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Video-Computer Assisted Analysis of Swimming Technique

Davip L. CostrL, PH.D.

GARY LEE

Leo D’Acquisto, B.Sc.

Human Performance Laboratory
Baill State University

Muncie, Indiana 47306

Abstract

The intent of this paper is to describe a video-computer system that has been designed for rapid, simple analysis
of swimming technique. This system simultaneously displays a view of the swimmer’s forward velocity and swimming
mechanics. A real-time graph of the swimmer’s velocity is superimposed on the video image of swinimer, which enables
the coach and swimmer to analyze, frame-by-frame, the arm and leg actions, body position, and intracyclic timing
of the stroke. Attempts have been made to illustrate the validity and application of this system for the task of improv-
ing stroke mechanics and its value in analyzing each of the competitive swimming strokes.

Introduction

It is common knowledge that technical skill is one of
the major determinant of success among competitive
swimmers. Unfortunately, the biomechanical differences
that make one swimmer more cost efficient than another
are not easily identified. With the aid of laboratory equip-
ment we can gange the amount of energy expended dur-
ing swimming and identify those individuals who are most
efficient. However, viewing the swimmers actions is only
partially effective in determining which patterns of mo-
tion of “‘efficient’” and which are ““inefficient.”” This pro-
biem is made more difficult by the fact that we cannot
relate the actions of the arms and legs to the propulsive
and drag forces that act during swimming. As a resuit,
the ability to improve swimming mechanics is limited, in
part, by an inability to identify the most effective tech-
niques, and our difficulty in changing existing ‘‘bad
habits.”

In an effort to provide the coach and swimming scien-
tist with the tools to evaluate and teach optimal swim-
ming techniques, we have developed a computer-based
video system that permits the simultaneous viewing of
swimming technique with a graphic display of the swim-
mer’s forward velocity. This system enables the coach and
swimmer to view, frame-by-frame, the swimmer’s arm
and leg actions, body position, and timing, while examin-
ing the swimmer’s real-time velocity. This paper will at-
tempt to describe this system and to illustrate its poten-
tial to improve swimming performance.

Equipment and Procedures

The components of this video-computer system are il-
lustrated in Figure 1. The “‘swim-meter’’ used to monitor
the swimmer’s velocity has previously been described by
Craig and Pendergast (1). It is composed of a non-elastic
line that passes from a low resistance reel (less than 70
g), over an aluminum wheel with a shaft that is connected
to a direct current (DC) generator (Servo Tech,
Hawthorne, N.J.), to a belt worn around the waist of
the swimmer. As the swimmer moves through the water
the wire is pulled from the swim-meter, thereby rotating
the generator wheel, producing a voltage which is pro-
potional to the swimmer’s velocity. Consequently, this
swim-meter measures the hip or forward velocity of the
swimmer. The voitage output from the generator is fed
through a voltage divider into an analog-digital (A-D)
converter and then into the computer. The output from
the video camera is relayed into a series of video overiay
boards (Micro-Key System, Video Associates Labs,
Austin, TX).

The underwater video image of the swimmer is re-
corded using a standard VHS or beta camera, with a
direct connection from the video output of the camera
to the video input on the overlay system. The input from
the A-D converter for swimming velocity is processed by
software (Fluman Performance Laboratory, Ball State
University) which creates a graphic image of the swim-
mer’s velocity. This graph is superimposed on the video
image of the swimmer, providing a synchronized display

ISSN: 0747-5993



6 THE JOURNAL OF SWRMMING RESEARCH
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Figure 1. Design of the video-computer system used to measure swimming velecities.

of the swimmers’ movements and a graphic illustration
of their forward velocities. These combined images are
subsequently fed to a video recorder and/or a monitor.
For purposes of recording we have selected a VCR hav-
ing four heads to produce high-quality images during still
and frame-by-frame viewing. By replaying the recorded
images it is possible to examine the swimmer’s velocity
at any point in the stroke cycle, and to identify which
patterns of movement and body position are responsible
for acceleration and decrease in velocity. '

Prior calibration of the generator and graphic output
enabled us to measure the swimmer’s forward velocity
to within 0.05 m/sec. A subroutine within this computer
program also computed the mean velocity for any selected
segment of the video-computer recording. In an effort
to compare the forward velocity to that of the swimmer’s
center of mass, a swimmer was fitmed, using a high speed
16 mm camera. Digitized measurements of the hip and
center of mass were correlated.

System Application

The use of this system is illustrated in Figure 2. The
velocity graph for a swimmer performing the breaststroke

are shown in this photograph taken from the video
monitor. As expected, the highest velocities during each
stroke cycle were achieved during the latter stages of the
kick and arm pull, with the swimmer’s velocity declining
markedly during the recovery of the arms and legs.
Previous studies have reported similar patterns of velocity
(2, 3). Figure 3, for example, shows the velocity curves
for two, senior level breaststroke swimmers who are
significantly different in ability. Swimmer A had a life-
time best performance of I min 3 sec for 100 yd (91.4
m) breaststroke, where as the other girf (swimmer B) had
a best time of I min 12 sec for the same distance. It is
interesting to note that swimmer B had higher velocities
during the arm and leg actions than swimmer A, but also
exhibited a greater decrease in velocity during the recovery
phase of the stroke. The unique ability to maintain veloc-
ity during her arm and leg recovery enabled swimmer A
to achieve a higher average velocity than swimmer B. This
graphic information provides the opportunity to examine
swimmer A’s technique to identify the stroke
characteristics that enable her to minimize the velocity
changes during this recovery phase of the stroke.

This small decline in velocity during the arm and leg
recovery phase is not consistently observed in the fastest



VIDEO-COMPUTER ASSISTED ANALYSIS OF SWIMMING T ECHNIQUE 7

Figure 2, [lustration of the video and graphic outputs from the computer as displayed on the video monitor.

swimmers. Video recordings of U.S. National team swim-
mers revealed that most of the best breaststroke swim-
mers’ velocities dropped to nearly zero during the arm
and leg recovery phase of the stroke. As iilustrated in
Figure 4, the swimmer’s peak velocities during the kick
and arm pull reached values above 2.0 m/sec, some of
the highest values recorded for any of the elite female
swimmers. This system is also effective in assessing veloc-
ity curves in the other competitive strokes and to examine
the intracyclic variations in the stroke. Figure 5 presents
the graphic patterns of forward velocity for world record
holders in sprint front crawl, butterfly and backstroke.
Qur preliminary data suggest that the peak velocities
generated during the strokes are a function of muscular
strength and power, whereas the mean velocity achieved
during the stroke is the combined result of swimming
power and the intracyclic timing of the arm and leg ac-
tions. In the breaststroke, for example, the duration of
the glide between the kick and arm pull, and the time
spent during the arm and leg recovery are inversely related
to the swimmers mean velocity.

These individual variations in stroke velocity are also
characterized by observable differences in stroke
mechanics. Strengths and weaknesses in the swimmer’s
technique are easily associated with variations in forward
velocity as measured by the video-computer system. This
system provides equally valuable information for stroke
analysis during front crawl, backstroke, and butterfly
swimming (Figure 5).

It seems that the primary value of this technology will
be to help swimmers and coaches identify stroke deficien-
cies and to provide immediate feedback to improve the
swimmer’s skill. We have initially used this technology
to teach and improve breaststroke mechanics. Figure 6
shows the forward velocity curves for a masters swim-
mer (age 31 yr) who was studied before and after modi-
fying his breaststroke technigue. In the bottom panel of
this figure (Before Modification) you will note that there
is a long delay and loss in velocity between the kick and
arm actions. As a consequence, the peak velocity attained
during the arm pull is markedly lower than the peak at-
tained during the kicking phase of the stroke. This delay
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Figure 3. A comparison of the swimming velocity curves for two female breaststroke swimmers. Swimmer A had a previous best of 1 min 3 sec
for 100 yd (91.4 m} breasisiroke, whereas swimmer B had a best of 1 min 12 sec.

between the leg and arm actions appears to be responsi-
ble for the lower velocity achieved during the arm pull.
To remedy this problem the swimmer was instructed to
recover the hands forward and outward, thereby posi-
tioning the hands at the point of the catch sooner. This
eliminates the delay that results when the arms are ex-
tended completely before moving from the midline to the
catch position. Thus, after modifying the stroke the swim-
mer attained a peak velocity with the arms that was equal
to or greater than that achieved during the kick. This

VE VELQCITY: m/
A/PULL
2.0
)
Q
8 1.5
E
> 1.0
b
8
BJJ 6.5
L RECOVERY
0.0

Figure 4. Graphic Hlustration of the velocity curve for a world class
female breaststroke swimmer {J. Hau)}.

resulted in an increase in the average stroke velocity from
0.95 m/sec (Before Modification) to 1.12 m/sec (After
Modification). This change in stroke mechanics improved
the swimmer’s best time for 100 yd breaststroke from 1
min to 13 sec to 1 min 10.8 sec.

