantly high levels with no change in SL along 
with the increase in swimming speed. SL started to decrease at around 
AT level (lower limit for IC3) and thereafter the relationship between v 
and SL became similar to the initial strategy. The relationship between 
SR and v demonstrated only minor variation between the tested exer
cises, and the relationship remained closely similar to the initial strategy 
also during the IC2 swims (figure 5). 
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When the intensity categories IC2 - IC4 were compared between 
each other in n*l00-m exercise, it was shown that the stroking strategy 
was similar to the initial strategy at medium intensity swims (IC3) only
(figure 6). The situation was most interesting in IC2 (low intensity) com
parisons. The v versus SR relationship (figure 6A) demonstrated that 
there is a significant positive connection between the v and SR especially 
at IC3 and IC4 levels but negative, however non-significant, relationship 
at IC2 level. SL demonstrated a statistically non-significant correlation 
with v at each of the studied intensity levels (figure 6B), but there was a 
positive connection, however non-significant, at IC2 level. 
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FIGURE 6 Linear regressions of swimming velocity in relation to stroke 
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When the stroke parameters were related to BLa (figure 7), it was 
shown that the relationship between SR and BLa was positive, but sta
tistically significant only for medium intensity (IC3) exercises (figure 7B). 
Furthermore, the intensity level comparison showed that SL and BLa 
(fig. 7 A) had a significant positive relationship in IC2 swims, negative in 
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IC3, but statistically non-significant relationship in high intensity (IC4)

swims. BLa, which in the total sample comparisons increased quadratic
ally with an increase in swimming velocity, had the highest correlation 
coefficient value with v at medium intensity, and non-significant rela
tionships at low or high intensity swims. As expected SR and SL had a 
significant negative relationship at all intensity levels separately . 

STROKE LENGTH A 

:: ? 2·3 LOW 

2.2 

2.1 

2.0 

.8 

.7 

.6 

.5 

.4 

.3 

2 4 6 8 

BLOOD LACTATE lmmol•l"1l 

STROKE RATE B 
(cyclas • !f1 l 

!.:_-.12 N.L 
LOW 

r=-.14 N.S. 

HIGH 

10 

r•.32 N.S. 

HIGH 

12 

2 4 6 8 10 12 

BLOOD LACTATE lmmol• 141 

FIGURE 7 Linear regressions between blood lactate concentration in 
relation to stroke lengtn (1 A) and stroke rate (78) at three intensity levels. 

The v versus SL relationships were similar when compared be-
tween IC1 (figure 8) and IC5 (figure 9) swims, and between IC2 and IC4
swims (fig 7B). In figure 8 the IC1 area can be seen between the S- and!
points. Thus, in both very low intensity aerobic and maximally paced 
anaerobic swims, the increase in v was produced mainly by the increase 
in SL with less emphasis on SR which, however, also increased continu
ously at IC1. On the other hand, v and SL showed a statistically signifi
cant positive correlation (r=0.59) at IC5, meanwhile the relationship be
tween v and SR was negative and statistically non-significant (r=-0.19). 
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4.3 Stroke parameters and swimming distance 

The relationships among the stroking characteristics for different swim
ming distances (100 m, 300 m and 400 m) as compared by study II, were 
similar to those presented in chapters 4.1 and 4.2 concerning both the 
initial stroking strategy as well as the data obtained from different inten
sity categories. However, as demonstrated by figure 4, the values were 
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very different between the studied testing methods and swimming dis
tances. Maximum SL values obtained at IC2 level, i.e. velocities below 
the AT, were close to the same in n*l00-m and n*300-m exercises. But 
shortly after the BLa started to increase above its initial level (IC3), SL 
decreased with the increase in swimming speed and became different 
between the studied distances. SL decreased when the speed was in
creasing but the value of SL was distance dependent, having the shortest 
value when the distance was longest, in study II during the 2*400-m 
exercise. SL reached the lowest average values when the exercises were 
performed with n*l00-m or 2*100-m modes, compared to n*300-m or 
2*400-m modes. However, these differences as well as the difference in 
maximum SL were statistically non-significant. As demonstrated by 
figure 5, the SR was very similar between the exercises especially at IC2
swimming. At IC4 speeds SR was highest in the shortest distances, 
2*100-m set being the fastest one. On the other hand, the lowest 
maximum values in SR were found in the 400-m mode as compared 
with the rest of the exercises. 
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FIGURE 10 Blood Lactate concentration in relation to stroke rate (10A) 
and stroke length (10B) in four exercises. Symbols: solid line=n*lO0; 
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BLa increased continuously with the increase in v, as expected. 
However, BLa versus v curves showed remarkably different metabolic 
demands between the exercises especially at higher swimming intensi
ties (Keskinen & al., 1989). When BLa was compared with SR and SL 
(figure 10), it demonstrated opposite responses in the two relationships. 
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In SR versus BLa comparisons (figure l0A), the two stepwise protocols 
were very similar in low BLa-levels (IC2 - IC3) but from the 4-mmol*l-1

level on (IC3 - IC4), they became statistically different. No difference in 
SR was observed between the two 100-m sets, and between 300-m and 
400-m sets, after the 4-mmol*l-1 level was reached. In SL versus BLa
comparisons (figure l0B), the shortest distances were performed with
shortest SL when BLa reached the 4-mmol*l-1 level. Stroke Index curves
(not seen in the figures) confirmed the results detected by SL.

4.4 Stroke parameters and successive pool lengths 

When the stroke parameters were examined during the course of an ex
ercise consisting five to six 400-m swims (Study VI), the comparisons 
were made both between the eight laps (figure llA, B, C) and between 
the curves drawn separately for the eight pool lengths and for SL (figure 
12) and SR (figure 13).

A significant reduction in v, SL and SR was observed in the early 
part of the 400-m swims (fig. llA-C.). These changes were parallel with 
the increase in the time duration of different phases of the underwater 
stroke between laps one and three. During the middle part of the 400-m 
swims (laps 3. to 6.), v and SR remained constant with only minor varia
tions. However, the SL curve (fig. llC) started to decrease throughout 
the 400-m swims when the AT-level was reached (IC3) and the decrease 
became more pronounced towards the end of the exercise protocol (IC4). 
During one or two of the last pool lengths the subjects could slightly in
crease their speed by increasing SR. 

