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1 h i t roduct ion 

The International Athletic Foundation appoint
ed the Institute for Athletics of the German Sport 
University Cologne to carry out a Biomechanical 
Research Project during the 6"' World Champi
onships in Athletics in Athens 1997, This scientif
ic approach was intended to be a follow-up study 
to that carried out al the 2"'' World Champion
ships in Rome 1987. which was the first extensive 
data-capture of elite athletes under competitive 
conditions in different track and field events. 

The purpose of this project was: 
- to update the database of biomechanical 

parameters of elite athletes 
- to provide coaches and athletes with quanti

tative information on individual techniques 
- to improve the general knowledge of the 

limiting factors of athletic performance 
- to generate data on gender-specific tech

niques 
- to help the international media to produce 

competent, attractive athletics coverage and 
to present the collected scientific data. 

The project comprised three sub-projects: 
• An information service for the media, with ini

tial distribution of simple information bro
chures in three languages (English, French, 
Spanish) concerning historical aspects and 
important biomechanical concepts, 

• A fast biomechanical information service the 
day after the finals, when the collected data 
were presented and discussed with coaches 
and athletes and representatives of the media. 

• A detailed analysis of the collected data and 
their presentation in a report with an accom
panying video in December 1997, This final re
port will be published as a supplement of "New 
Studies" and will be available from the lAAF 
Bureau in Monaco at the beginning of 1998. 

The project focused on the finals (men and 
women) of the following events: 
• 100m,200m, 400m, 4xl00m 
• 100m and l lOni hurdles 
• 5,000m, 10.000m 
• Long, triple, high jump and pole vault 
• Discus throw. 
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Of special interest were different characteris
tics of female techniques in the jumping, sprint
ing and throwing events. The long distance 
events were chosen to study the effects of fa
tigue on running technique and mechanical effi
ciency. 

The biomechanical data were gathered using 
High Speed Video Techniques, 3-dimensional 
motion analysis, speed and time measurements. A 
new measurement system, the LAVEG-Laser, was 
used to a greater extent than in previous studies. 

The first results were presented and explained 
daily at a Fast Information Service Meeting of 
the lAF Biomechanical Research Team at the 
Championships. Biomechanical information was 
presented for the following events (men and 
women): 

• 100m, 200m, 400m 
• 110m hurdles 
• Long, triple, high jump. 

During these meetings, the participants re
ceived printed results of the previous day's finals, 
including short comments and interpretations. 

Because this was the first time thai both men's 
and women's triple jump had been analysed in a 
major international competition, extra emphasis 
was given to the biomechanical analysis of gen
der-specific differences in this event. 

The data of the 100m hurdles final from the 
very last day of the championships and the pre
liminary results of the pole vault analysis are also 
presented. 

2 Methods and procedures 

2.1 Electronic measurements 

2.1.1 Photocells 

For the measurement of run-up information, a 
photocell system was installed 11m, 6m, and 1m 
from Ihe board for the long jump and triple 
jump. This was used to measure mean velocities 
over the distances between the photocells, 

2.1.2 Laser 

The instantaneous run-up speeds of the ath
letes in the long jump, triple jump, pole vault, 
short sprint and hurdle events were measured 
using a laser system (LAVEG Sport) Installed 
behind Ihe runway and starting blocks of Ihe 
100m and hurdle events. The system operators 
used an optical control device to follow the ath
lete's lower back during the entire approach run 
(long jump, triple jump, pole vault), the hop, the 
step, and the jump (triple jump), the entire 100m, 
100m hurdle and UOm hurdle races, as well as 
the last 80 metres of the 200m sprint. Using the 
known speed of infrared light, the distance 

between the laser detector and the reflecting 
object was measured 50 times per second. From 
the position time history the object's speed was 
calculated by the first time derivative. The raw 
data and the calculated speed curves were regis
tered and stored in a PC on field. 

2.2 Video techniques 

2.2.1 50 Hz Motus 

The jumping events of the World Champion
ships in Athlelics 1997 were recorded with multi
ple synchronised S-'\/l-IS video cameras, operating 
at 50 fields per second. For the long and triple 
jumps, the cameras were placed perpendicular to 
the plane of motion. For the triple jump, 4 cam
eras were used. Camera 1 was positioned to cap
ture the last two steps of the approach, cameras 
2, 3, and 4 were focused on the hop, the step and 
the jump, respectively. For the long jump, 3 cam
eras were used. Camera 1 was positioned to film 
the 4th and 3rd to last steps, camera 2 was 
focused on the penultimate and last step and 
camera 3 was used to film the flight phase. 

For the pole vault, 4 cameras were used. 
Cameras 1 and 3 recorded from the last two 
steps until shortly after maximum pole flexion. 
Cameras 2 and 4 recorded from shortly before 
maximum pole f lexion unt i l bar clearance. 
Because the pole vault was to be analysed three 
dimensionally, cameras 1 and 2 were positioned 
at right angles to cameras 3 and 4. 

For data reduction of the relevant video 
sequences, data were transferred via the video 
grabber board to the videodata disk of the Motus 
video motion analysis system (Peak Performance). 

2.2.2 Highspeed video 

For filming of the triple jump, one high-speed 
video camera (motionscope, redlake), operating 
at 250 frames per second, filmed the take-off for 
the step, and a second high-speed system (Peak 
Performance) recorded the take-off for the hop 
at 200 frames per second. Fixed high-speed cam
eras were also used for filming the long jump 
take-off, the 100m sprints at 60m, and the hur
dles at 60m, 

2.2.3 Pan and ti lt 

The pan and tilt technique was used for data 
collection in the long jump, high jump, triple 
jump, pole vault, lOOni, 200m (the curve) and the 
hurdles. For the women's high jump and the pole 
vault, SOHz. systems were used. For the other 
events, the pan and tilt method was used, in con
junction with high-speed cameras. 

Tripods with pan tilt angle decoders were used. 
Using calibration poles as a reference system, the 
camera positions, the pan and tilt angles and the 
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focal length were calculated for each frame of 
every pair of cameras. This input information 
enabled a 2D-0LT technique to be used for cam
era calibration and co-ordinate reconstruction, 

2.2.4 Data analysis and co-ordinate systems 

For the long and triple jump, the co-ordinate 
system had its x-axis along the runway, pointing 
in the direction of jumping. The y-axis was verti
cal and perpendicular to the x-axis. The origin 
was fixed in the middle of the front edge of the 
take-off board. The co-ordinate system used for 
the high jump had its x axis parallel to Ihe bar. 
the y axis was horizontal and perpendicular to 
the x axis and the r axis was vertical and perpen
dicular to the other two axes. The origin was 
fixed on the ground directly under the centre of 
the bar. 

For the pole vauii, the co-ordinate system had 
its X axis along the runway, pointing in the direc
tion of jumping. The y axis was vertical and per
pendicular to the X axis. The origin was fixed at 
ground level directly above the deepest point of 
the pole vault box. 

For the biomechanical analysis of each event, a 
standard 12 segment model of the human body 
was used, calculated via 19 landmarks. Both feet, 
both lower legs, both thighs, the trunk, the upper 
arms, the forearms with hands, and the head 
with the neck represented the rigid body model, 

3 100 metres 
(by Wolfgang RrtzdorO 

3.1 Methods and procedures 

Data from the 100m finals were recorded with 
two different devices: Laveg laser measurement 
from a rear position and video analysis from a 
rectangular side position. 

While the laser analysis allows a calculation of 
the instantaneous velocity during the race, the 
video based time analysis gives the intermediate 
times for each 10m section. As only six laser 
devices were available, data are presented for six 
competitors in the men's and women's final 
respectively. 

3.2 Results and comments 

3.2.1 Men's final 

Times 

Table I (cf, next page) shows the interval times 
for the 10m sections. 

The data from the Athens finals confirm some 
well-known trends. Top sprinters reach their 
maximum speed between 60 and 70m and show 
a more or less marked deceleration in the last 20 
metres. The fastest 10m section ever measured 
was registered by Carl Lewis (WCh Tokyo 1991) 
and Donovan Bailey (OG Atlanta 1996) with 
0,83s, both finishing their race in a new world 
record time. None of the Athens finalists reached 
such a speed. 

Figure 1 illustrates that Bailey lost this race 
mostly in the first 10m section, with a loss of 
0.06s. From 10 to 50m, Bailey made up 0,05s. 
From 60 lo 90m there was no difference between 
these two athletes, while Greene gained another 
0.02 seconds in the last 10m. 

Figure 1: Comparison of individual interval times of Greene and Bailey 
(1 -10: Intervals: Zero-Line: Reference value Greene; Bars: Actual value of Bailey; 
+: faster than reference value; - : slower than reference value) 
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Table 1: Interval times in the men s 100 metres final [sj 

Name Result RT [ms] 

Greene (USA) 9.86 
Bailey (CAN) 9.91 
Montgomery (USA) 9,94 
Fredericks (NAM) 9,95 
BoldonfTRI) 10.02 
Ezinwa(NGR) 10,10 

134 
146 
134 
129 
123 
135 

0-1 Om 

1,71 
1,77 
1.73 
1.73 
1.72 
1.77 

10-20m 20-30m 30-40m 

1,04 
1,03 
1.03 
1,04 
1,05 
1,05 

0,92 
0,91 
0.93 
0,93 
0,93 
0,94 

0.68 
0,87 
0.88 
0,89 
0,89 
0,89 

40-50m 

0.87 
0.85 
0-86 
0.87 
0.87 
0,87 

50-60m 

0.85 
0.85 
0-86 
0.86 
0,87 
0,87 

60-70m 

0,85 
0,85 
0-86 
0,86 
0.87 
0,87 

70-80m 

0.86 
0,86 
0-87 
0.87 
0.88 
0,88 

80-90m 90-100m 

0.87 0,88 
0.87 
0,88 
0.88 
0.90 
0,89 

0,90 
0,90 
0,89 
0.92 
0.93 

Table 2: Velocities at the end of intervals in the 

Name 

Greene (USA) 
Bailey (CAN) 
Montgomery [USA) 
Fredencks (NAM) 

, Boldon (Vm) 
1 Bdnwa (NGR)' 

10m 

8.71 
8-90 
8.82 
8.77 
8,57 
8,55 

20m 

10.47 
10-55 
10.34 
10-35 
10.36 
10.21 

30m 

11,14 
11,28 
11,14 
11,02 
11.03 
11,08 

40m 

11,50 
11-63 
11.54 
11,43 
11.41 
11.38 

men's 100 metres final [m/s] 

50m 

11,67 
11,76 
11,62 
11,60 
11.50 
11,52 

60m 

11.80 
11,80 
11,61 
11,72 
11,54 
11,51 

70m 

11,66 
11-70 
11,54 
11-52 
11.34 
11,42 

80m 

11.57 
11.55 
11,42 
11,43 
11.20 
11.30 

90m 

11,51 
11,38 
11-25 
11,27 
11,05 
11.07 

100m 

11,30 • 
11.00 1 
10.95 
10,79 
10.46 
10,36 

Velocities 

Table 2 shows the instantaneous velocities at 
the end of the indicated interval. 

Of course, there is the same overall tendency 
as in Table 1. But a second look provides some in
teresting information in the comparison between 
Greene and Bailey. Although Bailey loses 0.06sec 
in the first 10m, his velocity at the end of the 
interval is somewhat higher than Greene's, 
Consequently, the loss must have occurred dur
ing the first strides and was then followed by an 
extraordinary acceleration in the latter half of 
this section. 

All finalists analysed have an actual velocity of 
more than 11 m/s after 30m, Most of them reach 
their maximum speed at the end of the 60m sec
tion, A more detailed analysis is given in Table 3. 

Table 3 confirms the above-mentioned results. 
Maximum velocity was reached at about 60m, 
The highest actual velocity in this final was mea
sured as 11.87m/5 and was shown by both 
Greene and Bailey. 

Other new information was gathered from the 
laser data. This is the distance covered within 
certain velocity limits. Table 4 gives some details. 

The results accurately reflect the race charac
teristics. The longer the top speed area the better 
the result. The medallists covered more than 70m 
at a velocity of more than ll.Om/s. Greene ran 
more than the half of the overall distance with a 
velocity of more than l l ,5m/s and was faster 
than ll.Om/s even at the finish line. Bailey de-

Table 3: Maximum velocity and location of 
maximum velocity in the men's 
100 metres final 

Name 

Greene (USA) 
Bailey (CAN) 
Montgomery [L fS^ 
Fredencks (NAMj 
Boldon (TRI) 
Eztnwa (NGR) 

V max [nVs] 

11.87 
11.87 
11,67 
11,74 
11,66 
11,56 

V max at [m] 

58,10 
62,30 
60,20 
59,20 
60.60 
61.90 

monstrated the best acceleration ability and was 
the first to reach the 11.0 and 11.5m/s barrier -
but, unlike Greene, he was also the first to leave 
this area. 

3.2,2 Women's final 

Times 

Table 5 shows the interval times for the 10-m-
sections. 

According to these data, maximum velocity 
was reached between 40 and 60m, and thus ear
lier than by the men. Deceleration ts obvious in 
the last 20m for the medallists, and even in the 
last 30m for the other finalist analysed. 

Figure 2 gives a comparison of individual inter
val time of Jones and Pintusevitch, Like Maurice 
Greene in the men's final, Marion Jones won the 
final mainly in the first and the last 10m interval, 
Despite her poor reaction time, her acceleration 
over the first 10m and her finishing speed were 
sufficient for victory. 

Table 4: Distances covered at more than 11 .Om/s and 11.5m/s in the men's 100 metres final 

Name 

Greene (USA) 
Bailey (CAN) 
Montgomery (USA) 
Fredericks (NAM) 
Boldon (TRI) 
Ezinwa (NGR) 

from [ml 

28,64 
24,26 
27,78 
29 62 
30,09 
28,66 

V max > 11 m/s 
to [m ] 

100,00 
95,90 
97.91 
97,63 
92,70 
93.55 

difference [m] 

71,36 
71,64 
70,13 
68,01 
62,61 
64.69 

V 
from [m] 

40.20 
36.24 
37.73 
43-15 
44.35 
43.96 

max > 1 l ,5m/s 
to Im) 

90-36 
82.75 
76,91 
74,02 
68,44 
63,99 

— 
difference [ml 

50,16 
46-51 
39,18 
30.87 
24.09 
20.03 
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Table 5: Interval times in the women's 100 metres final [s] 

Name Result 

Jones (USA) 10,83 
Pintusevich (UKR) 10,85 
Arron(FRA) 11,05 
Miller iUSA) 11.18 
Paschke(GER) 11,19 
OtieylJAM) 11.29 

RT [ms] 

160 
130 
165 
117 
138 
139 

0-lOm 

1.81 
1,86 
1,89 
1-88 
1,89 
1.89 

10-20m 20-30m 30-40m 

1.11 
1,12 
1.15 
1.15 
1,14 
1-13 

1.02 
1,01 
1,02 
1-05 
1,04 
1.01 

0.97 
0,97 
0 98 
1.00 
1.00 
0,98 

40-50m 50-60m 

0.95 
0,94 
0,96 
0.98 
0,98 
0.96 

0.94 
0,94 
0,95 
0.97 
0.98 
0.97 

60-70m 

0,95 
0.94 
0,96 
0,98 
0,98 
0,97 

70-80m 

0.95 
0,96 
0,97 
1,00 
1,00 
1.00 

e0-90m 90-100m ^ 

0,97 
0,96 
0,99 
1.01 
1,01 
1.04 

0,99 
1.00 
1,01 
1,04 
1.03 
1.20 

Table 6: Velocities at the end of intervals in the women's 100 metres final [m/s] 

Name 

Jones (USA) 
Pintusevich (UKR) 
Arron (FBA) 
Miller (USA) 
Pasc^ike (GER) 
Ottey (JAM) 

lOm 

8,22 
8.12 
7,92 
7,95 
6,00 
8,10 

20m 

9,59 
9,56 
9.41 
9.27 
9,34 
Si54 

3(»n 

10,16 
10.26 
10.08 
9.75 
9,84 
10,12 

4ftn 

10,58 
10-49 
10,44 
10,14 
10,09 
10,30 

50m 

10,59 
10.66 
10.46 
10,27 
10,24 
10,46 

10,67 
10.65 
10.55 
10.21 
10,22 
10-39 

10.63 
10,51 
10,36 
10,11 
10,14 
10,09 

80m 

10.53 
10-43 
10,12 
9.97 
9.93 
9.89 

90m 

10,38 
10,23 
10,00 
9.83 
9.86 
9,25 

100m 

10.10 

~ 
9.52 
9.50 
9,47 
8,24 

Table 7: Maximum velocity and location of 
maximum velocity in the women's 
100 metres final 

Name 

Jones (USA) 
PIntusevtch (UKR) 
An-on (FFtA) 
Miller (USA) 
Paschke (GER) 
Ottey (JAM) 

V max [m/s] 

10,68 
10-72 
10.65 
10,34 
10.29 
10,47 

V max at [mt 

58,80 
54.10 
56.70 
52:40 
S5.00 
45.40 

Velocities 

Table 6 shows the instantaneous velocities at 
the end of the indicated interval. 