Some question has been raised concerning the validity
of the forward velocity measurements with respect to
changes in the velocity of the center of mass.
Measurements of these two velocities during front crawi
and backstroke swimming revealed no significant dif-
ferences during any phase of the stroke cycles. There are,
however, phases of the breast and butterily strokes that
show significant differences in the velocities of the hip
and center of mass. In breaststroke, for example, the for-
ward and rearward movements of the arms and legs cause
some variation in the forward and center of mass
velocities, which are illustrated in Figure 7. The resultant
correlation between these two velocities during one com-
plete breaststroke cycle was 0.80. From a practical point
of view, however, these differences are of little value to
the coach and swimmer who are concerned primarily with
the interpretation of the actions of the arms and legs in
gross forward movement of the body.

At present we are attempting to validate the video-
computer velocity measurements by comparing intracyclic
variations with swimming efficiency (i.e. oxygen uptake)
and distance per stroke. This information will enable us
to determine which velocity patterns and cyclic rhythms
are most effective.
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Figure 5. Graphic illustration of the velacity curves for three world class
swimmers.,
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Abstract

The purpose of the study was to determine the relationship between the forward velocity of the hip and the forward
velocity of the center of gravity. Eighteen members of the 1984 Olympic Swimming Team were filmed from underneath
at 64 frames per second while performing the four competitive strokes at race pace. Every second frame of one com-
plete stroke cycle was digitized. One film trail was digitized ten times to determine the reliability of the digitizing pro-
cedures. Velocity curves for the hip and center of gravity were analyzed and Product-moment correltions calculated
to determine the relationship between the two variables. Critical ratios were calculated to determine significant dif-
feences between the reliability coefficients and the r’s for the hip and center of gravity velocities. Reliability coeffi-
cients ranged from .89 to .96, with an average of .91. Significant relationships existed between the velocities of the
hip and center of gravity for the breaststrokers (.81 to .90), butterflvers (.91 to .98), freestylers (.86 to .96}, and jor
nine of ten backstrokers (.63 to .94). Critical ratio tests were insignificant for all but five backstroke swimmers. These
results warranted the following conclusions: 1) the forward velocity of the hip can be used as a tool for diagnosing
problems within stroke cycies, 2) the center of the body at the hip rather than the side of the hip should be used in
these studies, and 3) hip velocity is not an accurate measure of true swimming velocity.

Intreduction this, the interval between data collection and communica-
tion of results to the swimmers is several hours. These

Researchers and coaches are constantly searching for long delays reduce the effectiveness of communication.
more accurate methods to diagnose the propulsive effi- Miyashita (10) presented a simplified method for diag-
ciency of competitive swimmers. At present the most ac- nosing propulsive efficiency in 1970. It was based on
curate method involves plotting the forward velocities of measuring fluctuations in the forward velocity of the hip
swimmers’ centers of gravity. A coach or researcher can when swimmers were partially tethered to a recording
feel confident that a swimmer is losing propulsive force device. Since the center of gravity is located in the hip
during a certain phase of his/her stroke when these curves region, it was suggested that the forward movements of
exhibit either large decelerations of forward velocity or swimmers’ hips might provide an estimate of fluctuations
when accelerations of forward velocity are not as great in forward velocity that is accurate enough for diagnostic
as would be expected. Unfortunately, plotting the center purposes. The advantage of using the hip for diagnostic
of gravity is complex and time consuming. Because of purposes is obvious. If the forward velocity of the swim-

11 ISSN: D747-5993
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mers’ hips and the forward velocity of their centers of
gravity showed a high relationship, it would be necessary
to digitize only one landmark instead of the twenty-one
landmarks generally required to calculate the position of
the center of gravity. As a result, the interval of time be-
tween data collection and communication of the resuits
would be greatly reduced. Unfortunately, the relation-
ship between the forward velocity of the hip and center
of gravity has never been determined for competitive
swimmers.

There is a great need for a less complicated and less
time-consuming method to help in evaluating siroke ef-
ficiency. If a method could be devised to simplify the pro-
cess of calculating forward velocity, the coach, swimmer,
or researcher would have the ability to detect and evaluate
decreases in propulsive efficiency in a more practical and
efficient manner. With a simplifed method, the coach
could manitor the swimmer’s stroke mechanics on a more
frequent basis. This would assure constant and proper
modification of the swimmer’s siroke defects. In addi-
tion, deficient stroke mechanics that would otherwise go
unchanged or undetected could not be evaluated and cor-
rected. Therefore, the purpose of this study was to deter-
mine the relationship between swimmers’ forward hip
velocity and the forward velocity of their centers of gravi-
ty during one stroke cycle.

Methodology

The investigation was limited to analyses of the four
competitive strokes (butterfly, backstroke, breaststroke,
and freestyle) performed by eighteen male and female
members of the 1984 United States Olympic Swimming
Team. The ages of the subjects ranged from seventeen
to twenty-four years.

All testing took place at the Mission Viejo Swimming

Center of June 12, 1984, two weeks prior to the 1984 .

Olympic Games. The pool was a regulation fifty meters
by twenty five yards with a depth from six to twelve feet.
A Redlake Locam 16mm, DC motor driven movie camera
was placed in a plastic underwater housing and interfaced
to a switch box that could be operated from the pool
deck. The camera was secured by weighis to the bottom
of the pool twelve feet below the surface. It was leveled
and positioned so that it faced directly up. The film speed
was set at sixty-four frames per second.

Each subject swam the length of the pool at competi-
tion speeds, passing directly over the camera in the pro-
cess. A stop watch was used to insure proper speed. The
trial was repeated if not swum at the correct speed. Each
swimmer performed at least three trials using his/her
specialty stroke. Filming began just before the swimmer
passed directly over the camera to insure a complete view
of the stroke.

Acceptable trials for analysis were those in which the

entire body could be viewed throughout a complete stroke
cycle. Ten trials were selected for each stroke. A total
of forty trials were analyzed in all.

The selected trials were projected by an Eki Motion
Analyzer on a smooth white paper fastened to a wall. A
vertically suspended Numonics digitizer interfaced to the
California State University Chico computer was used to
collect data. One complete stroke cycle was digitized for
each subject in the butterfly and breaststroke trials, One
complete underwater stroke of either the right or left arm
was digitized for each subject in the freestyle and
backstroke trials. For butterflyers, digitizing commenced
as the swimmers’ hands were seen entering the water to
begin a stroke cycle and continued until the hands were
seen enfering the water to begin the next cycle. In
breaststroke, digitizing commenced when the swimmers’
hands began separating to start the propulsive phases of
the armstroke and continued until the arms returned to
the same position to begin the next stroke cycle. For
freestyle and backstroke, digitizing commenced when the
hand was seen entering the water to begin an underwater
armstroke and continued until that hand left the water,
Every second frame was digitized. The position of twenty
segmental endpoints and a reference point were determin-
ed in each digitized frame. The points selected for analysis
were digitized in the following order: 1} oip of right mid-
dle finger, 2) right wrist, 3) right elbow, 4) acromion pro-
cess of right shoulder, 5) acromion process of left
shoulder, 6) left elbow, 7) left wrist, 8) tip of left middie
finger, 9) tip of right big toe, 10) right ankle, 11} right
knee, 12) right hip, 13) left hip, 14) left knee, 15) left
ankle, 16) tip of left big toe, 17) right ear, 18) sternum,
19) crotch, 20) top of head, 21) and reference point.

The digitized data was then analyzed by the computer
program JFILMB. This program calculated the position
of the center of gravity of the body as well as the velocities
of that point and each of the twenty-one points required
for the center of gravity calculation. Center of gravity
calculations were based on Dempster’s data (1}.

A film trial for one swimmer was digitized ten times
in order to determine the reliability of the digitizing pro-
cess. Reliability was established by correlating the for-
ward velacity of the center of gravity on the first trial
with the velocity patterns of the center of gravity for the
additional nine trials.

The forward velocity curves for the hip and center of
gravity for each subject were then graphed to illustrate
the relationship between the two in each of the four com-
petitive strokes. The forward velocity of the swimmers’
crotch, rather than the hip, was used in the backstroke
and freestyle graphs when it was determined that digitiz-
ing the outer portion of one hip introduced error into
these relationships. Graphs were examined to determine
at which points during the stroke cycles the two velocities
differed. Product moment correlation coefficients were
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also calculated between the two variables for each sub-
ject. These were interpreted at the .01 level of
significance.