The first lap curves were noticed to be completely different from 
those of the seven others at all intensity levels. The laps 2-8 formed a 
family of curves with only minor differences between each other in both 
V versus SL (fig. 12) and V versus SR (fig. 13) comparisons. Lap number 
2 became different from the rest of the curves at aerobic (IC2) and maxi
mum (IC4) swims. The plots of the maximum 100-m swims (IC4) were 
well in line with those of the 400-m swims. It must be added that the 
variability of SR and SL in each curve was similar (appr. 9 %). Thus for 
the clarity of presentation only the average curves are shown in fig. 12 
and 13. 
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The correlative examination (figure 14) showed that the relation
ship between v and both SR and SL was positive and statistically signi-
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ficant at aerobic (IC2) to maximum speeds (IC4) in SR, and correspond
ingly at slow (IC1), submaximum (IC3) and maximum speeds (IC4) in SL 
comparisons. A significant negative correlation between SR and SL ex
isted throughout the exercise. The examination of v in connection with 
the phase duration showed that v was increased by reducing the time 
spent during the stroke cycle. This was seen particularly in catch phase 
which had a statistically significant negative relationship with v at AT
level and above (IC3). Pull and push times correlated positively with v 
throughout the exercise . 
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4.5 Stroke parameters and physical conditioning 

Study N aimed to examine the effects of physical conditioning on both 
performance and technique variables during a fitness test. The blood 
lactate profiles, as described by the BLa versus v curves drawn sepa
rately for the three fitness groups (figure 15), demonstrated that the best 
swimmers (group I) obtained the highest, and group ill (least good per
formers) the lowest values in v at all intensities corresponding to fixed 
BLa levels. The initial level in BLa at intensities below the AT were low
est in group I and highest in group ill swimmers. However, no differ
ence was found in the maximum of BLa between the groups. 
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Both the SL and SI showed statistically different values between 
the groups at all intensities. The maximum values for SL were 
2.557±0.179, 2.426±0.254 and 2.293±0.128 m*cycle-1 in groups I, II and ill, 
respectively (figure 16). When the point of maximum SL was reached, 
BLa started to increase above its initial level. However, SI reached 
maximum in v which corresponded to highly different BLa levels (2-11 
mmol) group I swimmers demonstrating the highest and group ill the 
lowest values (3.695+0.315, 3.339+0.286, 3.134+0.336). In SR comparisons 
(figure 17) the best swimmers could perform with highest Vat certain 
SR levels as compared with their inferior counterparts. 
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Study ill aimed to examine the influence of the level of force 
production on stroke parameters in sprint swimming conditions (IC5) by 
examining the interrelationships among maximum force (MF), maxi
mum velocity (MV), SR, SL and SI. The values for the average MV were 
1.755±0.132 m*s-1 and 144.4±34.5 N for the average MF. Figure 18 shows 
the individual plots of the two variables and their high correlation 
(r=0.86). MV correlated positively to SL (figure 19) and SI (r=0.59 and 
r=0.825 respectively). The correlation coefficient between MV and SR£ 
was not significant. MF correlated positively to SL and SI (r=0.62 and 
r=0.784 respectively). As in free swimming, a non-significant correlation 
coefficient was noted between MF and SRt in tethered swimming. 
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FIGURE 19 Relationships of maximum velocity with stroke length (19A) 
and stroke index (19B). 

4.6 Stroke parameters and swimming mode 

The comparison between BLa and v diagrams (figure 20) for CN and CA 
swims, revealed that the two curves were almost identical in low inten
sity until the anaerobic threshold {AT) was reached. The curves became 
different (P<.05) in v at �BLa corresponding to 0.5 mmol*l-1 increase 
above the initial level, and this difference stayed significant thereafter at 
each tested stage of �BLa up to the maximum effort. 

The examination of BLa, v, SR and SL showed that SR and v 
(figure 21) were positively interrelated through all tested conditions 
from IC1 to IC4, while SL and v demonstrated a more complex relation
ship (see figure 8). The comparison between SL and v, as well as SL and 
�BLa (figure 22) showed that SL was longest at around the area of the 
aerobic/ anaerobic transition (IC2; between I- and AT-points in figures 8 
and 22). The SL values were higher in the CN curve at �BLa level of 0.5 
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mmol*l-1 (I-point) above the initial level and the two curves stayed dif
ferent at all v levels around the AT and above. In CA swimming SR ver
sus v curve became different from that of the CN at higher levels of v 
and BLa except at the second to the last effort during the 15*100-m exer
cise (figure 21). However, at maximum pace the absolute SR values were 
equally high (0.76 Hz) in both swimming conditions. The comparison 
between SR and L\BLa (figure 23) showed that the two curves became 
different after the L\4 mmol*l-1 level was reached . 
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4.7 Stroke parameters and anthropometric variables 

MV and SL were found to be positively interrelated with the anthro
pometric variables (H, AS, AS:H, TL, M) with the exception that the 
correlation between the AS:H-index and MV was statistically non
significant. On the other hand SR£ had a negative significant correlation 
(r=-.528) to the AS:H-index. SI, which has been used as an index of 
stroking efficiency and MF, which is a measure of propulsive force in 
stroking, correlated positively to all measured anthropometric variables. 
When the variables were related to age the only non-significant 
relationships were to SR£ and SRt· 



5 DISCUSSION 

5.1 Initial stroking strategy 

The findings of the present study demonstrated that the initial stroking 
strategy between v, SR and SL in variable training conditions, corre
sponded well with those in competitive situations. Thus, the most im
portant pathway to increase v during both competition and practice, 
was to increase SR correspondingly. On the other hand, the observation 
that SL decreased with increasing v, would mean that it is a necessary 
incidence that SL decreases along with the increase in v and SR when the 
intensity level has not been specified. This is in a good agreement with 
previous observations made by e.g. East (1970), Satori (1975, 1976), Craig 
& Pendergast (1979), Letzelter & Freitag (1982, 1983), Hay & Guimares 
(1983), Pai & al. (1984), Craig & al. (1985). The meaning of this initial 
strategy between v and SR, would therefore be best described by the 
suggestion of Hay (1987) who stated that to increase speed in the short 
term, for example in a situation that requires major efforts to be em
ployed, such as, at the finish of a race, one should strive to increase SR. 