The data confirm the findings of the interval 
times. Only the medallists achieve top speeds of 
more than 10.5m/s and of more than lOm/s at 
the finish. Merlene Ottey's extraordinary ability is 
shown in the acceleration phase. However, know

ing she could not win the race, she obviously 
gave up in the last phase. According to these find
ings, a top result in the women's 100m reguires a 
velocity of more than 10,Om/s at 30m, a lop 
speed of more than 10.5m/s in the phase be
tween 40 and 80m and still more than lOm/s at 
the finish. 

Table 7 shows the maximal velocity ind its 
location fore all finalists. 

As mentioned above, maximum velocities are 
reached a little earlier than in the men's compe
tition. Arron's maximum velocity is very close lo 
that of the medallists, whereas the others fail to 
reach a speed of higher than 10.5m/s. 

As well as the absolute top speed, ihe distance 
that can be covered at a near maximum speed is 
of major interest Data are given m Table 8. 

Figure 2: Comparison of individual interval time of Jones and Pintusevitch 
(1 - 10: Intervals: Zero-Line: Reference value Jones; Bars: Actual value of Pintusevitch; 
+: faster than reference value; -: slower than reference value) 
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Table 8: Distances covered at more than 11.Om/s and 11.5m/s in the women's 100 metres final 

Name 

Jones lUSA) 
Ptntesuvich (UKR) 
Arron (FRA) 
Miller (USA) 
Paschke (GER) 
Ottey (JAM) 

V max > 11 m/s 
f rom[m] 

26.38 
26,71 
27.55 
34.29 
34.88 
25,89 

to [m ] 

100.00 
95.61 
92,73 
78.59 
76.18 
7S.97 

difference [m] 

71 62 
69.10 
65.18 
44.30 
41.30 
50.08 

V 
from [m] 

38.48 
40,53 
51.26 

— 
— 
• * 

max > 11.5m/s 
to (m] 

84-81 
73-23 
63.86 

-
-
-

difference [mj 

46.33 
32-70 
12.62 

-
-
— 

Table 9: Split times for the 50m intervals in 

Name 

Boldon (TRI) 
Fredencks (NAM) 
Da Silva (BRA) 
Garcia (CUB) 
Panagrotopoulos (GRE) 
Thompson (BAR) 
Dmmmond (USA) 
Stevens (BEL) 

Result [s] 

20,04 
20,23 
20.26 
20,31 
20,32 
20,37 
20-44 
20.44 

RT [ms] 

132 
127 
141 
131 
115 
184 
144 
183 

Note: Sptil limes do not include feaction times. 

0-50m [sj 

5,69 
5,66 
5,76 
5-66 
5-73 
5-75 
5.62 
5.74 

the 200 metres men's final 

50-lOOmlsl 

4.54 
4.62 
4.66 
4,64 
4,64 
4.56 
4.58 
4.64 

100-150m [s] 

4.78 
4.82 
4.80 
4,76 
4,82 
4,60 
4,86 
4,80 

150-200mls] 

4.90 1 
5.00 
4.90 
5,12 
5.02 
5,08 
5,24 
5,08 

The results 
confirm the men's 
f indings. The 
longer the dis
tance run at top 
speed, the better 
the result. The 
medallists cov
ered more than 
2/3rds of the 
whole distance at 
a velocity of more than 10,0m/s, Jones ran almost 
half the distance at a velocity of more than 
I0.6m/s and was faster than lO.Om/s even at the 
finish line. 

4 200 metres 
(by WMlffjjMig Rrt?rl'trf) 

4.1 Methods and procedures 

Data from the 200m finals were gathered from 
three video cameras placed at 50, 100 and 150m. 
Intermediate times were calculated for each 
finalist. The laser device was used to analyse the 
lop speed in the last 70 metres. 

4.2 Results and comments 

4.2.1 Men's final 

Table 9 shows the split times for the 50m 
intervals. 

The results confirm earlier findings. The reac
tion times were slightly slower than in the 100 
metres. The fastest 50m section for all finalists 
was between 50 and 100m, The top speeds were 
slower than in the 100 metres sprint. Only the 
medallists were able to cover the last 50m in 
under 5,00 seconds. 

Table 10 sums up the split times for the 1^' and 
2"" 100m interval. 

Table 10: 100m split times in the men's 
200 metres final [s] 

Name 

Boldon (TRI) 
Fredericks (NAM 
Da Silva (BRA) 
Garcia (CUB) 
Panagiotopoulos (GRE) 
Thompson (BAR) 
Drummond (USA) 
Stevens (BEL) 

I « 100m 

10.23 
10.28 
10.42 
10,30 
10.37 
10,31 
10,20 
10,38 

iciudereaci 

2'«i iD0m 

9,68 
9,82 
9.70 
3.88 
9.84 
9.88 

10,10 
9.8B 

Difference 

0,55 
0,46 
0.72 
0,42 
0,53 
0,43 
0,10 
0,50 

terval, but was too slow in the 1st 100m. Drum
mond proved his qualities as a 100m specialist 
with the fastest 1st section, but showed a quite 
poor 2nd 100m. Boldon exactly doubled his 
100m final result of 10.02s while Fredericks was 
0,38s slower than the time obtained by doubling 
his 100m final result of 9.95 seconds. 

Table 11 shows the calculated velocities in the 
intervals. 

As the velocities are calculated by dividing the 
50m distance by the time for this interval, they 
must be identical to the split limes. 

No finalist except Boldon showed a mean 
velocity of more than 11.0 m/s in his fastest in
terval. When calculating the mean velocities for 
the same intervals in the 100m final, the respec
tive values are: 

Among the 
medallists, Gold 
medallist Boldon 
was the fastest in 
both sections, 
while third 
placed Da Silva 
demonstrated a 
very fast 2"'^ in-
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Tsible 11: Mean velocities in the 50m sections in the men's 200 metres final [m/s] 

Name 

Boldon (TRI) 
Fredencks (NAM 
Da Silva (BRA) 
Garcia (CUB) 
Panagiotopoulos (GRE) 
Thompson (BAR) 
Drummond (USA) 
Stevens (BEL) 

0-50m 

8.79 
8.83 
8,68 
8.84 
8,73 
8.70 
8.90 
8,72 

50-100m 

11-01 
10.82 
10.73 
10-78 
10,78 
10,96 
10,92 
10.78 

100-150m 

10-46 
10.37 
10-42 
10-50 
10-37 
10-42 
10.29 
10.42 

150-200m 

10.20 
10.00 
10,20 
9,77 
9.96 
9 ^ 
9,54 
9.84 
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Table 12: Split fimes for the 50m intervals in 

Name 

Pintusevich (UKR) 
Jayasinghe (SRI) 
Ottey (JAM) 
Leshchova (RUS) 
Miller (USA) 
Trandenhova (RUS) 
Gainsford-Taylor (AUS) 
Felix (FRA) 

Result [sj 

22,32 
22,39 
22.40 
22.50 
22.52 
22.65 
22.73 
22.81 

RT (ms| 

124 
181 
146 
149 
143 
138 
150 
157 

j Note: Split times do not include reaction limes. 

0-50m [s! 

6,00 
6.05 
5.99 
6,21 
6,08 
6,25 
6,24 
6.37 

the 200 metres women 's final 

50-1 OOm |sl 

5.04 
5,02 
5,00 
5,10 
5.04 
5,14 
5,06 
5,20 

100-150m (s| 

5.32 
5.32 
5,24 
5,40 
5,36 
5,36 
5,38 
5,36 

150-200m(sl 

5,84 
5,82 
6,02 
5,64 
5,90 
5,76 
5.90 
5,72 

Table 13: 10Om split t imes in the women 's 
200 metres final [s] 

1 Name 

FHntusevich (UKR) 
Jayasinghe (SRI) 
Ottey (JAM) 
Lesnchova (RUS) 
Miller (USA) 
Trandenkova (RUS) 
Gainsford-Taylor (AUS) 
Felix (FRA) 

i s ' lOOm 

11.04 
11.07 
10.99 
11.31 
11,12 
11,39 
11 30 
11,57 

2 " ö i 0 0 m 

11.16 
11,14 
11.26 
11,04 
11,26 
11,12 
11.28 
11.08 

Note'. Spirt times do not include reaction times. 

Difference 

-0-12 
-0,07 
-0,27 
0,27 
-0,14 
0.27 
0.02 
0.49 

Boldon 1st 50m: 9,1G [m/s] 2nd BOm: 11,26 [m/s] 
Fredencks 1st 50m; 9,16 [m/s] 2nd 5Dm: 11,47 [m/s] 
Greene 1st 50m: 9.23 [m/s] 2nd 50m: n,6o[ni/s] 
Bailey 1st 50m: 9.21 [m/s] 2nd 50m: 11.55 [m/s] 

Thus both the 1^' and the 2""* 50m are mark
edly slower than in the 100 metres final. 

These findings should be compared with analy
sts of another, faster 200 metres race, since the 
winning time in Athens was not outstanding. 

4,2,2 Women's final 

Table 12 shows the split times for the 50m 
intervals. 

As in the men's findings, the fastest interval is 
the 2nd 50m. Merlene Otley had the best split 
times up to 150m, but had an extremely poor 
finish. As in the 100 metres final, the women's 
reaction times are somewhat slower than the 
men's, Jayasinghe lost 6 of her 7/100s to Pintuse
vitch due to her poor reaction time. 

Table 13 sums up the split times for the 1*' and 
2"̂ * 100m interval. 

The results are quite different from the men's 
findings. While the men's 2"'' 100m was about 
O-BOs faster than the 1^' 100m (except Drum

mond), there is 
no clear tenden
cy in the wo
men's data. 

The medallists 
and Miller were 
very fast in the 
l^t 100m but 
markedly slower 
in the 2"^ half. 

Felix, the extreme opposite, had a very stow start 
followed by an extraordinary 2'"' lOOm interval. 
This is confirmed by the velocities in Table 14. 

Merlene Oltey shows the fastest 50m interval 
with a mean velocity of lO.Om/s but is the slow
est finalist at the finish. Both Russian sprinters 
demonstrate good speed endurance with a fast 
last interval. 

Reference values for the 100 metres final are 
as follows: 
Pintusevich 1st 50m 
Ottey 1st 50m 
Milter 1st 50m 
Jones 1st 50m 

8,47[m/sl 
8,I8[m/s] 
8,25[m/s) 
8,53 [m/s] 

2nd 50m: 10.40[m/s) 
2nrt50m:9,92[m/s] 
2nd 50m: 10,00[m/5] 
2nd 50m: 10,40[m/s] 

Table 14: Mean velocities in the 50m sections in the women's 
200 metres final [m/s] 

5 400 metres 
thy Wdlfcjang R i l i do r f ) 

5.1 Methods and procedures 

Data from the 400 metres finals were gathered 
with three video cameras placed at 100, 200 and 
300m, Intermediate times were calculated for 
each finalist. 

5.2 Results and comments 

5.2.1 Men 's f i na l 

Table 15 (next page) shows the split times for 
the 50m intervals. 

Al though it is well known that reaction times 
are slower in longer races, reac t ion t imes o f 
markedly slower than 0.20s are inef f ic ient . For 
example, Richardson lost all of his 8/lOOths to 
Washington in his reaction t ime. Pettigrew would 
have placed 4th wi th a reaction time of 0.16s. 

The pace distr ibut ion of the race may be better 
unde rs tood by c o m p a r i n g the 50m in te rva ls 

[Table 16, next 
page). 

Name 

Pintusevich (UKR) 
Jayasmgtie (Sfll) 
Ottey (JAM) 
Leshchova (RUS) 

1 Miller (USA) 
' Trandwikova (RUS) 

Gainsford-Taylor (AUS) 
Felix (FRA) 

0-50m 

8.34 
8,27 
8,34 
8,05 
8 23 
8,00 
8.01 
7,85 

50-1 OOm 

9,92 
9,96 
10-00 
9,80 
9,92 
9,73 
9.S8 
9.62 

100-150m 

9,40 
9.40 
9.54 
9.28 
9.33 
9.X3 
9.29 
9.33 

150-2tXlm ' 

3.56 
8 59 
8.31 
8.87 
8.47 
8.68 
8.47 
8.74 

Johnson showed 
the best pace 
judgement in the 
race, losing only 
1.01s in the 2'"^ 
half. Pettigrew 
lost less time, but 
this result was 
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Table 15: 50m split times in the 400 metres men's final [s] 

Name 

Johnson (USA) 
Kamoga (UGA) 
Washington (USA) 
Richardson (GBR) 
Young (USA) 
Thomas (GBR) 
Pettigrew (USA) 
Baulch (GBR) 

Result 
44.12 
44,37 
44,39 
44,47 
44,51 
44.52 
44,57 
45,22 

RT[ms] 

167 
216 
161 
245 
185 
165 
275 
158 

0-50m 

6.01 
6,23 
6,07 
5,91 
6 16 
6,72 
6,30 
6,08 

Note: Spin times do not include reaction times. 