Critical ratios were calculated to determine if signifi-
cant differences existed between the reliability coefficients
and the coefficients calculated for the hip and center of
gravity. The correlation coefficients were first converted
to Fisher’s Z functions. The significance of the difference
between the Z’s was then determined. A critical ratio of
2.54 was significant at the .01 level and a critical ratio
of 1.96 was significant at the .05 level.

Findings

Reliability of Digitizing Procedures

Table 1 includes the reliability coefficients determined
from digitizing the same trial of a subject’s freestyle ten
times. The velocity of the center of gravity during one
underwater armstroke was calculated for each of the ten
sets of digitized data. The velocity curve [rom the first
digitized trial was then correlated with each of the nine
subsequent trials. These correlations ranged from .89 to
.96 with the average being .91. All of the coefficients were
significant beyond the .01 level of confidence.

Relationship Between the Forward Velocity of the Hip
and the Forward Velocity of the Center of Gravity in
the Breasistroke

Table 2 contains a summary of the relationship bet-
ween the forward velocity of the center of gravity and
the forward velocity of the hip for each of the ten
breaststroke swimmers. These correlations ranged from
.81 to .90. The average was .87. Al of these coefficients
were significant beyond the .01 level of confidence.

An important finding in these comparisons and com-
parisons within other competitive strokes was that ac-
celerations and decelerations of the hip velocity closely
paralleled those of the center of gravity in all phases of
the stroke cycle. In no case did one decelerate when the
other was accelerating and vice versa. It is also impor-

Table 1. Reliability Coefficients for
Digitizing One Trial Ten Times.

Trials Correlation Coefficient
1vs, 2 L90*
1 vs. 3 92*
1vs. 4 .90
Tvs 5 90
fvs. B .85
1vs. 7 93
1vs. 8 .50*
1vs. § o6t
1 vs, 10 91

* Significant at the .01 level of confidence

Table 2. Correlation Coefficients for Hip and Center of
Gravity Velocities For Breaststroke Swimimers

Subject Number of Points Correlation
1 34 .90
2 31 B5*
3 34 85*
4 43 81
5 44 .89*
6 34 8o*
7 31 .89
8 39 87+
9 42 .87*

10 38 .88*

* Significant at the .01 level of confidence

tant to note, however, that these fluctuations did not pro-
duce identical velocities nor did they occur at exactly the
same moments in the stroke cycles. These similarities and
differences are illustrated by the graph in Figure 1 and
are described in the following paragraphs.

The velocities of both the hip and center of gravity ac-
celerated during the propulsive phases of the armstroke.
The velocity of the hip tended to accelerate more rapidly
and reached a higher velocity during this phase. Velocity
peaks for the hip also developed slightly before those of
the center of gravity during this phase of the armstroke.

Both the hip and the center of gravity showed a large
decrease in velocity during the recovery of the arms and
legs. However, the center of gravity decelerated less than
the hip. In addition, the deceleration was more gradual
with the lowest velocity reached slightly after it was
reached by the hip.

arm and
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Figure 1. Typical velocity graph for a breaksiroke swimmer.
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Table 3. Correlation Coefficients for Hip and Center of
Grafity Velocities For Butterfly Swimmers

Subject Number of Points Correlation
1 24 .92
2 24 .98*
3 23 .54*
4 25 g7
5 i3 95+
6 28 93+
7 34 .98
8 28 o7
9 25 52*

10 27 91+

* Significant at the .0i level of confidence

During the outsweep of the kick the velocity of the hip
accelerated more rapidly and to a greater value than the
velocity of the center of gravity. Both the hip and center
of gravity decelerated to nearly the same velocity during
the insweep of the kick and remained approximately equal
until the beginning of the next stroke cycle.

Relationship Between the Forward Velocity of the Hip
and the Forward Velocity of the Center of Gravity in
the Butterfly

A summary of the correlation coefficients which in-
dicate the relationship between the forward velocity of
the center of gravity and the forward velocity of the hip
for the ten butterfly swinumers appears in Table 3. The
correlation coefficients ranged from .91 to .98, The
average was .95, All of the coefficients were significant
beyond the .01 level of confidence.
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Figure 2. Typical velocity graph for a butterfly swimmer.

Once again, accelerations and decelerations of forward
hip velocity and the forward velocity of the center of
gravity paralleled one amother in all of the subjects
studied. However, as in the breaststroke, there were dif-
ferences in the rates of fluctuation of the hips and centers
of gravity as well as differences in the values attained by
the two measures of forward velocity. The graph depicted
in Figure 2 is representative of the similarities and dif-
ferences observed among the subjects in this stroke.

Both the hip and center of gravity accelerated during
the arm entry and downbeat of the first kick. This was
followed by a deceleration of both during the outsweep
portion of the armstroke. Although the patterns of the
curves were similar, the forward velocity of the center
of gravity was higher than the forward velocity of the
hip during this phrase of the armstroke.

During the insweep and upsweep, both the center of
gravity and hip accelerated markedly for all subjects. Dur-
ing the insweep the center of gravity tended to accelerate
somewhat more rapidly than the hip. The reverse was true
during the upsweep, with the velocity of the hip ac-
celerating more rapidly and reaching a greater peak
velocity than the center of gravity.

The forward velocities of both the hip and center of
gravity decelerated during the arm recovery. The hip
generally decelerated more rapidly than the ceater of
gravity and reached a lower velocity.

Relationship Between the Forward Velocity of the Hip
and The Forward Velocity of the Center of Gravity in
the Freestyle

The correlation coefficients which show the relation-
ship between the forward velocity of the hip and the for-
ward velocity of the center of gravity for freestyle swim-
mers appear in Table 4. These relationships ranged from
.86 to .96. The average coefficient was .87, All of these
coefficients achieved a leve! of significance beyond .01.

The velocity curves for both the hip and center of grav-
ity showed similar patterns of acceleration and decelera-

Table 4. Correlation Coefficients for Hip and Center of
Gravity Velocities for Freestyle Swimmers

Subject Number of Points Correlation
H 25 90*
2 20 Be*
3 22 B8
4 25 Bg»
3 26 56*
6 24 50*
7 24 .86*
8 27 R-¥h
9 27 .85+

10 20 .B8*

* Significant at the .01 level of confidence
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Figure 3. Typical velocity graph for a freestyle swimmer.

tion for nine of the ten subjects. The graph in Figure 3
is typical of the velocity patterns exhibited by those
subjects.

Both the hip and center of gravity decelerated for all
subjects during the downsweep of the freestyle. The hip
decelerated much more rapidly and reached a lower
velocity than did the center of gravity. Both the hip and
center of gravity accelerated during the insweep that
followed.

Both the hip and center of gravity accelerated during
the upsweep portion of the stroke. The hip generally
reached a slightly higher peak velocity than that reached
by the center of gravity. Both the center of gravity and
the hip decelerated as the subjects hands exited from the
water.
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Figure 4. ‘Typical velocity graph for a backstroke swinmmer.

Table 5. Correlation Coefficients for Hip and Center of
Gravity Velocities For Backstroke Swimmers

Subject Number of Points Correlation

1 23 87*

2 22 6T @
3 25 94

4 22 L@
5 27 82*

6 22 £H31*@
7 20 JI5*

8 19 64*¥@
2 22 03 @
10 23 .B5*

* Significant at the .01 level of confidence
@ Significantly different from reliability coefficients

As indicated previously, one subject did not foliow the
typical pattern. In that case, the forward velocity of the
center of gravity accelerated during the insweep of the
armstroke while the forward velocity of the hip
decelerated. This subject followed the same pattern as the
other nine swimmers during the upsweep and exit.

Relationship Between the Forward Velocity of the Hip
and the Forward Velocity of the Center of Gravity in
the Backstroke

The relationships between the forward velocity patterns
of the hip and center of gravity for each of the ten
backstroke swimmers appear in Table 5. The correlation
coefficients ranged from .03 to .94. The average relation-
ship was .69, with ail but one correlation being greater
than .63. All of the coefficients except the .03 were signifi-
cant beyond the .01 level of confidence.

The greatest number of differences in the forward
velocity curves of the hip and center of gravity were
observed in this stroke. Fluctuations paralleled omne
another in only 6 of 10 subjects.