Study I demonstrated that the general interrelationships between 
v, SR and SL were curvilinear rather than linear. It thus means that the 
whole range of speed variation during the training cannot be explained 
by the initial strategy only. On the other hand, Study II showed that the 
scatter of points varied between comparisons, and it was especially large 
in SL versus v comparison (see figure 4), while a very close relationship 
and a smaller scatter of points existed between SR and v (figure 5), as 
well as between SR and SL (not seen in figures). These examples refer to 
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the necessity of being able to attain high values in SR generally, in order 
to be able to increase v at levels which correspond to the requirements 
set by the competitive circumstances. However, as also e.g. Letzelter & 
Freitag (1982 and 1983), Hay & Guimares (1983), Craig & al. (1985), and 
Toussaint (1990) pointed out, the SL is one of the most important per
formance-determining factors. Therefore one should also pay consider
able attention to resisting the reduction of SL during the course of a 
training session or competition. 

5.2 Stroke parameters and enhanced swimming intensity 

The major findings of the present study demonstrated that the values of 
v, SR and SL changed under the influence of progressively increasing 
speed during different phases of aerobic/ anaerobic loading, and the five 
intensity categories under examination were characterised by different 
relationships among the stroke parameters. When the comparisons were 
made between the relationships within the intensity categories, it was 
noticed that only the IC3 speeds, around the AT and above, were similar 
to the initial strategy (see figures 4, 6-8, 15-17, 20-23). This observation 
points out that there are different stroking strategies depending on the 
stage of loading. The short term strategy, which equals the initial strat
egy, would thus be best seen in IC3 swims where the major changes take 
place also in the energy metabolism (see e.g. Mader & al., 1979). 

In very slow aerobic (IC1) swims the speed increase was pro
duced by the increase in both SL (figure 8) and SR (figure 21) when the 
BLa values stayed at their initial lowest levels. The lack of major an
aerobic stress and/ or the ability of the acid-base buffer systems to pre
vent excessive changes in hydrogen ion concentrations during slow 
speed swims well under the AT, would allow a natural lengthening of 
SL free from local muscular fatigue. The slowly increasing SR would 
under these circumstances represent the normal short term strategy to 
increase v, i.e. the initial stroking strategy. However, the power of leg 
kicking during the course of the training sessions was not controlled. As 
seen in figure 8, the whole stroke swimming (CN) enabled longer SL in 
IC1 swims as compared to CA swimming. Thus, it seems evident that 
the lengthening of SL was taken from the increased power of the legs 
action and, therefore, there wouldn't be any additional work done by the 
arms. This suggestion conforms to the observation of Hollander & al. 
(1988) who noticed that there was no gain in power output for arm 
swimming when kicking was included in sprint swimming. 

During the IC2 swimming, the SL values were maximised (see 
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figures 4, 8 and 22) and characterised by slowly but irregularly increas
ing BLa. Meanwhile, it was noticed that the SR increased continuously 
(see figures 5, 17, 21 and 23). This phase of the exercise was located 
somewhere in between the pure aerobic and increasingly anaerobic 
paced swimming, i.e. the aerobic-anaerobic transition. The high level of 
SL might thus indicate that even though there was a noticeable anaero
bic stress at IC2 swims, as demonstrated by slow formation of lactate, 
the speed still was not fast enough to cause accumulation in BLa. But 
just after the AT-level was reached, the SL values began to decrease (see 
figures 4, 8, 11-C, 22) along with the increase in BLa. Thereafter the de
crease in SL and increase in SR became more vigorous towards the end 
of the exercises at IC3 and IC4 swims. These observations suggest that 
the changes in the technique variables, as described especially by the SL, 
could be attributed to simultaneous changes in the metabolic variables, 
as described by the BLa. This is in a good agreement with Weiss & al. 
(1988) who observed that SL decreased and SR increased in a linear 
manner up to the AT, and thereafter with the onset of blood lactate ac
cumulation, the stroke was shortened and consequently the swimmers 
required a higher SR. 

However, the present data showed relatively large inter-individ
ual variation in the exact location of the occurrence of the collapse point 
in SL, so that some individuals did not show marked decline in SL even 
at the AT. On the other hand, some swimmers did have a clear collapse 
in the SL curve even before the AT. These findings lead one to suspect 
that physical conditioning might also have something to do with the 
variations within the SL versus v relationship. Furthermore, Wakayoshi 
& al. (1992) studied a concept of critical speed, which is a speed faster, 
and with a considerably higher BLa than the traditional AT, but which 
the swimmer can yet still tolerate for a longer period of time, e.g. in 
competition. The SI curves reached their maximum values at speeds 
which might be considered the same as this critical speed. However, 
more research needs to be done to solve this connection. 

As shown by figure 4 the collapse point in SL curves occurred at 
a different v in n*l00-m as compared to n*300-m swims. This finding 
might be explained by the results of Study VI (see figures 11-13) where 
the early part of the swims had a very different stroking strategy as 
compared to those in the middle part of the swims. The 100-m swims 
would therefore conform to the optimum stroking strategy (see figure 
12) where the fatigue cannot be seen, while the 300-m swims would
correspond to a situation where fatigue progresses. The metabolic de
mands were found to be different between the four different modes of
training as examined in the Study II (see also Keskinen & al., 1989). At
the initial level of BLa, a 0.7 mmol*l-1 difference was found between the
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n*300-m and n*l00-m swimming sets. The cause for this difference was 
considered as a difference in lactate elimination rate between 100-m and 
300-m distances. In higher intensity levels with increased BLa, the dura
tion of the single swims during the sets seemed to be the primary cause
of the different type of BLa behaviour in relation to v (Keskinen & al.,
1989). This difference in the energy metabolism could then be seen also
in the technique variables (SL, SR).

