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Abstract

The purpose of this study was to propose the biomechanical method to evaluate the
laterality of take-off motion. One skilled woman ski jumper with right foot preference,
participated in this research. Seven simulation take-offs were analyzed using a 6-camera
VICON system and two force platforms in a laboratory. Reflective markers were placed
bilaterally on acromion, elbow lateral epicondyle, styloid process of radius, one third on the
line between the anterior superior iliac spine and the femur greater trochanter, knee and

ankle joint lateral aspect and forefoot. From the VICON raw data, the center of gravity,
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the joint moments and power of hip, knee and ankle joints were calculated. Paired t-tests

were performed to determine significant differences (p<0.05) between right and left limb

value. The symmetry index was also obtained due to quantify the degree of the laterality.

There were some significant differences between right and left value. In variables showing

of the significant differences, the right side showed alwaysgreater value than the left side.

Significant differences between right and left are shown in all variables except for the hip

joint power. The symmetry index of knee and ankle joint were particularly big. From these

results, the main cause of the laterality of this subject might be regarded as the moment of the

knee and ankle joint. The technique proposed in this study could evaluate the asymmetry of

a joint moment during simulation take-off movement quantitatively.

Introduction

The series of motions of ski jumping is
classifiable into four phases of approach,
take-off, flight, and landing. Except for the
motion on landing, what is desirable from
kinetics and aerodynamics perspectives
is that the motion or the posture of a
jumper be balanced symmetrically. An
asymmetric posture, if taken in the air, is
disadvantageous from an aerodynamics
perspective. Therefore, it is highly probable
that it would degrade the performance in
competition if a force were applied in an
asymmetric posture during the take-off
motion, which is the initial state leading to
the next flight posture. However, because
it is reported that even a relatively slow
motion such as able-bodied walking includes
differences in the right and the left in terms
of kinetics (Sadeghi, 2000; Vagenas and
Hoshizaki, 1992; Herzog et al., 1989), such
a motion that requires a sudden posture

change like the take-off of ski jumping is

vulnerable to retention of its symmetry
when a force must be applied.
Nevertheless, many studies made of
the biomechanics of take-off motions have
examined the sagittal plane only. Practically
none has stated the fact that there exists
a laterality (Janura et al, 1999; Virmavirta
and Komi, 1993ab). For example, in a report
by Virmavirta et al. (2000, 2001abc), who
measured the plantar pressure for each
posture taken from the approach to the
landing, the foot pressure of both feet
was measured. Nonetheless, that study
specifically emphasized analysis for the
front-back direction only while comparing
the pressure values of the toe and heel
parts of foot with no comments added on
the laterality. No report has described
analysis of the laterality for the take-off
motion from a kinetics perspective, even in
the review made by Schwameder (2008) for
biomechanics studies related to ski jumping.
Athletes and coaches recognize that

the posture and motion taken during



competition are asymmetric in terms of
right and left based on the knowledge
obtained from the actual motions they
experience and associated video image
pictures. Regrettably, there is no
established method to evaluate the laterality
quantitatively. Under such circumstances,
the objective of this study was to propose
the method to detect the kinetic differences
between the right and left limbs during the

take-off motion, and quantify them.

Method

The subject was a well-skilled female
ski jumper (22 years old, 1.55 m tall, 53
kg). We explained the aim of our research
work to the subject and secured her
cooperation. To determine laterality from
a physical perspective, the thigh length
of both her lower limbs (the distance
between the greater trochanter and the
lateral epicondyle of thighbones), the shank
length (between the head of fibula and
the lateral malleolus), and the lower limb
length (between the anterior superior iliac
spine (ASIS) and the medial malleolus)
were measured with the assistance of a
physiotherapist. Measurements were made
for every 5 mm length. Special directions
were given to avoid inadvertent pressure
on any soft tissues during measurements.

