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ABRSTRACT -

A KINEMATIC INVESTIGATION OF THE
DIAGONAL STRIDE TECHNIQUES OF HIGHLY SKILLED®
CROSS-COUNTRY SKI RACERS

BY .

Brian Eri¢ Titley °

The purpose of the study was to investigate the kinematic

characteristics of the diagonal stride as performed by high caliber

cross-country ski racers, in order to comstruct a,descriptive profile
{

-

based on these quantitative parameters.

" Iwelve experienced male racers were filmed at the 1979 North
American Cross-Country Skiing Championships through the use of a

Locam 16 mm camera operating at 97.5 frames per second. Displacement

. H
data were collected from every second frame throughout one stride for

16 reference points on the image of each racer, using a Vanguard

Motion Analyzer. The data were then mathematically treated with a
conputerized error reduction process knowﬁ as the cubic spline dat;
smoothing procedﬁre.‘ Analysis of data iﬂcluded computerized cal-
culations of displacement of the center of gravity, body segment
configuratiﬁn and phase proportions for a complete diagonal stride.
Additionally, the stride length, stride rate and horizﬁntal velocity
of the center of gravity were determined for each skier and Pearson

Product-Moment correlation coefficients were calculated for various

pairs of performance parameters.

Results revealed a mean horizontal velocity of 4.29 m/sec (5=.47)

produced b& a mean stride length of 2.41 m ($=.22) and a mean stride

iv



rate oé 1.78 strides per second ($=.15). Mean time c§mponents ’
accoqug&'fbr by the various actions involved in the diagonél stride
were found to be 18% for the free glide phase, 74% for the pole im-
plantatiéh phase; 36% for the foot stationary phase; and 27%Z for the
leg thrust phase.. The stride phase analysis indicated that 64% of the
pean gtride time was consumed by a siiding activity by the support ski(s) "
while a large pqopoftfan of tbe sliding Qas associated with pole im-
plantation. The center of gravity analysis reveéled a consistently
increa§ing horizontal displacement. The vertical disﬁiacement results
indicated a rise og the body beginning just prior to the time the
thrust leg became stationary; the center of gravity Teturned to a low
point during the pole. implantation phase. The vegrtical vekocity re-
sulté for the center of gravity Trevealed a comsiderable range in
magnitude for the twelve subjects, while no rapid fluctuatioms were
discovered for the duration of the stride. Results"indicafing body
segment configuration revesled a relatively fle#ed total body position
at the initiation of the leg thrust phase; conversely, the body was
naintained in.an extremely extended position throughout the free glide
phase. Concomitantly, the center of gravity‘was positioned behind |
the toe of the support leg dur;ng the free glide phase and in front
during the leg thfust phase. Further analysis revealed a statistically
significant relationship between horizontal velocity and each of stride
length and stride rate (P{.05). No other significant correlations

were discovered among pairs of performance parameters. .

Upon completion of the study, several conclusions were warranted:
(1) The diagonal-st;ide is composed of a distinctly timed sequence of

actions characterized by a relatively large period of leg Support

J
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i
assisted by arm action and s subsequently small component of leg

thrust; (2) High caliber skiers achieve average horizontal velocit&

-

through different combinations of stride length and stride rate;

(3) ,The horizontal velocity of the center of gravity éem;ins relgtive—
ly constant, while the verﬁical_vélocity experiences a pattérned
_flu&tuation during the stride cyecle; (&) Racers exhibit a forwa:d-
leaning, flexed body configuration priof‘tp lég thrust while their
bodies remain backward-leaning and extended during the free glide

portion of the sﬁride.
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CHAPTER T

* ) . >

INTRODUCTION

There is evidence of a rapidly increasing participation in cross-
country skiing. Indeed, both racing and touring have recently ex-
perienced unprecedented growth. This popu%;g{ty has been mirrored by

the following observations: . .)R ' VA

"Since the well-televised Olympics in Innsbruck
the general publie has become increasingly conscious
of competitive cross—country skllng as a major sport.”

(Baldwin, 1977, p.12)
-

"And its (Vasaloppet's) greatest fame came with - ‘-
the invasion of "Sunday-skiers', which began in the * -:'
sixties and has ngw grown to a horde of 10,000 enthua\ !
iasts every vear." (Peterssom, 1974, p.12 ) ) —~—

Despite this expanded interest in cross-country skiing-as a

-

recreational and competitive sport, there appears to be a shortage
of high quality instructién. The numbers of knowledgeable coaches
and trained instructors have not experienced a parallel development.
This problem was succinctly described at the U.S. National Cross-

Country Skiing Svmposium in Auguét, 1978:

"Cross—country skiing is growid® rapidly and
there is a serious information gap existing in many
parts of the country. Now skiers come into the sport
daily and there are few qualified people providing
quidance to mot only the beginning skier, but especially
the neophyte citizen's racer.. As a result, there are
"experts' appearing like mushrooms overnight who have
neither the experience nor the knowledge and our sport
suffers as a result." (Bower, 1978, p.4)



Qualified instruction regarding techﬁiqﬁé is valuable for both

.recreational and competitive skiers; it is of utmost importahce tpo ,
. . +

the racer and it may enhance the efficiency and enjoyment of a ski

tourer. This concern for the maintenance of adequate technique’in--*
- struction is shared by authors of most publications regarding cross-— .
[
» countrv skiing. TFor example:

=

5 "If vou are Skilled, vou likelwwill prefer
skis because a skilled skier can travel faster with
less energy on skis than on snowshoes. Conversely,
one who has little or no skill on skis will travel
with greater ease and enjovment on showshoes."
(Jensen, 1977, p.5) - _ ) J

v

"The importance of technique in cross—country
ski racing is paramount. At the amateur levels the
experienced skier and the one who has developed the
smoothest striding technique is inevitably the

. winner." (Baldwin, 1977, p.12) i

. N
Lw -

Their concern suggests an increase need'f&r highly qualified in-

-
structors and coaches who may hasten the understanding and subsequent

improvement of cross-country skiing technique. These professicﬁgis
ghould be better able to achieve their objectives if they have a
soun& understanding of the mechanical principles involved in skilled
performance. Such additional knowledge, combined with a coach's

. - _
personal ability.and experience, may enhance his effectiveness in
achieving improved technique, Qdantitative biomechanical research
is an Excellent source of information with which to provife.an in-
creased understanding of the mechanics of a skill. This relatively

: L

new area of study has gained considerable recognition for its benefits

to teachers and coaches: : ) N



-

) "The more knowledge an individual has concerning ..~

the perfdrmance of a physical skill, the better he

will be prepared not onlyv to analyze but to suggest

changes which result in improvedsperformance. A = .

N knowledge of biomechanics’ can greatly-aid the teacher

in understanding and improving sport skill."”
" (Martin, 1975, p.29) . '
. . . t‘.
"Research is conducted ‘at three levels along
4 continuum; practical, fundamental, and theoretical.
The first of these focuses upon the analysis of = "=
sports skills to provide a better understanding of
- the execution of these movements so. that teachers
and coaches can work more effectively. (Miller and
Nelson, 1973, p.3)

—

ﬁhusq.a practical approach to biomechanics regggrch may be help-

ful in improving th%/ggs?niQue levels of competitive and recreational

B .
o~

cross-country skiers. It is therefore necessary that quantitative

-
~

studies be undertaken.

High Speed Cinematographv

One method of obtaining useful biomechanical information is the
study of high caliber execution of a skill through high speed
cinematography. * This technique produces a permznent two dimensional
record of the skilled performance without the subjects’ knowledge and

under actual competitive conditions. Thus, data may be collected in

. {
a realistic setting, eliminating the effects of experimentation. 5
Basic assumption of this method of research, however, is that higﬂly
skilled performers will produce a desirable movement pattern. Subject
to this assumption, the results may be utilized in mumercus fashions.

Firstly, the movement patterns may create a quantitative profile of

highly skilled execution of the'activity. Concomitantly, this profile



v

may be considered an objéctive for poorly skilled performers. Secondly,
. ‘ -
an %Fdividual's performance may be compared to the performance profile

of the group in order to evaluate the similarities and differences

which have been quantified. These comparisons may reveal information
4

regarding a particular performer’'s technique. This process identifies
€actors to which an enhanced or limited performance may be attributed.
This ¢laim has been reiterated in a work concerned with technique

evaluation:

.

All of this serves to illustrate one of the
problems with which physical educators and coaches
are faced. How can they determine which features of
a champion's technique contribute to the high quality
of his performance-—and thus are possibly worth
copyving-—and which faults are limiting that perfor-
mance? The answer to this question lies with the
science of biomechanics, for it provides the basis, -
the only sound logical basis upon which to evaluate :
the techniques brought to our attention by champions."
(Bay, 1973, p.4)

Although numerous manuscripts of qualitative technique analysis
are readily available, relatively few quantitative investigations of
cross—country skiing have been conducted., The majority have examined

the diagonal stride, which is a basic movement pattern employved by

skiers at all levels of expertise., The stride may be described as an

exaggeraéhd wélking action fér a beginner, while it appears to be com-
posed of successive thrusting and gliding actions in the case of an
experienced racer. The remaining component skills involved in cross-
country skiing include an autonomous gliding technique aided by gravity’
and a double poling action which gains no obvious propulsion from the

legs. Additionally, various combinations of pole utilization,



-
striding, and hill climbing-techniques are employed throughout a

typical ra&e.\ These varying techniques are required as a result of
the diversity of cross-country skiing terrain. Although there can
te little doubt regarding their importance to overall racing style,

components other than the diagonal stride technique have not been

evaluated in the present study. The selection of the diagonal stride .,

technique was based on the fact that relatively few quantitative in-
- N
vestigations of cross-country skiing have been undertaken. Thus, it

was necessary that scientifiec study be conducted involving the basic

component which. spans the entire range of expertise in cross-country

skiing. The relative importanﬁg of the diagonal stride compenent has

been recognized in the literat&re:

"This is the diagomal stride, which forms the
basis for =11 running on cross-country skis. Mamy
people take up the sport enthusiastically and never
even learn the diagonal stride. They prefer, instead
to shuffle along at their own pace. Developing a
good stride is essential if vou hope to ski long
distances or at high speed." (Baldwin, 1977, p.69)

Kinematic Investigation

¥

Quantitative sports skills analysis may be dividéd into two
categories: kinematic and kinetic. The first deals with body position-
ing and timing of various movement aspects of the performance. Thus,
kinematic investigation concentrates entirely on,ﬁhe temporal and
spatial qualities of movement without.regard for the forces producing
it, while kinetic study is involved with the analyvsis of forces re-
sponsible for movements. The present study examined the kinematic

parameters of highly skilled execution of the.diagonal stride technique.