During the medium-intensity swimming (IC3), the stroking strat
egy was noticed to be almost identical to the initial strategy among 
stroke parameters. The only exception was the lack of statistically sig
nificant negative correlation between v and SL (figure 6B). This empha
sises a large range of inter-individual variability as seen in SL (figure 4). 
The high-intensity swimming (IC4) differed from the low-intensity 
swims (IC2) so that there was a significant correlation between v and SR 
(figure 6A) but no significant correlation between v and BLa, SR and BLa 
(figure 7B), and SL and BLa (figure 7 A). This may demonstrate great 
variability among swimmers in swimming efficiency and in lactate pro
duction during the present type of progressive set of 100-m swims. 
These notions agree with Craig & al. (1985), who stated that the best per
formers in the 1984 USA Olympic Swimming Trials increased their SR 
more than a group of slower swimmers. Craig & al. also reported longer 
SL in the best swimmers compared to their inferior counterparts, and, 
more importantly, they demonstrated that the increase in competitive 
swimming velocities during an 8-year period from 1976 to 1984 was 
mainly due to increased SL (Craig & Pendergast, 1979; Craig & al., 1985). 

In the 10-m maximum velocity swim (IC5), SR, which has been 
found to be the determinant factor to speed increase in submaximal in
tensities, correlated non-significantly to MV (r=-0.19). On the other hand, 
SL, which, has been found to be negatively related to v in medium inten
sities, correlated positively to MV (r=.59; p<.001). Craig & Pendergast 
(1979) demonstrated that during an incremental series of 22-m swims the 
increase in SR produced an increase in v. At very high swimming ve
locities after the maximum level of SR was reached, no further increase 
in v occurred. In fact the v decreased with excessively high SR. In the 
present data, the SR£ was obtained in natural free swimming conditions 
and these values can therefore be considered to correspond to the opti
mum value of SR (Craig & Pendergast, 1979). It is thus suggested that in 
maximum swimming conditions the relationships between v, SR and SL 
reflect the ability of a swimmer to swim with high efficiency. This means 
the effective use of stroke technique, as expressed by SL, and conse
quently with high levels in propulsive force. 

Similarly, this means that no excessive frequency can be used 
while stroking. The findings of Craig & al. (1985) agree with these sug-
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gestions. They noted that over an eight year period the increase in com
petitive swimming performance of international top swimmers was 
caused mainly by the increase in SL, whereas in most of the events SR 
had decreased. In the present maximum v swims the inter-correlations 
were similar to the earlier findings of Study I in low intensity swim
ming. One might assume that the training in low intensity paces, by 
emphasising a long SL versus low SR, would have a parallel effect on 
these parameters in very high intensity swimming. The critical point, 
however, is the performance level, and especially the ability of a swim
mer to swim at MV with correspondingly long SL. Costill & al. (1985) 
have used SI as an index of the stroking efficiency and swimming econo
my. In the present data the correlation coefficients of SI were positive 
with MV and SL. Although the relationships of SI and SL to MV were 
nearly identical, and although the relationship between SI and SL was 
highly linear (r=.941), it is suggested that either SL or SI could be used as 
an index of the stroking efficiency in this kind of situation. It must be 
noted that SI, especially, is technical, since it includes both MV and SL, 
and therefore the meaning of SI as an individual parameter might be 
questionable. 

When a selected intensity level is used as a training mode the 
relationships between the variables do not necessarily conform to the 
initial stroking strategy. The present results suggested that during low
intensity (IC2) training it is beneficial to practice the lengthening of SL, in 
order to develop local muscular endurance. In medium-intensity (IC3) 

swimming, even when there is the necessary tendency to increase SR, it 
is important to try to resist the decrease in SL, in order to develop 
greater muscular power output and mechanical swimming economy. 

Satori (1975) reported that the German observation group found 
many top swimmers, especially in the DDR team in XIIlth European 
Swimming Championships in Vienna 1974, concentrate on SR adapta
tion in their warm-up protocols instead of measuring time for lap as has 
been conventionally done. This training method could be applied to the 
present findings, which demonstrated that the SL reached the highest 
values at IC2 swimming. The tempo training would under these condi
tions help to increase the economy, and also mean that the swimmers 
would train by using the SR corresponding to v at AT levels. And simul
taneously they would try to maintain the level of SL values at a constant 
high levels, or even try to manage with one or two strokes less than 
before, without losing their control on SR. 

Cecil Colwin (1992) wrote that 1928 Louis B. de Handley, ob
served that 'a swift stroke is not conducive to fast swimming and that 
though contestants were inclined to think wild action necessary to attain 
great speed, this is not the case': Handley added that slow arm move-
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ments with a vigorous drive and a restful recovery give the best results. 
Jack Nelson (1973) introduced the concept of DPS (distance per stroke) 
and his swimmers practised drills designed to increase SL. Colwin 
writes that, basically, these drills enable a swimmer to improve effi
ciency by feeling what one arm does by itself. Nelson also developed an 
exercise in which the swimmer repeats 100-m swims keeping a 24 stroke 
count for each 100 m. Swimmers who cannot maintain this rating are 
allowed to do a set number of strokes more suited to their individual 
ability. Ron Johnson (1982) introduced the "Tempo Awareness Training" 
at the World Clinic of ASCA. He mentioned that he had seen the Hawai
ian coach, Soichi Sakamoto, counting tempo to his swimmers as far back 
as the 1941 American Championships. Johnson maintained that, whereas 
there had been much emphasis on reducing the number of strokes per 
length, there had been little development of what he termed "tempo 
awareness". Johnson was convinced that only two factors made a real 
difference to swimming speed, and they were distance per stroke and 
stroke speed. Johnson outlined methods for measuring tempo as the 
time taken to complete 2, 5 or even 10 arm cycles. Johnson also intro
duced methods for timing stroke tempo with a 1/100-second stopwatch 
or a computer. For freestyle, Johnson said that a typical tempo for a 
middle-distance collegiate swimmer is around 0.74-0.77 Hz. For a good 
college male sprinter a typical tempo is around 1.05 Hz, and females at 
elite level approximately 0.05 Hz faster than men. 

Costill & al. (1985) also pointed out the importance of swimming 
with the fewest number of stroke cycles at a given velocity. In high in
tensity swimming v may be increased by increasing the SR. Further
more, if the suggestion is true that an optimal level of SR during com
petitive swimming exists (e.g. East, 1970; Hay, 1978; Craig & Pendergast, 
1979) then the swimmer should use this "optimum" SR in his/her train
ing. At low- and medium-intensity training, the lower SR with longer SL 
may be desirable. These suggestions point out that the interrelationships 
between SR and SL should urgently be considered in the training of 
swimmers. 