The graph in Figure 4 shows a typical velocity pattern
for the hip and center of gravity for the six subjects. Both
the hip and center of gravity decelerated during the entry
and initia} downsweep. The hip and center of gravity ac-
celerated during the upsweep portion of the arm stroke.
The hip generally reached a greater peak velocity than
did the center of gravity. The velocities of both the hip
and center of gravity decelerated slightly during the transi-
tion from the upsweep to the final downsweep. This was
followed by an acceleration of both the hip and center
of gravity. The hip generally reached a higher velocity
than the center of gravity. The velocity of both the hip
and the center of gravity decelerated as the swimmers’
hands left the water.

The remaining four subjects followed the pattern de-
picted in Figure 4 during the initial downsweep and
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upsweep portions of the underwater armstroke, However,
certain differences were observed during the final
downsweep of the armstroke. In three subjects the hip
accelerated while the center of gravity decelerated just
after the final downsweep was completed and the swim-
mers were bringing their hands toward the surface. The
reverse occurred with the fourth swimmer. The center of
gravity accelerated while the hip decelerated during the
middle of the final downsweep.

Discussion

In the first portion of this study the reliability of the
digitizing process was compared to the correlations be-
tween the hip and center of gravity. The digitizing pro-
cess required that the authors manually determine the
location of various body parts. This was not an easy pro-
cess. Water turbulence and lack of clarity in underwater
motion pictures versus films taken on land made those
body parts difficult to locate. Thus, a certain amount of
error was inherent in the human digitizing process. There-
fore, it was important to determine the reliability of this
process before comparing the forward velocities of the
swimmers’ centers of gravity to the forward velocities of
their hips. This was done by digitizing the same trial ten
times and calculating correlation coefficients for the rela-
tionship between the velocity of the center of gravity of
the first trial and each subsequent trial. It was assumed
that correlation coefficients between velocity curves for
the hip and center of gravity which were significantly
lower than those established from digitizing one trial ten
times would indicate a lack of agreement between the two
measures of forward velocity.

Results indicated that, for three of the four competitive
strokes, the reliability coefficients were not significantly
different from the coefficients for the velocity curves of
the hip and center of gravity. Those sirokes were the
breastsiroke, butterfly and freestyle. The only differences
were noted among the backstroke subjects. Even in that
group, there were no significant differences between the
reliability coefficients and the correlation coefficients for
the hip and center of gravity for five of the ten subjects.
Of the remaining five, four were significantly different
at the .03 level while the coefficient for the tenth subject
was significantly different at the .01 level.

The reason that coefficients for five of the ten back-
stroke swimmers were significantly different from the
reliability coefficients is probably due to difficulties en-
countered when digitizing subiects in this stroke. There
is usually more turbulence around backstrokers’ bodies
than is present among swimmers in the other strokes.
These five cases do not negate the usefulness of forward
hip velocity for diagnosing stroke mechanics. It is
reiterated that 35 of the 40 trials for all competitive
sirokes were not significantly different from the reliability

measures. 1n addition, the correlation coefficients be-
tween velocity curves for the hip and center of gravity
were significant for nine of the ten backstroke swimmers
studied.

Fluctuations in the forward velocity curves of the hip
and center of gravity were compared in the second part
of this study. A high positive relationship was found in
39 of 40 comparisons. In addition, both usually followed
similar patterns of acceleration and deceleration during
the stroke cycle in all four competitive strokes. This was
true in 34 of 40 subjects studied. Four of the six subjects
who did not show similar patterns of velocity fluctuation
between the hip and center of gravity were backstrokers.
Of the remaining two cases one occurred among the ten
subjects in the butterfly and the other among the ten sub-
jects in the freestyle. There were no fluctuation dif-
ferences noted among the ten breastsirokers.

It is aiso important to point out that when differences
in the directions of these fluctuations occurred they were
never evident in more than one phase of the armstroke.
This small nurnber of differences probably represented
human error in the digitizing process rather than actual
differences in the velocity patterns of the hip and center
of gravity for these subjects.

Coaches who intend to use this method should be aware
that there are iimitations to using the hip as a measure
of forward velocity. The values will not accurately reflect
the swimmers' true velocity. Although the hip and center
of gravity followed similar patterns of acceleration and
deceleration, the values reached were different during
most phases of the stroke cycle. The coach must be
careful te compare only hip velocities when attempting
to determine when the amounts of acceleration or
deceleration represent a problem within a stroke cycle.
For example, if the hip velocity of one breaststroke swim-
mer was compared to the velocity of the center of gravi-
ty of another the coach might mistakenly assume that the
former swimmer had a more propulsive armstroke than
the latter. More importantly, the coach might mistaken-
ly conclude that the former swimuner was decelerating too
rapidly during the arm and leg recovery. This could,
perhaps, cause the coach to miss a real stroke problem
in the armstroke of the former swimmer while attempt-
ing to correct a problem in the recovery that did not exist.

The authors wouid like to mention one additional
source of error that could occur when using the hip as
a diagnostic tool. The velocity patterns of the hip and
the center of gravity will exhibit greater differences if the
lateral side of the hip, rather than the center of the body
at the hip, is used as a landmark when studying the free-
style and backstroke. That source of error was discovered
by accident during the course of this study. Intially, the
side of the hip closest to the camera was used to calculate
hip velocity. Using this procedure, ali 10 subjets in the
backstroke portion of this study exhibited correlation
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coefficients between the velocity of the hip and center of
gravity that were lower than .77. Most were in the range
of .20 to .60. The results were not quite so divergent in
the freestyle. Nevertheless, five of the subjects had coef-
ficients that were below .80. It was theorized that the low
coefficients in these two strokes might result from swim-
mers coming out of alignment during certain portions of
the stroke cycle, forcing the side of the hip that was be-
ing digitized forward or backward relative to the other
side. 1t is well known that the lateral alienment of swim-
mers is easily distrubed in the freestyle and backstroke
where alternating arm motions are used. It was decided,
therefore, to plot the forward velocity of the crotch and
compare that to the forward velocity of the center of
gravity in these two strokes. This was done because the
location of the crotch most closely approximated the
center of the hip and would be less inclined to be pulled
out of alignment by the alternating action of the arms.

When these two were compared the coefficients for
freestyle swimmers improved markedly with none
calculated 1o be lower than .86. The coefficients for back-
stroke swimmers also improved with only one lower than
.63. These results together with inaccuracies inherent in
the digitizing process suggest that a measuring device at-
tached to the swimmers's hips or to some other part of
the trunk might be a more accurate method for diagnos-
ing stroke defects. This device should not restrict swim-
ming speed since it has been shown that tethered and par-
tially tethered swimming cause athletes to change their
siroke mechanics (7).

Conclusions

The results of this study warrant the following
conclusions:

1. The forward velocity of the hip can be used as a
tool for diagnosing problems within stroke cycles because
the velocities of the hip and center of gravity follow
simiiar patterns in the four competitive strokes. The rela-
tionship is very high in the breaststroke, butterfly and
freestyle. The relationship in the backstroke is also good
although it is not as high as in the other strokes.

2. Hip velocity is not an accurate measure of true
swimming velocity. Although the hip and center of gravi-
ty tended to accelerate and decelerate at nearly the same
time, the center of gravity, which is accepted as an ac-

curate measure of swimming velocity, tends to reach dif-
ferent values ar various points in the stroke cycle.

3. The center of the body at the hip, rather than the
side of the hip, should be used to calculate velocity when
digitizing is used to measure fluctuations within a freestyle
or backstroke cycle. In strokes where the arms move alter-
nately, the side of the hip may be pulled out of align-
ment by the arm movements and appear to be accelerating
or decelerating more so than the center of the body.
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In striving to produce excellence, swim coaches have
employed many different methods of testing, ranging
from general strength tests to specific in-water tests. In
recent years tests that simulate swimming motions such
as the dry-land Biokinetic Swim Bench have been used.
This type of test is advantageous because, to some ex-
tent, it simulates the freestyle motion. Sharp and col-
leagues {7} agreed that, while it does simulate the freestyle
motion, it does not exactly mimic the pull during freestyle
swimming. One of the weaknesses of this type of testing
is that the Biokinetic Swim Bench measures only arm and
shoulder girdle strength and excludes any contribution
made by the legs. It also fails to measure any lateral or
vertical stroking movements nor are test results influenced
by other factors important in swimming such as body
position and swim technique.