A
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The following parameters were chosen to represent measures of a skier's-
movement pattern: |

(1) Vertical and horizontal displacement and velocity of a skiér's
center of gravity; (2) Positioning of various body segments through-
out éhe diagonal stride; (3) The component percentages of different.

phases of the stride. These parameters are basic measures of body

. movement often suggested for quantitative skill analysis:

- "Almost any sports skill can be divided into

similar components which have practical significance

when they are related to the performance.”

(MMiller and Nelson, 1973, p.40)
Thus, measurement of body parameters mav provide information useful
in drawing practical comparisons among aspects of various skiers'
techniques. The determination of horizontal displacement and velocity
of a skier's center of gravity produced two results. "Firstly, average
horizontal velocity of the racer during the diagonal stride was re-
vealed:; secondly, variatioas in instantaneous horizontal velocities of
a skier's center of graviav throughout one complete stride were pro-

duced., Vertical displacement and velocity of a skier’'s center of

gravity illustrated the kinematics of the body as a whole in the

vertical plane of movement. From this center of gravity analvsis,

]

comparisons among the skier's total body movement patterns were drawn.

Measurement of body segment positioning throughout the stride illu-

strated a2 profile of the combined rotaticnal locarions of connected

body segments and provided 2 better view of the coordination of their

interactions. The components percentages of distinctive portions of

the stride provided information regarding the aggregate rhythm of the

~

-



various actions involved in the complete d@agonal'stride- Comparisons
among the profiles of a number of skiers provided insight regarding
patterns of movement involvea An the diagonal stride; also, they aided
in identifyihg.factors integ;él to highly skilled performance. This
evaluation was based on the objectives underlving the gmploymen: of .
good racing technique-- to efficiently produce a high horizontal
vélocity and subsequently better racing results.

The accurate measurement and analvsis of human performance during

the execution of a complex skill was a major objective of the present

studvy. The feasibility of this goal has been evaluated by bio-

mechanicians:

FEl

L "The human body is a link system of variable
weights, lengths, and shapes; by combining anatomical
data, principles of mechanics, data-collecting equip- - -
ment and the computer, more specifie and accurate data
can be obtained on human movement than ever before."
(Plagenhoef, 1971, p.1)

2
1S

To inerease thé reliability of measurement, a stfict experimental
methodology was utilized, as well as a'computegized data smoothing
/ﬁ;eatment. Thus, quantitative biomechanical research techniques have
been emploved to provide a kinematic investigation of the diagonal

ride technique of cross—country ski racers. It was the author's
intention to provide a technique profile upon which practical re-
commendations could be based. Coupled with this intention was the
desire to increase the available body of knowledge based on scientific

" research concerning technique analysis of cross-country skiing.



;Statement of the Problem

5

The purpose of the study was to.gquantify the kinematic parameters
of highlj skilled performaﬁce of the diagonal stride technique in
créss-country skiing. These parameters were uséd to -construct a
descriptive performance-profile which was considered to be indicative
of gqod racing techniqﬁe. Additionally, an assessment was compléted
of the relative contribution of v%figps aspects of technigque to the

.

production of optimal horizental velocity during the diagonal stride

movement pattern. ' ’
Definitions

Several terms related to the diagonal stride technique in cross-
country skiing have been applied throughout the studv. Following are

detailed definitions of the major terms: »

(1) The diagonal stride is the technique during which the
lateraily opposed arms and leg§ move simultaneously forzward and back-
ward in the sagittal plane. Tt is a cyclic activity involving alter-
nating support and recovery periods for each leg. One stride has
been defined as the movement occurring between successive'take—off

points of the skier's feet.

(2) Take-off referé to the instant at which the portion of the

ski directly under the support foot loses contact with the track.
[

This occurs when the ski regains its camber and becomes flexed as

weight is removed from the stationary ski.




(3) Recovery has been defined as the action during which the

leg is carried forward to a position in front of the body. This -

action prepargfjjze leg for a subsequent supportugégéé:-- _

. (4) Single support refers to the condition where one leg is

providing the éntire support for the skier. Although the tip of the

recovery ski remains in the track, it is considered, to provide

e
negligible supmort.

. (3} Double support is the condition of both legs providing 2

portion of the weight bearing.

. (6) The free glide phase refers td the time during which no
apparent propulsive methoa is being emploved; thus, the skier glides -

freely on the sliding ski(s).

1

]
(7) The leg'thkust phase is the period during which the support
] N ' .
12g appears’to be ppshing downward and backward against a statiomary

ski. It begins when the legs come together and it ends at take-off.

(8) The foot stationary phase refers to the time during which

one support ski is motienless in the track. This portion of the stride

contains the leg thrust phase.

(9) The pole implantation phase is the period of time during

which the pole tip maintains contact with the snow.

 (10) The center of gravitv is the point at which the mass of

»the entire body may be theoretically represented. It has been cal-

culated using the relative masses and locations of the centers of mass



of the body segments. Thus, displacement'of the center.of gravity
is a representation of movement of the total body mass as one

particle.

Limitations

The limitations of the studyzaﬁve been divided into two categories:
cinematographiq;l and theoretical restrictions. The major limiting
factors of high speed cinematography aré.associated‘with the reliability
and validity of measuring actual body movement through the use of z-
projected image. There were many possible sources of experimental

. — )
error; fortunately, these were minimized through the employment of
strict experimental and ﬁgasurement procedures. Despite these
precautions, a degree of error was unaveidable. It resulted}from
2 distortion of the image and from measurement of displacement data.
Due to the fact that filming procedures recorded movement in one
plane, lateral movements were not quantifi;ble and may have caused
distortion. Appropriately, as a direct result of the nature of the
diagonal stride technique, most movement occurred in the sagittal
plane. The arms and legs moved parallel to the skiing'track and
there was relatively iittle rotation of ;He hips and shOU;ders. This
movement alloﬁed the skiers to maintain Ealance as they éhifted their
weight to alternating support legs. fhe lateral §ﬂ§£t shoﬁld have
caused negligible distortion due to the close, consistent spacing of

the right and left grooves of the track. Also, the fact that the

' camera was positioned a relatively long distance from the performance

plane (10 meters) should have mininized distértion caused by.lateral



12 " -

movements.™ Distortioﬁ‘of the conversion factor could have occurred
with increased distance of the -image from the frame center toward the

periphery. This possible source of error was controlled by obtaining

data from the stride completed nearest the center of thie field of

vision.

Méasﬁrement procedures involving a Vanguard Motion Analyzer
norm2lly determine spatial coordinatés measqred to the nearest .001
inch. - This measurement is achieved by maﬁually superimposing vertical
and horizontal cross-hairs on a point on the projected image; usually
the point represents the transverse axis of a joint. e€his prqcess was,
of course, subject to human error in spite of efforts to reliably
identify joint centers and to analyze sﬁbjedts with tightly fitting
clothing. 1In the present study, a reliabilitv check was performed
using a correlated samples T-test with the test and retest recordings
-for twelve joint centers. A T-value of 1.63 was produced; indicating
that the difference between the test and retest values were not
significantly different from zero. Also, the reliability of the data
obtained through filming and measurement procedures was increased
using a computerized, mathematical data smoothing method called the
cubic spline function. This method has been shown to effectively
%educe error associated with the deterﬁination of displacement data
(McLaughlin et al., 1977a). However, some problems ‘were discgvered
with the second derivative of the function, particularly at the
endpoints. Thus, acceleration estimates produced by the cubic

spline mav be of questionable reliability, while the displacement and
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velocity estimations have been shown to be reliable, error-reduced

- t . -
- -

- determimations. The data smoothing technique uses an & priori estimate

of the total error associated with a particular filming and analysis
system. In the present study, the error estimate (plus or minus 2.9
millimeters) was determined by measuring known distances located at

i

various positions in the field of view and then'calculatiné the

average difference between their true and measured values. In a

SLmllar cinematographlcal analysis, the average error band was estl—
mated to be plus or minus 3.0 mllfameters {McLaughlin et al., l9r7b)

Therefore, measures of reliability regardlng the quantitative data

analysis were increased through adherence to strict experimental

procedures and the use of computerized cubic spline data smoothing.

The validity of procuring real lifelmedsures from film and of
applying- the principles of mechanics td the data has often been
questioned. This eoncern stems from the aSSum?tiou that the volume,
densiry and rigidity of body segments are similar to the properties
of figid segments from engineering systems. In reality, a straight
line constructed between joint centers may not adequately ;epgeéent a
true Body segment for the following reasons: The aetual axes of
rotation may mot correspond wifh surface landmarks and may change

&
during movement due to displacement of the skin. Also, the collagenous

tissue fastening joints may permit some displacement of - adjacent bones.

Finally, both volume and density of a body segment may vary as a result
of movement of body fluid and distortion of the shape of tissue mass

dering rapid accelerations. For these reasons, treatment of the Body
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seéﬁents as rigid mechanical systems may not constitute an entirely :

valid representa;igd. * In order to quantify human movement, however,

N ..
accurate estimates of the lengths, masses, and centers of mass, must be

procured. Several cadaver studies have provided standarized body -
‘'segment descriptions and quantities with which to calculate centers

~

of gravity and moments of inertia .Miller and Nelson, 1973).

Additionally, previous research has considered the effects of error

to be negligible when compared to megal limb movement (McLaughlin '/f
et al.; 1977b). Therefore, it was considered to be within acceptable -
boundaries of vaiidicy to empioy the representation of the body as a
series Jf rigid segments comnected by stable joint axes for the pur-

poses of a guantitative investigation of the diagonal stride.

The major theoretical limitations of the study were related to
a nuwber of assumptions. A basic premise of the study was that proper
technique was important for the high caliber execution of the diagomal
stride. Additional;y, it was presumed that the selected parameters
were those which appropriately quantified aspects of the skill and éhat
differences- in the-ability to achieve the objectives of the diagonal
stridé were exposed tﬁrough qﬁantification‘of these.gi;é;;Eéys. The
assumed performance objectives were a high horizontal velocity cbupled
with a better finishing time. There is support in the literaturé for
statements that technique is impértant to the diagonal stride (Baldwin,
1975) and that the parameters cogéia;red in the present study are

related to the performance (Diliman, 1978). Thus, the assumption is

not unreasonable that the selected parameters produced a realistic
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profile related to the actual performinces of the diagonal stride '

technique, . /”>' _ B - : ‘ '
) " P ce -

{

" A major’?ssumagion of the study was that performance relied,
' ! "- - .."’

heéﬁi}y‘on mechanical factors; no psychological variables nor physio-

logical variables were considered. This assumption was considered

realistic for a technique study of this nature, since ghe filming was
completed under identical racing conditioms for each subject, -and the
filming procedure was relatively early in the contest.  These factors

were considered to have been beneficial in controlling the effects of

motivation and fatigue.

- -

.

The diagonal stride.technique was used primarily on flat and .