50-1 OOm 

4.98 
5,04 
5,00 
4,98 
5,00 
5,02 
4.96 
4,88 

100-150m 

5,20 
5,04 
5.10 
5,20 
5,08 
4,94 
5.18 
5,00 

150-200m 

5.28 
5,02 
5,30 
5,24 
5.08 
5.16 
5,26 
5,20 

200-250m 250-300m 300-350m 350-400m 

5,28 5.40 5.66 6,14 
5,24 
5.46 
5,38 
5.40 
5,40 
5,28 
5.46 

5,46 
5.40 
5,54 
5,48 
5,68 
5-50 
5.84 

5.78 
5,80 
5.72 
5-86 
5,98 
5.72 
6,00 

6,34 
6,10 
6,26 
6 2 6 
6,46 
6,08 
6,60 

Table 16: 100m and 200m 

Name 
Johnson (USA) 
Kamoga (UGA) 
Washington (USA) 
Richardson (GBR) 
Young (USA) 
Thomas (GBR) 
Pettigrew (USA) 
Baulch (GBR) 

Result 

44.12 
44,37 
44.39 
44,47 
44,51 
44,52 
44,57 
45.22 

split times 

0-1 OOm 

10,99 
11,27 
11,07 
10,89 
11,17 
10,74 
11,26 
10,96 

in the 400 metres men's final [s] 

1 D0-200m 

10,48 
10,06 
10.40 
10,44 
10.16 
10.10 
10,46 
10,20 

200-300m 

10.68 
10,70 
10,86 
10.92 
10,88 
11.08 
10,78 
11,30 

300-400m 

11,80 
12,12 
11,90 
11.98 
12,12 
12,44 
11,80 
12,60 

1 si 200m 

21.47 
21,33 
21.47 
21,33 
21.33 
20,84 
21,72 
21.16 

2nd2D0m 

22.48 
22.82 
22.76 
22.90 
23.00 
23.52 
22.58 
23.90 

Ditfa-erce 

-1,01 
-1.49 
-1.29 
-1.58 
-1,68 
-2-69 
-0,86 
-2.74 

1 

Table 17: Mean velocities in the men's 400 m final [m/s] 

Name 

Johnson (USA) 
Kamoga (UGA) 
Washington (USA) 
Rtchardson (GBR) 
Young (USA) 
Thomas (GBR) 
Pettigrew (USA) 
Baulch (GBR) 

Result 

44,12 
44,37 
44,39 
44,47 
44,51 
44.52 
44,57 
45-22 

0-50m 

8,32 
8,02 
8.24 
8.47 
8.11 
8,75 
7,94 
8-22 

50-1 OOm 

10,04 
9,92 

10.00 
10.04 
10,00 
9.96 

10,08 
10-25 

100-150m 

9,62 
9,92 
9-80 
9,62 
9,84 

10,12 
9,65 

10,00 

150-200m 

9,47 
9.96 
9-43 
9,54 
9,84 
9,69 
9,47 
9.62 

200-250m 

9.47 
9,54 
9-16 
9,29 
9.26 
9-26 
9,47 
9-16 

250-300m 

9.26 
9-16 
9-26 
9,03 
9-12 
8,80 
9,09 
8-56 

300-350m 

8-83 
8.65 
8.62 
8,74 
8-53 
8.36 
8,74 
8.33 

350-400m 

8.14 
7,89 
8,20 
7,99 
7,99 
7.74 
8,22 
7,58 1 

Table 18: 50m split times in the women's 400 metres final [s] 

Name 

Freeman (AUS) 
Richards (JAM) 
Miles-Clark (USA) 
Breuer (GER) 
Ogunkoya (NGR) 
Fuchsova (CZE) 
Davis (BAH) 
Alekseveva (RUS) 

Resuit 

49,77 
49-79 
49,90 
50.06 
50.27 
50.66 
50.68 
51.37 

RT [ms] 

226 
167 
143 
143 
126 
159 
127 
167 

0-50m 

6.54 
6-50 
6-67 
6,44 
6,58 
6.62 
6.58 
6.48 

Note: Spilt times do not include reaction times. 

50-1 OOm 

5.72 
5-56 
5.56 
5,48 
5,72 
5.56 
5.72 
5.76 

100-150m150-200m200-250m250-300m300-350m 350-400m , 

5.64 5,80 6,00 6,20 6.60 7.04 | 
5.76 
5,56 
5,24 
5.64 
5-52 
5,88 
5,40 

5.88 
5,96 
6.36 
5.76 
5,96 
6-00 
5,84 

6.08 
6-08 
6.20 
6,08 
6,24 
6-20 
6,24 

6,24 
6,24 
6,40 
6.20 
6.48 
6,41 
6,56 

6.60 
6-60 
6,64 
6,76 
6-76 
6.60 
6,96 

7,00 
7,08 
7,18 
7,40 
7.36 
7,16 
7,96 

due to a rather slow 1^' 200m. Kamoga's decrease 
of 1.49s must be set against his very fast 1^' half, 
especially the 2"^ 100m section. British finalists 
Thomas and Baulch clearly started too fast and 
thus lost more than 2.5 seconds in the 2"'' part of 
the race. 

As in the 200 metres final, velocities can be 
calculated from the split times [Table 17), 

Maximum mean velocities are slightly higher 
than lOm/s. The mean velocity in the last 50m 
interval varies by 0.64m/s between the finalists. 

The relevance of good pace judgement is illus
trated by two other facts. Firstly, despite his win
ning performance, there is only one section (300-
350m), where Johnson is the fastest sprinter in 
this final. Secondly, Silver medallist Kamoga is 
the only finalist who did noi reach a maximum 
mean velocity of lO.Om/s in any section. 

5.2,2 Women's final 

Table 18 shows the split times for the 50m in
tervals. 

Compared to the men's findings, women's 
reaction limes are quite fast, except for gold 
medallist Freeman. At first sight there is no out
standing result. Only Breuer's 100-150m section 
is extremely fast, compared with that of the 
other finalists. The pace judgement of the race 
may be better understood by comparing the 50m 
intervals [Table 19). 

Except for Davis, the rank order is almost iden
tical with the loss in the 2nd 200m. Alekseyeva, 
with the dramatic loss of 4.24s, clearly went too 
fast at the beginning with the fastest 1st 200m 
of all finalists. 

The calculated velocities are given in Table 20. 
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Table 19: 100m and 200m split times in the 400 metres women's final [s] 

Name 

Freeman (AUS) 
Richards (JAM) 
Miles-Clark (USA) 
Breuer (GER) 
Ogunkoya (NGR) 
Fuchsova (CZE) 
Davis (BAH) 
Alekseyeva (RUS) 

Result 

49.77 
49,79 
49.90 
50,06 
50.27 
50.66 
50.68 
51.37 

0-1 OOm 

12.26 
1206 
12,23 
11,92 
12.30 
12,18 
12,30 
12-24 

100-200m 

11,44 
11,64 
11.52 
11,60 
11,40 
11,48 
11,88 
11.24 

200-300m 

12.20 
12-32 
12.32 
12,60 
12.28 
12,72 
12,61 
12,80 

300-4OOm 

13.64 
13.60 
13,68 
13,80 
14.16 
14,12 
13.76 
14-92 

1st 200m 

23-70 
23.70 
23.76 
23-52 
23.70 
23-66 
24.18 
23-48 

2nd 200m 

25,84 
25.92 
25-00 
26,40 
26-44 
26-84 
26.37 
27.72 

[Jifference 

-2,14 
-2,22 
•2,24 
-2,88 
-2.74 
-3,18 
-2,19 
-4,24 

1 

Table 20: Mean velocities In 

Name 

Freeman (AUS) 
Richards (JAM) 
Miies-Clark(USA) 
Breuer (GEB) 
Ogunkova (NGR) 
Fuchsova (CZE) 
Davis (BAH) 
Alekseyeva (RUS) 

Result [s] 

49,77 
49.79 
49.90 
50,06 
50,27 
50.66 
50,68 
51,37 

the women's 400 m final [m/s] 

0-50m 

7,64 
7,69 
7,49 
7.77 
7,59 
7,55 
7,60 
7.71 

50-1 OOm 

8.74 
8.99 
8.99 
9.12 
8-74 
8.99 
8-74 
8-68 

100-150m 

8.87 
8,68 
8,99 
9,54 
8.87 
9 06 
8.50 
9,26 

150-200m 

8.62 
8.60 
8,39 
7.86 
8.68 
8.39 
8.33 
8.56 

200-250m 

8.33 
8,22 
8.22 
8.06 
8-22 
8,01 
8.06 
8.Q1 

250-300m 

8,06 
8,01 
8,01 
7,81 
8,06 
7,72 
7,80 
7.62 

300-350m 

7,58 
7,58 
7.58 
7.53 
7.40 
7.40 
7.58 
7.18 

350"400m 

7,10 
7,14 
7,06 
6.98 
6,76 
6.79 
6.98 
6 2 8 

Maximum mean velocities of more than 9m/s 
are shown by Breuer between 50 and 150m, fol
lowed by quite a slow next 50m section, Fuchsova 
and Alekseyeva also demonstrated a similar pat
tern. Only the medallists' velocity in the last 50m 
section is faster than 7m/s. The importance of 
balanced pace judgement is illustrated by the fol
lowing data (the difference between the fastest 
and the slowest 50m section): 

Freeman 1.76s 
Richards 1.85s 
Miles-Clark 1.93s 
Breuer 
Ogunkoya 
Fuchsova 
Davis 
Alekseyeva 

2.56s 
2,11s 
2,26s 
1,76s 
2,98s. 

The trend is not perfect, but still quite clear: 
the smaller the variation, the belter the result. 
Breuer's result in particular indicates inadequate 
pace judgement. 

6 110 and 100 metres hurdles 
((>y Helmar Hommel) 

6.1 Methods and procedures 

Data from the 110m hurdles final were record
ed with two different devices: LAVEG laser mea
surement from a rear position and video analysis 
from a rectangular side position. As other finals 
in the jumping events were taking place simulta
neously, only 4 laser devices were available. Data 

for the 100m hurdles final were calculated from 
video only. 

While the laser analysis allows a calculation of 
the instantaneous velocity during the race, the 
video-based time analysis gives the intermediate 
velocities for each hurdle section [start to touch
down after the P' hurdle (1), the hurdle sections 
from touch-down to touch-down (2 ... 10) and 
touch down after the 10"^ hurdle to run-in (11)]. 

Beside the men's instantaneous velocities [Table 
21] taken from laser measurement, alt other data 
from the hurdles finals given here in this first 
informat ion were analyzed from video. The 
resulting data are given in tables and, according 
to previous analysis of major competitions, the 
medallists' data are transferred lo standard dia
grams. 

6.2 Results and comments 

A good race distribution is described by a short 
reaction time (< 0,13s), a high initial velocity 
increase up to hurdle 2 with a further increase to 
a high maximum speed level at hurdle 3 (> 9m/s) 
that is maintained more or less until hurdle 7 to 
10, short hurdle clearance times (= 0.30s) and a 
final velocity increase at the run-in. cf. Figure 4/ 
Jackson as a good example). 

The hurdle clearance times (tHurdle) are not 
only an indicator of sprinting abilities but espe
cially of the technical level of the athlete, but 
one must take into consideration that the hurdle 

Table 21: Instantcuieous velocities in the men's 110 metres hurdles final [m/s] 

Name Resull Is] 

Johnson (USA) 12.93 
Jackson (GBR) 13,05 
Kovac{SLO) 13,18 
Schwarthof* (GER) 13,20 

RT [ms] 

128 
118 
161 
141 

HI 

8,67 
8.66 
8.45 
8.41 

H2 

9,11 
6.93 
8.78 
8.77 

H3 

9,33 
9,14 
8,85 
9,03 

H4 

9.22 
9.17 
8.92 
9.02 

H5 

9,10 
9,16 
8,96 
8,88 

H6 

9.06 
8,96 
8,93 
8.95 

H7 

8,99 
8.96 
8-86 
8.81 

MS 

8,90 
8.83 
8-82 
8.83 

H9 

8,81 
8,74 
8,76 
8.67 

H10 

8.78 
8.63 
8.90 
8.68 

run-in 

9.04 
8,97 
8.97 ' 

-
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t H I tH2 tH3 tH4 tH5 tH6 tH7 tH8 tH9 tH10 Finish 

Figure 3: Allen Johnson (USA) -12.93s, Gold medal 

^ 
o 

o 

pl
it 

Ti
n-

tn 
o 

E, 

u 

> 

10.00 
9.50 
9.00 
8.50 
8.00 
7.50 
7.00 
6.50 
6.00 
5.50 
5.00 
4.50 
4.00 
3.50 
3.00 
2.50 
2.00 
1.50 
1.00 
0.50 
0.00 

tH I tH2 tH3 tH4 tH5 tH6 tH7 tH8 tH9 tHIO Rnish 

Figure 4: Colin Jackson (GBR) - 13.05s, Silver medal 

52 New Studies m Athletics • no, 2-3/1997 lAAf quartedy 



Table 22: 110 metres hurdles final-

Result Reaction time 

Johnson. Allen (USA) 
12.93 0,128 

Jackson, CoKn (GBR) 
13,05 0,113 

Kovac, Igor (SVK) 
13,18 0-161 

Schwarthotf, Florian (GER) 
13,20 0,141 

PhiliberI,Dan(FRA) 
13,26 0,118 

Reese, Teny (USA) 
13,30 0,117 

Crear. Mark (USA) 
13,55 0,134 

0-tHl 

2.56 

2.58 

2-62 

2.58 

2.62 

2.66 

2.60 

tH l - tH2 

1-00 

1,04 

1,06 

1,06 

1,08 

1,06 

1,04 

interval times [s] 

tH2-tH3 

0,98 

1.00 

1,02 

1.00 

1.00 

1.02 

1,01 

tH3-tH4 

1,00 

1,00 

1.02 

1,02 

1,00 

1,00 

1,01 

Section 
1 

tH4-tH5 tH5-tH6 tH6-tH7 tH7-tH8 tHe-tH9 tH9-tH10 Rnrsh 

0,98 

1,00 

1-00 

1,02 

1.00 

1.02 

1,00 

1,02 

1,00 

1,02 

1,02 

1,02 

1.02 

1.10 

0-98 

1-00 

1.04 

1.02 

1,02 

1,02 

1-02 

1.05 

1,02 

1,00 

1,02 

1,02 

1,02 

1,08 

1,02 

1,04 

1.04 

1,04 

1,06 

1,08 

1.06 

1,03 

1.04 

1,04 

1,06 

1.04 

1.10 

1-14 

1.31 

1.33 

1.32 

1.3.6 

1,40 

1.30 

1.49 

Table 23: 110 metres hurdles final -

Johnson, Allen (USA) 
Jackson, Colin (GBR) 
Kovac, Igor (SVK) 
Schwarthoff, Florian (GER) 0.32 
Philitiert. Dan (FRA) 
Reese, Terry (USA) 

1 Crear. Mark (USA) 

tH I 

0,35 
0,34 
0,34 
0,34 
0.32 
0,38 
0,36 

hurdle clearance times ĵ s] 

tH2 

0,34 
0,36 
0,34 
0.28 
0-36 
0,40 
0.36 

tH3 

0,32 
0,36 
0,32 
0,30 
0,34 
0,36 
0,35 

tH4 

0,32 
0,34 
0,34 
0.30 
0.34 
0-38 
0.36 

Hurdle 
tH5 

0.32 
0.36 
0.32 
0.32 
0.30 
0,38 
0,34 

IH6 

0,34 
0,34 
0,32 
0.32 
0,32 
0,38 
0,42 

tH7 

0,32 
0,36 
0,32 
0.32 
0,34 
0,38 
0,36 

tH8 

0-35 
0.34 
0,32 
0,32 
0,34 
0,36 
0,36 

IH9 

0,35 
0,35 
0,34 
0,32 
0,36 
0.40 
0,36 

IH10 

0,34 
0,34 1 
0,34 

0,36 1 
0,44 
0,36 1 

Table 24: 110 metres hurdles final - sect ion velocit ies [m/s] 

Johnson (USA) 
Jackson (GBR) 
Kovac (SVK) 
Schwarlhoff (GER) 
PhilJbert (FRA) 
Reese (USA) 
Crear (USA) 

0-tHI 

5,85 
5.80 
5 71 
5.80 
5 71 
5-63 
5,76 

tH l - tH2tH2- tH3tH3- tH4 

9.14 
8.79 
8,62 
8,62 
8.46 
8,62 
8,79 

9-33 
9.14 
8-96 
9-14 
9.14 
8.96 
9.05 

9,14 
9,14 
8,96 
8,96 
9,14 
9.14 
9,05 

tH4-tH5 

9,33 
9.14 
9,14 
8-96 
9.14 
8,96 
9,14 

Section 
tH5-tH6 

8,96 
9.14 
8,96 
6,96 
8,96 
8.96 
8,31 

tH6-fH7 

9,33 
9.14 
8,79 
8,96 
8.96 
8,96 
8,96 

tH7-tH8 

8,70 
8,96 
9,14 
8,96 
8.96 
8,96 
8,46 

tH8-tH9 tH9-tH10 

8,96 
8,79 
8,79 
8,79 
8,62 
8.46 
8,62 

8.87 
8,79 
8,79 
8,62 
8,79 
8,31 
8,02 

Finish 

9,75 ' 
9,60 
9-67 
9-39 
9,12 
9.82 1 
8.57 1 

clearance time depends on antropometric data of 
the given athlete (leg length, centre of mass) and 
must be seen in relation to the flight distance 
[take-off before to touch down after the hurdle). 
Top athletes tend to have from hurdle 1 to 10 an 
increase in distance of take-off point while poor 
performancing athletes run ever closer to the 
hurdle. But such data could not be retrieved from 
this video analysis for the first information, it 
needs a closer analysis with landmarks on the 
track. 