5.3 Stroke parameters and swimming distance 

The results from Study II demonstrated considerable effects of swim
ming distance on stroke performance, and especially on SL under the 
influence of enhancing swimming intensity (see figures 4 and 10). When 
the comparisons were made between the maximum performances of 
different swimming distances during the exercises, it was shown that the 
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shortest (10-100 m) distances were performed with significantly higher 
values in v and SR and lower values in SL and SI than the 300- and 400-
m events. These observations thus conformed well with the earlier ob
servations made in major swimming competitions world wide (East, 
1970; Satori, 1974-1980; Craig & Pendergast, 1979; Hay & Guimares, 
1983; Craig & al., 1985; Wakayoshi, 1988; Nelson & al., 1990; Chengalur 
& Brown, 1992; Kennedy & al., 1992; Wakayoshi & al., 1992). 

However, when the comparisons were made at IC2 level, it was 
shown that there was no statistically significant difference between the 
absolute maximum values of SL in 100-m and 300-m distances at around 
the aerobic-anaerobic transition (see figure 4). However, the point of 
maximum SL was found at different v. This observation might lead one 
to assume that there would be a certain standard level of SL for each 
individual when the swimming is free from major anaerobic stress in 
lower intensity swims. In the present situation it was below the AT. This 
standard SL would, however, be found at speeds corresponding to dif
ferences between the individuals, due to the intensity level during a 
training session, due to swimming distance, and yet still due to factors 
related to an individual's physical characteristics and technical ability 
itself. 

Study VI introduced very interesting results concerning the 
stroking strategies between v, SR and SL. As shown by the figures 11, 12 
and 13, the relationships of both SR and SL in relation to v, demon
strated that during the early part of each swim, especially during the 
first laps, and independent from the swimming distance, the stroking 
followed a different strategy than during the following pool lengths. 
These first lap curves, for both SL versus v, and SR versus v relationship, 
could then be used to estimate the progression of fatigue of a swimmer 
for each swimming distance separately. On the other hand, the devel
opment of endurance in technique performances could also be followed 
with the help of these first lap curves in comparison with a given dis
tance, longer than 50 m. Furthermore, the optimum curve for a short 
distance could also be constructed by utilising the protocol similar to 
what has earlier been described by Craig & Pendergast (1979). 

It is suggested that the observed differences in stroke perform
ances between the swimming distances under examination, could be 
explained by three different ways. Firstly, the primary goal to obtain 
high levels in v in general, is to increase SR to relatively high levels, 
which level in turn is dependent upon the distance performed. Secondly, 
each distance seems to allow a certain level of SL and SR which, how
ever, are individually rather than generally arranged. And finally, the 
third reason to the observed differences in stroke performances between 
the swimming distances, is due to a swimmer's personal ability to pro-
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duce and endure highest possible values in SL and, consequently, to be 
able to compete successfully in each specific distance separately. 

5.4 Stroke parameters and successive pool lengths 

The results of the Study VI showed that the initial stroking strategy 
during the test exercises (n*400 m) was not very much different from 
that observed in competition. Thus, the interrelationship between v and 
SR was positive and the performance level was greatly affected by the 
values of SL. In addition, the early part of the 400-m swims was different 
from the remaining seven laps (see figures 11-13). This is similar to the 
observations in competitive situations. For example, the data reported 
by Letzelter & Freitag (1982 and 1983) suggested that the difference in 
curve patterns between the first and consecutive laps was caused by the 
additional high velocity due to the start from the starting block. In the 
present study the situation was different because the subjects started to 
swim from the water. Thus there was no gain in v from any other sou
rces than those related to swimmers' physiques or techniques. The most 
evident explanation would be the 2-min rest period between the 400-m 
swims. According to the findings of Hultman & al. (1967) the major por
tion of the adenosine triphosphate (ATP) and creatine phosphate (CP) 
used during training would be restored to the muscles within 2 min, and 
A TP and CP would be completely restored in 3 min. I t is therefore hy
pothesised that in the present situation, these stores could be used again 
during the early part of the subsequent 400-m swims and observed espe
cially from the first lap curves in comparison with the seven other ones. 

The initial stroking strategy between the discussed parameters 
include the decrease of SL with increasing v. The first lap curves of the 
five to six 400-m swims (figures 12 and 13) complemented with the plots 
of the 100-m swims, correspond to this strategy. The first lap curves may 
therefore be considered as the optimum curve. Thus the deviation of the 
curves for laps 2-8 from that of the optimum, would imply the progres
sion of fatigue during the swims. On the other hand, the swimmers were 
instructed to pace their swims evenly by looking at the pace clocks 
placed along the pool side. H they started swimming at a different speed 
than was the predetermined target, then they were instructed to con
tinue with this newly selected speed. I t is therefore suggested that it is 
not only a question of the physical potential of a swimmer to swim with 
a correct pacing but also a question of skill or ability to use one's sub
jective perception to produce a certain speed. Unfortunately the present 
data could not provide evidence enough to state whether the reduction 
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in the measured variables during the early part of the swims was due to 
real physiological fatigue or due to the subjects' skill in keeping the 
swimming speed steady throughout the 400-m swims. 

As seen in figure llA-C, the curves for v, SR and SL during the 
400-m swims changed in relation to increase in swimming intensity.
When the speed was slow or aerobic (low BLa) the swimmers could con
trol their velocities and simultaneously keep the SL values at their con
stant high levels throughout the 400-m swims. However, when the in
tensity increased over the anaerobic threshold level, the reduction in SL
became progressively greater. This may be explained by the developing
local muscular fatigue. The findings of Studies I and II as well as Weiss
& al. (1988) support this suggestion, and when combined with the re
sults of Study VI, may imply that the increase in blood lactate concen
tration may change the stroking strategy significantly. When the velocity
increased up to the submaximum and maximum levels (high BLa), the
swimmers of Study VI tried to maintain their speeds by increasing SR
and at the same time by trying to resist the shortening of SL. The reduc
tion of SL above AT would therefore be connected to the accumulation
of blood lactate, while SR would primarily be determined by the ability
to maintain adequate neural activation.