-
- 4+

slightly"inélined sections of the race; this accounts for possibly
one-third. of the total race tige. Thus, the technique may be

evaluated on the basis of comprising only a portion of complete cross-—

country racimg technique. A time interval study, however, révealed

that differences between the performances of successful g non: - i
succes§ful skiers were especiall§ evident during the u;;ij?‘;;:;lons
of the coppetition (Rusko and K;ntola, 1978). Therefore, the\ﬁéagonél
stride coﬁponent was considered important to the total race, but

limitations were recognized regarding its relationship with the out-

come.

Finally, the particular stride which was analyzéd from each
skier's performance was assumed to be representative of the subject's
normal diagonal stride technique. This was a reasonable assumption

in view of the fact that the styles exhibited by all competitors
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appeared to be smoothly coordinated dhring the completion of several

strides. The strides chosen from the study did not appear atypical;-

thus, they were considered valid indications of skiers' techniques.

- +

N

In sumdary, the design for this study was a valid and reliable

-

approach to quantitative analvsis of the diagonal stride. The in-

vestigation, however, was subject to the implicit restrictions imposed

by the theoretical assumptions necessary for completion of such a

study.

7

.



CHAPTER II

REVIEW OF LITERATURE

The present study was concerned with the quantitativé evaluatiocn
of the body movementlparameterq involved-{n the diagonal stride tech-
nique: This section is a sﬁmmary of the present state of published
Qork concerning analvsis of bodﬁ motion in generel, forms of locometion,
and more specificélly, qualitative and quantitative descriptions of

performance of the diagonal stride.

Mechanical Analvgis of Body Motion

The fact that biomechanical agalysis'of sport is rapidly grbwing
may be substantiated by increases in the .amount of literature and
numbers of research laboratories and graduate programs. Expanded

knowledge in the field has produced new-.books which stress the mechan-
'

ical analysis of human motion:

¥

"Though biomechanics is presently primarily
concerneéd with the description of performance, it
_is predicted that, with increased development of
the area, biomechanicians will be formulating
performance methodology based on sound biological
and mechanical principles." (Martin, 1975, p.37)

Thus, the suggestion that performance profiles may be produced is not
an unreasonable claim. ' ‘ -

Most forms of human locomotion are associated with bipedalism.

It is important to realize, also, that all translatory motion of the

16
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body is.produced by a combination of coordinated'rotations of body
segments. For these reasons, the diagonal stride may be compared

with walking and running. .

"Human locomotion evolves from a profusion of

interrelated minutae, and it attains its greatest

perfection in the swmooth, even, graceful running

gait of the trained athlete. Each body segment

contributes to this final pattern. The synchronous

motions of the trunk and upper extremities aid in

the balance and rhythm of forward progression by .

constantly positioning the body's centre of gravicy

where it can be used most effectively." (Slocum \\‘-ﬁ‘\v/’

and James, 1975, p-64)

All three forms of locomotion are produced by -self-propulsion
and are executed in a c¢yelic patterm, such that a predictable sequence
of events occurs with alternate legs — 2 period of support fellowed by
a period of recovery. The support foot remains relatively stable while
the body rotates over it to create translation. The diagonal stride is
more similar to walking in this respect in that there is no non-support

v

phase, which is present in rumning:

"Walking may be described as alternate loss
and recovery of balance during which a new base of
support is established for each step.” (Wells and
Luttgens, 1976, p.164)

¢~ ‘
"Running is a series~of smoothly coordinated
jumps during which the bodyis alternately supported .

on one foot, airborne, then supported on the opposite
foot and again airborne." (Slocum and James, 1973,
p.66)

Further detailed analysis of these activities has been based on

the foot-ground relationship. Descriptions of running and walking have
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been charactérized by féot-strike, ﬁid-support, and take-off poinés
during the stride; and by follow-through, forward-swing, and foot-
descent phases during recovery. The diagonal stride has been
described iﬁ a similar fashion by technique aﬁélysts of cross-country
skiing (Dillman,.l978). The double support phase in walking has
been further divided into restraining and prépulsive portions, sepa-
rated by the instant when the center of gravity is located directly
abo§e the base of support. The restraining portion for one leg
coincides with part of the propulsive portion for the opposing leg,
the result of which is double support. The diagongl stride is sihilar,
but due to the-forward sliding of the restraining ski, there should be
2 less significant restraining effect. Finally, the purpose of a
stride in walking, running and cross-country skiing is to maintain
horizontal velocity while providing support. TFor each, this velocity:
is a direct product of stfide length and stride rate. All have a
common: objective in producing efficient . body translation —- maintaining
the desired horizontal velocity by using the least amount of energy.
Therefore, there must be.a minimization of all movements unnecessary
in attaining.that objective. Lateral movement should be kept to a
minimum, although it may not be entirely eliminated:
"Some side to side shift of the pelvis is the

inevitable result of postural adjustment as the

common centre of gravity is balanced alternately

over each leg as it bears the body weight." (Slocum

and James, 1975, p.68)

For all forms of locomotion, unnecessary vertical movement is

considered a waste of energy. Thus, extreme vertical mecvements of
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the head, legs, and arms are considered poor technique: .

"Again, the technique (diagonal stride)
resembles walking, but as if you were reaching out
with two canes to help you move along faster. There
is little sideways movement, no bobbing of the head
and n¢ bending at the waist. (Tokle and Luray,
1977, p.80) .

"There is little questionm that the less the
vertical displacement of the body, the greater the
- efficiency of the runner, for energy is then not
wasted in lifting the body with every step, but is
concentrated largely on thrusting it forward into
the airborme state.” (Slocum and James, 1975, p.68)

Similar qualitative descriptions of the diagonal stride are
available from‘instructors, coaches and performers (Baldwin, 1978;
Lederer, 1972; Caldwell, 1971; Jenseq, 1977). Most of these sources
approach technique discussion from an instructicnal point of view;
detailed descriptions of their views of good diagonal stride tech--
nigue have been presented. In an unpublished review (Dillman et al.,
1979), some of the findings of recent investigations were presented
in a comparative analysis of highly skilled versus average skilled
diagonal stride technique. However,.relatively little scientific

study of cross—country skiing technique has been undertaken.

The Diagonal Stride Technique

The following technique discussion includes a review of quali-
tative technique analysis by contemporary 'experts” and the findings
of recent quantitative investigations. There is genefal agreement

that the diagonal stride is a skill basic to cross-country skiing.
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It is used extensively during racing on flat terrain and moderate
inclines. Its importance is substantiated by the results of a time-

interval study-at the Lahti World Championship Games:

"The conclusion concerning the time-intervals

is that the skiers spent as much time for "grip-
~sections" (uphills) as for "glide-sections" (down-
hills) and flats. Looking toward the future,. it
seems that skiers should continue uphill training.
The differences in performance level between
successful and non-successful skiers appeared
especially on uphills." (Rusko and Xantola, 1978,
p.33)

For descriptive and aralytical purposes, the diagonal stride
has been divided into phases by various researchers. Nigg and Waser
(Dillman, 1978) used the gliding, pole plantiag, stillstand and leg
- push-off phases while Dillman (1978) used similar time divisions: He
excluded the stillstand phase and labelled the others the free giide,
thrust, and poie implantation phases. The parameters used for
quantitative analysis of the diagonal stride may be divided into
three main categories: Body position, performance, and time factors.

Body position during various phases of the stride has been
considered important for proper execution of the technique;

_ "Good body position is of critical importance:

It can help you get up hills and can effect speed

. of kick. The key is that good body position en-

ables maintenance of momentum. Rob Kiesel (U.S.

coach) and Hans Equist (Swedish coach) both rein-

forced these comments. The Swedish and U.S.

coaches look at body position before anything else

during technique analysis." (Caldwell, 1978, p.84)

In comparing highly skilled to average skilled performance of

the diagonal stride, Dillman (1978) reported the following results:



At ‘the initiation of the thrust phase, h%ghly skilled skiers were in a
more flexed body position with the weight more.forward. The trunk and
shank segménts were-approximately 45 degrees and 60 degrees, respec-..
tively, from horizontal and the center of gravity appeared to be over
the toes. Marino ét al.(1080a) showed similar angles of inclinatiqn
for highly skilled females. Additicnally, Nig% and Waser (Dillman,
1978) reported an optimal position for the center of gravity such

that it was not toé much in front nor behind the base of support for
most successful skiers._ Thus, good body position has been shown to
be.an asset during the éiagonal stride.

Performance and time parameters will be reviewed concurrently.
Generally, qualitative analysis of these factors stresses the following
technique for skilled execution of the diagonal stride: -

"In the aiagonal stride, the push-off with

the leg is the primary force that propels the body

forward. The important characteristics of a good

diagonal stride are: a smooth but forceful.stride,

a long smooth arm movement, and a long glide with

the weight balanced om one ski." (Jensen, 1977,
p.11)

"Refinement, once you have gotten past the

basics, means only the lengthening of stride, the

ability to push harder and glide longer, and the

development of stidmina." (Tokle and Luray, 1977

p.80)

When comparing highly skilled to average skilled skiers,
Dillman (1978) found that the free glide phase made up a larger
proportion of the total stride (25%) for highly.skilled skiers. They

appeared to be better balanced and to plant the pole 4in a more erect

position than the poorer skiers. Also, he noted that the pole
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implantation phase distinguished clearly that the bétter skiers have
~more effective gliding actions. The pole implantation phase, mOSt of
which is-accompanied by a sliding action éf the skis, acc0unteé for
approximately 60% of the difference in étride lengths. He added that
the arm éull was performed by the highly skilled skiers in a more
flexed arm position and appeared to be a more coordinated action.

| A more extensive phase proportions study by Nigg and Waser
(Dillman et al., 1979) performed on 29 racers, produced similar
results for the gliding phase. It was discovered to be longer for
excellent and good skiers (approximately 27% of the total stride).
The pole planting phase, however, was found to be shorter ﬁor‘excel—
lent and good skiers. ihe reason suggested ?or this incongruity
was that the position of the cénter of'gr;vity was ideal ﬁnot too
much in front or behind). The poig planting phase ended for the
excellent athletes in the middle of the push-off phase, whereas, for
weaker skiers, it lasted longer. The horizoﬁtal.velocity.of the cenﬁer
of gravit§ was found to vary somewhat over the total stride. The
highest velocity was shown just after the completion of the push—dff
phase. During the gliding phase,’velocity dropped, then it levelled

. 2

off or slightly increased during the pole planting phase. Other
research (Jensen, 1979) showed only a slight increase in horizontal
velocity at the end of the thrust phase; otherwise, it remained rela-
tively constant throughout the stride. These findings suggest that
most of the thrust phase is actually a support rather than a propulsive

action. This is consistent with a previous suggestion {Dillman et al.,

1979) that a relatively large vertical force called "weighting' is used

3
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to set the ski stationary in the track, but it remains unclear ‘at what
time this action occurs. Jensen (1979) also ;éferred to a slight
vertical dip in the center of gravity; however, this action has not

been temporally examined. A profile of an excellent United States

skier hag been presented using th; following parameters (Dillman,

1978):
Factors  Results
Velocity (m/s) : 4.75
Stride length (m) 2.91
Stride rate (stride/sec) 1.62

Following a compariscn of these fesﬁlts with thpsé of poorer
skiers, this conclusion was reached: More substantial differences
exist in skiers' stfide lengths than stride rates. It wds emphasized
thﬁt there is probably an optimzl stride length; Ionger strides would
likely be less efficient once this optimum is reached. Thrust time
is shorter fof excellent skiers, and glide.time is longer. Some
opposition fof these conclusions haﬁ-been found in a study of highly
skilled female cross-country racers (Marino et ali,(lQSOa);a higher
stride ffequency (1.98 strides/sec) combined with a shorter stride
length (1.§l'm) was aiscovered.