The most specific form of testing in swimming is tethered
swimming. Montpetit {(4) and Hopper, Hadley, and Bam-
bauer (2) found that tethered swimming and free swim-
ming were not markedly different; except that the load
placed on the upper extremities in tethered swimming was
much greater than during free swimming. The biggest ad-
vantage of this type of testing is believed to be its specificity
to actual freestyle stroke mechanics. Hopper, et al. (2)
showed a correlation between dry-land testing and sprint
speed of r = —.71 while ““in-water testing” (tethered
swimming) showed a higher correlation of r = - .85 with
sprint speed. Costill, King, Holdren, and Hargreaves (1)
reported similar findings; that is, a poorer correlation be-
tween dry-land tests associated with the Biokinetic Swim
Bench and sprint performance (r = .62) than between
a power swim and sprint performance {(r = .84). These
results suggest that it is possible for moderately or poor-
ly skilled swimmers to score high in dry-land testing but
not during in-water testing, indicating lower specificity
of dry-land testing. Montpetit (4) agreed with this and
suggested that swimmers might best train for power by
using specific exercises that take advantage of proper
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stroke mechanics in the water. Sharp and Costill (6) fur-
ther suggest that coaches should be interested in *‘measur-
ing and training force capability during a dynamic ac-
tion that most closely copies the movement of actual
swimming’” (p.42).

Many swim distances have been examined for their
relationship with sprint performance, but most studies
have utilized distances of 50 meters or more to measure
sprint speed (2,4,5). At these distances, times are greater
than 20 to 30 seconds and may reflect average velocity
rather than maximum swim velocity.

The Purpose of the Study

The review of the literature suggested a study was
needed to compare a tethered swimming test of stroking
force with a test of maximum sprint speed at a distance
where maximum speed was more likely to be attained and
maintained. The purpose of this study was to examine
the relationship of maximum stroking force exerted by
an individual during tethered swimiming and speed attain-
ed during a 25-yard freestyle sprint.

Method

Subjects for this study consisted of 3% competitive
swimmers who were members of an aquatic club; 24 male
and 15 female members of the senior swim group
volunteered to participate in this study. They ranged in
age from 14 to 20 vears. They were asked to participate
only in their normal training program while the stucly was
being conducted. Informed consents were obtained from
gach subject prior to initiation of the experiment.

Maximum voluntary stroking force (MSF) was
measured with the Hencken Digiswim Swim Guage. A
memory switch was installed in the apparatus so that the
highest force the swimmer preduced during the test was
recorded. The swimmer was placed in the water in a
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horizontal postion perpendicular to the side of the pool
with a leather or velero harness fastened at the waist and
attached to a cable. The other end of the cable was at-
tached to the swim guage which was connected to the poal
side so that force was exerted at a 90 degree angle to the
pool side and the cable was parallel with the water. The
swimmer then swam away from the guage and the force
that she/he applied to the cable registered on the readout
of a strain guage. The Caldwell test regimen used in this
study has been used previously as a procedure to measure
maximum siroking force in the water (3,4). In this
regimen, after a build-up phase of no more than 2
seconds, the subject was required to maintain a steady
maximal exertion for at least 3 seconds. The highest force
was recorded as the subject’s score. Each subject per-
formed two practice trials to assure familiarity with the
test procedure and equipment. These trials were followed
by two experimental trials in which maximum force was
measured. {f the results of these two trials showed a dif-
ference of less than 5%, the higher of the two scores was
accepted as the MSF. If, however, the difference between
the two trials was greater than 5%, a third trial was taken
and the higher of the two trials with less than 5% dif-
ference was considered MSF. Each subject was give no
less than 2 minutes rest between trials.

To measure maximal sprint speed (MSS) each subject
swam two 25-yard freestyle sprints as fast as possible. The
subject began with an in-water start and was timed by
three skilled testers using stopwatches that were capable
of timing to .01 of a second. The watches were started
at the instant the subject’s feet broke contact with the
wall and were stopped when her/his hand touched at the
finish (7). If the difference between the first two sprints
was greater than 5%, a third trial was given; the higher
of the two trials with less than 5% difference was con-
sidered MSS. Each subject rested for at least 2 minutes
between each sprint; this allowed sufficient rest to sup-
port a second maximal effort.

There were no less than 4, and no more than 7, days
between MSF and MSS tests. All subjects warmed up
prior to each of the test conditions and were given stan-
dard verbal instructions on how to perform each test.
Pearson Product Moment Correlations were used to
determine the relationship beween MSF and MSS. Two
t-tests were performed to determine if there were signifi-
cant differences between men and women with regard o
MSF and MSS.

Results

The results of this study are reported in Table 1. Signifi-
cant correlations were noted between MSF and MSS for
males (r = —0.685, p < .005) and for females
(r = -0.576, p < .01). Significant differences between
men and women for MSF (¢ = 6.67, p < .001) and MSS
(t = B.62, p < .01) were also noted.

Table 1

Pearson Product Moment Correlation Coefficient (r) between
Maximum Voluntary Force (MSF) and Maximum 25-yvard
Freestyle Sprint Speed (MSS)

MSF MSS ¥ p
(ibs} (sec)

Men 24 793 (12.6) 11.43 (.48) -0.685 <.005
Women 15 54.9 (8.0) 12.78 (48) -0.576 <.0t

Piscussion

The data of our study supports that of previcus studies
(1,2,4), suggesting that sprint speed is related to the strok-
ing force a swimmer can generate. This information may
prove helpful to swim coaches. Using a test of power or
maximuin stroking force a coach could gather data in-
dicating whether an individual would be a promising
sprinter. The significant correlation between MSF and
MSS also suggests that, to improve an individual’s max-
imum sprint speed, she/he must improve maximum strok-
ing force.

The significant negative correlations between MSF and
MSS for both males and females suggest that, while there
may not be a cause and effect relationship, testing MSF
could be used to assess training changes. In a study by
Montpetit (4), MSF was tested and compared to swimming
performance at various distances. The correlations be-
tween MSF and a maximal effort 50 meter swim were
found to range from ~ .61 to — .78 (coefficients were dif-
ferent for various age groups). For a 100 meter swim,
relationships of r = - .50 to —.77 were found and for
distances of 200 meters correlations ranged from - .35
to —.73. In almost all cases lower correlations were from
vounger siwmrmers while higher correlations came from
older elite swimmers. Costill, et al. {1} and Hopper, et
al. {2) reported stronger correlations between sprint per-
formance and force generated during tethered swimming
than the present siudy. Differences may have been due
to age differences of subjects and/or differences in the
method employed to measure MSE,

In this study, and Miyashita and Kanchisa (3), a differ-
ence existed between men’s and women’s test scores for
both MSF and MSS, with men’s scores being consistantly
higher than women’s. This was to be expected since young
adult males tend to be larger and usually have more imus-
cle mass, and therefore strength, than females of similar
age. These differences would provide the males with more
muscle and strength for stronger stroking and could ac-
count for the higher correlation (r = —.83) between MSS
and MSF for the total sample.

Our results, combined with the results of others (1,2,4),
suggest that in-water testing may be a valuable tool for
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coaching swimmers. The correlational evidence available
suggests that this might be more valuable than testing on
a Biokinetic Swim Bench since it allows for the measure-
ment of maximum or peak forces generated when using
the entire stroke (pulling and kicking) rather than being
limited to measuring forces generated by arms only. It
also allows the coach to measure the parts of the stroke,
pulling or kicking, separately if desired. When initial ex-
pense is considered, the desirability of tethered swimming
may be enhanced.

Before either type of testing (dry-land or tethered) can
be used for accurate predictions more testing needs to be
completed, norms need to be established, and guidelines
determined for assessing sprinters and distance swimmers.
In the meantime, a tethered swimrming test for MSF may
be used to evaluate, monitor, and adjust {raining pro-
grams (i.e., improved MSF might indicate improved
stroking Force and a need to adjust the training intensity).
It might also be used as an indicator of fatigue or over-
training in swimmers (i.e., decremented MSF might in-
dicate fatigue, acute or chronic). In addition, it might be

used to motivate or provide variety and novelty in a train-
ing program.
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Abstract

It is shown that a swimmer’s feedback control process is incompatible with stroke instruction expressed in terms
of external motions (motions of swimmers® body parts relative to the pool), but that instructions expressed in terms
of internal motions {motions of body parts relative to each other) are effective. Data taken from underwater film
of an Olyvmpic gold medalist freestyler are used to shaw that the path of the swimmer’s hand relaiive to his torso
is substantiaily different from the path of the hand in a pool-fixed reference frame, and an algorithm is provided
for calculating coordinates of points in a torso-fixed reference frame in terms of the coordinates of the same points

in the pool-fixed frame.
Introduction

The purpose of this article is twofold. The first is to
bring to light a major congceptual flaw underlying the way
many swimming coaches teach stroke mechanics; the sec-
ond is to provide the information necessary to remedy
this flaw.