To analyze the motions, the subject was
required to wear tights that fitted well to her

body, and to perform seven simulated take-

off motion with bare feet. The simulation
take-off motion is one training subject
that a ski jumper normally makes, which
consists of a series of motions from the in-
run posture taken at the approach initially,
with subsequent stretching the body in an
attempt to jump while moving to the next
flight posture. In general, an athlete who
jumps would be expected to be supported
from underneath by an assistant. However,
in the experiment, an optical motion
capturing system was used to analyze the
motions, all people except for the subject
herself were away from the measurement
area. The subject was directed to land on
the cushion placed in her forward direction
to lessen the possible collision impact. For
motion analysis, the motion capturing system
(Vicon; Oxford Metrics Ltd.) and two force
platforms (BP6001200; AMTTI, Inc.) were
used (Figure 1). The reflective markers of 14
mm diameter were placed at 15 locations on
the body based on the method described by
Ishiguro et al. (2006), such as on the acromion
of both right and left scapula bones (at the
center of each acromion), the hip joint (at the
1/3 distance from the greater trochanter on
the line drawn between the center of the
greater trochanter and the ASIS), the knee
joint (the lateral epicondyle of thighbones),
the ankle joint (ankle joint malleolar), and
the head of the fifth metatarsal bone, and
also further on the right-hand-side posterior
superior iliac spine to use it as a dummy

marker. The sampling frequency was set
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Fig.1 Experimental system

at 120 Hz. The subject was directed not to
place both her feet on one force platform at
one time.

In the analyses, the central point of the
three lower limb joints were calculated
based on three-dimensional coordinate
data obtained with the reflective markers.
The center point of the hip joints were
estimated at the 18%-interpolated point
on the line drawn between both sides hip
joint markers. The center point of the knee
joints and ankle joints was set at the point
moved from the markers of each knee
joint, ankle joint and the head of the fifth
metatarsal bone toward inside the body by
1/2ML in length for each joint (between the
medial epicondyle and lateral epicondyle of
thighbones and the medial malleolus and
lateral malleolus) in the direction of the
normal line passing through those three
marker points. To calculate the body's
center of gravity (COG), the whole body
was divided into seven segments, which
included the upper part of the body (the
head, the trunk and both upper limbs), both
thighs, both shanks, and both feet, giving
each segment of those the COG location as

well as the mass ratio of each segment to

Table 1 Anthropometric data
soament  Segmentweignt STTGC0 1TSS
length (distal)
Head-Arm-Trunk 0.67 0.70
Thigh 0.10 0.51
Shank 0.05 051
Foot 0.015 0.50

the subject’s weight (Table 1) calculating
their weighted average as a result. Using
the reaction force from the floor and
the motion data available, the vertical
component of the floor reaction force (F,.cq).
the moment and the power of extension-
flexion and of plantar-dorsal flexion of the
three lower limb joints was calculated
(Winter, 1990). The low pass filter of 6
Hz cutoff frequency was applied to every
waveform.

From the time series data thus obtained,
the maximum values of F,... the moment
and the power of the three lower limb
joints were acquired. In addition, the mean
value and standard deviation of the seven
trial motions were obtained. Paired t-test
analyses with P<0.05 were also performed
to evaluate significant differences between
right and left limbs. Furthermore, to
quantify the level of the laterality, the
Symmetry Index (SI), as expressed in the
following eq. (1) was computed (Robinson et
al,, 1987).

X=X,

Y — ——
0.5x (X, +X,)

w LI [%2] (1)



In that equation, Xz and X, respectively
represent the measured values at the right
lower limb and at the left lower limb. When
SI is zero (0), no right-and-left difference
exists; if it is positive, the measured value
at the right lower limb is larger than the
other.

To evaluate this proposed method, the
total mechanical work of the three lower
limb joints (W) was compared with the
mechanical energy increase of the COG (AE),
both of which were calculated from the
data taken during the take-off motion. The
W was obtained by taking the integral by
time about the power of the three joints of
the lower limbs consumed during the take-
off motion (eq. (2)). The AE was calculated
by the sum of the potential and the kinetic
energy (translation and rotation) increase

(eq. (3)).
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Therein, Pnp Pie and Pae respectively
stand for the power [W] accomplished each
at the hip joints, the knee joints and the
ankle joints of both lower limbs, m signifies
the subject’s mass [kg], g denotes the
acceleration of gravity [m/s’, A h stands

for the maximum displacement of the

vertical coordinate of the COG (COGv) [m]

and v represents the velocity of COG at the
highest point of COGv [m/s], | and w stand
for the rotational moment of inertia [kgm?|
and the rotational velocity of segments [rad/
s], respectively. In this study, the rotational
energy was assumed to be zero because no
segments were rotated at the highest point
of COGv.