The common solutions to technique testing involve taking sam
ples of a technique performed by a physiologically fresh swimmer. The 
results of the present Study VI demonstrated that these samples may not 
correspond to a technique recorded in a situation with a longer duration. 
It is therefore suggested that in order for the technique testing to be 
more beneficial, unfatigued swimming should be compared with com
petitive swimming, where fatigue progresses. 

5.5 Stroke parameters and physical conditioning 

The results of study IV demonstrated the well-known effects of endur
ance training on physical fitness, as seen in figure 15. The BLa versus v 
curves indicated that the best performers could maintain the BLa values 
at the lowest initial levels with significantly higher values in v than their 
inferior counterparts. On the other hand, the results also showed that the 
physiological responses could be attributed to the values of technique 
performance, as shown by the SL (figure 16), SR (figure 17) and SI (not 
seen in the figures) in relation to v. One might thus suggest that these 
variables could be applied to describe the effectiveness of swimming 
technique during the course of the present type of physiological testing 
(see also Keskinen & Komi, 1989). 
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Furthermore, the finding that v at maximum SL is close to the 
same as the so-called anaerobic threshold according to the BLa versus v 
curves (see also Weiss & al., 1988) suggest, that during an incremental 
loading the accumulation of blood lactate leads to parallel development 
of local muscular fatigue as shown by the decrease in SL. While the 
observed changes in SL were similar in all of the examined groups, the 
lengthening of SL throughout the intensity categories and especially 
around the AT, in addition to the simultaneous reduction in SR, could 
be considered as positive effects of endurance training on biomechanical 
performance in swimmers. The finding that the v of maximum SI corre
sponded to highly different BLa levels might lead one to suggest that the 
different specialisation of the swimmers between sprint and distance 
events might be demonstrated by the SI concept. As a consequence of 
that, the finding that the v observed at maximum SI would be close to 
the same as the so-called critical speed (Wakayoshi & al., 1992), would 
lead one to suspect that the physical conditioning would also have 
something to do with the concept of maximum SI. However, the present 
data could not provide further evidence of that connection. 

Several studies demonstrate that the muscular force of a swim
mer influences swimming performance especially in sprint distances 
(Miyashita & Kanehisa, 1979; Adams & al., 1983/1984; Costill & al., 
1983). The forces exerted during continuous swimming are far from the 
peak forces which the swimmer is able to produce during dry land 
exercises or even during tethered swimming (e.g. Yeater & al., 1981). The 
data from study ill demonstrated positive non-linear interrelationships 
between MV, MF and SL (see figures 18-19 and 9). These findings sug
gest that the effective stroke technique, which is fundamental to MV, 
could be regarded as the result of longest possible SL (figure 9) while the 
force production values remain below the true maximum. When the 
force production is measured during tethered swimming, the full 
capacity of the propulsive segments of the body can be used. 
Nevertheless, the force values decrease with the increase in swimming 
velocity, as was noted by Alley (1952). The possible explanation for this 
could be that at very high speeds it is not easy to produce very high 
force values and the force-velocity relationship of the skeletal muscle 
(Wilkie, 1952; Komi, 1973) must be considered in this context. 
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The present data from study V, demonstrated the considerable effect of 
leg action especially by SL comparisons (figure 8). At around the AT 
level, the difference in SL was about 11 cm (4.5 %) in favour of CN and 
even larger at v above AT. Although the difference was nearly the same 
between CN and CA in low pace swims (IC1), it was not statistically
significant. This may be partly due to a large variation in individual SL 
values in this phase of the training session. It seems evident that CA was 
a very economical way of swimming just before the increase in BLa 
started. But after the AT was reached the lack of support from the legs 
could be seen from the lowered SL values as compared to the CN 
swimming. These findings agree with those of e.g. Holmer (1974b) who 
noticed that CA swimming demanded lower V02 at a given submaxi
mum v than the CN swimming, but at maximum speeds the whole 
stroke swimming was superior to the CA swimming in both oxygen 
consumption and performance. 

However, SR was very similar between the two different 15*100-
m sets at v less than 1.3 m*s-1 (figures 21 and 23). This suggests that SR 
and v were strongly interrelated at submaximum intensity levels (IC3), 
while SL depended also on such factors as muscle force of the upper ex
tremities as seen in figure 9, and on the support of the leg action during 
swimming, as demonstrated by figure 8. Hollander & al. (1988) observed 
that at maximal speed in sprint swimming, the effective power of leg 
kicking was 14.6 W and 127 W when using the arms only, whereas the 
output of the arms during swimming the whole stroke was 123 W. This 
means that there was no gain in power output for arm swimming when 
the leg kicking was included. However Hollander & al. (1988) registered 
higher v in the whole stroke swims compared to CA swims. As seen in 
figure 21, the CN and CA swims were performed with similar maximum 
values in SR. When this result is connected with that of Hollander & al. 
(1988), one might suggest that the additional high velocity in CN com
pared to CA swimming, in both studies, was caused by the increase in 
SL as a result of leg kicking in CN swimming. This suggestion gets sup
port from Watkins and Gordon (1983) who concluded that the leg action 
contributes indirectly to propulsion by stabilising and streamlining the 
body at full speed. 

An interesting observation can be made from figure 21 where the 
CA curve became nearly identical to the CN curve at v of 1.46 m*s-1. It 
occurred in almost every subject during the second or third to the last ef
fort. This may be a result of a dolphin kick when the subjects were trying 
really hard. The very last effort was then so exhaustive that the CA curve 
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again became different in v from that of CN. This observation indicates 
the necessity of being able to use one's full potential to obtain maximum 
performance. It is thus suggested that if one wants to improve swim
ming economy at submaximum intensities, CA swimming should be 
practised at around the aerobic-anaerobic transition with high SL and 
low SR concept. Under these conditions kicking would be compensated 
by pull-buoys to keep the body in a streamlined position. However, the 
high intensity exercises at race pace or near the absolute maximum, 
should include the leg kicking in order to obtain the best possible adap
tation to competitive requirements in terms of competition-like co-ordi
nation between upper and lower extremities. 