At the heart of the matter to be discussed is the fact
that swimming is a feedback control process. What does
this mean? A feedback control process is one whose ac-
tual output is sensed and compared with a desired out-
put; a sighal depending on the difference between the two
is “*fed back’’ to an actuator which alters the actual out-
put 50 4s to bring it closer to the desired one. A familiar
example of a system incorporating a feedback control
process is the autopilot on an airplare. The autopilot
senses the airplane’s actual heading, compares it with the
desired heading, and sends a signal to motors that move
the airplane’s control surfaces 50 as to drive to zero the
difference between the actual heading and the desired
heading.

Swimming is this sort of process. In swimming, four
main sensory centers are used to provide feedback infor-
mation: the eyes, which help the swimmer swim in a
straight line and execute turns; the balance sensors in the
inner ear, which help the swimmer to sense the directions
of up and down; the pressure sensors on the hands and
feet, which help the swimmer maintain a good *‘grip”

2zl

on the water; and the sensors in the muscles that detect
how the various body paris are configured relative to each
other. Of these four, it is the last that plays a central role
in the execution of proper stroke motions. When a swim-
mer performs a stroke, the refative arrangement of the
swimmer’s hand, forearm, upper arm, forso, etc. is
sensed at each instant and is compared with the desired
relative arrangement. The swimmer’s muscles come into
play in an attempt to drive to zero the difference between
the actual relative arrangement of body parts and the
desired relative arrangement. The only step in the feed-
back process not yet accounted for is how the swimmer
knows at each point in the stroke what the ‘‘desired
relative arrangement of body parts’ is. This is what the
swimmer must learn from the coach.

All of this becomes clear when one reflects on one of
the most frustrating situations in the coaching of swim-
ming, namely, the one that arises when the coach gives
the swimmer an instruction intended to cause the swim-
mer to modify an improper stroke, whereupon the coach
is greeted with a blank stare of incomprehension from
the swimmer. All too frequently, this happens not as a
result of the swimmer’s inadequate intelligence, but
because the coach has given the swimmer an insiruction
that cannot be executed. What is it about such an instrue-
tion that renders it unexecutable? It is simply that the
coach is asking the swimmer to move a body part, such
as a hand, relative to the pool in a desired manner. Since,
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as was stated previously, the swimmer employs a feed-
back control process requiring knowledge of the desired
path of the hand refative to other body parts, such as the
swimmer's torso, the swimmer cannot carry out the
coach’s instruction. In other words, the swimmer must
have a correct stroke standard described to him in terms
of internal motiogs, that is, motions of body parts relative
to each other. How, then, do swimmers learn proper
stroke mechanics from coaches who give instructions in
conventional terms, that is, in terms of descriptions of
external motions? The answer is that a lengthy trial and
error process eventually leads to the swimmer’s discover-
ing the proper mechanics; and this process could be
shortened considerably by giving the swimmer better
instructions. :

A specific, if simple, example helps to clarify these
ideas. Figure la is a schematic representation of an
overhead view of a swimmer standing on a pool deck with
both of his arms held horizontally, parallel to the fron-
tal plane of his torso, and perpendicular to the pool wall
W to his right. The swimmer’s elbows are locked, and
the palms of his hands are facing forward. Since, as noted
previously, visual feedback is not a factor in the execu-
tion of swimming strokes, suppose that the swimmer is

a  m— O -—

go°

135°
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Figure 1. Exampie of ineffectiveness of external motions based coaching.
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wearing blacked out goggles, so that he cannot see
anything. Imagine now that the coach asks the swimmer
to rotate his right arm in a horizontal plane until the arm
is paratlel to W. This presents no difficulties for the swim-
mer, who easily performs the {ask, as shown in Figure
1b. Now the coach asks the swimmer to enter the water,
and, floating vertically, position himself refative to W as
in Figure 1a, temporarily peeking under his blacked out
goggles for this purpose. The coach then asks the swim-
mer to replace his goggles and to repeat the maneuver
he just performed while standing on the pool deck, that
is, to rotate his right arm in a horizontal plane until the
arm is parallel to W. The swimmer tries precisely what
worked for him on the pool deck, that is, a 90 degree
rotation of his arm relative to his torso, but, as a result
of forces exerted by his arm and the water on each other,
the swimmer ends up as shown in Figure lc, much to the
coach’s displeasure. Because the swimmer’s arm is not
parallel to W, the coach has the swimmer repesition
himself in accordance with Figure 1a as before, and then
tells him to try once more to rotate his right arm in a
horizontal plane until the arm is parallei to W. This time,
the swimmer makes a guess and tries rotating his arm
relative to his torso 110 degrees. Again this proves un-
satisfactory. After many more unsuccessful attemnpts, the
swimmer finally discovers that if he rotates his right arm
relative to his torso 135 degrees, his coach says, “You've
got it!”’ while gazing with great satisfaction at his swim-
mer who is now in the configuration shown in Figuare 1d,
his arm parallel to W. All of this painstaking coaching
effort would have been unnecessary had the coach in-
structed the swimmer at the outset to perform the infer-
nal motion of rotating his right arm 135 degrees refative
to his torse, instead of telling him to perform the exter-
ra! motion of rotating his arm 90 degrees relative to the
pool wall. Of course, the coach would have had to know
that the 135 degree internal motion does the job. More
about this presently. The coaching problems brought to
light in this simple example are compounded severely in
connection with instruction on real swimming technigues,
for here the arms undergo motions that are considerably
more complex than simple rotations with locked elbows.
Thus, it is even more crucial in real coaching situations
than in this example for coaches to instruct swimmers on
the subject of stroke mechanics in terms of internal rather
than external motions.

The internal motions principle is well known to
astronauts [see, e.g., (3), (4)]. Although astronauts do
have visual feedback, they have no water to push against
when they float freely in space. Yet they can achieve any
desired reorientation of their torsos relative to the stars
by moving their arms and legs relative to their torsos in
appropriate ways. What is relevant to swimming in this
regard s that rookie astronauts, who have never before
flown into space, but have been told during training how
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to perform the necessary internal motions, can perform
these reorientation maneuvers expertly on their first try
in orbit, Thus, there is a considerable body of evidence
demonstrating the efficacy of using instructions expressed
in terms of internal motion descriptions to teach humans
to perform desired external motions.

In recent years, it has become increasingly popuiar for
coaches to take underwater movies of champion swim-
mers [e.g., {1), {6)], and to use these to construct curves
showing the underwater hand paths of swimmers. These
curves then serve as the basis for detailed analyses of both
the kinematics-and-kinetics of arm motions in swimming
fe.g., (2}, (5), (7)]; and many coaches employ these curves
as instructional tools for swimmers, attempting to teach
stroke mechanics by having the swimmers try to move
their hands relative to the pool in accordance with the
curves. But this is equivalent to what happens in the ex-
ample considered previously (see Figure 1). Here a curve
constructed from an underwater movie showing the mo-
tion of the right arm in connection with the Figure 1d
maneuver would depict the arm rotating 90 degrees
relative to W. Thus, a swimmer who saw & movie-derived
curve of the hand path leading from the configuration
of Figure la to that of Figure 1d would arrive at the in-
correct configuration shown in Figure Ic when he at-
tempted to reproduce the curve with his own hand. In
contrast, a curve showing showing the 135 degree rota-
tion: of the arm relative to the torso, as depicted in Figure
1d, would lead the swimmer immediately to the Figure
1d configuration. What is needed, therefore, is a method
for converting external motion information, such as that
obtained from film, to internal motion information
directly usable by the coach on the pool deck. This is the
subject of the remainder of this article.

In what follows, the underwater path of a front crawl
swimmer’s fingertip relative to a set of pool-fixed axes
is compared with the same path as projected onto two
other sets of axes, one set translating relative to the pool
with the swimmer’s torso, but not rotating relative to the
pool, and the other set fixed in the swimmer’s torso. It
is shown that these paths all differ substantially from each
other, both quantitatively and qualitatively. Since the
details of strokes differ from swimmer to swimmer, even
among world class swimmers, the article concludes with
an appendix containing an algorithm for finding the coor-
dinates in torso-fixed axes of a point on a swimmer’s hand
during a front crawl arm pull when the coordinates in
pool-fixed axes are known.

Example

To discuss in a precise way the path traced by a point
on a swirnmer’s hand during the underwater portion of
the front crawl armstroke, it is helpful to introduce three
reference frames (see Figure 2) — the ‘‘pool frame" P,

Figure 2. Reference frames and coordinate axes.

attached rigidly to the swimming pool; a ‘“‘translating
frame” T that moves across the pool with the swimmer’s
torso, but does not change its orientation with respect
to P; and a ‘“‘body frame™ B, in which the swimmer’s
torso is fixed. Thus, T undergoes a purely translational
motion in P, while B perform solely a simple rotational
motion in T.