In the women's 100 metres hurdles a similar 
distribution of the velocity curve - just at a lower 
level - could be seen, but what is different is a 
slight decrease of the velocity in the second half 
of the race. Due to the shorter distance from the 
last hurdle lo the finish line, the final increase of 
velocity is normally much less, compared to the 
men's 110m hurdles, cf. Figure 7/Dimitrova), 

Men's winner Johnson [Figure 3] showed an 
unsteady race distribution, reaching his top speed 
at tH3, tH5 and tH7 and the highest run-in speed 
(9.75m/s), Second placed world record holder 
Jackson [Figure 4) ran a good constant race but 

with a lower level of top speed [9.14m/s from 
tH3 to tH7), Kovac (rank 3) ran until hurdle 8 be
hind Schwarthoff but won the bron2e medal be
cause of his faster finish. 

Schwarthoff, finishing fourth, reached also 
9,75m/s at tH3 but decreased then only to a level 
of 8.94m/s (cf. Table 24]. His race was constant 
with the shortest hurdle clearing times (0,28-
0.32s) among the finalists (cf. Table 23). 

Outstanding reaction times (cf. Table 22) were 
achieved by Rees (0.117s) Jackson and Philibert 
(0,118s). 

In the women's final gGold medallist Enquist 
[Figure 6) reached the highest speed between 
hurdle 4 and 5 (9.04s) whilst second placed 
Dimitrova [Figure 7) realized only 8.85s but hav
ing more constant intervals except at tHlO be
cause of touching the hurdle. Bronze medallist 
Freeman [Figure 8) gained her top speed at tH4 
(8.85m/s) but then lost speed continuously until 
tHIO. She was leading the race until hurdle 9 but 
had no chance of accelerating to the finish be
cause she touched hurdle 10 which caused some 
problems of balance. 
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Figure 5: Igor Kovac (SVK) - 13.18s, Bronze medal 
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Figure 6: Ludmila Engquist (SWE) - 12.50s, Gold medaJ 

54 New Studies in Athletics • no. 2-3/1997 IAAF quarterly 



ü 

> 

00 -r 
50 
00 
50 
00 
50 
00 
50 
00 
50 
00 
50 
00 
50 
00 
50 
00 
50 
00 
50 
00 il n ri n n n-rj-TT^n 

t H I tH2 tH3 tH4 tH5 tH6 tH7 tH8 tH9 tHIO Finish 

Figure 7: Svetia Dimitrova (BUL) --12.58s, Silver medal 

tH I th* ; tH3 tH4 tH5 tH6 tH7 IHB tH9 tHIO Finish 

Figure 8: Michelle Freeman (JAM) - 12.61 s, Bronze medal 
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Table 25: 100 metres hurdles final - interval times [s] 

Section 
Result Reactk)r> time 0-tHl tH l - tH2 tH2-tH3 tH3-tH4 tH4-tH5 tH5-lH6 tH6-tH7 tH7-tH8 tH8-tH9 tH9-tH10 Finish 

Engquist, Ludmila (SWE) 
12.50 0.126 

Dimitrova, Svetia (BUL) 
12.58 0,136 

Freeman, Michelle (JAM) 
12.61 0,145 

Bukovac. Brigita(SLO) 
12.69 0.146 

Rose. Dionne (JAM) 
12.87 0,118 

Anderson, Katie (CAN) 
12.88 0.127 

Laukhowa. Svetlana (RUS) 
12.89 0.135 

2,56 

2.58 

2,52 

2,50 

2,60 

2,54 

2,58 

1.00 

1.04 

1,01 

0.9B 

0.98 

1-04 

1.04 

1,00 

0,98 

0,99 

1.00 

1,00 

1,00 

1.02 

0.98 

0,98 

0.96 

0.98 

0,98 

1-00 

1,00 

0.94 

0.96 

0.98 

0.96 

1,00 

0.98 

1,00 

0.98 

0,97 

0.97 

0,97 

1.00 

1,00 

1.00 

D.95 

0,97 

0-99 

1,01 

1,02 

1-00 

1,03 

0.97 

0,98 

1,00 

1.00 

1,02 

1,04 

1,03 

0.98 

0,98 

1,02 

1,00 

1.04 

1,04 

1,02 

1-00 

1.04 

1,04 

1,04 

1-02 

1,08 

1.08 

1,14 

1.10 

1,13 

1.15 

1.21 

1.16 

1.09 

Table 26: 100 metres hurdles final -

1 
1 

Engquist (SWE) 
Dimitrova (BUL) 
Freeman (JAM) 
Bukovec (SLO) 
Rose (JAM) 
Anderson (CAN) 

I Laukhova (RUS) 

tHI 

0.30 
0.32 
0.32 
0,30 
0,36 
0,30 
0,30 

hurdle clearance times [s] 

tH2 

0.30 
0.32 
0.31 
0.28 
0,30 
0,30 
0.34 

tH3 

0,32 
0.32 
0.34 
0.30 
0.28 
0.30 
0.30 

tH4 

0,32 
0.30 
0-30 
0.28 
0,28 
0,30 
0.30 

Hurdle 
tH5 

0.30 
0-30 
0,32 
0,28 
0,30 
0,30 
0,30 

tH6 

0,32 
0,31 
0.33 
0.27 
0,30 
0,30 
0.30 

tH7 

0,29 
0,30 
0,32 
0,30 
0,32 
0.30 
0,31 

tH8 

0.29 
0 3 2 
0.34 
0,30 
0,32 
0 3 2 
0.31 

tH9 

0,28 
0.30 
0,34 
0,28 
0,32 
0.34 
0,30 

tHIO 

0,28 
0,32 
0,34 
0.30 
0,28 
0.34 
0.32 J 

Table 27: 100 metres hurdles final -

Engquist (SWE) 
Dimitrova (BUL) 
Freeman (JAty!) 
Bukovec (SLO) 
Rose (JAM) 
Anderson (CAN) 
Lauknova (RUS) 

0-tHl 

5,49 
5,45 
5,58 
5,40 
5,40 
5,53 
5,45 

section velocities [m/s] 

tH l - tH2 tH2-tH3 tH3-tH4 

8,50 8.50 8.67 
8 1 7 
8,42 
8,67 
8,67 
8,17 
8,17 

8,67 
8.59 
8.50 
8.50 
8.50 
8,33 

8.67 
8.85 
8.67 
8.67 
8,50 
8,50 

tH4-tH5 

9,04 
8.85 
8.67 
8.85 
8.50 
8.67 
8.50 

Section 
tH5-tH6 

8,67 
8,76 
8,76 
8,76 
8,50 
8,50 
8,50 

tH6-tH7 

8,95 
8.76 
8.59 
8,42 
8,33 
8.50 
8,25 

tH7-tH8 

8-76 
8.67 
8-50 
8-50 
8,33 
8.17 
8.25 

tH8-tH9 

8,67 
8,67 
8 3 3 
8,50 
8,17 
8,17 
8.33 

tH9-tH10 

8,50 
8,17 
8,17 
8,17 
8,33 
7,87 
7.87 

I 
Rnish 

8.29 
8,59 
8-36 
8,22 
7.81 
8,15 
8.67 

Enquist performed her shortest hurdle clearing 
times in the last part of the race (0.29 at hurdles 
7 and 8, 0.28 at hurdles 9 and 10 -c f . Table 26]. 

The best reaction time (cf. 7o6/e 25) was 0.118s 
by Rose (fifth place). 

7 Long jump 
Iby Httroia Müller and 
Gert-Peter Bruqcfcmann) 

7.1 Introduction and purpose 

The purpose of this study is to update the cur
rent biomechanical data on the centre of mass 
(CM) and segmcntal parameters of the long jump 
at elite level. The data collected during the World 
Championships allows comparisons to be made 
between male and female athletes and tech-
nigues, as well as between recent data and data 
from the literature and previous projects. In 
order to get a wide range of information, data 
was obtained from the finals and qualification 
rounds of male and female competitors. 

7.2 Methods and procedures 

The finals of the long jump at the World 
Championships 1997 were recorded with three 
synchronised S-VHS videocameras operating at 
50 fields per second. The cameras were placed 
perpendicular to the plane of motion. Camera 
one filmed the 3rd and 2nd last step. Camera two 
recorded the 2nd last step to take-off and cam
era three was focused on the jump. In addition to 
this set-up, one high-speed camera (Motion-
scope. Redlake), operating at 250 frames per sec
ond, filmed the take-off. 

All trials of the women's and men's finals were 
recorded. For data reduction, the relevant video 
sequences were transferred via a video grabber 
board to the videodata disk of the Motus video 
motion analysis system (Peak Performance). 
Using a calibration cube as reference system, the 
camera positions, the pan and tilt angle and the 
focal length were calculated for each of the 
cameras. Thus, a so-called 3D-DLT was used for 
camera calibration and co-ordinate reconstruc
tion. 
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The X-axis of the co-ordinate system pointed 
in the direction of jumping along the runway, 
Ihe y-axis was vertical and perpendicular to the 
X-axis. The origin was fixed in the middle of the 
front edge of the take-off board. The best valid 
jumps of the eight finalists in the men's and 
women's competition were selected for further 
analysis. In order to get more run-up informa
tion, a photocell system was installed 11m, 6m 
and 1m from the board. The instantaneous run
up speed of the athletes was measured by a laser 
system installed behind the runway, 

7.3 Results 

Distances 
The distances within the long jump are defined 

as follows: 

The ollicial distance is, according lo the rules, 
the horizontal distance from the front edge of 
the board to the nearest mark made in the sand 
by the athlete. 

The effective distance is the horizontal dis
tance from the toe of the athlete's take-off foot 
to the nearest point of the feet when hitting the 
sand at landing. 

The distances lost due to poor landing In the 
sand, lateral deviation in the jump or toe-to-
board space are added together to make the total 
lost distance (TLD). 

The distance lost at take-off is called toe-ta-
board distance (TTBl which describes the dis
tance from the tip of the take-off foot to the pit 
edge of the board. 

Data for all the absolute distances are given in 
Table 28 for the men and Table 33 for the 
women. The tables include data for the best valid 
jump of each competitor, 

7.3.1 Men's final 

The standard of the competition was high but 
not outstanding, which is illustrated by the mean 
(if 8.12m (±0.20m) and a best result of 8.42m. 
The run-up precision was quite good, with an 
average loss of 0.l2m (±0,10m) on the take-off 
board. This, together with the loss of distance in 

the sand made a total loss of distance of, on 
average, 0,31m (±0.22m). with individual trends. 
Glavatskis' run-up accuracy and his total lost dis
tance (total 0,08m) gave him a better competi
tion result than, for example, Dilworth, who lost 
dramatically in the sand and on the take-off 
board (total 0.80m). Pedroso's data are close to 
the average values, but they still show just aver
age run-up accuracy (0.14m) and a total lost dis
tance of 0.25m. Wälder and Susunov followed 
this trend (cf. Table 28). 

The speed of the centre of mass (CM) at the 
instant of touchdown (TD) is of major importance 
for a good result (VxTD), The initial velocity pro
vides the jumper with mechanical energy for the 
take-off (TO). In homogenous groups a high hori
zontal velocity is necessary, but not enough in 
itself for a good performance. 

Much more important seems to be the vertical 
velocity of the CM at the moment of take-off 
(VyTO), without any great loss of horizontal ve
locity. 

This trend Is confirmed by the data from 
Athens. Pedroso could produce the highest VyTO 
of all finalists with 3.86m/s (second placed 
Wälder VyTO 3,31m/s), although his horizontal 
velocity at touchdown (VxTD 10,82m/s) and at 
take-off (VxTO 8.72m/s) was lower than, for 
example Walder's (VxTD l l ,12m/s and VxTO 
9.29m/s), 

Data of the angle of projection confirm the 
different behaviour of Pedroso during take-off 
compared to all other jumpers. Due to his high 
vertical velocity at take-off, he produced the 
greatest angle of projection {24°, see Table 29). 

An analysis of the stride length of the last 
three strides reveals a general behaviour with a 
ratio "long-short" for the last two strides. This 
adjustment of the stride length allows the 
jumper to lower his CM in the 2nd to last stride. 
As soon as he transmits the CM position into the 
last stride, he is able to extend the vertical accel
eration path during take-off. Tobies 30 and 31 
confirm this trend for the majority of the jumpers. 
While the average stride length in the 2nd to last 

Table 28: Official, effective, total lost and toe-to-board distances - men's final 

lAAF quarterly 

• Name 

Pednsso (CUB) 
Wälder (USA) 
Susunov (RUS) 
Becklord (JAM) 
Ferreira Jr. (BRA) 
Glavatski (BLR) 
Toure (FRA) 
Dilworth (USA) 

mean 
s(d, dev. 

Result [m] 

8.42 
8,38 
8,18 
8.07 
8-04 
7,98 
7,98 
7,88 
8.12 

±0.20 

Effective distance [m] 

8,67 
8,58 
8.46 
8,44 
8,36 
8,06 
8,17 
8,68 
8,43 

10.22 

Total lost distance [m) 

0.25 
0-20 
0,28 
0.37 
0-32 
0,08 
0,19 
0,80 
0,37 

±0.22 

Toe-to-board distance [m] 

0,14 
0-11 
0,19 
0.07 
O.I}1 
0,00 
0,11 
0.29 

0.12 
*^.10 
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Table 29: Velocities of the centre of mass [m/s] 
and angle of projection ['] during 
take-off - men's final 

Table 31: Change of height of centre of mass 
during the last strides [cm] 
- men's final 

Name 

Pedroso 
Wälder 
Susunov 
Becklord 
Ferreira Jr. 
Glavatski 
Toure 
Dilworth 

mean 
std. dev. 

Result [m] 

8,42 
8,38 
8.18 
8.07 
8,04 
7,98 
7,98 
7,88 
8.12 

±0.20 

VxTD 

10,82 
11.12 
10.81 
10.75 
10.47 
10,19 
10,62 
10.52 

ro.66 
xO.28 

VxTO 

8,72 
9 2 9 
8,65 
8.53 
8.87 
8,22 
9.15 
9.24 

8,83 
±0.38 

VyTO 

3,86 
3-31 
3.55 
3.48 
3,10 
3,38 
3.15 
3,45 
3.47 

±0.24 

AngPr 

24 
20 
22 
22 
19 
22 
19 
20 

27 
±1.77 

Table 30: 

Name 

Pedroso 
Wälder 
Susunov 
Beckford 
Ferreira Jr, 
Glavatski 
Toure 
Dilwortti 
mean 
std. dev. 

S t r i d e l e n g t h s o f t h e l as t t h r e e 

strides [m] - men's final 

Result [m] 3LS 

8-42 2,28 
8.38 2-34 
8.18 
8,07 2.49 
8,04 2.21 
7,98 2.44 
7,98 
7,88 

fl, 12 2.35 
±0.20 ±0.11 

2LS 

2,43 
2,43 
2,50 
2,45 
2,24 
2,28 
2,46 
2.45 
2,47 

^0.09 

1LS 1 
2.16 
2,27 
2 4 0 
2.13 
2,27 
2,10 
2,33 
2,21 

2,23 
±0.10 

Stride is 2,41m (+0,09m), the mean in the last 
step is 2.23m (±0.10m). Nearly all finalists short
en their stride length in the last step (except 
Ferreira Jr.). on average by 0.18m, 

As already mentioned, most of the finalists 
lowered their CM in the 2nd last stride by 
extending their stride length. This corresponds to 
the data of the height of the CM in Table 4 
(average decrease of 8cm ±2,4cm). All jumpers 
(one exception: Wälder) transmitted their low
ered CM into the take-off. From the 2nd last step 
to the take-off, the CM was shifted into a verti
cal direction by approx. 4-6cm. 

Concerning the change of mechanical energy 
dur ing take-of f , one can observe that the 
jumpers on average lost 14.19% (std. ±3.95%) of 
their total mechanical energy in the take-off. A 
trend whereby the better jumpers are losing less 
energy was not discernible. 

Name 

Pedroso 
Wälder 
Susunov 
Beckford 
Ferreira Jr. 
Glavatski 
Toure 
Dii worth 

mean 
std. dev. 