5.7 Stroke parameters and anthropometric variables 

The anthropometric variables measured in study ID were selected accor
ding to the previous findings of e.g. Toussaint & al. (1983) and Grimston 
& Hay (1986). These papers observed that arm length, leg length, and 
hand and foot size were significantly related to swimming performance, 
SL and SR. In the present data the arm span (AS) including the length of 
hands, forearms, upper arms and shoulders was used to describe the 
main propulsive part of the body. The standing height (H) and the total 
length of the body with the extremities extended (TL) were used to de
scribe the whole body size of a swimmer. These variables were shown to 
correlate positively with MV, SL and MF. Although body size is posi
tively related to swimming performance, the most important anthro
pometric factor is the surface area of the upper extremities and AS. Also 
the results of Toussaint & al. (1991) indicate that with an artificially en
larged propelling surface area (hand paddles) the same velocity can be 
maintained with a decrease in the rate of energy expenditure. Thus it is 
essential for a swimmer to have a large AS and the ability to use it effec
tively. It therefore seems possible that if AS is very long but the swim
mer is incapable of reaching high velocities during swimming, this is 
due to either lack of muscle force or skill. This is especially relevant to 
young swimmers who have reached their final standing height but not 
yet gained full muscular strength. Thus the physical growth and regular 
training results in more effective use of the propulsive components of 
the body leading to both higher v and longer SL values in high speed 
swims. The AS:H index has been used to describe the overall linearity 
between the AS of the upper extremities and the H of a swimmer. In the 
present study the AS:H-index correlated positively to MF and SL but 
negatively to SR. This leads one to expect that the swimmers who posses 
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very high values in both AS and the AS:H -index should try to increase 
their muscular strength in order to produce high SR combined with rela
tively long SL, which could thereafter increase the level of their per
formance in the water. 

Nevertheless, the force-velocity relationship sets a general limit 
for force to increase v. There is documented evidence, however, that 
proper training could also be applied to increase high shortening veloci
ties in muscle (e.g. Hakkinen & Komi, 1985; Hakkinen & al., 1985). Also, 
the great variance observed in MF values suggests that proper special
ised strength and power training could be applied to swimming. Finally, 
the observed interrelationships warrant the suggestion that there should 
be an optimum balance between the anthropometric growth and force 
development in order to optimise the stroke performance in attaining a 
highMV. 



6 CONCLUSIONS AND SUGGESTIONS 

6.1 Conclusions 

The present study sought to find answers to questions which are related 
to some of the fundamental problems among swimmers and coaches: 
Why are the techniques of swimmers so variable during both competi
tion and practice?; Why are their technical performances continually 
changing during practice?; Is it possible to measure technique perform
ances in order to follow their development in swimming skills? To ex
amine these questions, seven more specialised questions were listed. 

The major findings showed that the variability of the techniques 
could be attributed to several factors related to at least three different 
elements which could be considered as the determinant factors of the 
technique performances during exercise: (1) the initial stroking strategy 
between the parameters fully responsible for the stroke performance 
during swimming in the short term, (2) the factors modifying the initial 
strategy in both short and long term, and (3) the individual factors de
termining the stroke performances during swimming, especially in the 
long term. 

The initial stroking strategy among the stroke parameters dem
onstrated that the increase in v was associated with the increase in SR, 
and the decrease in SL. Thus the main pathway, in situations requiring 
major efforts to be employed to increase speed in the short term, for 
example at the finish of a race, would be that the swimmer should strive 
to increase SR and simultaneously try to maintain a steady SL or at least 
try to resist its necessary shortening. However, the relationships were 
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curvilinear rather than linear, and this therefore leads one to assume that 
the whole range of speed variation during the exercises cannot be ex
plained by the initial strategy only. 

The major factor to modify the stroke performance was swim
ming intensity as such, especially in relation to the lactacid anaerobic 
energy metabolism. SR followed the initial strategy and did not seem to 
be much affected by the enhanced intensity levels other than was neces
sary to increase the speed in general. Therefore, the positive relationship 
between SR and v stayed significant throughout the studied intensity 
levels except at very low and maximum alactacid sprint speeds. On the 
other hand, the SL responded very sensitively to speed changes. Espe
cially as described by the effects of the enhanced swimming intensity, 
variation in the distance to be swum, swimming mode, and the variation 
within the entire swims. It also seemed evident that fatigue, developed 
during the exercises and observed from the changes taken place in the 
physiological parameters, could also be attributed to parallel changes in 
the SL values. The behaviour of the SL during exercises could be de
scribed by the parameters connected to the status of the individual's 
physical conditioning, force production capacity in the water, and an
thropometric characteristics. 

As for an answer to the third fundamental problem - is it possible 
to measure technique performances in order to follow the development 
of the swimmers in swimming skills? - this study concludes that the ob
served changes in swimming technique and the close connection of the 
technique parameters with the corresponding changes in the physiologi
cal variables gives a clear basis for technique testing. Thus, it is sug
gested that the measurement of technique variables, under the influence 
of physiological stress and simultaneously with physiological parame
ters, should be used to measure the effects of training in swimmers. This 
can be done by examining the relationships between v, SR and SL in 
standardised pool testing conditions, 

6.2 Suggestions for further developments in testing 

Based on the findings of the present study, it was concluded that 
swimming technique, although highly variable, can be examined to fol
low the conditioning effects of swimming training. The standardised 
pool testing protocols, when complemented with procedures described 
by the present data, can be used to analyse both the physiological and 
biomechanical responses of swimming training in the same testing ses
sion. 
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The methods standardised especially for pool testing conditions 
(Mader & al., 1976; Gullstrand & Holmer, 1980; Simon & al., 1982), and 
commonly used to estimate the physical conditioning of the athletes in 
aquatic sports, have been shown to be valid for this kind of testing pur
poses. As the differences in the test results are known (Keskinen & al., 
1989), and when these differences are taken into consideration when ap
plying the results to practice, there would not be any problems in utilis
ing each of those tests in the control of the training process. In addition, 
the distances of 200 and 400 m have increased popularity in testing of 
swimmers with rather similar protocols, as reported by Gullstrand & 
Holmer (1980) and Simon & al. (1982). Furthermore, in order to be able 
to distinguish between the changes observable only at around the aero
bic-anaerobic transition phase and AT, the incremental type of protocols 
should be employed, if one really wants also to utilise the information 
derived from the biomechanical parameters. However, whatever the 
choice, the most important thing is that each swimmer should be tested 
with the same test mode in successive examinations in order to be able 
to make comparisons between the series of observations and to be able 
to utilise the collected information exclusively during the training proc
ess. 