Three sets of orthogonal coordinate axes are of interest.
Fixed in P are axes XP, YP, and ZP, with the positive
XP auis pointing downward, the positive YP axis horizon-
tal and pointing from right to left in the swimmer when
the swinmer’s frontal plane is horizontal, and the positive
ZP axis peinting in the direction of motion of the swim-
mer. Axes XT, YT, and ZT are fixed in T and have the
same orientations and positive directions as XP, YP, and
2P, respectively, at all times; ZT and ZP are colinear.
Finally, axes XB, YB, and ZB are fixed in B, with XB
pointing in the direction of the outward normal to the
swimmer’s frontal plane, YB pointing from right to left
in the swimmer, and ZB parallel to ZP and ZT at all
times, and pointing in the direction of the swimmer’s
motion.

D denotes the distance from the XP—YP plane to the
XT—YT plane, and THETA. is the angle between XT and
XB (as well as the angle between YT and YB). Thus, D
is the distance the swimmer has moved across the pool
at a given instant, and THETA is the swimmer's roll angle
at the same instant. When D == 0, one can see from Figure
2 that XT is coincidental with XP, YT with YP, and ZT
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with ZP: and, when THETA = 0, it is seen that XB is
coincidental with XT, YB with YT, and ZB with ZT.

Figure 3 shows the projection, onto the YP—ZP piane,
of the path of the right middle fingertip traced by a male
Olympic freestyle gold medalist during one complete
underwater pull.’ On the curve, each point denoted by
a little square corresponds to one photographic frame in
a sequence taken at 66 frames per second. The entire pull
lasts 57 frames. The view in Figure 3 is from directly
ahove the swimmer, the vertical dashed line to the left
of the curve is the centerline of the swimmer’s body, and
the direction of motion of the swimmer is from the bot-
tom of the figure to the top. Note that point 37, cor-
responding to where the fingertip is at the end of the pull,
is actually ahead of point 1, corresponding to where the
fingertip is when the pull begins. It is well known that
this manifestation of stroke efficiency is prevalent in
world class swimmers.

When the same fingertip motion used to generate
Figure 3 is projected onto the YT—ZT axes (see Appen-
dix for details}, Figure 4 results. Here, as is expected, the
curve is longer than the one in Figure 3, since the finger-
tip now moves twice the length of the swimmer’s arm in
the negative ZT direction, whereas translation of the
swimmer’s torse resujted in an apparent shortening of
the curve along the ZP axjs in Figure 3. What may not
be expected, however, is what one finds when one com-
pares the portions of the two curves between points | and
32. In Figure 3, this portion of the curve corresponds
clearly to a forward motion of the fingertip, but in Figure
4, the portion of the curve between points 1 and 18 is
associated with almost no motion, and the portion be-
tween points 18 and 32 corresponds clearly to a backward
motion of the fingertip. Hence, based on Figures 3 and
4, what should a coach tell a swimmer to do? Should the
swimmer move his hand forward or backward in the
water during the portion of the stroke associated with
points 18 to 32?7 The resolution of this dilemma will be
provided later in the Conclusions section of this articie
in quite general terms, but first it will be shown that
failure to take a swimmer’s rolling motion into account
when attempting to analyze underwater movies of swim-
mers can lead to confusion just as severe as that arising
when the transiation of a swimmer’s torso in the water
is not taken into consideration.

Figure 5 shows the swimmer’s roll angle time history
cotrresponding to the fingertip motion discussed in con-
nection with Figures 3 and 4. It can be seen from the
figure that the stroke begins with the shoulder of the pull-
ing arm rolled downward about 20 degrees. By frame 19

1. The author wishes to thank Dr. Robert E. Schlethauf for generously
providing the data used directly to make Figures 3, 7, and 10, and
employed by the author in performing the computations underly-
ing Figures 4-6, 8-9, and 11,
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Figure 6. Frontal plane projection of fingertip pathin body-fixed axes.

the shoulder has rotated to its maximum angle of minus
45 degrees, near which it dwells until frame 36,
wherenpon the swirnmer rolls quite rapidly from about
minus 40 degrees to more than plus 50 degrees during
frames 36 through 57, this being the last third of the time
interval occupied by the pull. The swimmer moves
through positive roll angles only from frame 44 to frame
57, the last fourth of the pull interval. (This rapid body
rotation at the end of the pull is probably due to a large
moment about the swimmer's roll axis, applied at an in-
stant of time corresponding to frame 36 by forces exerted
on the swimmer’s hand by the water.)

When the values of THETA plotted in Figure 3 are
used in conjunction with the fingertip path coordinates
plotted in Figure 4 (see Appendix for details), Figure 6
results. This is the projection of the path of the swim-
mer’s fingertip onto the YB—ZB plane, the swimmer’s
frontal plane. Figure 6 differs significantly from Figures
3 and 4 in several respects. First, the initial portion of
the curve in Figure 6 reveals a much wider excursion of
the fingertip from the body centerline than one finds in
Figures 3 and 4, as comparison of the locations of point
32 in the respective figures indicates. Moreover, the point
of farthest separation of the fingertip from the centerline
is point 32 in Figures 3 and 4, but point 34 in Figure 6.
Perhaps most important, is the fact that the widely
discussed “*S-stroke,’’ clearly visible in Figures 3 and 4,
nearly disappears in Figure 6. Specifically, the portion
of the pull from points 46 to 57, while curved in Figures
3 and 4, is nearly straight and parallel to the centerline
in ¥igure 6. Finally, while the swimmer's fingertip does
not cross the centerline in Figures 3 and 4, it does for
about a third of the pulling path in Figure 6. Here again,
the question arises as to what a coach should tell a swim-
mer. Should the swimmer’s hand cross the centerline or
shouldn't it? Should the swimmer attempt to imitate the
non-crossing in Figures 3 and 4, or the crossing in Figure
67 As mentioned earlier in connection with comparisens
of Figures 3 and 4, these kinds of questions will be
discussed in general in the Conclusions section of this ar-
ticle. Before moving on, it is worth noting that the stroke
pattern in Figure 6 more nearly resembles a butterfly
stroke pattern than what is normally regarded as a crawl
stroke patiern. Since butterfly swimmers dor’t roll, this
means that the fingertip paths of freestylers and but-
terflyers relative to body-fixed axes are more nearly the
same than has been previously surmised.

Turning now to the side views of the swimmer’s finger-
tip path in each of the three sets of axes, one can begin
with Figure 7, which shows the path projected onto the
ZP—XP axes (see Figure 2). Here, the fingertip moves
in what is nearly a closed loop, a loop which, however,
opens widely when viewed in the ZT—XT axes (see Figure
2), as shown in Figure 8. As in the case of Figures 3 and
4, the portion of the path from points 18 to 32 reflects
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¢.8 a forward motion in Figure 7, but a backward one in
1.0 Figure 8. When rolling is taken into account, Figure 9
1.2+ results, this being a sagittal plane projection of the finger-
et 7 tip path in body-fixed axes. As can be seen, the portion
LB of the stroke corresponding to the first 42 frames is deeper
o 1B in Figure 8 than in Figure 9, which reveals that much of
= 2.04 the depth ascribed to the first part of a front crawl pull
o 227 is a result of the downward roll of the shoulder on the
2 2.4 pulling side, rather than as a result of the swimmer’s hand
2.6 being far away from the chest.
i'z i Figure 10 shows the front view of the hand path in both
3‘2 the YP—XP axes and the YT—XT axes (see Figure 2),
T eD 5.5 55 4@ 44 40 15 3.2 2.8 where a distinct figure eight type of pattern is re‘adiiy ap-
7P (fL) parent, lying in its entirety to one side of the vertical plane
Figure 7. Side view of fingertip path in pool-fixed axes. (shown as a dashed line) passing through the swimmer’s
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Figure 9, Sagittal plane projection of fingertip path in body-fixed axes.
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Figure 10, Frons view of {ingertip path in pool-fixed and 1ransiating axes.

centerline, The YB-—XB plot (see Figure 2) of the front
view, shown in Figure 11, tells a completely different
story. Here, the figure eight pattern gives way (see points
28 through 31 in both figures) to a wider almost-closed
loop that does, indeed, pass through the swimmer’s sagit-
tal plane (shown as z dashed line), that is, past the swim-
mer’s centerline as viewed in body-fixed axes.