Although there is ge;eral agreement among authors, coaches, and
researchers about skilled performance of the diagonal stride, there
is a degree‘of uncertainty and éontrﬁdiétiou concerning the relative
importance and magnitudes of parameters involved with the production

of an efficient stride pattern. Kinematic evaluation of a wide range

of parameters would be more beneficial at this time.
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) Summary:

The diagonal stride in cross-country skiing is a form of locomotion
bearing similarities to walking and runniég. Similar't; other forms of
body movement, this skill may be divided into iogical phases. These
may be accurately analyzed in a’huantitative fashion using biomechanical
principleé and computerized data analyses. A limited number of kinematic
parameters imporéant to high calibre execution of the diagonal stride
has been iéentified and quantified by scientific investigations. Eow=-
ever, biomechanical analysis of cross-country skiing is still in its
preliminary stages and further kinematic investigation is necessary to

solve existing problems.



CHBAPTER IIT

METHODOLOGY

The purpose of the study was to quantify the kinematic parameters

of h;gﬁ caliber performance of the diagonal stride technique. In
order to obtain a permanent, accurate éécord of the performances, high.
spéed cinematograpﬁy coupled with a computerized analysis of data was
utilized. Feollowing is a detailed description of the specific methods

emploved.

Filming Procedures

The racers used as subjects were those comprising the senior mén's
division competitors in the 30 kilometer race at the 1979 North
American Cross—Cougtry Skiing Championships. Each skier was over age
21 and was a considerably experiencea racer; also, the group appeared
to produce excellent performances of the diagonal stride technique.
There was little requirement for subject preparation, as tvpical
racing attiée included an ex?remely close-fitting racing suit which
provided an unobstructed view of bodv segments aﬁd joint locations.
Considering that the objective was to examine the diagonal stride
performance during an actual racing situation, it was considered more -
advantageous to examine the skiers without-familiarizing them with

experimental procedures. Thus, the subjects were filmed with no

previous knowledge of the study.

A filming area was éelected approximately 100 meters from the

25
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starting position and the éaméra was located such that the following
requirements were satisfied: Its location allowed sufficient éime

for attainment of a smooth stride and a constant velocity. There

was an even surface situated on a slight incline to ensure that all
racers employed the diagonal stride technique. Also, the area allowed
an unobstructed lateral view of the skiers' éntire bodies, silouetted
.against a background of snow. e subjects were filmed at one minute

. . ' !

intervals as they skied akong the siﬂg@e, prepared track. Thus, a
fiim of each competitor was individually obtained é?rough the use of

a Locam 16 millimeter high speed camera (model'51-0602). 1t was
equipped .with a 10 millimeter wide view.lens and loa&ed'with Kodak_hx
filé (outdoor ASA400). The camera was set to operatéxat 160 frames
per second; combined with a shutfer factor of 6, thisiproduced an
exposure time of 1/600 second. The filming position Qas stationary at
a height of approxiﬁately 1l meter and a perpendicuiar distance of 10
meters to the side of the ;rack. Additionally,'thé camera's opticgl
axis was aligned at right angies to the racing track. This:stétionary
camera location allowed each subject to complete a2 minimume of three

strides while crossing the field of vision. Thus, the provision of a

suitable filmed image of each subject was ensured.

A prepared length of wooden dowling with distinctive markings

spaced 1 meter apart was filmed while being held in two positions --—
/-
horizontally in the vertical plane of the track center and vertically

}
suspended from one of its ends. This procedure provided a vertical

’

reference line as well as a previously known distance which was used

to calculate the conversion factor for the film analysis.
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Film Analysis Procedures

A time factor was calculated from the film according to the
following procedures: Exposure marks had occurred as a result of a

timing pulse generator driven by a quartz crystal oscillator (light

-

emitting diodel. Since these exposure marks had occurred at accurate

.01 second intervals, they were used to determine.the elapsed time

%
per frame by counting the numbers of frames and exposures in a length

of £ilm. To ensure accuracy and reliability, this procedure was per-
formed during the middle portion of each subject's'gerformance. The
exposure to the light émitting diode had occurred during a comstant

filming speed; thus, filming rate was determined using the following
N

formula:

filming sﬁeed = number of frames X 100 exposures
number of exposures second

The comstant value produced for each subject's pﬁrtion of the film

was 97.6 frame§ per 'second. Accordingly, the inverse oé filming speed
produced a time per frame of .0102 sécond. This time factor was sub-
sequentiy used for calcuiating total-time elapsed during the completion

of particular movements.

.

Displacement data were collected through the use of a Vanguard

Motion Analyzer (model M — 16C / C - 11). This unit enlarged the

image by a2 magnification factor of 25 and projected one frame on its

screen, locked into position by pin registration. On this projection,

the operator manually positioned the X and Y coordinate cross-hairs
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" at the désireé pﬁints, producing accurate twOedimeﬁsiOnal locations
ot
measured to the nearest Vanguard Unit (.0009 meters in real life con-
version). A reliability check regarding location of points was pef—
formed ‘using the .coordinates of fifteen 5oint'centgr locétiggf; The
values weée recordéd, then the film was advanced several fram%i.
?ollowing a return to the exact frame,;the valués for the idgntical
joint ceﬁ;ers were again recofded.' A correlated samples T-test was
performed on the two set; of recordings in order to déte;mine whether
the difference between the paired observations was significantiy
-different from zero. This calculation produced a T-value of 1.63,
indicating that no éignificant difference was discovered between the
test and reétest recordings (P €.05). The conversion factor,fqz_;he
film was determined'by recording the difference between the diéfiﬁttive
markings from the image of the length of dowling. This differencenéas
3,

Fi .
equated with a real life measure of 1 meter, which produced the follow-

ing conversion:

1 Vanguard Unic = .0009 méters.;g

-

For each subject, the‘joint center coordinates were tvped diréctly
onte Fortran computer cards using a standafd keypunch. Thus, the X
End Y data describing the position of the following points'were
éollected from every second frame of film (time interval = .0204
seconds): Right toe, right ankle, right knee, hip, shoulder, top of
the head, righ; elbow right wrist, tip of the right hand, left toe,
left ankle, left knee, left elbow, left wrist and‘tip of the left

hand. This recording order complied with the requirements of a
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computer program which was u§ed to determine centers of gravity
(Widule, 1977). The program used” segmental weight and body weight
ratios combined witﬁ ségmental center of mass locations derived
from séveral cadaver studies. .Thus, the locations of joint centers
were used‘in direct calculations of the theoretical poiﬁc at which
the total body mass was represented. The theory undérlying this

calculation is that the sum of the segmental moments of force equals

~the total.body moment of force téngential to the X and Y axes.

-

Additionally, the computerized joint center coordinates were °

used to calculate selected body segment angles through manipulation

+ 0T the computer program. For example, @ﬁe trunk angle (T) relative

to horizontal was calculated using the coordinates of the shoulder

(X2, Y2) and the hip (X1, Y;):

Angle T = tan L °2 1,

Similar trigonometric relationships were constructed to facilitate

computerized determinations of each body position parameter. ¢

Selected Parameters

The following body movement parameters were selected and categor-
ized on the basis of their suitability to the présent study. TFor each

subject, the parameters were calculated throughout one complete diagonal

stride.



(a) Performance parameters: /

‘1. Stride length.
2, Stride frequency. :

3. Horizontal displacement of the center of gravity.

4. Horizontal velocity of the center of gravity.

-

5. Vertical displacement of the center of gravity.

6. Vertical velocity of the center of gravity.

These parameters were considered to be of prime signiﬁicance for

the analvsis of diagonal stride technique. The information was

used to relate the subject's movement to the major objective of

the race, high horizontal velocity. Since the preduct of stride

.

length and stride f{requency is horizontal velocity, these para-
meters are the fundamental determinants of the performance ob-
jective._ More §%e¢ifically. the center of gravity analysis provided
a quantitative description of the pfecise position and direction in
which each skier had moved his total body mass. This descripﬁion
was useful in two respects; firstly, it allowed comparisons of the
vertical versus horizontal displacements of each skier's mass
throughout the complete stride. Secondly, it was valuable in
providiné a temporal assessment of the instantaneous val;es of
"displacement énd'velocity of the ceﬁter of gravity. These resu%ts

were visually represented by constructing both vertical and

horizontal displacement versus, time graphs.

(b) Stride phase parameters:

1. Phase length and percentage pf total stride length.



2. Phase time and percentage of total stride time.

The calculation of phase lengths and times was performed utilizing

the specific times at which certain events occurred throughout the
A /

stride. Following is a list of the times and corresponding events

which were designated to visually separate the stride phases:

t3L ‘The center of the left ski lost contact with the track.
tll The tip of the recovery pole'contacted the snow,

£2 The support ski became stationary in the track.

t3 The left and right legs gaiﬁed parallel positioning.

th The pole tip lost contact with the SnOQ.

t5R The center of the right ski lost contact with the track.

)

Phase times were calculated for each subject through the use of
these identifying events. The selected phases and corresponding

time differences have been listed below:

Phase ' Time Difference
Total Stride ......qewes-v.. tSR - £3L
Pole Implantation ...:...... té - tl
Foot Stationary ...cecseeees tSR - t2
Leg Thrust ..%....sevese-n.. ESR = £3 ‘
Free Glide .......... O

Phase lengtﬁs were determined for each subject by calculating the

difference between the horizontal displacements of the center of



gravity at the times bordering each phase.

These stride phase parameters brovided a time basis for des-
cription of spec%fic aspects of the diagonal stride. Also, they
were useful in comparing a§pects of performance among subjects. The
phases separated the various moveménts involved in the skill; thus,
temporal and spatial assessments were conducted regarding their’

R

importance te tge total stride.

(c) Body segment angles:
G = slope of the line joining the center of gravity and the
toe of the support foot; anglé relat;ve to horizontal.
L= shagk angle; relative to horizontal.
T = trunk angle: pelative to ho;izontal.
P = pole .angle; relative to horizontal.
A = ankle angle; shank relative to foot.
K = knee angle: thigh relative to shank.
H = hip angle: trunk relative to thigh.
C = thighs angie: right thigh relative to left thigh.
E = elbow angle: forearm relative to upper arm.
S = sheulder angle; upper arm relative go trunk.