Result (m) 

8.42 
8,38 
8-18 
8.07 
8,04 
7-98 
7,98 
7,88 

8.12 
±0.20 

2LSto la5 t 

•8 
-10 
-8 
-9 

•11 
-7 
-8 
-3 
-S 

±2-39 

tas t toTO ' 

-4 
4 
-2 
-7 
-5 
0 
-3 
-5 

-2.75 
±3.45 

Table 32: Change of mechanical energy during 
support phases [in % of touch down 
energy] - men's final 

Name 

Pedroso 
Wälder 
Susuno« 
Secktord 
Ferreira Jr. 
Glavatski 
Toure 
D(i worth 

mean 
std. dev. 

Result [m] 

8,42 
8.38 
8-18 
8.07 
8.04 
7,98 
7,98 
7.88 

8.72 
±0.20 

2LS 

-5,4 
-6,2 

-
-5.6 
2,4 

-3.5 

-
-

-3.66 
±3.54 

L 

6,4 
3,4 
1,6 
3,9 

-5,0 
1,0 
3,7 

-2.7 

L54 
±3.75 

TO 

-16,6 
-15,1 
-17.9 
-18,4 
-12,9 
-15,0 
-11.1 

-6,50 
-14-19 
±3.95 

7.3.2 Women's final 

Because Johanson and Khristova had the same 
official distance, the Research Team decided to 
include nine instead of eight jumpers into the 
study. 

The competition level was relatively high. With 
an average of 6.81m (std. dev. ±0.14m) and the 
best (and only) jump over 7.00m (Galkina 7.05m). 
this competition follows the pattern of similar 
recent competitions (cf. Table 33). It is interesting 
that the majority of the jumpers had an accurate 
run-up (average 0,08 ±0,05m). While, in terms of 
the total lost distance, the champion Galkina, 
showed optimal results (ITB 0.06m. TLD 0.12m), it 
seems that Xanthou and May lost first place due 
to a considerable loss, both on the board and in 
the sand (Xanthou's TLD 0,34m and May's 0.40m). 

The absolute values of the horizontal run-up 
speed ( Table 34) are within the average for other 

58 

Table 33: Official, effective, total lost and toe-to-board distances - women's final 

Name 

Galkina (RUS) 
Xanthou (GRE) 
May (ITA) 
Drechslet (GER) 
Joyner-Kersee (USA) 
Tiedke-Greene (GER) 
Ver^inina(UKR) 
Johanson (SWEj 
Khristova (BUL) 

mean 
std, dev. 

Result [m] 

7,05 
6,93 
6,91 
6,69 
6 79 
6,75 
6-71 
6-64 
6,64 

6.8 f 
±0.14 

Effective distance [m] 

7.17 
7.27 
7.31 
6.99 
7.(ffi 
6.98 
& 8 3 
6.74 
6.66 
7.02 

±0.20 

Total lost distance [m] 

0.12 
0.34 
0.40 
0.10 
0.23 
0,23 
0.12 
0.10 

asit 
0.21 

*0.1i 

Toe-to-t>oard distance [m] 

O.06 
0.16 

,0.fld: 
Öif^ 

•••&M< 

•;t0^-" 
<'t.iOf' 
Q.6Ö 
0.06 

<hO$ 
±ao5 
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Table 34: Velocities of the centre of mass [m/s] 
and angle of projection l'] during 
take-off - women's final 

Name F 

Galkina 
Xanthou 
May 
Drechsler 

1 Joyner-Kersee 
Tiedke-Greene 
Vershinira 
Khristova 
Johanson 

mean 
sfd- dev. 

esutt [m] 

7,05 
6,93 
6,91 
6,89 
6.79 
6,75 
6,71 
6,64 
6,64 

6.81 
±0-14 

VxTD 

9,72 
9,66 
9,77 
9.54 
9.94 
9,38 
9.33 
9.20 
9.13 

9,52 
±0,28 

VxTO 

8.32 
7.84 
7.98 
8.43 
8.28 
8,07 
7,79 
7,98 
7,55 
8,03 

±0.28 

VyTO 

2.95 
3,48 
3.32 
2.88 
2.88 
3,09 
3.17 
2,99 
3,27 

3,77 
±0,21 

AngPr 

20 
24 
23 
19 
19 
21 
22 
21 
23 

27,33 
±1.80 

Table 35: Stride lengths of the last three 
strides [m] - women's final 

Nän»_ _ 
saikihä 

' Xanthou 
May 

I Drechsler 
1 Joyner-Kersee 

Tiedke-Greene 
Vershinina 
Johanson 
Khristova 

mean 
, std. dev. 

Result [m] 

7,05 
6,93 
6,91 
6,89 
6,79 
6,75 
6,71 
6,64 
6.64 

6.81 
±0.14 

3LS 

2.18 
2,61 
2-30 
2,24 
2,33 
2,23 

-
1,92 
1,90 
2.21 

±0.23 

2LS 

2,41 
2,12 
2,29 
2,48 
2,16 
2,48 
2,68 
2,21 
2,04 

2.32 
±0.21 

ILS 

2,07 
2,27 
2-25 
2.43 
2.16 
2.37 
2,54 
2-07 
2-01 
2.24 

±0.18 

Table 36: Change of height of centre of mass 
during the last strides [cm] 
- women's final 

Nanie 

QeMm 
Xanthou 
May 
Drechsler 
Joyner-Kersee 
Tiedke-Greene 
Vershinina 
Johanson 
Khristova 
mean 
std. dev. 

Result (m] 

7-05 
6-93 
6.91 
6-89 
6,79 
6.75 
6.71 
6,64 
6.64 
6,S7 
±0.14 

2LS to last 

-4 
-5 
-2 
-7 
-4 
-2 
-1 
-3 
-6 

-3.78 
±1.99 

last to TO 

-6 
-10 
-7 
-4 
-6 
"4 
-7 
-4 
-3 

-5,67 
±2-18 

Table 37: Change of mechanical energy during 
support phases [in % of touch down 
energy] - women's final 

Nairn 

Galkina 
Xanthou 
May 
Drechsler 
Joyner-Kersee 
Tiedke-Greene 

1 Vershinina 
1 Johanson 

Khnstova 

mean 
std. dev. 

Result [m] 

7,05 
6,93 
6.91 
6,89 
6,79 
6,75 
6,71 
6.64 
6-64 

6.81 
±0.14 

2LS 

4,5 
-4,2 
-0.6 
2,0 

-0,1 
1,4 

-
0,9 

-1,6 

0.29 
±2.59 

L 

-2,3 
5.1 
0.4 

-5.3 
-3.9 
-3,1 
-0,1 
-1,7 
-0,3 
-7,24 
±3.03 

TO 

-10.5 
-13.8 
-14,0 

-6.60 
•15,1 

-8.90 
-11,4 
-10.7 

-7,80 

77.38 
±2.58 

Studies (9.52m/s ±0.28m/s) and approx. Im/s 
slower than for the men. Generally, we find the 
same behaviour for women in the use of kinetic 
energy during the take-off movement (see 

above). The data of the champion, Galkina, are 
exceptional, in that she was able to win the com
petition with a lower VyTO (2.95m/s) than the 
second or third-placed athletes. Both Xanthou 
and May jumped with a strong bracing action 
during ground support and, therefore, had a 
greater loss of horizontal velocity (Xanthou from 
9.66m/s to 7,84m/s and May from 9.77m/s to 
7.98m/s)- Higher VyTO's (3,48m/s and 3.32m/s) 
and bigger angles of projection (24 and 23') 
could not compensate for the loss of VxTO, 

It is interesting that Joyner-Kersee, with 
9.94m/s, had the highest run-up speed and, 
therefore, the greatest amount of kinetic energy 
at touchdown. But she was not able to transfer 
this energy sufficiently into the vertical direction, 
as evidenced by a relatively low VyTO of 2,88m/s 
and a small angle of projection (19°), 

Data of the stride lengths during the last three 
strides [Table 35] generally confirm the ratio: 
"long-short" for the last two steps. The absolute 
amount of length-reduction is different from 
that of the men (men's average difference 
approx. 0,18m; women's approx, 0.08m). Espe
cially among the first four finalists, we can iden
tify just one jumper (Galkina) who shows similar 
behaviour to the men (difference: 0.34m). The 
others have a nearly balanced ratio or an in
crease of stride length from the second last to 
last stride. This corresponds with data of the CM 
height in Table 36. The absolute length of the 
strides are close to the men's data, which means 
that the women's strides are relatively long. 
Particularly the last stride is slightly longer than 
the men's strides (women 2.24m / ±0.18m men 
2.23m/±0.1 Om). 

Comparing data of men and women, there is 
obviously different behaviour in the change of 
the CM height during the run-up. In general the 
women lower the CM more within the last stride 
{-5.67cm, ±2,18cm), the men within the second 
to last stride (-8cm. ±2.39cm). 

Concerning the change of mechanical energy 
during take-off (Table 37), one can observe that 
the female jumpers lost 11.380/0 (±2,58o/o) mech
anical energy in the take-off. This loss is less than 
for the men (men 14,19% ±3,95%), A trend 
whereby the better jumpers lose less energy was 
not discernible. 

8 Triple jump 
(by Gert-Peter Brüggemann and 
Adhimntios Ar;impatzis) 

8.1 Introduction 

Multiple jumps were popular events at ancient 
town festivals in many cultures. A form of triple 
jump was a well-known exercise with GUTS MUIHS 
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and JAHN. In the 19th century, German gymnastic 
pioneers practised a so-called "German triple 
jump" ( left-r ight-left or vice versa). The Irish 
technique (hop-hop-jump) was dominant when 
athletics began to become established in its pre
sent form. In 1887, the Irish athlete John Purcell 
jumped 15.11m with this technique. The present 
technique (hop-step-jump) was already dominant 
by the end of the 19th century. J.B, Connolly 
(USA) was the first Olympic champion in 1896, 
with a jump of 13,71m. 

The first lAAF world record was registered in 
1911 with a jump of 15.12m by Daniel Ahearn 
(USA). The triple jump scene in the 1930's was 
dominated by several Japanese athletes, one of 
whom, Naoto Tajima, jumped 16.00m to win the 
gold medal at the 1936 Olympics in Berlin, The 
Brazilian Ferreira da Silva attracted a lot of atten
tion after 1955. He set five world records (19B5: 
16.56m) and was Olympic champion in 1952 and 
1956. In 1960, Jözef Schmidt (POL) was the first 
to break the 17m barrier with a jump of 17,03m. 
Willie Banks (USA) was the first to approach the 
18m mark with 17,97m in 1995. Micfiael Conley, 
the Olympic gold medallist in 1992 could not 
officially break the barrier either, despite jump
ing 18,17m to win in Barcelona, This distance 
eould not be validated because it was wind-
assisted, Jonathan Edwards improved the world 
record considerably and became world champion 
in 1995 with 18.29m, The second person to jump 
further than 18.00m was Kenny Harrison (USA), 
who jumped 18,09m in Atlanta in 1996. 

Although the lAAF hesitated for a long time 
over the introduction of the triple jump for wo
men, as the injury risk to the ankles due to 
extreme forces at take-off was regarded as too 
high, there are many women's triple jump dis
tances on record. The first known distance is 
8,805m. jumped by Catherine Hand (USA) in 
1909, In the 1980's more and more countries in
troduced the triple jump into their national com
petition programme. The lAAF has maintained a 
world record list since 1 January 1990. In 1990 U 
Huirong (CHN) jumped 14.54m. The event was 
first included in the World Championships pro
gramme in Stuttgart in 1993, when Ana Birykova 
(RUS) became the first woman lo jump further 
than 15.00m with 15.09m, Inessa Kravets (UKR) 

improved the record to 15.57m at the World 
Championships in Göteburg 1995. 

Recently, top female triple jumpers have been 
able to reach approximately 84% of the distance 
achieved by male athletes. The increase or change 
of percentage from the World Championships 
1993 to 1997 is negligible (see Table 38]. 

It is noticeable that the mean of the official 
distances in the men's and women's final did not 
differ significantly (p<0,05) from 1993 to 1997. 
In other words, the average performance in the 
triple jump did not improve significantly in the 
last three World Championships, at least as far as 
the eight finalists of each event were concerned. 

In the short sprint events, the relative differ
ence between men's and women's performances 
is smaller, at approximately 10%. When one con
siders that female athletes can come so close to 
male athletes in their capacity to reach a high 
running speed and to produce a high amount of 
kinetic energy in the sprints, and that the differ
ence in performance in the triple jump (and in 
other horizontal and vertical jumps) between 
men and women is greater than in sprint events, 
the question arises as to the biomechanical rea
son for female athletes failure to use their ener
getic potential in multiple jumps. Deficient tech
nique or training may play a significant role in 
this phenomenon. 

The purpose of this study is to present the first 
analysis of biomechanical data from the women's 
triple jump final of an international competition 
and to begin to explain the utilisation of me
chanical energy during multiple jumping. In order 
to create a basis for comparison, data of the 
men's final will also be presented. 

8.2 Methods and procedures 

The triple jump finals of the World Champion
ships in Athletics 1997 were filmed with four 
synchronised S-VHS video cameras operating at 
50 fields per second. The cameras were placed 
perpendicular to the plane of motion. Camera 1 
filmed the last two strides of the approach, while 
cameras 2, 3, and 4 were focused on the hop, the 
step, and the jump, respectively. In addition to 
the described set-up, one high-speed video cam
era (motionscope, redlake), operating at 250 

Table 38: 

Year 

mean (n^S; 
std. dev. 
maximum 
minimum 

Results of the men's and 
1993.1995, and 1997 

Men 
1993 1995 

17,26m 17,41m 
±0,34m ±0,46m 
17,e6m 18,29m 
16,65m 16,93m 

• percentage of the men's values 

women's triple 

1987 

17.42m 
±0,30m 
17.85m 
17.11m 

jump finals at the Worid Championships 

Women 
1993 1995 

14-32m (82,96%)- 14.77m (84,8 %)* 
±0,39m i0,50m 
15.09m (84,5%)- 15,50m (84.7%)-
13,80m 14,18m 

1997 ' 

14,57m (83.6%)-
±0,44m 
15,20m (85,1%)-
14,02m 
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frames per second, filmed the take-off for the 
step, and a second high-speed system (Peak 
Performance) recorded the take-off for the hop 
at 200 frames per second. 

All trials of the women's and men's finals were 
recorded. For data reduction, the relevant video 
sequences were transferred via the video grabber 
board to the videodata disk of the Motus video 
motion analysis system (Peak Performance). Using 
a calibration cube as reference system, the cam
era positions - the pan and ti lt angle and the 
focal length - were calculated for each of the 
cameras. Thus a so-called 2D-DLT was used for 
camera calibration and co-ordinate reconstruc
tion. 

The co-ordinate system used had its x-axis 
along the runway, pointed in the direction of 
jumping. The y-axis was vertical and perpendicu
lar to the x-axis. The origin was fixed in the cen
tre of the top of the take-off board. 

For the biomechanical analysis, a 12-segment 
model of the human body was used, calculated 
via 19 landmarks. Both feet, both lower legs, both 
thighs, the trunk, the upper arms, the forearms 
including the hands, and the head wiih the neck 
represented the rigid body model. 

The best valid jump from each of the eight 
finalists of the men's and women's competitions 
were selected for further analysis. 

In order to obtain more run-up information, 
photocell systems were installed at 11m, 6m and 
Im before the board. 

The instantaneous run-up speeds of the ath
letes were measured by a laser system installed 
behind the runway. The operator of the system 
used an optical control device to follow the ath
lete's lower back during the entire approach run, 
the hop, the step and the jump. Using the known 
speed of infrared light, the distance between the 
laser detector and the reflecting object was mea
sured 50 times per second. 