The parameters to estimate the technique performances during the 
fitness testing of swimmers should include the measurement of v, SR 
and SL separately in each of the pool lengths. The start from the starting 
block should not be included in order to avoid the additional high veloc
ity in the early part of the swims. Time taken for each distance to be 
swum and for each successive pool length separately should be used to 
calculate the mean v (m*s-1) for both the whole distance and the laps. 
The SR can be obtained reliably by measuring time for ten one-arm 
stroke cycles per lap in 50-m pools and for five stroke cycles per lap in 
25-m pools without an inclusion of a turn during the measurement. The
SR can then be calculated by dividing 10 or 5 strokes by the time spent to
complete those one arm stroke cycles. SR should be expressed in Hz
(cycles*s-1) in order to be able the calculate SL (m*cycle-1): by dividing v
by SR.

The data should be presented in an easily understandable form so 
that both the technique (SR, SL) and physiological parameters would be 
related to v simultaneously (see fig. 2 and 3). The AT should be defined 
by using the definitions reported within the standardised testing proce
dures. The feedback to the swimmers and coaches should include a clear 
prescription about the intensity levels recommended for training in 
terms of both v and time to finalise a given distance, usually 100 m. In 
order for the swimmer to be able to fully utilise the information given by 
SR and SL, the amount of one-arm stroke cycles per lap (25 / 50 m) 
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should be calculated for tempo training corresponding to the SR values, 
as well as for training with fixed-amount-of-stroke-cycles-per-lap proce
dure corresponding to the values of SL at different stages of exercises, 
e.g. at AT. Furthermore, the AT would be best described by an approxi
mate area in the speed axis rather than a fixed v value, and the values for
BLa, heart rate (HR) and V02 (if measured), as well as for SR and SL
should be expressed similarly. According to the findings of Study VI,
one should also consider if the first and final lap values for SR and SL
are relevant to be used for tempo and fixed-amount-of-strokes training.
At least one or two stroke cycles should be added to these numbers (100-
m tests), or the values measured in the middle part of the swims (200-,
300- and 400-m tests) should be used when programming the endurance
training session.

Finally, it is concluded that the measurement of technique vari
ables, under the influence of physiological stress, and simultaneously 
with the physiological parameters, should be a part of the control of 
training in swimmers. This can be done by examining the relationships 
between v, SR and SL in standardised pool testing conditions. 



7 YHTEENVETO 

Tutkimuksen tarkoituksena oli etsia selityksia uintitekniikassa niin kil
pailusuoritusten kuin harjoittelunkin yhteydessa havaittaville suurille 
vaihteluille. Tutkimus pyrki myos kehittamaan kaytannollisia tapoja 
mitata uintitekniikan kehittymista saannollisen harjoittelun seurauk
sena. Erityisesti pyrittiin tarkastelemaan uintiharjoittelun tehokkuudessa 
tapahtuvien muutosten vaikutusta krooliuinnin liikeaskelominaisuuk
siin ja niiden valisiin riippuvuussuhteisiin. Tutkimuksen kohteena olleet 
liikeaskelominaisuudet kasittivat uinnin keskinopeuden (v, mean veloci
ty) lisaksi keskimaaraisen liikeaskelpituuden (SL, stroke length), liikeas
keltiheyden (SR, stroke rate) ja uinnin keskinopeuden ja liikeaskelpituu
den avulla lasketun liikeaskelindeksin (SI, stroke index) seka liikeaske
leen eri vaiheita kuvaavat aikamuuttujat. Uinnin tehoalueet maaritettiin 
veren maitohappopitoisuuden ja uinnin keskinopeuden valisen riippu
vuuden avulla. Koehenkilot (87) olivat hyvin harjoitelleita mieskilpaui
mareita, jakaantuen viiteen eri tutkimusaineistoon. 

Tutkimustulokset osoittivat etta harjoituksenaikaiset riippuvuus
suhteet eri liikeaskelominaisuuksien valilla olivat pitkalti yhtenevia kil
pailusuorituksista kirjallisuudessa aiemmin raportoitujen havaintojen 
kanssa. Taman pohjalta paadyttiin yleiseen toteamukseen, etta uintino
peutta lisataan harjoittelun tai kilpailusuorituksen aikana paasaantoi
sesti liikeaskeltiheytta kasvattamalla ja pyrkimalla samanaikaisesti es
tamaan liikeaskelpituuden lyheneminen vasymyksen aiheuttamasta 
painvastaisesta paineesta huolimatta. Kun tarkastelun perusteeksi otet
tiin uinnin tehoalueet ja niiden sisaiset ja niiden valilla tapahtuneet 
muutokset liikeaskelominaisuuksissa, havaittiin, etta uimarin kayttama 
tekniikka muuttui samanaikaisesti fysiologisissa mittareissa havaittujen 
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muutosten kanssa. Tarkeana loydoksena voidaan pitaa sita, etta liikeas
keleeseen kulunut aika saavutti suurimman arvonsa silloin kun uinnin 
teho harjoituksen kestaessa nostettiin elimiston energiantuottoketjun 
aerobis-anaerobiselle siirtymaalueelle. Kun uinnin nopeutta tasta edel
leen lisattiin, todettiin liikeaskelpituuden alkavan lyhentya ja lyhenemi
sen olevan sita voimakkaampaa mita korkeammaksi veren maitohap
popitoisuudet kohosivat. Tarkeimpana havaintona voitaneen kuitenkin 
pitaa sita, etta uintitekniikkaa kuvaavien muuttujien avulla voitiin seu
rata myos fysiologisilla mittareilla havaittavia muutoksia uimarin suori
tuskyvyssa. Tutkimustulosten pohjalta suositellaankin, etta tassa tutki
muksessa kaytettyja uinnin tekniikkaa kuvaavia liikeaskelmuuttujia 
kaytettfilsiin jatkossa fysiologisten mittareiden kanssa samanaikaisesti 
uimarien kunto- ja tekniikka-ominaisuuksien seurannassa. Talloin nyt 
lahinna vain fysiologisia muuttujia hyodyntavat standardoidut uintites
tit muuttuisivat entista monipuolisemmiksi ja uintivalmennusta entista 
paremmin palveleviksi apuvalineiksi. 
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