Conclusions

A case has been made in this article that the most ef-
fective way for coaches to teach stroke mechanics o
swimmers is through the use of internal motion (motion
of body parts relative to each other} descriptions, rather
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Figure 11. Front view of fingertip path in body-fixed axes.

than external motion (motion of body parts relative to
the pool} descriptions, because the former are compati-
ble with swimmers’ feedback control systems, whereas
the latter are not.

In connection with actual data describing the hand mo-
tion of a world class freestyler, it was shown that inter-
nal hand motions in the front crawl differ substantially
from external ones. In this connection, several questions
arose as to which of several curves should be used as a
guideline for instructing swimmers. It should be clear by
now that Figures 6, 9, and 11, rather than Figures 3, 7,
and 10, or Figures 4, 8, and 10 are the ones to use because
only these are associated with internal motions. Thus, for
example, the swimmer should be told that the portion of
the puil from point 18 to point 32 represents a motion
of the hand backward and to the right relative to the
torso, as in Figures 6 and 9, not that it is a motion of
the hand forward and to the right relative to the pool,
as in Figures 3 and 7. Similarly, the swimmer should be
toid that the hand crosses the centerline of the torso, as
in Figures 6 and 11, not that it doesn’t cross the centerline,
as in Figures 3 and 10.

Now, what does all of this mean to the swimming coach
on the pool deck? The coach must be able to look at a
swimmer in the water, identify what are external
manifestations of internal stroke errors, and in real time
supply the swimmer with a description of how to correct
the stroke errors in terms of internal motions. At pre-
sent, this may not be easy, because there does not yet ex-
ist a comprehensive manual for coaches that contains a
set of externally observable stroke errors, together with
the internal descriptions of the appropriate corrections.
This is an important area for future research,

Appendix

Algorithm

Given, for N photographic frames, XPF(l}, YPF(I),
and ZPF(I) (I = 1,..., N), the XP, YP, and ZP coor-
dinates (see Figure 2) of the swimmer’s fingertip, deter-
mine XTF(D, YTF(), and ZTFD I = 1,..., N), the XT,
YT, and Z7T coordinates of the fingertip; and XBF{(I),
YBF(I), and ZBF(I} (I = 1,..., N), the XB, YB and ZB
coordinates of the fingertip, by proceeding as follows:

1. Input XPF(D), YPF(D), ZPF(I} (I = I,..., N}

2. Input ZPN(I) (I = §,..., N), the ZP coordinates of
a point on the swimmer’s neck.

3. Form D(I), the value of D (see Figure 2) associated
with frame I (I = I,..., N) as
D) = ZPN(I) ~ ZPN() (I = 1,..., N}

4. Form XTF(), YTF(I), and ZTF(D) (I = 1,..., N) as
XTED) = XPF(Dh (I = 1,..., N)
YTE( YPF(I) (I = 1,..., N}
ZTFD) = ZPF(D) — DAY (I = 1,..., N)

i

It
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Input XA and YA, the XP and YP coordinates of

any point on the swimmer’s roll axis.

Input XPS(I) and YPS() (I = 1,..., N), the XP and

YP coordinates of the center of the swimmer’s

shoulder joint on the pulling arm.

Form THETA(I), the value of THETA (see Figure

2) associated with frame I (I = 1,..., N) as

THETA(} = ARCTAN((XA — XPSD/(YA -

YES(ON (I = 1., N)

Form STH(I) and CTH(@) (I = 1,..., N) as

STH(I) = SIN{THETA (I) (I 1y N)

CTH( = COS(THETAI) I = L,.... N)

Form XBF(1), YBF(D), and ZBF(I) I = 1,..., Nj as

XBR(I) = XA * (1.0 — CTH(I)} + YA * STH(I)
+ XPF(I) * CTH(I) -~ YPF{) * STH(D) (I =
Lo )

YBF(I) = — XA * STH(I) + YA * (1.0 ~ CTH(I))
+ XPFR({I) * STH(I) + YPF(I) * CTH(D) (I =
1., N)

ZBF(D) = ZTFQOH (I = 1,.... N)

P
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ERRATUM

Editor’s note: Unfortunately, due to a typesetting error
that occurred on Pg 23, paragraph 4, line 3 of the article
entitled: ‘“Energy Balance in Competitive Swimmers and
Runners’’ by K.T. Jang, et al., the following sentence
was incorrect; ‘*To effectively manage a swimmer with
a weight problem, it would appear prudent to implement
a calorie restricted diet.”” The correct sentence shouid
read:; ““To effectively manage a swimimer with a weight
problem, it would appear prudent to have the swimmer
first undergo dietary analysis prior to implementing a
calorie restricted diet.”’ We apologize to the authors for
this error and any misunderstanding which may have
resulted.
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- AUTHOR GUIDELINES —
{Revised February, 1987)

The JOURNAL OF SWIMMING RESEARCH is an official publica-
tion of the American Swimming Coaches Association. Mamuscripts deal-
ing with original investigations, comprehensive reviews, or brief reviews
on the science of swimming and closely related topics, will be considered
for publication. This journal is a researcher-to-coach publication. In-
formation presented in the manuscript must be receiver-oriented.
Authors submitting manuscripis to this journal must verify in writing
that its contents represent original unpubiished material that is not under
consideration for publication elsewhere.

EDITORIAL STYI.E: The author should submit three copies of a
manusecript, typewritten and double-spaced with 1% ” margins on alf
edpes. A short running title shouid be repeated at the top right corner
of each page followed directly below by the page number. Authors
should avoid all information which will identify human subjects.

English will be the language of this publication. As & general rule,
only standardized abbreviations and symbols should be used. The first
time an uncommeon abbreviation appears it should be preceded by the
full word or name it represents. The anthor is encouraged to refer to
the Publication Manual of the American Psychological Association,
3rd edition, for editorial style concerning puactuation and abbrevia-
tions, construction of tables and figures, presentation of statistical sym-
bols or mathematical eguations, and use of siandard units of
measurement.

Manuscripts should contain the following elements placed in the follow-
ing order:

I,  TITLE PAGE, Thetitle page should include the manuseript title,
names of authos{s) and their academic degree(s), name(s} and in-
stitution(s) where work is performed, an address and telephone
number for editorial correspondence corcerning the manuscript.

2.  ABSTRACT. The abstract (200 words or fess) should summarize
the study's purpose, methodology, results, and conclusions. It
should include a summary statement that provides some interpreta-
tion of the findings and their implications 1o the on-deck coaching
and training of swimmers.

3. TEXT—The text should contain separate sections for the:

a. Introduction. This section should state the purpose, the
rationale, and the essential related literature.

b. Methodology. This section should include a clear description
of the experimenta! subjects and their controls. The descrip-
ticn of the methodology should provide enough detail for
others to duplicate the study. References should be provided
for established methods and statistical procedures should be
supported with rationale.
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ASCA, Editor's Desk
1 Hall of Fame Drive
Fort Lauderdale, FL 33316

¢. Findings. The findings presented in the text, tables, and figures
shoukd follow a iopical and parallel sequence. The statistical
significance of appropriate results should be acknowledged.

d. Discussion, This section should emphasize the study’s impor-
tant and criginal aspects while avoiding a repeat of data
preseated in the findings section,

e. Conclusion. The author should provide conclusions supported
by their data, This section of the manuscript is of particular
importance to the purpose of the jourral. It should be of at
feast 300 words in length and provide in simpie, laymen terms,
an interpretation of findings and implications to the on-deck
ceaching and training of swimmers.

4.  REFERENCES. The list of references should not exceed 20, They
shouid be listed alphabeticaily by the last name of the author and
typed double-spaced. The notation of the references in the body
of the paper should be rumbered in parentheses, one refereace
10 a number, Journal articles should contain the last name of the
first author, followed by initials, initials and last names of each
co-author, title of articie {first word only capitalized), name of
journal (as abbreviated in the INDEX MEDICUS published by
the Library of Congress), volume, inclusive pages, and year. And
example would be: Karlsson, J., L. Nordesjo, L. Jorfeldt and B.
Saltin. Muscle lactate, ATP and CP levels during exercise and after
physical training in man. J. Appl. Physiol, 33:199-203, 1972,

5. TABLES AND FIGURES, Each table must be typewritien on a
separate sheet and numbered consecutively, beginning with Table
1, and have a title or caption. Tables should not duplicate infor-
mation in the text or in figures. Figares should be numbered con-
secutively with arabic numberais. Each figure must have a legend;
they shall be grouped in rumerical order and typed double-spaced
on a separate sheet.

BRIEF REVIEWS. Authors are encouraged to submit manuseripts
suitable for Brief Review papers that can be used for educating the non-
expert on a particular issue or problem. Brief reviews will also be solicited
by the editor or editorial board, however, solicition is no guarantee for
acceptance.
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