From the position time history, the object's 
speed was calculated by the first time derivative. 
The raw data and the calculated speed curves 
were registered and stored on a PC on the infield, 

8.3 Results 

8.3.1 Distances 

In the triple jump, the outcome or the total 
distance of the jump depends on the distribution 
of effort of the jumper over the three phases: the 
hop, the step and the jump. The major emphasis 
nf coaches and scientists has, therefore, been on 
the understanding of an optimal distribution of 
the phase ratios in the men's triple jump. No sci
entific data are available for the women's triple 

jump in competition. Effort distribution is usually 
analysed by the absolute and relative distances 
achieved in each of the phases. The distances are 
usually measured perpendicular to the pit edge 
of the take-off board. The partial distances are 
defined so that: 

• the hop distance is the horizontal distance 
from the tip of the take-off foot at the take
off for the hop to the tip of the same foot at 
the take-off for the step, 

• the step distance is the horizontal distance 
from the tip of the take-off foot al the take
off for the step to the tip of the other foot at 
take-off for the jump, and 

• the jump distance is the horizontal distance 
from the tip of the take-off foot at the take
off for the jump to the nearest mark made in 
the sand by the heels at the instant of touch
ing the ground. 

The effective distance is the horizontal dis
tance from the toe of the athlete's take-off foot 
at take-off to the nearest point of the feet when 
hitting the sand at landing. The phase ratios or 
distance percentages of hop, step and jump are 
calculated as a percentage of the effective dis
tance. 

The official distance is - according to the rules -
the horizontal distance from the front edge of 
the board to the nearest mark made in the sand 
by the athlete. The distance lost at take-off is 
called toe-to-board distance (The distance from 
the tip nf the take-off foot to the pit edge of the 
board). The distance lost due to poor landing in 
the sand, lateral deviation in the jumps and toe-
to-board space are summarised as the total lost 
distance, 

The data for all the absolute distances are 
given in Table 39 for the women's final and in 
Table 40 for the men's final. The tables include 
the data for the best valid jump of each competi
tor. 

On average, the women reached 83,64% of the 
men's official distance, the percentage for the 
effective distance is 83.30%. The female jumpers 
hit the board more accurately than the men. The 
women demonstrated a mean toe-to-board dis
tance of 0.11 (±0.03)m; the mean for the male 
finalists is 0,19 (±0,09)m. Similar results were 
seen in the total lost distance. The female final
ists lost an average of 0.20 (±0,06)m, the men 
0,31 (±0,1 l)m. Both differences are statistically 
significant (p<0,05). One reason for ihe higher 
precision and the smaller loss of distance of the 
female triple jumpers could be the lower speed of 
the run-up. 

The phase ratios are listed in Tobies 41 and 42. 
The men's data give an average effort distribution 
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Table 39: Official, effective, total lost and toe-to-board distances [m] - women's final 

Name 

Kasparkova (CZE) 
Mateescu (ROM) 
Govorova(UKR) 
Vasdeki (GRE) 
Hansen (GBR) 
Marinova (BUL) 
Blazevica (LfiJ) 
Ltse (FRA) 

mean 
std. dev. 

Official distance 

15,20 
15.16 
14.Br 
14.«2 
14 .^ : 
14 .3* 
14.0e 
UM 
U.S7 
4i0.44 

Effective distance 

15.46 
15.44 
14.82 
14.72 
14-69 
14,54 
14,29 
14,23 
(4,77 
±0,46 

Total lost distance 

0,26 
0.28 
e.is 
^*w Oi^i' 

'$^ 
«123: 

&m 
OM 

idO.06 

Toe-to-board distance 

0,07 
0.08 
0.12 
0.08 
0.09 
0.11 
0.15 
0,16 
0,f7 

±0,03 

Table 40: Official, effective, total lost and toe-to-board distances [m] - men's final 

Name 

Quesada (CUB) 
Edwards (GBR) 
Un-utia (CUB) 
Kapustm (RUS) 
Wellman (BER) 
Romain (DMN) 
Melelogtou (GRE) 
Owusu (GHA) 

mean 
std. dev. 

Official distance 

ll-^-
mm mM-1,7.S8 
17.22 
17.14 
17-12 
iI7.11 

W.^' 
±0,30 

Effectii/e distance 

18.08 
17.91 
17.77 
17.86 
17.66 
17,57 
17.50 
17.49 

77,73 
±0-21 

Total lost distance 

0.23 
0.22: 

o,ia 
itm 
'itfcld. 
• Ä 
S.^ Q ^ 
asr 

±0.11 

Toe-to-board distance 

0.12 
0.14 
0.10 
0,14 
0.13 
0.37 
0.24 
0.26 

0.19 
±0.09 

of 36.14 (±0.88)% - 29.39 (±1,20)% - 34.46 
(±1.16)0/0. while the mean ratio of the women's is 
36.63 (±1.22)% - 27,70 (±1.71)% - 35.67 
(±1.05)%. The analysis of variance indicates a sig
nificant (p<0.05) difference in the relative step 
and jump lengths between male and female 
triple jumpers. 

To simplify the discussion of different phase 
ratios. HAY (1990) defined three technigues based 
upon hop and jump percentages. A hop-domi
nated technigue is one in which the hop percent
age is at least 2% greater than the jump percent
age. A jump-dominated technigue is one in which 

the jump percentage is at least 2% greater than 
the hop percentage and a balanced technique is 
one in which neither the hop nor the jump per
centage is at as much as 2% greater than the 
other. Based on this definition, the means of 
both groups indicate a preponderance of the bal
anced technique. However, this general trend does 
not hold when considering the individual phase 
ratios. Two women and four men used the hop-
dominated technique, six female and four male 
jumpers chose a more balanced technique. No 
jump-dominated attempt was identified. The 
subgroups with the hop-duminated technique 

Table 41: 

Name 

Kasparkowa 
Mateescu 
Govorova 
Vasdel4i 
Hansen 
Mari nova 
Blazevica 
Use 
mean 
std. dev. 

Absolute and relative phase ratios - women's final 

Hop step 

5,61m (36,3%) 4,20m (27.2%) 
5.70m (36-9%) 4,19m (27.1%) 
5.57m (37.6%) 4,09m (27.6%) 
5.42m (36.8%) 3,92m (26,6%) 
5.00m (34-0%) 4.50m (30,6%) 
5,27m (36,2%) 4.09m (28,1 %) 
5.45m (38,1%) 3.57m (25,0%) 
5.27m (37,0%) 4,17m (29.3%) 

5.41m ßG.63%) 4.09m (27 70%) 
±0.23m (1.22%) ±0-27m (1.71%) 

Jump 

5.64m (36,5%) 
5-54m (36.0%) 
5.16m (34-8%) 
5,38m (36,6%) 
5,19m (35,4%) 
5,18m (36,7%) 
5,28m (36,9%) 
4.80m (33,7%) 

5.27m ß5.67%) 
±0.26m (1.05%) 

Technique 

balanced 
balanced ' 

hop-dominated 
balanced 
balanced 
balanced 
balanced 

hop-dorn mated 

Table 42: 

Name 

Quesada 
Edwards 
Urrutia 
Kapustin 
Wellman 
Romain 
Me)etogloj 
Owusu 
mean 
Std. dev. 

Absolute and relative phase ratios - men's final 

Hop 

6,68m (37,0%) 
6,34m (35.4%) 
6,54m (36.8%) 
6,26m (35-1%) 
6.33m (35-8%) 
6.57m (37.4%) 
6.16m (35.2%) 
6.38m (36,5%) 
6.41m (36.14%) 

±0.17m (0.88%) 

Step 

5,21m (28,8%) 
5,21m (291%) 
5,47m (30,8%) 
5.20m (29,1%) 
5.44m (30,8%) 
4,8am (27,8%) 
5,36m (30,6%) 
4,92m (28,2%) 

5.21m (29.33%) 
±0.22 m (1.20 %) 

Jump 

6,19m (34.2%) 
6,35m (35-5%) 
5,76m (32,3%) 
6,40m (35,8%) 
5,90m (33,4%) 
6,12m (34,8%) 
5,98m (34,2%) 
6,1 am (35,3%) 
6-7Im (34-46%) 

±0.22m(1.15%) 

Technique 

tK)p-dorn mated 
balanced 

hop-dominated 
balanced 

hop-dom mated 
hop-dominated 

balanced 
balanced 
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reached average effective distances of 17.76m 
(men) and 14.53m (women). For the groups using 
the balanced technique, 17,69m (men) and 14.86m 
(women) were measured as the effective dis
tances. For the women, the balanced technique 
occurred more frequently and tended to produce 
longer effective distances, while for the men the 
distribution of the two techniques was even, and 
the hop-dominated technique showed slightly 
better results. 

f̂ Jo statistically significant (p<0.05) correlation 
could be found between the phase ratios and the 
effective distance with the exception of the sig
nificant correlation of jump and effective dis
tance for the women's competition. The highly 
significant (p<0.01) correlation coefficients be
tween the toe-board distance in the men's and 
women's competition indicate the importance of 
run-up accuracy in high-level level triple jumping. 

Considering the multiple regression between 
the effective distance and the hop, step and jump 
distances for the female jumpers. The stepwise 
approach inilially used the jump distance as in
put for the equation. This is followed by entering 
the step distance in the multiple equation with a 
multiple R of 0.93, This result supports the previ
ous finding on the preponderance of the bal
anced technique in female triple jumpers, 

8.3.2 Approach 

In the horizontal jumps, the run-up velocity is 
of major importance for a successful perfor
mance. A high horizontal velocity of the centre 
of mass (CM) al the instant of touchdown for the 
take-off into the hop is the necessary prerequi
site for an optimum result. The initial velocity or 
- to be more precise - the initial total mechani
cal energy of the jumper at the beginning of the 
jumping activity must be of major imporlance 
from a purely mechanical standpoint. From a more 
biomechanical point of view, i l is necessary to 
analyse if the individual jumper is able to manage 
and use the maximum energy available or pro
duced during the approach run. In addition to 
the production of sufficienl kinetic energy for 
the jump, the run-up has to be as accurate as 

possible, in order to minimise the loss of distance 
on the board. Therefore the speed of the CM dur
ing the last strides and the stride lengths have 
been analysed for male and female finalists. 

The means of the stride lengths of both, wo
men and the men, were Innger than the reported 
stride lengths during the long jump finals in 
Rome 1987. While all the men demonstrated the 
strategy of long-short for the last two strides - a 
strategy generally observed in the long jump 
(HAv/MititR 1985) - three out of the eight women 
did not. The variation in the lengths of Ihe last 
two strides is not as extreme as was found for 
elite long junipers - e.g. Lewis (Rome 1987) in his 
five valid jumps: 2nd last - 2.47 (±0.05)m, last -
1.82(±0.04)m. 

The horizontal CM velocities at the take-off 
into the last stride, the inilial horizontal velocity 
for the hop were 9.31 [±0,30)m/s for the female 
and 10,47 (±0.15)m/s for the male finalists. The 
women's initial velocity was calculated to be 
89% of the men's. This data supports the hypoth
esis that, in sprinting, female athletes are able to 
produce about 90% of the amount of kinetic 
energy produced by men (see above). The men's 
data, on average, are as high as reported from 
top jumpers by MiLtER/HAV (1986). The mean is 
higher than ever described in the literature. All 
men accelerated in the last two strides, whereas 
two of the women maintained a constant CM 
velocity and two of them even decelerated in the 
very last phase of the run-up. This could possibly 
be caused by the motor control or the stabilised 
technique of former long jumpers who trans
ferred to the triple jump. The acceleration into 
the last stride and the take-off into the hop 
seems lo be an important factor in the minimis
ing of speed reduction and energy loss during the 
hop. 

The correlation analysis indicates a significant 
(p<0,05) linear correlation between the CM 
velocity prior to the touch-down for the take-off 
into the hop and the performance for the female 
jumpers, but no significant correlation for the 
male competitors. This underlines that a high 

Table 43: Lengths of the last strides of the run-up and horizontal CM velocity at take-off into the 
2nd tast and last strides 

1 
Name (women) 

Kasparkova 
Mateescu 
Govorova 
Vasdeki 
Hansen 
Marino va 
Blazevica 
use 

mean 
std. dev. 

Stride length [m] 

2nd last 

2,37 
2.41 
228 
2,49 
2,19 
1,85 
2,15 
2.42 

2-27 
±0-21 

last 

2,42 
2,38 
2,05 
2.39 
2,03 
2.02 
2-26 
2.40 
2.24 

±0.18 

CM velocity |m/s] 

2nd last 

9,4 
9.9 
9,2 
9.5 
9,2 
8,9 
9.2 
9,0 
9.29 

t0.30 

last 

9.2 
9.6 
9,2 
9.5 
9.4 
9,2 
9.3 
9,1 

9.31 
±0.18 

Name (men) 

Quesada 
Edwards 
Urrutia 
Kapustin 
Wellman 
Romain 
Meleloglou 
Owusu 

mean 
std. dev. 

Stride ler>gth | 

2nd last 

2.44 
2.34 
2,50 
2.71 
2,41 
2,07 
2.47 
2.17 

2,39 
±0.20 

ml 
last 

2.28 
2.33 
2,35 
2,59 
2,11 
1,99 
2,17 
2,00 

2.23 
±0.20 

CM velocity [m/s] 

2nd last 

10,1 
10.5 
10,1 
10,1 
10,1 
10,0 
10.1 
10,0 

10./2 
±0.14 

last 

10,3 
10.7 
10-6 1 
10.4 
10.5 
10,5 
10.2 
10.5 
10,47 
±0.15 
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run-up speed or a high initial velocity prior to 
the take-off for the hop is a necessary precondi
tion, but is not sufficient in itself for an optimum 
result. The higher the performance level and the 
stronger the homogeneity of the group under 
study, the lower the correlation between run-up 
speed and total performance. 

The correlation coefficients between the CM 
horizontal velocity prior lo take-off into the hop 
and the horizontal CM speed at take-off for the 
hop are highly significant (p<0,01) for the 
women and significant (p<0,05) for the men. The 
data and results underline the great importance 
of run-up speed for women, while the male triple 
jumpers require a speed of more than lO.Om/s. 
However, additional parameters during the three 
take-off actions are of major influence on total 
performance, 

8.3.4 Hop, step and jump 

During the take-off for the hop. the horizontal 
CM velocity decreases and vertical velocity is 
gained. The horizontal velocities at the take-off 
for the hop were 8,40 (±0.23)m/s for the women 
and 9.77 (±0,15)m/s for the men. The decreases in 
the horizontal velocity were 0,92 (±0.08)m/s and 
0.71 (±0.10)m/s for women and men respectively. 
The difference of the means is highly significant 
(p<0,01). The vertical CM velocity data at take
off for the hop indicate no statistically signifi
cant differences between the two groups of com
petitors. The mean vertical velocity of the men 
was measured as 2,40 (±0,16)m/s and the speed 
of the female jumpers as 2.34 (±0.25)m/s. The 
means of the angles of projection show a signifi
cant (p<0.05) difference between men and wo
men. The men's take-off angle of projection for 
the hop is flatter than the women's. This is 
caused by the higher horizontal CM velocity and 
a similar vertical speed at take-off. 

The kinetic energy achieved in the approach 
and available at the touchdown for the take-off 
into the hop decreased in all measured subjects. 
Expressed as a percentage of the initial total me-

Table 44: Horizontal (vx) and vertical (vy) CM 
velocities at take-off for the hop. the 
step ^ i d the jump [m/s] - women's 
final 

Name 

Kasparkova 
Maieescu 
Govorova 
Vasdeki 
Hansen 
Man nova 
Blazevica 
Lise 
mean 
std. dev. 