Results

The physical measurement values of the
subject were 360 mm of the right thigh
length, 355 mm of its left, 315 mm of the
right shank, 310 mm of its left, 775 mm of
the right lower limb, and 770 mm of its left.

Figure 2-4 presents an example of the
Fieiica values obtained from the in-run
posture to the end of the take-off motion,
COGyv, and the moment of and the power
of the three lower limb joints. The mean of
the maximum displacement of COGv (A
h) were 0.59 (S.D. 0.02) m, and the velocity
of COG at the highest point of COGv (V)
was 2.2 (0.6) m/s. Examination of the Fitica
curve revealed that the associated values of
the right lower limb were larger for all trial
motions during the static posture taken at
the approach of ski jumping. Furthermore,
results show that the maximum value
during the take-off motion was larger for
the right limb than for another limb (Fig.
2). This trend was common to all the trial
motions and the statistical significance was

observed (P<0.001).
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Fig.2 Vertical component of floor reaction
force (Fyenicar) @nd vertical coordinate
of COG (COGv) during the take-off
motion.

The solid lines represent the F qica

and the dotted line represents the
COGv
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Fig.3 Joint moments of the lower limbs
(an example data)

Regarding the moment of each joint,

when its value is positive, the joint moment
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Fig.4 Joint power of the lower limbs (an
example data)

of extension or plantar flexion is ongoing;
when its value is negative, the moment
of flexion or dorsal flexion is ongoing. In
the take-off moiton, all the hip-, knee- and
ankle joints constantly performed the joint
moment of extension and plantar flexion
from when the motion started until when
the associated lower limb took off the floor
(Fig. 3). The maximum value of the joint
moment showed higher values for the right
lower limb for every joint and for every
trial motion. There were the statistical
significances (P<0.001).

The power of each joint constantly
showed a positive value until the lower

limbs took off the floor, and showed that



Table2 Means of take-off variables

X. Xg p value S/

FRF (%BW) oo 974%10 104615 <0.001 71+14

_ Hip 61.0=31 66.3+30 <0.001 84+25

J O‘Dt(ﬁgflem Knee 333=14 436%29 <0.001 265+85
Ankle 496=16 62.3+20 <0.001 228=16

Hip 3459259 3609+ 156 =0.124 4466
P‘(’%er Knee 241.3+355 334.0+30.8 <0.001 327+131
Ankle 4390+2238 590.7 + 237 <0.001 295+30

the extension muscle group or the plantar
flexion muscle group of each joint caused a
concentric contraction (Fig. 4). As far as the
maximum value of the power is concerned,
the higher value in knee and ankle joints
was recognized for the right lower limb for
every trial. However, its value in hip joint
was higher for the left-hand-side for the two
trials out of the seven of them. Statistically,
a significant difference was recognized for
knee and ankle joints (P<0.001).

Table 2 presents the mean value and the
standard deviation based on the maximum
values of the moment and the power of
each associated joint in addition to the
Foetica for all the trials. The P-value for
the t-tests and the SI were also listed in
Table 2. Regarding SI, its values were the
largest for the moment and the power of
the knee joints, the mean values (S.D.) were,
respectively, 26.5 (8.5) % and 32.7 (13.1) %.
The second largest values were for the
ankle joint, which were, respectively, 22.8
(1.6) % and 29.5 (3.0) %.

Table 3 presents the total mechanical

work of the three joints at both lower

(mean = S.D., n=7)

Table 3 Mechanical work of the joints of
lower limbs (W) and the increase
of mechanical energy (A £ ) and
the ratio W/ AE

trial w; (J) AE (J) N
1 291.2 3783 0.77
2 295.0 369.1 0.80
3 2825 364.8 0.77
4 280.5 357.5 0.78
5 303.3 370.8 0.82
6 292.1 368.6 0.79
7 2825 369.1 0.77

limbs during the take-off motion (W), the
mechanical energy increase of the COG (A
E) and their ratio (Wj/ AE). In this table,
both values of W, and A E mostly agree;
their ratio is within 0.77-0.82.

Discussion

Examining the physical measurement
of the subject, there was little physical
difference in her thigh length and shank
length with respect to right and left.