Figures 1, 2 and 3 ijlustrate the exact locations of body angles.

The leg and arm which were providing support and propulsion were the
. .

£ - : -
segments studied, while the recovery leg and arm were, not evaluated.
: ) N ‘
An additional calculation was performed to determine the horizontal
///"
distance berween the tip of the ski and the to§/of.fge support leg
T .

at the.beginning of the pole implantation phase.
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/Ihe body segment parameters provided various types of information.
Firstly, exact configuration of the body ségﬁents at varioué timés
throughout the stride were illustrated. This allowed comparisons with
the find%ngs of previous studies. For exémple, Dillman (1978) showed
_that position 'at the beginning of the leg thrust phase was an im-
ﬁortant factor. The present study examined tofal body configu?&tion
during the entire stride; thus.'the next logical step was provided
lin the analvsis of the importance of other body segment positiéns to
highly skilled performances. Secondly; these parameters quantified
the temporal and spatial relationships among body segmenfs. This
information was useful in the determination of the exact coordination
of rotational movements of various segments involved in producing
total body tramslation. ' Such quantitative descriptions of technique
were used to form comparative evaiuations of individual styles.

;—- -
Analvsis of Data

(a) Data Smoothing: .
Experimental methods of cinematographical analysis produced a
degree of unavoidable error. Therefore, the raw data provided by .
filming and'measureﬁent pr;cedureS'weretreated pricr to analysis.
Such treatment has been shown to be effective in reducing error while
retaining meaningful changes (McLaughlin, 1977a), Thus, the relia-
bility of the data was increased before comparative analysis and
statistical treatment were undertaken. The present stuody utilized
the computerized Cubic Spline data smoothing preocedure (International

Mathematical and Statistical Library, 1976). This program produced

y



smoothed curves for vertical and hﬂ;izontal displacement and velocity
of the centers of gravity. However, the smoothed acceleration de-
rivatives in the vertical direction were extreme and unrealistic,
appearing to fluctuate meaninglessly. Thus, the second derivative

calculation by the cubic spine whs unsatisfactory.

e

A
(b) Performance profile:

Appropriate tables and graphs were constructed for the stride

characteristics, phase percentages and body angles. Also, group
means and standard deviations were calculated for each parameter.
Thus, the quantitative description of performance, percentage times
and lengths of stride phases and body configuration angles were grouped

.

to form a profile of high caliber execution of the diagonal stride.
Vertical and horizontal displacements and velocities were plotted -

versus time of stride for selected subjects to visually illustrate

tvpical group patterns.

(¢} Compafative‘analysis:

Individual performances were compared to the group profile.
This comparison was usedlto determine differencqsiamong aspects éf.
individual stvles. Also, an attempt to identify relationships
zmong selected parameters was undertaken thro the use of the
Pearson Product-Moment Correlation, Fimally, a T-test for signifi-
cant differencesbetween means was performed to reveal significant

differences between the performance means of the first five and the

last six rankingsin the race results.
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Summary

The present study was concerned with the accurate quantitative

.

analysis of the diagonal stride technique of high caliber crefs;

.

country skigys.l Tﬁrough the use of cinematographical analysis and
c0mputerizeé data smocthing, technique prﬁfiles were listed, described
ané compared in an attempt to ﬁrovide useful knowledge regarding
improvement for poorly skilled skiers. The impéftance of Sucﬁ a
kinematic evalua;ion of technique.was reflected by the lack of pub-
lished material feiated to this tepic. Thus, a detailed biomech;nical
investigation was undertaken. It was the author's intention to pro-
vidé ghe next  logical step in progressing toward the advancement of

the body of knowledge which is available to instructors and coaches

presently involved with crossecountry skiing.



CHAPTER IV

" RESULTS AND DISCUSSION

The purpose of the investigation was to quantify'the kinematic
parameters related to the diagonal stride technique of highly skilled
cross-country ski racers. An analysis of selected results obtained

.

from the study follows. Additionally, completed results have been
presented in tabular form. Included In the main body is a detailed
interpretation of pertinent results as well as a comparative discus-

sion of the findings of the .present study with references to related

research.

Detailed race results have been listed in Table 1. Eleven of
the twelve -skiers completed the ra;e: the competitor who dropped out
had been tied for sevenfh place at the 15 km point. The top five
finishers were also the five leading racers at the half way point;-
Their finishing times had a range of 5.22 min (5.1% oflthe winning
time) while the overall rahgé in completion times for the 30 km race
was 14.57 min (l&;EZ). The first and second place racers were
separated by 3.15 min (3.1%), which represents the largest difference
between successive rankings. Interestingly, only the second ranked
skier improved his ‘average speed over’ the seéond hzlf of.the race.
Thezefore, the subjects chosén for the study appear to have exhibited
a relatively narrow range in ability; also, there is a degree of coﬁL‘

sistency among the subjects' performances in the two sections of the

race. This relative homogeneity was a consideration during the

-
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TABLE 1

SENIOR MEN'S 30 KM RACE RESULTS

e
Subject Half-way Point ) Finish
Number
~ Rank Time (min) Rank | Time (min)
1 1 50.07 1 102.88
2 5. | 53.07 2 106.03
3 4 - 52.97 3 106 :40
4 2 52.%7 4 ~108.03
5 3 52.%5 5 108.10
6 ' 7 53.67 - 6 108.95
7 6 '53.42 7 109.83
S 9 54.72 8 110.25
9 // 10 55.42 9 112.82
10 i1 . 55.98 10 © 115.00
17| 12 57.73 o 117.45
12 7 53.67 12 I Did Not
’ : Finish
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performance  aspects.

Diagonal Stride Characteristics

A summary of the rate and length characteristics of tﬂe skiers’
diagonal strides is preseﬁted in Table 2. Also 1isteé are the average
‘horizontal velocities of their centers of gravity. Table 3 shows
Pearson Product-Moment correlation coefficients for various pairs '
of stride and race parameters. The mean horizontal velocity of the’
centers of gravity for the strides analvzed was_&.Zé m/sec (S=.47)
produced by a mean stride length qf 2:41 m (8$=.22) and a mean.stride
rate of 1.78 st/sec (S=.15). .These results are somewhat diffgrent-
from those presented by other studies. The mean stride length 1s
shorter and the mean stride rate is more frequent than those shown
by Dillman (1978) 2.88 m: 1.61 st/sec; and Xomi et al. (1980) 2.96 m;
1.63 sf/sec. éoﬁversely, the values are légger and less frequent’
respectively, than similar data reported for femal@ skiers by Marino
,ét al. (1979) 1.91 m; 1.98 st/sec. Dillman-(l97$) reported that in-
creased horizontal veiocity was achieved more by increasigg the s&?ﬁdé
length than by increasing the ;tride rate. -He sugéested; however,
‘that there is likely an optimal stride leng;h and that strides'lafger
than this are likely to ke less efficient. Komi et al. (1980) agreed
partially, stating that the increased mean horizontal velocity over
that shown by Dillman (l§78) was more of a result of increased stride

length (2.87%) than a result of increased stride rate (0.6%). However,
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TABLE 2

DIAGONAL' STRIDE CHARACTERISTICS

Rank Stride Length  Stride Rate Horizonc;l Velocity
‘ () _ (per sec) (m/sec)
1 el 1.96 | 5.17
2 2.80 1.64 C use

"3 ©o2.2r T 1.96 4.33
4 2.34 1.69 3.95 .
5 : 2.39 1.85 5.42
6 2.42 2.04 4.94
7 - 2.17 1.69 3.67
8 2.27 o 1.72 3.90
9 2.59 1.54 3.99

10 2.26 1.82 4.11

11 | 2.13 1.75 3.73

12 2.67 1.69 4.51
X 2.41 1.78 L 4.29




"

. TABLE 3
CORRELATICNS BETWEEN SELECTED
PARAMETERS
T . "' Parameters
B4 _ Horizontal Velocity vs. Stride Length
.61 | Horizontal Velocity vs. Stride Rate
-.51 ' Rank VS, Horizontal Velocity
-.37 . ) Rank vs. Stride Rate
-.27 Rank vs. _.St:ride Length
-.21 Stride Rate vs. Stride Length
~-.35 Rank vs. Percent Time of Ffee Giide
.014" ) ' Rank vs. Percent Time of Pole Implant:a;ic_a_r;
.09 - Rank vs. Preceat Time of Fbot St.ationary
.11 . ‘ ‘. Rank vs. Percent Time of Leg Thrust

*p<. 05
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Komi et al. (1980) concluded thar skiers achieve théir horizontal

velocities in different ways, since he noted that many excellent

-

skiers achieve a greater velocity thfough‘an increased stride rate.

The présent data concur in that the subject ranked first had the
second highest stride rate'as well.as thé second longes; étride length.
Also, subjects ranked third, fifth, sixﬁﬁ and tenth have teiatively
high stride rates and short stride'lengths producing their high hori~

zontal velocities. Additionally, no 51gn1f1cant relatlonshlp was
e
discovered between finishing rank and hcrlzontal velocity (P¢. 05)

‘Thus, these high caliber skiers produced their horizontal veldcities

in different ways. Marino et al (1280a) found that more successful

female skiprs had sxgnlflcantlv higher strlde lengths (P€.05). The

results of the present study did not support this finding. Signifi-

cant relationships were discovered between horizontal velocftf and
. . * ' : )
. stride rate as well as between horizontal velocity and stride length

(pL.05). However, no other significant relationships among stride
parameters were discovered. It appears, then, that high caliber
¢ross—country racers achieve their horizontal veloc1t1es through

~

different methods durlng the dlagonal stride.