Hop 
vx 

8,3 
8,8 
8,3 
8.6 
6.6 
8.2 
8.2 
8,2 

8,40 
±0.23 

vy 

2,6 
2.4 
2.5 
2.5 
1.9 
2.4 
2.5 
2.0 
2-34 

±0-25 

Step 
vx 

7.7 
7,9 
7.5 
7-8 
7,7 
7,5 
7.6 
7,0 
753 

±0.27 

vy 

1.7 
1.6 
1,3 
1,1 
1,8 
1,7 
1.3 
1.8 

1.52 
±0.27 

Jump 
vx 

6,8 
6,7 
6.2 
5.7 
6.5 
6.3 
6.6 
6.0 

6.46 
±0.29 

vy 

2,4 
2,5 
2,8 
2.4 
2.5 
2.6 
2,5 
2.4 

2.53 
±0.13 

chanical energy, the losses are 7.72 (±1,82)% and 
3.97 (±1.59)% for the female and male competi
tors respectively. The difference between the 
means is highly significant (p<0,001). The elite 
male triple jumpers demonstrated a capacity lo 
take-off with very little energy loss. Such an ex
tremely low amount of energy loss implies an ex
cellent capacity to reutilize elastic energy in the 
muscle-tendon complex. The elastic energy is 
stored during the short eccentric phase of the 
early support at take-off for the hop. The use of 
an optimal muscle stiffness, in combination with 
an optimal kinematic positioning of the body 
segments, seems to play the important role in 
minimising energy loss. No difference between 
the male and female jumpers could be identified 
in the knee lift or hip angle of the lead leg at the 
take-off for the hop. The support leg angle data 
indicate differences between the groups, a l 
though these differences are not statistically sig
nificant. The maximum knee flexion during the 
take-off for the hop is an average of 3° more in 
the female group than in the male group. The 
range of maximum knee flexion during the take
off support in the women finalists was recorded 
as 34 to 55° and in the men's group as 31 to 51°. 
With some reservations, it can be concluded that 
the male jumpers are able to perform the take
off with a stiffer support leg and thus the men 
arc able to take-off with less energy dissipation 
than the female triple jumpers. Further research, 
using high speed recordings will allow deeper 
insight into the optimum take-off strategy with 
minimum loss of mechanical energy. 

As described for the hop, the horizontal CM 
velocity also decreased during the take-off for 
the step. The horizontal velocities at take-off for 
the step were 7,58 (±0.27)m/s for the women and 
8,61 (±0.27)m/s for the men. The losses were 1,15 
(±0.19)m/s and 0.81 (±0.21)m/s for women and 
men respectively. The difference of these means 
is highly significant (p<0.01). The vertical velocity 
data of the CM at take-off for the step indicate a 
statistically significant difference (p<0,0l) be-

Table 45: Horizontal (vx) and vertical (vy) CM 
velocities at take-off for the hop, the 
step and the jump [m/sj - men's final 

Name 

Quesada 
Edwards 
Urrutia 
Kapustin 
Wellman 
Bomain 
Meletoglou 
Owusu 
mean 
std. dev. 

Hop 
vx 

9,7 
10,1 
9,8 
9.8 
9,6 
9.8 
9.6 
9,8 

9,77 
±0-15 

vy 

2,6 
2.2 
2.6 
2.3 
2.6 
2.4 
2.4 
2.3 

2.40 
±0.76 

Step 
vx 

8,5 
9,0 
9,5 
9.0 
8,2 
8.5 
8,5 
8,8 

8,6) 
±0.27 

vy 

2,1 
2.0 
2,2 
1-6 
2.2 
1,7 
1,9 
1,8 
1,95 

±0,22 

Jump 1 
vx 

7,3 
7,6 
6.8 
7.3 
6.7 
7.0 
7.0 
6.6 

7.02 
±0.33 

vy 

2,6 
2,6 
2,9 
2,9 
2.7 
2.7 
2,6 
3.3 

2.79 
±0.26 
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tween both groups of competitors. The mean 
men's vertical velocity was measured higher -
1.94 (±0.22lm/s - than that of Ihe female 
jumpers - 1,52 (±0.27)ni/s. The men's take-off 
angle of projection for the hop is a little steeper 
than the women's, but the means of the angles 
of projection show no significant (p<0.05) differ
ence. The steeper men's take-off was due to 
higher vertical CM velocities. 

The kinetic energy achieved during the 
approach and available at the touchdown for the 
take-off into the hop decreases during the take
off. During the take-off for the step, additional 
energy reduction could be identified for all mea
sured subjects. The losses in total mechanical 
energy prior to touch-down for the take-off into 
the step expressed as percentages are 17,49 
(±2.05)% and 20.15 (±2.42)% for the female and 
male competitors respectively. The difference be
tween the means is significant (p<0,05). The elite 

Table 46: Changes of horizontal CM velocities 
at take-off for the hop. the step and 
the jump [m/s ] -
men's and women's final 

r 
Rank 

1 
2 
3 
4 
5 
6 
7 
8 
mean 
std. dev. 

Hop 

Women 

-,91 
-,82 

-1.0 
-.89 
-,86 
-,98 

-1.04 
-,84 

-.92" 
±0.08 

Men 

-,63 
-62 
- 7 4 
-.63 
-.91 
- 7 5 
-.62 
-.76 
--71 

±0-10 

Step 
Women 

--58 
-.92 
-.72 
-.75 
-.94 
-,73 
-,64 

-1,22 

-.81-
±0.21 

Men 

-1.11 
-1-06 
-1.38 

-.85 
-1.40 
-1,29 
-1-10 
-1.04 

-1.15 
±0.19 

Jump 

Women Men 

*.92 -1.28 
-1.20 -1.42 
-1,35 -1.66 
-1.11 -1.70 
-1,22 -1,49 
-1,12 -1.50 
-1.03 -1.52 
-1,05 -2,17 
- r , r 3 " -1.59 
±0.13 ±0.27 

' Indicates signiticani (p<0,05) differences between the 
mean: 

" Indicates highly signiticani (p<0-01) ditfefences belwreen 
the means of ihe mate and female competiiors. 

Table 47: Relative changes of total mechanical 
energy during the take-off for the 
hop, the step and the jump - men's 
and women's final [all data are given 
in percentage to mechanical energy 
at touch-down for the take-off into 
hop, step and jump respectively] 

Rank 

1 
2 
3 
4 
S 
6 
7 
8 
mean 
std. dev 

Hop 

Women 

•5,5 
-5,4 

-10.3 
-7,0 
-7,8 
-9,0 
-9,7 
-7,0 
- 7 7 2 " 
±1.82 

Men 

-1,7 
-3,1 
-4,5 
-3,5 
-6,8 
-4,7 
-2,6 
-5,0 
-3.97 
±7.59 

Step 

Women 

•15.0 
-19,3 
-16.7 
-17,1 
-16,5 
-16.8 
-17,0 
-21,7 

-T749 ' 
±2,05 

Men 

-20,4 
-18.2 
-22,7 
-16,4 
-22.3 
-23,2 
-18-7 
-19,4 

-20.75 
±2.43 

Jump 

Women 

-11.2 
•14.5 
-16,0 
-13,4 
-16,5 
-14,4 
-10,8 
-14,6 

•13,92-
±2,04 

' indicates signtflcant (p<0,05) deferences between th 
means. 

Men 

-17,5 
-18.5 
-21.6 
-19-3 
-21,6 
-17,7 
-21-6 
-24-4 

-20.27 
±2.41 

•• Indicates highly significant (p<0,01) differences t)etween 
Ihe means ol ttie male and female competitors, 

male triple jumpers show much less energy loss 
than the female finalists. Regarding the loss of 
mechanical energy from the initial condition 
prior to the hop, both groups have an almost 
equal energy loss throughout the first two take-
offs. The remaining total mechanical energy at 
touchdown for the jump is 74,78 (±2,45)% for 
the women and 75.88 (±3.52)% for the men, rel
ative to their initial energy from the run-up. 

No major segmental kinematic differences 
could be detected between the two analysed 
groups. Therefore, the longer distance in the step 
shown in the male subjects is related more to the 
increase of vertical take-off velocity than to min
imisation of energy loss during the support 
phase. This leads to the assumption that the step 
performance should be more strength-rel a ted. 

At take-off into the jump, the horizontal 
velocities were 6,46 (+0,29)m/s for the women 
and 7,01 (±0.33)m/s for the men. The decreases 
were measured as 1.13 {±0.13)m/s and 1.59 
(±0,27)m/s for women and men respectively. 

The difference between the means of horizon
tal take-off velocity and changes of horizontal 
velocities are both highly significant (p<0,01). 
The vertical velocity data of the CM at the take
off for the jump indicate a statistically significant 
difference (p<0.05) between both groups of 
competitors. The mean men's vertical velocity 
was higher 2,79 (±0.26)m/s than that of the fe
male jumpers 2.52 (±0.13)m/s. The means of the 
angle of projection of the take-off for the Jump 
were similar for men and women. 

During the take-off for the jump, an additional 
energy reduction could be identified for all mea
sured subjects. Expressed as a percentage of the 
total mechanical energy prior to touch-down at 
the take-off into the jump, the means and stan
dard deviation of the losses were 13,92 (±2.04)% 
and 20.27 (±2.41)% for the female and male 
competitors respectively. 

The difference between the means is highly 
signif icant (p<0,001). The elite male triple 
jumpers showed a considerably higher energy 
loss during the take-off for the jump than the 
female finalists. The remaining total mechanical 
energy after the take-off for the jump was 60.87 
(±3.71)% for the women and 55.61 (±4.70)% for 
the men, relative to their initial energy from the 
run-up. 

The total mechanical energy achieved in the 
run-up by the male finalists decreased more dur
ing the hop. the step and the take-off for the 
jump than that of the female athletes. A possible 
interpretation could be that male jumpers dis
tr ibute their init ial mechanical energy more 
effectively than women. 
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8.4 Summary and conclusion 

The best attempts of the eight male and 
female finalists in Athens were recorded and 
analysed using video-based motion analysis tech
niques. The data extracted give detailed informa
tion on the effort distribution during the jumps 
and on biomechanical parameters of the 
approach run, the hop, the step and the jump. 

The phase ratios of the women are different 
from those of the men. While, in the male group, 
50% of the subjects used the hop-dominated 
technique and the other 50% the balanced tech
nique, in the female subjects only two of eight 
competitors performed the hop-dominated tech
nique. The other women used the balanced tech
nique, in the men's group the better performers 
used the hop technique, while the more success
ful women used the balanced technique. 

The means of the sample of the approach runs 
analysed show the fastest run-ups ever recorded 
and published from an international meeting. For 
the female group, no comparable data are avail
able in the international literature. The means of 
the male and female finalists show that women 
are able to reach approximately 90% of the 
men's run-up speed in the triple jump. 

All subjects decrease the horizontal CM speed 
during the take-off tor the hop. The male sub
jects' speed losses are significantly lower than 
those of the women. The loss of the men's total 
mechanical energy during the take-off into the 
hop is approximately half that of the women. 
This phenomenon may be related to an optimal 
stiffness control of the take-off leg musculature 
prior to and during the take-off. 

In the step and the jump, both groups decrease 
their horizontal CM speed. The loss of energy is 
higher in the men's take-of f than in the 
women's. This could be due to more strength-
related activity by the men during the take-off 
for the step and the jump. 

Further research will use high-speed recordings 
of the individual take-offs and will thus provide 
3 deeper insight into the take-off techniques, 
and especially into the use of the elastic proper
ties of the skeletal muscle system in jumping 
with high initial mechanical energy. 
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0 Men's high j ump 
(by Gi'rt-Pctcr Brüygcniann iind 
Adiamantios Arampatzis) 

9.1 Introduction and purpose 

Biomechanical data of the high jump for both 
men and women were taken during the finals at 
the World Championships in Athletics in Athens 
1997, This first report focuses on the men's final 
because the results of the competition were close 
to the results of the Championships in Tokyo 
1991, where the last biomechanical study during 
a World Championships had been performed. In 
Tokyo, Charles Austin won with 2,38m and the 
three next (Sotomayor, Conway, Grant) cleared 
2.37m. The Athens competition was dominated 
by Sotomayor with 2.37m followed by two ath
letes (Forsyth and Partyka) with a height of 2.35m. 
The methods used in both meeting were similar. 
This makes a comparison of data from both meet
ings possible, even from a methodological point 
of view. 

It is notable that the means of the achieved 
heights of the best six jumpers in the men's final 
decreased by approximately 2cm from 1991 to 
1997. 
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The purpose of this study is to present a first 
description of biomechanical data from the 
men's high jump final and to advance general 
understanding of the high jump event. In order 
lo provide a basis for data comparison, the data 
of the men's final of the World Championship 
Tokyo 1991 will be taken into account, 

9.2 Methods and procedures 

The men's high jump final of the World Cham
pionships 1997 was recorded with two sets of 
Iwo synchronised S-VHS video cameras operating 
at 50 frames per second. The cameras of each set 
were placed perpendicular to each other. One 
pair of cameras filmed the right footed jumpers, 
the other pair the left footed jumpers. The last 
step of the approach the take-off and the flight 
were recorded. In addition to the described set
up, one pair of panned and tilted high-speed 
video cameras (Peak Performance) operating at 
200 frames per second followed the athlete 
throughout the run-up and the jump-

All trials of the women's and men's finals were 
recorded. For data reduction of the relevant video 
sequences, data were transferred via the video 
grabber board to the videodata disk of the Motus 
video motion analysis system (Peak Performance), 
Using a calibration cube as reference sysiem the 
DLT was used for camera calibration and co-ordi
nate reconstruction. 

The co-ordinate sysiem used had its x-axis per
pendicular to the bar. The y-axis was parallel 
with the bar. The z-axis was the vertical. The ori
gin was fixed in the middle of the poles at 
ground level. 

For the biomechanical analysis, a 12 segment 
model of the human body was used calculated 
via 19 landmarks. Both feet, both lower legs, both 
thighs, the trunk, the upper arms, the forearms 
with hands, and the head with the neck repre
sented the rigid body model. 

The best valid jumps from each of the top six 
finalists were selected for further analysis. 

9.3 Results 

9.3.1 Partial heights 

fable 48 presents the basic performance char
acteristics of the jumps analysed with regard to 
the partial heights. The table includes: 

• the take-off height, the vertical distance of the 
centre of mass (CM) from the ground at the 
instant the take-off foot leaves the ground 
(last frame of ground contact), 

• the height of flight, the vertical distance the 
CM travels during the flight from the instant 
of the take-off to its highest position in flight, 

• the height of bar clearance, the vertical dis
tance between the highest position of CM dur
ing the flight and the bar. and 

• the maximum height, the vertical distance 
between the highest position of the CM during 
the flight and the ground. 

The partial heights are very close to the data 
reported from the World Championships 1991 
where liBoSHi et al, (1993) found a mean for max
imum height of 2.40m, a take-off height of 
1.35m and a height of flight of 1.05m for the 
eight finalists. The maximum height of Soto
mayor {2.50m) is one of the highest flights ever 
reported in the literature. The take-off height of 
this jump was 73,3% of the athlete's standing 
height. The take-off height percentage of total 
height is 57.2%, The significant correlation coef
ficient (p<0,05) between the take-off height and 
the performance underlines the importance of 
this parameter, which is closely related to body 
height. 

9.3.2 Path of CM prior to and during 
take-off 

The vertical trajectory of the CM during take
off was calculated to be 0.45m on average. The 
longest path of acceleration was measured in the 
winning jump of Sotomayor, who had the high
est vertical take-off velocity. To increase the path 
of acceleration, athletes lower the CM prior to 
the touch-down for the take-off. This is often 
combined with an extremely long last stride. In 
the analysed sample Sotomayor and Partyka used 
this technique. Forsyth and Grant did not lower 
their CM from the last support to the support for 
the take-off. These athletes increased the height 
of CM, The height of CM at the touch-down for 

Table 48: Height of bar, take-off height, height of bar clearance and maximum height [m] 
- men's final 

Name 

Sotomaior 
Forsyth 
Partyka 
Hoen 
Grant 
Papakoslas 
mean 
std. dev. 

Height of bar 

2.37 
2,35 
2,35 
2,32 
2,32 
2-32 

2-34 
±0-02 

Take-off height 

1.43 
1.41 
1.32 
1.29 
1.33 
1,30 
1,35 

±0.06 

Height of flight 

1.07 
1.01 
1.06 
1.10 
1.0Ö 
1.08 
1-06 

±0-04 

Height of bar clearance 

•0.13 
-0-07 
•0,03 
-0.07 
-0,01 
-0,06 
-0,06 
±0.04 

Maximum height i 

2.50 
2.42 
2.38 
2.39 
2.33 
2.38 
2.40 

±0-06 
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the last stride and the take-off was constant for 
Hoen and Papakostas. 