Regarding the location of the reflection
markers used to analyze the ski jumper’s
motions, the marker for the ASIS might
be hidden behind the subject’s because
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the jumper takes a crouching posture
with his or her hip joints bent during the
approaching phase. For this reason, the
Plug-In-Gait (VICON) or the Helen Hayes
marker set (Kadaba et al., 1990) that
needs the markers on the ASISs were
not practicable in this work. Instead, the
marker set which did not require such
markers was applied in this study. Thereby,
all markers were photographed successfully
during the motion, even when the subject
took the approaching posture. The marker
set applied in this study assumed the head,
the trunk part of the body and the upper
limbs as one segment so that it is good to
use to analyze such jumper's actions with
a small motion of head or upper limbs
accompanied like the take-off motion.

In the approaching phase, the Fiuiica
values and moment values of the right
lower limb have larger values than those
of the left, so that the COG position of the
subject tends to shift rightward when
she takes the approaching posture. This
rightward shift of the COG might degrade
the sliding performance of the skis. point
of view of the aerodynamic, an asymmetric
posture would be disadvantageous. This is
certainly one item that should be considered
for improvement.

In the take-off phase, the Fi s values and
the moment values of the right lower limb
are also higher than those of the left. That
indicates that the take-off force was being

applied asymmetrically as well. Especially

the SI values of the moment and power of
the knee and ankle joints are large, which
tells that the main cause of the laterality
as recognized for the floor reaction force
results from motions of these two joints.
The cause of the laterality in the take-
off phase was regarded as the COG shift
in the approach phase. Such a COG shift
increased the load to support her entire
weight using the right hand lower limb,
thereby necessitating more joint moment
to use during the action. From the fact that
the subject showed no laterality physically,
the laterality might be resulted from her
muscle activities made during the series
of motions. Sadeghi et al. (2000) reported
that, the laterality noticed in the lower
limbs during able-bodied walking, there
would exist a functional difference between
the right and left limbs. Bearing this fact
in mind, the ski jumper would require a
highly technical motion control ability with
a large and symmetric take-off force in a
short period during the take-off action.
Comparison of the largest values of
the lower limb joint moment among the
associated joints shows that all the moments
created by all the three lower limb joints
were equally required during the take-off
motion. Especially, the moment of the hip
joint was large, which indicates that the
activity by the hip joint extension muscle
group is important for the take off motion.
Moreover, results show that because a ski

jumper must change his or her posture



within a very short period, the angular
velocity of the joint increases, based on
which the associated power value becomes
larger, too. According to the report from
Virmavirta et al. (2009), based on analyses
of the take-off motion image pictures, a
positive correlation is recognized between
the hip joint extension angular velocity
and the competition factors of athletes.
Moreover, it is important for athletes to
perform upper body motions associated
with the hip joint extension efficiently from
an aerodynamics perspective.

The SI values to use as an index to
evaluate the right and left symmetry are
obtainable from the difference value divided
by the associated mean value. Because the
SI value is useful to quantify the level of
laterality, it is used as an index to know
how efficient the training would be to
correct the laterality (Robinson et al., 1987).
This index has the following characteristics.
1) It takes the value of zero (0) when there
exists no laterality. 2) From sign of the
value, you can know which leg is dominant
over the other. If the sign is positive, then
the right leg is dominant, and if negative,
the left leg. 3) Even if the difference value
in the numerator does not vary, the mean
value of the denominator varies. Therefore,
the SI value varies accordingly. In other
words, even if the difference value remains
unchanged, the SI value would be estimated
as small for competitive athletics requiring

a strong leg muscle force.

The total mechanical work W, nearly
agreed with the mechanical energy
increase A E. The proposal method was
reasonably sufficient. Furthermore, the fact
that the ratio of those two, W/ A E, falls
between 0.77 and 0.82 shows that most of
the mechanical energy increase created by
the take-off motion results from activities
produced by the three joints of the lower
limbs. Considering the fact that the value
of W is smaller than that of A E, the total
mechanical work might be underestimated.
Because the marker set applied to this
study did not analyze the motion of head
and upper limbs. Regarding all the points
explained above, the method introduced
herein is useful for quantitative analyses of

the laterality.
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