Stride Phase Characteristics

Tables 4 and 5 list times and lengths of stride phases. The
" mean phase times, represented as a percentage of the total stride
time, were 187 for the free glide phase; 74% for the pole implantation

phase; 367 for the foot stationary phase; and 27% for the leg thrust

phase. The mean phase lengths, represénted as a percentage-of the

/
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o
. - " TABLE 4

TDME COMPONENTS OF STRIDE PHASES

Free Glide ‘ Pole Implantation
Rank 1 Phase Phase ‘
) (sec) (%) : (sec) @
1 13 26" .37 72
2 .16 27 s o 41 67
3 .05 10 c 41 80 -
4 =11 19 46 78
5 .12 23 o239 72
6 .06 ) 13 .35 71
7 11 19 A _ 76
8 J11 i9 W43 . 74
9 } 120 19 _ .46 70
10 07 - 13 . .38 69
11 .05 9 47 82
12 .14 24 - .43 72
X .10 18 L2 74
.04 6 .04 5
Foot' Stationary Leg Thrust
Rank ' ' Phase Phase
(sec) . (3 (sec) (%)
i .18 36 .14 28
2 .19 32 L1 23
3 21 42 .17 34
4 .21 36 .13 22
5 .17 32 .13 25
6 .18 38 .13 27
7 .30 43 . .18 31
8 .19 33 .13 23
9 220 34 18 28
10 .20 37 .17 32
11 .22 . 39 : .17 30
12 .18 31 14 24
X 20 36 .15 27
3 4 .02 4

i B et et ottt e+
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TABLE 5

- LENGTH COMPOWENTS OF STRIDE PHASES

Rank Free Glide Pole Implantation
' PHase Phase
(m) (%) (m) (%)
1 .68 26 1.91 72
2 75 27 1.86 &7
2 .21 -9 1.76. 8
4 .45 19 1.81 77
5 .52 22 1.73 73.
6 .29 12 '1.72 71
7 L4l 18 1.63 75
8 b4 19 1.67 74
9 49 - 19 1.81 70
10 .29 i3 1.352 67
11 « .19 . 3 -1.73 SL
12 .64 24 1.93 72
X .45 18 1.76 73
S .18 6 .12 4
" Rank Foot Stationary Leg Thrust
Phase Phase
~(sec) (%) (sec) (%)
1 .93 35 .72 27
2 .90 32 .66 23
3 .96 43 .78 35
4 .87 37 .55 24
5 .82 345 .65 27
6 .92 38 .66 27
7 .97 45 .71 33
8 .78 34 .54 24
9 .92 36 .76 29
10 .87 38 .75 33
11 .87 41 67 31
12 .89 33 .69 26
X .89 37 .68 28
S .05 4 .08 4
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toéal stride leagth, were 187 for the free glidg'phase; 73% for the
pole implaﬂtation phase; 377 for the foor stationdry phase; and 28%
for the leg thrust phase. These data show that proporﬁions of time
spent and distance  covered during each phase are approxima;ely equal.
This statement is consistent with a subsequent finaiﬁg of this studf
that horizontal velocities of the ;kiers' cenéers of gravity were
constant or only‘glighcly varving. ¥

Figure 4 is a visual representation of time proportions for each
phaée of the stride., There is evidence gffconsiderable overlap among
the phases, explained by the fact that they were chosen as distinet
body actions rather than a sequence of events. The exact instants by
which the phases are delineated are also depicted. The diagonal stride
appears to be comgrised of 2 series of distinctly timed bodf movements
anq events. Well over half of the total étride time was consumed bj
the action of the support ski(s) sliding in the track (64%). -These
results concur, in part, with previous findings. Dillman et al. (1979)
reported a free glide: phase leﬁgth of 25% of the total stride length
for excellent skiers while Nigg and Waser showed 277 for an identical
measure (Dillman er al., 1979). These reports are considerably higher
than the presént resﬁlts'for the fgee giidg phase. The differences
can possibly be accounted for By‘the higher ﬁorizontal velocities of
the racers in the previous studies. In addition, previous dafa stems
from a study of racé;s performing on flat terrain whereas the portion
of race on which this study is based had'a élightly upward sleping

track. This may account for the shorter mean stride length and

shorter glide phase reported in this study.
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The mean pole implantation phase constituted an extremely large
portion (74%) of the total stride time. The ;élative amouqt'of pro-
pulsion provided by thg pole ;etiancompared to thé leg thrust éould
not be determined by this study. However,,Nigg and Waser (Dillman,
1978) reported that excellent skier§ have shorter pole implantation
lengths than do lesser skilled skiers. Conversely, Marino et al.

(19802)showed that better.ranKed skiers covered  considerably more

)
o v

distance during the pole implantation phase than did their poorer
ranked counterparts. The present study found support for neither
argument, since no significant relationships were discovered between

.race rank and the various stride phases (Table 3). -

By comparison, the leg thrust portion of the total stride was
relatively.small (27%). It comprised‘most of the foot stationary
phase, during which the support ski (thrust leg) éas in a fixed
position in the track. Ihis stationary phase accounted for 367% of
thé total stride.time. In this study, it was not possible to determiné
the exact times at which thrust began. Although the beginning of
the leg thrust phase was descrgﬁbq\as the instant when left and right
leg§ became pagallel (lateral &iew{?\khrusc may well have begun at
any time after the'ski became‘szationary in the track. Dillman et al.
(1979) suggested that the leg thrust began when the legs came toéether
and that highly skilled skiers seemed‘to get a gréater thrust in a
shqrter time. Clearly, there is a possibility that horizontal thrust may-

have occurred during the time the body rotated over the stationary

support  ski.in order to attain a more mechanically advantageous position

t
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from which to '"push off". Thus, further data are required to assess
the exact beginning of the leg thrust phase, while the foot stationary
phase has been shown to cpmprise-approxiﬁafely one-third of the total

stride time.

The ﬁhase time and phase ;ength study provided information
regarding proportions of body actions necessary %or an excellent
diagonal stride. Results indicated tha& the diagonal stride is com-
prised of a distinctly timed sequence of events, composed of a
relatively largé-propor;ion of sliding on the ski{s) and a smaller -
proportion with one ski "set" statiénary in the track. There were
no'significa@t relationsﬁips_foumd between the performance of the
racers and the stride phase characteristics. However, it must be
considered that these results were obtained from a small sample
(n=12). Further study is required to clarify the relative.igportance

of individual stride phases.

Center of Gravitv Analvsts

A distinctive pattern was produced by the vertical d;splacementé
of the racers centers of gravity. The displacement curves for subjects
1 and 8 are shown in figures 5 and 6; these are representative of the
patterns pro@uced by all subjects. The center of gravity continued

to rise throughout the free glide phase and reached its high point
at approximately the time at which the pole implantation phase began.

Then, it dropped continuously and reached it's low point at épproxi-

mately the time at.which the legs became paraliel. From this point,
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the center of gravity rose continuously, reaching approximately the

same height at take-off at which it had begun the free glide phase.

Thi;_sequenée is,logicallyléonsistent witﬁ previously described
actions performed by skiers throughout the stride cycle (Dillman et al.,
1979). For example, at the center of gravity high point, the racers
were in an qx;ended position Qitﬁ arms held forward and backward at
approximately shoulder height. Also; the rear leg was held in a high
position ﬁnd the support leg‘was relatively straight.l The combined
effec; of these factors accounts for the high point just following the
compiétion ofathe free glide phase. Conversely, at the égnter of
gravityllow po%nt, the racers were positioned in a somewhat crouched
stance with legg together. Also, the arms were positioned relatively
low and to the sfides of the skiers. These factors account for the low
point occurrip‘ just after the legs became parallei- Similarly,
the continuous ris% found between the beginning of the thrust phase
and the-end of the free glide'phase.may be accounted for by the change
from a ;emi—crouched to an extended bogy positionL Coméarabiy, the
continuous fall of tgéicenter of gravity may be accounted‘for by a
return to the semi-crouched position for the Subéequent_thrust phase

of the stride cycle.

The amplitudes of ve?tical displacement of the center of gravity
varied greatly. For example, subject 1 (Figure 5) produced a ver£ical
displacement of .03Q m; whereas, subject 8 (Figure 6) experieneed a
vertical dispiacement of'.089 m. Additionally, ché mean vertical dis-

placement of the centers of gravity was 061 m (5=.032) while the




rance was .114 m. Therefore., there was considerable varia?ion dis—
coverédiconcerning fhe_extent to which subiects raised and lowered
their centers of gravity. However, these verticél.displacements are
consistent with_findihgs of previous studies. Jensen (1979) noted a
s%ight vertical dip 4in the center of gravity displacement cﬁrves,
while Dillman et al. (1979) postulated that a relatively large force
known as "weighting" was used to set the stationary ski in the craﬁk.
This action, he reaéoned, was usea to increase the friction between
ski and snmow, allowing for a horizental "push' against the étationary
ski. The required normal forge could be produced by upward ;ccéler—
ations of body segménts involved in the leg thrustiﬂg action. Ekstrom
measured this vertical component of force and found itg maximum

values to be three times the body weight for a competitive skier

(Diliman et zl., H€79), Upward accélerations of the body segments

could cause relativeiy rapid increases in the vertiecal displacément
and vélocity of the center of gravity. In thefpresent study it was
‘not possﬁble to evaluate the extent te which the§e vertical zcceler-
ations affected the."weighting" of the statiomary ski; however, the
timing of the upward accelerations appears to show support for the
previous statement. Graphs of_verticai velocity vs. time of stride
(Figures 7 and 8) indicate that ﬁpwaré acceleration began to sccur
just before the sliding ski stopﬁed in the track. This fact ié
evidenced by the positive slope of the velocity curve at this insﬁant.
Acceleration increased until just after the legs had come together,
then it remained pqsiti&e, but décreased throughout the remainder

of the leg thrust'phasé. During the free glide phase which followed,

LY
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negative acceleration occurred (downward direction), evidenced by the
negative slopes of the velocity-time graphs. Acceleration of the

center of gravity reached its highest negative value Just following

pole implantation, then it remained negative but became smalle¥ in
magnituée throughout the majority of tﬁe sliding portion of the pole
implantation phase. Thus, there appears to bé a logi;al pattern

iﬁ which racers create upward and downward velocities of their centers
of gravity. Fhis-pattern coincides with previously §uggesfed in-

formation regarding the body movements iﬁéegral to various stride
-

'phases.

.

The subjects whose vertical veldcity results were desqribed were
not atypical Subjeéts £%n the total group; howeﬁer, there were
differences in the magnitud;s of the: fcicﬁl velocity wvariations
during the‘stride pattern. The medn velocity ch%pge was .81 m/sec
{S=.44) and the range was 1.45 m/Sec. It was apparent that an attempt,
to find the mean vertical velocépy of the éenters of gravity to pro-
duce an “average"lpattern would have reéulted.in an unrealistic curve.
Further analysis revealed no significant relationships between rank
and each of vertical displacement and velocity. Addiﬁionally, the

vertical acceleration values generated by the cubic spline error.

reduction technique were extremely high and the-variations thmnoughout

the stride appeared unrealistic. This is probably due to a distortion
caused by .the interaction of the'error esﬁimate.and the double mathe-
matical derivation methods- necessary fbr-Ehe determination of
accéleration curves, * Thus, the vertical accelergtio? data appeared

meaningless; further investigation is réequired using different methods
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df_derivation. Overall, the evaluation of the vertical movement of
the center of gravity during the stride cycle appears to provide a
consistent, realistic assessment of the temporal and spatial qualities

of movement in the vertical plane.

Unsmoothed horizontal displacement vs. time data for the centers
of gravity during the diagonal stride have been graphically represented
" 4n Figure 9. The examples shown are dara for subjects 1 and 9; .these

_data are representative of the remainder of  the skiers with the ex-
ception of subject 5. Clearly, all of the éata points closely con-
form to a straight line drawn through them; the only difference be-
tween the two subjects .Is the slope of the line. Figure 10 is a
graﬁhic representation shbwing ho;izontal velocity vs. time of stride
for selected subjects. Eigﬁt.subjects produced constant velocities
throughout their strides, exemplified by the straight, horizontal

line revealed by subject 1. Three others produced a constant velocity
witilch siightly increased (.10 m/sec¢) throughout the last hélf'of the
ééride time. Subject 5 experienced a slight increase just after the
pole’was implanéed fdllowed by a sharper increase (.60 m/sec) be-
ginning at approximately the time his suppoft leg é;opped sliding

in the track. It is evident from thesedata that most subjects pro-
duced constﬁnt-or only slightly in;reasing horizontal velocities
chroughout.the,total stride patéern. This argument is supported by
the fact that unsmoothed displacemenp vs. time data points conform -
very closely to a.straight line. Thus, the error red;ccion process

' did not obscure actual ‘inflections in the data. These results support -

findings by Marino et al. (19802) and by Jensen (1979) that the
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horizontal velocity remains relatively constant throughout most of the
stride, with some skiers producing a slight reduction during the free

glide phase and a slight incregse during the pole implantation and
thrust phaées.. The results are also c&nsistent with the'suggestion
fhat the objective of the leg thrusﬁ phaée is to produce a relatively
small horizontal force with which to maintain horizontal welocity of
Lthe body (Diliman et al., 1979). _However, a conflicting report was’
presented by Komi et al. (1980). He foéﬁd a mean.maximuﬁ'velocity-
range of .31 m/sec, occurfing during the leg thrust phase‘for th;ee
skiers, buthduring the free g}ide and pole ?mp;antation pﬁases for‘two
skiers.  These differences could possibly be attributed to different
race conditions; a track producing a greater coefficient of friction
between snow and skis could cause greater increases and decreases in
horizontal velocit? during the stride cvcle. Overall, the majority |
of gvidence supports the findingathat a nearly constant-borizontal

velocity of the center 6f gravity is maintained; otherwise, slight

>
increases toward the end of the stride may occur. C“‘\B

Body Segment Configuration

A qnalitativé description of the body actions during the diagomnal
‘stride has been presented in the Reyiew of Literature. A éuantitative
analysis, however, illustrates more clearly the distinctive patterns
of movement and allows comparisons to be objectively drawn. Thus,
body posit%on angles relative to horizontal and body segment angfes
werermeaSured'at specific instants-dﬁring the'diagonal stride to

illustrate the exact relationships among various body segments during
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the movements required by the skill. The angies for the instant at
which pole implantation began have been presented in Tables 6, 7 and

8., Figures 1, 2 and 3 (pages 33-35) show the locations of the body -

LS

angles on diagrams of a skier's typical body configuration. Angles-

G, L and T were measured relative to horizontal. Angle G has a

v

mean of -69.0 degrees fS=3.0),_indicating a considerable backward

lean relative £o the base of support. Pole implanta&ion occured after

~

///r the free gliding phase; also. sliding of the support‘ski continued for

2 considerable distance (467 of the total stride) before the ski be-

-

came stationary in the track. Therefore, the subjects appear to be

———
H L}

weighting the rear of their sliding Ekﬁs in order to enhance the
gliding efféﬁt. This techniqué waé noted by Dillman et al, (1979),
who suggested that body weight should be kept sligbtly'beﬁihd the ball
of the foot during the gliding phase. These results concur in that
the ceater of gravity was positioned well to the réar of the toe of
the support leg. The mean trunmk angle (T) was 58.5 degrees (S=§.2
and the mean lower leg angle (L) was 87.1 degrees (§=1.7). These
result§ indicate .a relatively upright shank and a considerably forward
N
leaning trunk. The mean knee angle of 142 degrees ($=8.0) is evidence
of a relatively bent support leg. Additionally, the mean angle between
the subjects' left and right legs (C=77.4; $=5.2) implies th:at the
recovery leg was heid in a relatively high position to the rear. “This
bbdf configuration parallels previous advice that skiers should.
maintain a good, balanced body position during the sliding action

(Dillman et-al., 1979). The forward leaning trunk combined with the

high rear leg could help to create a well-balanced configuration of

T
/

[
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BODY POSITION ANGLES AT
THE INSTANT OF POLE IMPLANTATION
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TABLE 6

Rank

Angle G*

Angle L Angle T
(rad) “(rad) © (rad)
1 -.85 1.52 .88
2 -.87 1.57 .86
3 -.86 1.49 1.0
4 -.93 1.45 .99
5 -.92 1.54 1.18
6 -.84 1.56 1.04
7 -.9L 1.54 .99
8 ] -.94 1.49 1.06
9 -.93 1.54 1.09
10 -.96 1.490 .99
11 -.96 1.51 1.10
12 -.83 1.51 1.02
(red) X -.90 1..52 1.02
v s .05 .03 .09
(degrees). X -51.6 87.1 58.5
$ 2.8 1.7 5.2
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TABLE 7

LEG SEGMENT ANGLES Al

THE INSTANT OF POLE IMPLANTATTON

X
Rank Angle A Angle X Angle H Angle C
{rad) (rad) (rad) (rad)
1 1.72 2.30° 1.66 1.52
2 1.88 2.68 1.90 1.29
3 1.82 2,29 1.80 - 1.44
4 1.76 2.42 1.97 1.33
5 1.84 2.59 2,23 1.30
6 1.85 2.46 1.87 1}g2
7 1.73° 2.52 1.96 1.31
8 1.97 2.65 2.06 1.32
9 1.78 2.66 - 2.09 1.33
1) 1.72 2.38 1.88 1.18
11 1.82 2.35 1.93 1.37
_ 12 1.84 2.45 2.01 1.42
(rad) X 1.81 2.48 1.95 1.35
S .07 .14 ‘Ws- .15 .09
(Gegrees) X 103.7 142.0 111.8 77 .4
' s 8.6- 5.2-

4.0

8.0




ARM -SEGMENT ANGLES AND POLE POSITION
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TABLE 8

AT THE INSTANT OF POLE IMPLANTATION

-

- Angle §

Rank Angle E An'glé P Distance D
{rad) (rad) {rad) (m)
.
1 1.50 2.13 1.25 S -.10
2 1.21 1.99 1.20 -.16
3 1.86 1.98 1.25 -.15
4 1.25 1.78 1.é8 -.08
5 1.73 2.66 1.31 .09
.6 1.22 2.07 1.17 4 _.29
A
7 1.26 2.03. 1.24 -.12
8 1.03 2.12 1.13 -.35
*g 1.44 2.22 1.28 .03
10 .77 1.61 1.12 ~.43
11 1.33 2.34 1.14 -.27
12 1.07 1.98 o 1.21 -.22
(red) X 1.31 2.08 1.22 -.19
‘s .30 .26 06 .12
( Gegrees) X 75.1 119.2 69.9
s - 17.2 14.9 3.4
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body segmentg. uAléo, it may allow the skier to reach well in frﬁnt

of his b?dy to begin pole implantation and arm pull. This is an
action consisteﬁt with the report that the pole should be planted well
in front of excellent skiers (Dillman et al., 1§79). In this study,
pole imﬁiaptationAoccurred a mean distance of .i9 m (S=.125 behind

the toe of the support leg, with only two subjects found to have
planted the pole tip in front of the toe. .Also, the poie angle
relative to horizomtal produced a mean of only 69.9 degrees (8§=3.4),
considerably less,thaﬁ the vertical éngle thch was previously
suggésted. Perhaps the differences may be accounted for by the ton-
dition and slope of the respeét%ve racing tracks,.énd a subseqﬁent
skill modificaticn by the skiers in order to achieve best results.

For example, since this ;tudy‘filmed,a g?adually'slopihg uphill section
rather than a flat portion of the course, some coﬁpériSons may be 11l-
féunded. However, the pqlg implantation positions and.angles are
within the range of expec;ations for higﬁly skilled skiers. The mean
shoulder angle was 75.1 degrees (S=17.2) and the elbﬁw was‘119.2
degrees (8=14.9). Their relatively high standard deviations indicate
a considerable degree of variability. The measures indicate that\the
racers began their pgle actions with rather outstretched, vet flexed

arms. This position would. enable them to take advantage of a shorter
Q‘?&. o
Ny

;esistance arm in performing the skill. Dillman et gl., (1979) con-

cluded that highly-skilled skiers use more of a bentférm action for
the "pulling" portion of the pole implantation phase. ~Thus, it w@uld
appear that these skiers combined a balanced "gliding" position with

'a biomechanically effective position for use of the pelé at this in-

stant during the diagonal stride.

N
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Table 9, 10 and 11 present similar data for body configuration at*
the beginning of the leg thrust phase. During this instant, the legs
were positioned in a parallel fashion almost directly beneath the body.

The legs Wwere slightly more flexed than at the instant of pole im-

_plantation, illustrated by a mean knee anéIEHEf“I3STT~deg:éesuls;d4191~*'
Also, both the shank and trunk segments were‘posiFioned at a more for-
ward angle than in the previous position, as evidenced by_mean angles

of lean of 62.5 degrees (5=19.5) and 53.3 degrees (S=5.7), respectively.
Additioﬁally. the position of the center of gravity was clearly in front
of the base of support, shown by a mean angle G of 88.6 degrees (S=4.3).
It appears that the subjécté Had prepared themselves for a "thrusting
of £" actien against the support ski. Thg'forward leaning segments,
flexed body angles and forﬁard position of the center of gravicy all
contribute to a mechanical readiness for this horizontal ”pusﬁ". It

was not possible to quantify the "push" in this study; however,
corroborétive evidence was shown.by Dillman et z2l., (1979). He report-
ed that 3 60 degree shank angle and a 45 degree trunk‘angle.were im-

portant factors in contributing to a good leg thrust.

The upper body angles produced means of 7.4 degrees ($=5.2) and
131.2 degrees (S=18.1) for the shoulder and elbow joints, respectiveiy.
The polé éngle had been reduced to a mean of 36.7 degrees (S=5.2) by
this stage pf the stride. These results show that the pulling arm was 2
clese to tﬂe trunk,- yet the elbow remained fle#ed for this portion of
the poling action, probably to maintain the more effective thruét of
a shorter resistance arm. lThere is also evidence of a considerable

degree of wvariability émong the subjects' arm actions.
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TABLE 9

BEGINNING OF THE LEG THRUST PHASE

Angle G

Rank Angle L Angle T

(rad) (rad) (rad)

1 1.49 1.23 .89

2 1.48 1.29 .78

3 -1.51 1.23 .88

4 S 1.52 .98 1.03

5 1.47 1.11 .92

6 1.49 1.11 .90°

7 1.56 1.22 .96

8 1.47 1.15 1.04°

9 ~1.54 1.33 .80
-—/ . -

10 -1.47 .06 .84

11 -1.48 1.19 1.08

12-° 1.53 . 1.22 1.00

- (red) X 1.55 1.09 .93

——
S .07 .34 .10
(deg rees) X ' 88.6 62.5 53.3
S 4.3 19.5 5.7 -




TABLE 10

LEG SEGMENT ANGLES AT THE

o BEGINNING OF THE LEG THRUST PHASE

‘(.._\

——T, AT T

1

Angle A’ Angle K Angle H

Rank _ Angle C
(rad) - (rad) - (rad)} (rad)
1 1.76 233 2.11 .20 u
2 '1.60 - 2.47 1.99 .06
3- 1.52 2.37 . 2.03. .03
4 1.35 2.27 2.32 ..00
5 --1.57 2.37 C2.17 .01
6 1.45 2.38 2.18 .02
7 1.54 2.30 2.12 .17
8 1.44 2.23. 2.21 .09
9 1.66 - 2.52 - . 2.04 .02
10 .36 1.40 © o 2.18 - .16
11 1.51 2.36 2.26 .05
_ ~_ ;
12 1.49 | 2.34 2.14 .24
(red) X 1.44 2.36 2.15 .09
S .35 _ .08 - - .10 . .08 &’\\
(Gegrees) X 22.5 135.1 123.2 5.2 ~
S 20.1 4.7 5.7 4.6
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TABLE 11

) ARM SEGMENT ANGLES AND POLE _
POSITION AT THE BEGINNING OF THE LEG THRUST PHASE

1Y

-

Angle E

Angle P

Rank’ Angle S Distance D
(rad) {rad)-_ (radY (m)
1 .23 1.97 .68 -.77
2 .19 2.43 .60 -1.06
. .
3 .08 2.00 .66 -.99
4 .14 2.33 .60 -.98
s .34 2.18 .72 ~.67
6 .01 2.54 - .54 ~1.10
7 .07 ©1.80 .77 -.79
8 .09 2.85 .68 .98
9 01 2.06 .65 © ~.90
~ 10 .13 2.63 .45 ~1.34
11. .16 2.49 .65 ~1.17
12 .15 2.20 .72 -1.11
v \}.
(red) X .13 2.29 .64 -.99
S .09 .31 .09 .19
(degrees) X 7.4 131.2 36.7
S 5.2 18.1 5.2
—
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The leg thrust phase eaded when the center portiom of a subject's,
thrust ski lost contact with the crack. At this distinctive instant,

Tghles 12, 13 and 14 present

bodi segment angles were calﬁglated.

a summary of the data for all s Mean angles of the trunk and

hip had increased to 61.9 degrees (§5.7) and 170.2-degrees (5=6.9),

respectively. This is evidence of an extended body ﬁosition which main- .

-

tained the forward lean of the trunk segment. Additionally, the knee o

and ankle joints showed increased angles over the beginning of the leg
thrust phase, with respective means of 163.7 degrees ($=6.6) and 120.3
degrees (5=6,3). Thus, the thrust leg was extremely extended at the

end of the leg thrust phase and the ankle was plantar—fléxed, indicat-
i .

»

]
irng that the heel had beeén lifted to a considerable extent off the ski
platform. Thé\shOuider and elbow angles produced respective means of

33.8 degrees ($=8.6) and 166.2 degrees 7(5=80). These angles typify an

3

extreme extension of these joints. This result was expected since the

pole implantation phase had ended at the.time of takeoff for all sub-~

jects tested. The extension likeIEPCOnstitutes a Pollowing through

“action of the arm segments; however, recovery of the arm and pole may
have already begun, since the joints were not in a fully extended ©
. . -
osition. .
P 8

In summary, body segment configuration appeafs to b& an important
factor at various phases during the stride. These subjects gxhibited
strikingly similar patterns for sucﬂ measures as body‘iean‘aﬁé position
of the center of gravity relative.tq.the base of suppoft. The diagonal -

. L3

tride appears to.be composed of a distinctly timed sequence of body

' segment rotations. , - - \
L]
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" TABLE 12
i 30DY POSITION ANGLES AT THE INSTANT OF TAKE;OFF
Rank Angle G Angle L Angle T
(rad} {rad) (‘rad)
1 .85 .64 1.07
2 .87 .61 1.00
3 .86 .64 .56
3 .93 73 1.20
5 .92 o le1 .99
6 .84 .58 1.13
.7 .91 .70 1.10
8 .94 .67 1.12
%, .93 .67 .94
10 .96 .62 1.02 3
. 11. .96 .55 1.27
s T 83 . .55 1.12
™~
(rad) X .90 .63 1.08
S .05 .06 .10
(Gegrees) X 51.6 36.1 61.9
S 2.8 3.4 5.7
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TABLE 13

LEG SEGMENT ANGLES AT THE INSTANT OF TAKE-OFF -

Rank Angle A Angle:K angle H = ‘:ngie c
{rad) {rad) {rad) (rad)
1 2.20 2.90 2.95 1.35
2 2.08 ,,5’2'84 3.05 1.31
3 2.14 2.92  3.04 1.44
N g 2.19 3.07 2.75 1.33
5 2.01 2.76 | 3.14 1.30
’ 6 2.10 '2.90 2.82 1.4
7 2.12 2.99 2.59 1.3
8 2.18 2.87 2.95 - - 1.26
9 2.08 2.85 3.11 1.28
10 1.0 2.65 3.05 1.09
11 1.92 2.71 2.93 .1.17
12 2.27 2.82 2.90 1.41
(red) X 2,10 2.86 2.97  1.31
s .11 .12 S22 .11
(Gesrees) ¥ .120.3 163.7 102 75.1
< S 6.3 6.6 6.9 6.3
\\
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TABLE 14

ARM SEGMENT ANGLES AND POLE
POSITION AT THE INSTANT OF TAKE-OFF

- Rank Angle S Angie E Angle F Distance D

(rad) . (rad) (rad) _ (m) ‘\\

€ 1 53 2.63 63 83
2 .32 3.04 .57 .86

3 55 2.99 58 89

4 .63 2.96 .62 .90

5 42 2.81 63 67

. 6 58 3.04 57 .87
7 71 2.63 .66 78

8 65 2.84 65 98

9 44 3.02 56 §7

10 69 2.96 .57 .12

11 - ss 2.95 .60 107

12 .70 2.93 .63 .91

2.90 .61 .81

(red) X .59
j}.
S .15 .14 04 .24
(desrees) -‘? 33 8 166 .2 35-0
S 8.6 g§.0 2.3
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The T-test for sigpificant difference between the mean pefformance
of the first five/and the last six rankings produced a value of 3.51, .
indicating a significant-difference (P€.01). No significant relation-
ships, however; were discovered between finiéh;ng rank and various per-
formance parameterg. Therefore, variations in style utilized in pro-
ducing successful performance appear to be present} Determination of
the specific causes of the significantly different performances awaits

~

further study.

-~ !
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CHAPTER V

SUMMARY AND CONCLUSIONS

The purpose of the study was to quantify the kinematic parameters
“involved in the diagonal stride in order to develop. a performance
profile of high caliber execution of this aspect of cross-country

skiing technique. Analysis included an investigation of stride rate

- and length, both vertical and horizontal displacementé of-the center
of gravitf, phase proportions of the stride, and body segment con-
figurat;on at various stages of the total movement pattern. The
resplts indicated that the diagonal stride technique .is composed oﬁ
a distinctlykgiméd sequence of actions; thus it was possible to

create a descriptive profile of highly skilled performance. Based on

this quantitative description, the following conclusions were warranted:

(1) High caliber racers achieve horizontal velocity through

different combinations of stride lengths and stride rates.

(2 A relatively large proportion of the stride consists of éb
the skiers' leg(s) providing only a body support function while a
“small compoﬁent is comprised of a leg thrusting actien. The majority
of the former portion is characterized by a sliding acticn of the (Eﬁ
support ski(s). ‘ \

(3) . During a great percentage of the sliding proportion of the
stride, assistance is gained through the use of the pole. It appears
that this pele action is a factor involved with the maintenance of a

relatively constant horizontal velocity.

(4) During a single diagoral stride, the horizontal velocity

fluctuates very little. A majority of skiers maintain velocity

-
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throughout the stride, while a few experience slight increases during
the leg thrust phase.
(5} The vertical displacement of the center of graﬁity during

-

thb scride_exﬁibits a @ispinctive temporal pattern; it .reaches its
lhigh point at approximately the time the pole is planted and its

low point at approximately the beginning of the leg thrust phase.

There appears to be no répid change in the vertical veloecity of the
center of gravity; upward acceleratioﬁ begins just prior toithe time
when the support ski becomes statienary.

(6} Racers exhibit a relatively flexed body position before the
leg thrust, while an extremaly extended position is maintained duripg
the sliding portion'of the stride. A bent arm pulling action is
utilized throughout the majority of the pole implantation phase. There
is considerable variatioq),howevéf; among the positions of specific
body segments. |
. (7) During the sliding portion of the stride, the center of
gravity is positioned well behind the toe of the support leg. Its
relative location moves forward in preparation for the initiation of

the leg thrust phase; during the leg thrust the center of gravity is

positioned well in front of the toe of the thrust leg.

Thus, moveﬁent parameters describing the diagonal stride technique
have beén quantified in order to provide a profile of the distinct move-
ments performed by highly skilléd skiers. This profile mav be con-
side;ed indicative of t%e performance objectives for poorly skilled
skiers. Additiomally. instructors and coaches of cross—-country skiers

may base practical recommendations for improvement upon these findings.




It was the author's intention to provide a quan;itétive profile
on which to base further study. Although performance times of the
first five and the last six rankings were found to be significantly

different, no significant relationships were discovered between finish-

ing rank and wvarious nerformance parameters. Thus, successful cross-

country ski racers appear to exhibit subtle variations in style which

prevent a valid predic¢tion of success bésed on specific body movement
parameters. Thercfore, future research sHbuld.£e directed toward the
identification of combinations of factors which producessuccessful per-
formance of the diagonal stride, perhaps through linear regression
analysis. It will be necessary, also, tc examine the forces involwved
with leg thrust and arm pull in oréer to assess their relative con-
tributions to average horizontal velocity. TFurther kinetic study
should be undertaken to determine tbe optimum weighting or normal

force required to increase the friction necessary to "set" the thrust

ski in the track. Additionally, the diagonal stride should be ex-

amined undér the varying rdcing conditions presented by the incline of

) thé\track, snow characteristics and tactical requirements of the.race.

Finally, investigation of thefreﬁaining cross—country skiing‘teéhniqueé
shoulé be undertaken to détefﬁine the relative contributions of each
skill component to tﬁe total performance. Only upon completion of this
rgsea:ch will biomechanicians be capable of providing coaches and in-
structers with 2 complete set of recommendations for the production of

optimum mechanical performan¢€ in cross-country skiing.

{

A
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