A high horizontal centre of mass (CM) velocity 
at the instant of touchdown for the take-off is 
the necessary prerequisite for a successful high 
jump. The initial velocity or - to be more precise -
the initial total mechanical energy of the jumper 
at the beginning of the jumping activity is of 
major importance from a purely mechanical 
standpoint 

The average run-up speed was higher than the 
reported velocity of the 1991 final. The highest 
value was calculated for the jump of Sotomayor. 
It is of major interest that the second best jumper 
achieved the lowest velocity of the whole group. 
For all the analysed jumps an increase of hori
zontal CM velocity was observed. Sotomayor 
reduced his run-up speed by more than 50% dur
ing the take-off. Forsyth, on the other hand, is 
the athlete with the lowest increase of horizontal 
CM velocity. The steepest flight resulting from a 
high vertical take-off velocity was found in Solo-
mayor's jump. The flattest angle of projection 
was found for Forsyth'sjump. 

The total mechanical energy achieved during 
the approach and available at the touchdown for 
the take-off decreases during the take-off. 
During the take-off, energy reduction could be 
identified for all measured subjects. The highest 
loss of the total mechanical energy was 24.6% 
for Sotomayor's best jump. Remarkably little in
crease could be analysed for Forsyth's technique. 
His take-off is characterised by a stiff support 
leg. 

Table 50: Height of centre of mass (CM) at touch-down for the last stride and the take-off, vertical 
path of acceleration during take-off and the length of the last stride [m] - men's final 

Table 49: Take-off height, height of flight and 
height of bar clearance as percent
age of total height [%] - men's final 

|tteme 

Sotomajor 
' Forsyth 
' Partyka 
Hoen 
Grant 
Papakostas 
mean 

J std. dev. 

Take-off 
height 

57,2 
58.3 
55.5 
54,0 
56,7 
54.6 

56.03 
±1.63 

Height of 
tlight 

42,8 
41.7 
44.5 
46,0 
43,4 
45,4 

43.97 
±1.62 

Height of 

bar clearance 

5,2 
2,9 
1.3 
2,9 
0,4 
2,5 
2,54 

±1.64 

Name Height of CM - last stnde 

Sotomajor .91 
Forsyth ;96 
Partyka .98 

iHoen .85 
Grant .83 
Papakostas .89 
mean 0.90 
std. dev. ±0.06 

Height o( CM - take-oH 

.86 

.99 

.93 
JB5 
.88 
.89 

0.90 
±0,05 

CM lowering 

.05 
-.Q3 
.05 
-00 

:(& 
.00 

0.00 
±0.04 

CM path of acceleration 

.57 

.42 

.39 

.44 

.44 

.41 

0,45 
±0,06 

Stnde length 

2.16 
2.00 
1.93 
1.99 
2.00 
1.98 
2.03 
±0.08 

Table 51: Velocities of centre of mass (CM) at touch-down for the take-off and at take-off [m/s], 
angle of projection [°], the changes of horizontal velocity and total mechanical energy 
[as percentage of mechanical energy at touch-down] during the take-off - men's final 

Name 

Sotomajor 
Forsyth 
Partyka 
Hoen 
Gram 
Papakostas 

mean 
std. dev. 

Honzontal velocity 

at touch-down 

8.04 
6.94 
7.39 
7.32 
7.32 
7.36 

7.40 
±0.36 

Honzontai velocity 

at take-off 

3,58 
4.08 
4.20 
3,71 
4,07 
3.87 

3.92 
±0.24 

Vertical velocity 

at take-off 

4.80 
4.45 
4.56 
4.63 
4.52 
4.60 

4,59 
±0.12 

Angle of projection Change o( 

horizontal velocitymechanlcal enc 

53 -4.46 
47 -2.86 
47 -3.19 
51 -3.61 
48 -3.2S 
50 -3.49 

49,3 -3.4S 
±2.40 ±0.55 

Change of 

rgy 

-24.6 
-5.2 

-12.1 
-14.3 
-12.1 
-14,0 

-r3,7 
±6-30 

Table 52: Horizontal run-up angles at last stride and take-off, inward lean angles at last stride and 
take-off ["] - men's final 

Name 

Sotomajor 
Forsyth 
Partyka 
Hoen 
Grant 
Papakostas 

mean 
std. dev 

Run-up angle last stnde 

38 
55 
44 
55 
57 
49 

49-7 
t7.5 

Run-up angle take-off 

49 
57 
53 
61 
61 
47 

56.3 
±4.7 

Inward lean last stride 

touch-down 

10 
22 
8 
6 
6 

a 
10 

tß.1 

take-oH 

26 
24 
17 
27 
30 

i4 
24 7 
±4.4 

Inward lean take-off 

touch-down 

2 
:2 
4 
3 
0 
4 

S.S 
±1.5 

take-otf 

-3 
-2 
-4 
0 
-1 
•3 

- 2 2 
±1.S 
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9.3.4 Preparation for take-off 
The curve of the run-up was described by the 

parameters run-up angles and inward lean. The 
run-up angle is the deviation from a perpendicu
lar approach to the bar. The positive angle of the 
horizontal CM velocity vector to the x-axis was 
calculated for the flight of the last stride and of 
the jump. The average run-up angles were 49.7° 
and 56,3" respectively. 

Inward lean was measured as the angle of the 
line from the CM to the tip of the support leg, to 
the vertical. Inward lean data are given for the 
instants of touchdown and take-off of the last 
stride and the take-off. Positive values indicate a 
lean to the inside of the curve. Two strategies 
could be identified. Forsyth started the support 
phase of the last stride with a far greater inward 
lean than all other evaluated competitors. This 
lean was continued through to the take-off of 
the last stride. The others had considerable in
creases in lean angle during the support of the 
last stride. 

9.4 Summary and conclusion 

The best trials of the 6 male finalists in Athens 
1997 were recorded and analysed using video-
based motion analysis techniques. The data 
extracted give detailed information on the effort 
distribution and on biomechanical parameters of 
the approach run and thejump. 

The results of the analysis of the approach run 
indicate the fastest run-ups ever recorded and 
published in an international meeting, for the 
mean of the sample. 

All subjects decrease horizontal CM speed dur
ing take-off. The loss of total mechanical energy 
during take-off is considerable. The minimum 
energy decrease was demonstrated by tlie uncon
ventional technique of the Australian Forsyth, His 
technique maybe related to an optimal stiffness 
of the lead-leg musculature during the take-off. 

Further research will use the high-speed re
cordings and will be focused on segmental inter
actions during last stride, take-off and flight, 

9.5 References 
liBOSHi, A,; AE, M,; TAKAMAISU, J.; NAMSAWA, M,; TANG, H,P.: 

YUUKI, M,: Techniques of elite high jumpers al the 3rd lAAF 
World Championships in Athletics. In: Abstracts ul the 
Internalional Society of Biomechanies, XlVth Congress, 
Paris, 4-8 July, 1993, vol, 1, Pans, 1993, pp, 608-609 

10 Pole vault 
(by Adiamiinlios Arampatzis, Falk Schade. 

n t r f -PcI r r Briirjf|(.-mrinn) 

10.1 Methods and procedures 

The pole vault final was recorded by four gen-
locked video cameras synchronized using LtDs. 

For the purpose of this two dimensional analysis, 
video footage from two of the above-mentioned 
cameras was used. The video cameras were oper
ated at 50 fields per second. Camera 1 (S-VHS) 
filmed the athlete from the penultimate step 
until shortly after the position of 'maximum pole 
bend' (MPB). Camera 2 filmed the athlete from 
the MPB position up to bar clearance. The cam
eras recorded the vault in the direction of jump
ing from an angle of approx. 60° in relation to 
the plane of movement. For the purpose of a 
three dimensional analysis, the other two cam
eras were positioned at right angles tn cameras 
one and two and recorded the same field of view. 
For the calculation of the 2D co-ordinates of an 
18 segment model of the human body, the DLT 
method was used. The origin of the initial co
ordinate system was located directly over the 
deepest point of the pole vault box at ground 
level. The total energy of the pole vaulter was 
calculated as the sum of the kinetic and potential 
energy of the athlete's centre of mass (CM), The 
flex numbers, length and maximum bend of the 
pole were used to calculate the flex energy of the 
pole. 

The highest successful jump from each finalist 
(n=l 1) was used in the analysis. The variables for 
the analysis were chosen on the basis of energy 
calculations. The parameters in this study are not 
used with the classic partial height model, but 
rather for the purpose of calculating energy pro
duction, exchange and transfer. For these calcu
lations tlie following phase definitions were con
structed: 
I Main phase of energy production; this phase 

is from the start of the approach to the mo
ment the pole tip contacts the back of the 
box (PP). 

II Main phase of energy exchange: this phase 
begins at the PP and ends when the pole vaul
ter releases the pole. 

The second main phase can be broken down 
into two sub-phases. The first is the energy trans
fer phase, from PP until the point where the pole 
reaches maximum flexion (MPB), During this 
phase, energy is transferred to the pole. The sec
ond is the energy return phase, which starts at 
MPB and continues until the vaulter releases the 
pole. Because the methods used do not allow the 
detection of the exact moment when the pole 
contacts the back of the box, the main phase of 
energy exchange in this study was measured 
from the moment the jump foot made contact 
with the ground before take-off. Other authors 
(GROS/KUNKEL 1990) have used the take-off as the 
start of the energy transfer phase, but this is not 
appropriate for energy calculations, because at 
take-off the poles of most vaulters already show 
a definite bend. 
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10.2 Resul ts 

By the end of the main energy p roduc t i on 

phase, the vau l te rs had reached a hor i zon ta l 

velocity of approximately 9.72m/s and an energy 

of 57.03J/kg (see Table 53). At this moment, as 

Table 53: Jump height, horizontal velocity of 
the C M at touchdown of the jump 
foot (VCMxTD) and initial energy 
(IntEng) as energy of the CM at the 
touchdown of the jump foot 

' N a m e Jump height 
[m] 

Bubka, Sergey (UKR) 
Tarasou, Maksim (RUS) 
Starkey, Dean (USA) 
Lobinger, Tim (GER) 
Buckfield, Nicholas (GBR) 
Manson, Pal (USA) 
Smiryagin, Yevgemy (RUS) 
Strogaiyov, Vabim (RUS) 
Barthe],Trond(NOR) 
Eriksson. Martin (SWE) 
Krasnov. Danny (ISR) 

mean 
std. dev. 

6,01 
5,96 
5,91 
5,80 
5.70 
5,70 
5,70 
5,70 
5.50 
5,50 
5.50 

5,73 
±0.18 

VCMxTD 
[m/s] 

9-92 
10,04 
9.55 
9,72 
9,60 
9,61 
9,60 
9-68 
9-67 
9,89 
9.63 

9,72 

*o.r6 

IntEng 
([/Kg] 

59,23 
60,85 
55,68 
56,57 
55,90 
55,78 
55,73 
56,40 
57-13 
58,31 
55,80 

57-03 
±1.72 

Table 54: Parameters of the main phase of 
energy product ion - height of the CM 
at touchdown of the penul t imate 
step (HLSTD) and of the last step 
(HabTD), str ide length (LSD), height 
of the top hand at touchdown of the 
take-off s tep (HObHTD), horizontal 
d istance f rom the top hand to the l ip 
of the foot at take-off (WObHTD) 

Parameter 

HLSTD [m] 
HabTD [m] 
LSD [m] 
HObHTD [m] 
WObHTD [m] 

mean 

0.98 
0.99 
2.10 
1-97 
0.76 

5 

0,03 
0,04 
0,14 
0,06 
0,11 

mm 

0.92 
0,94 
1-96 
1-84 
0.53 

max 

1,05 
1,05 
2.37 
2,oe 
0,87 

Table 55: Parameters of the energy transfer 
phase; energy of the CM (MPBEng) 
and pole energy (PoleEng) at 
moment of the maximum pole f lexion 
(MPB) and the amount of f lexion (FL) 
measured as the distance f rom the 
pole chord to the max imum flexion 
point of the pole 

Name 

Bubka, Sergey 
Tarasov, Maksim 
Starkey, Dean 
Lobinger, Tim 
Buckfield, Nicholas 
Manson, Pat 
Smiryagin, Yeugeniy 
Strogaiyov. Vadim 
Barthel, Trond 
Eriksson, Marlin 
Krasnov, Danny 

mean 
std. dev. 

MPBEng 
[J/Kg] 

32.40 
36.33 
33,17 
32,05 
31.90 
30,17 
31-78 
33.35 
32.31 
31.45 
32.26 

32.47 
±1.53 

PoleEng 
[J/Kg] 

31,56 
26.35 
26,22 
27,25 
23,58 
24.48 
25-33 
25.58 
26.07 
35.36 
24,72 

26.04 
±2.08 

FL 

[ml 
1,63 
1,45 
1.55 
1-54 
1.52 
1.64 
1.60 
1.50 
1,48 
1,60 
1.52 

1.55 
±O.0S 

they released the pole, the vaulters had already 
produced about 95% of the total energy gener
ated. Neither of these factors show a signif icant 
correlation w i th jumping performance. 

7db/e 54 presents further parameters f rom the 
end of the main energy product ion phase. Unlike 
the other jumping events, it is characteristic that 
pole vaulters do not show a signif icant lowering 
of the centre of mass dur ing the penu l t imate 
stride. The length of the last stride of 2.10 ±0.14 
m, as measured in this study, is longer {p<0,01) 
than that reported by GROS/KUNKEL (1990) of 1,99 
±0.06 m (from the Olympic Games in Seoul 1988), 

During the energy transfer phase, the energy 
of the pole vaulter is reduced to about 4 3 % of 
the init ial energy (see Table 55). At the end of this 
phase (MPB), the flex energy of the pole reaches 
its highest value. This value shows a signif icant 
corre lat ion w i t h both the o f f ic ia l j u m p height 
(r=0,62, p<0.05) and the effect ive j u m p height 
(r=0.80, p<0.01). The maximum amount of pole 
f lexion (defined as the distance between the pole 
cord and the point of maximum f lexion of the 
pole) is approximately 1,55m; this shows no s ig
ni f icant correlat ion wi th the f lex energy of the 
pole. 

Var ious parameters f o r the energy t rans fe r 
phase are displayed in Table 56. No signif icant 
correlation could be found between these para
meters and j u m p he igh t . Du r i ng the energy 
return phase the total energy of the pole vaulters 
was increased by about 27,13J/kg {Table 57). The 
final energy showed signif icant correlation wi th 
bo th the o f f i c ia l j u m p he ight (r=0,92, p<0.01) 
and the effect ive jump height (r=0.99, p<0.01). 
Signif icant correlations were also found between 
j u m p height and height of CM at pole release 
(r=0.71, p<0.05), as well as between jump height 
and the difference between init ial and final ener
gy [r=Ü.66, p<0.05). The mean vertical take-of f 

Table 56: Parameters of the energy transfer 
phase: height of the CM at take-off 
(HabTO), height of the top hand at 
take-off (HObHTO), horizontal dis
tance f rom top hand to t ip of take-off 
foot at take-off (WObHTO), horizontal 
velocity of the CM (MPBVx) and ver
t ical velocity of the CM (MPBVy) at 
the MPB, and the rock-back angle at 
MPB (MPBWin), as the angle CM-
right shoulder-vert ical axis (for left-
footed jumpers) 

Parameter 

HAbTO [ml 
HObHTO [m] 
WObHTO [m] 
MPBVx [m/s] 
MPBVy [m/s] 
MPBWin n 

mean 

1-16 
2.18 
0,16 
2,97 
3,08 
66 

s 

0,05 
0,09 
0.13 
0.26 
0,24 

7 

min 

1,08 
2,06 
0,00 
2,67 
2.73 
51 

max 

1.23 
2.38 
0.37 
3.54 
3,50 
74 
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Table 57: Parameters of the main phase of energy 
exchange: effective jump height as maximum 
height of flight of the CM (EJH), height of the CM 
at pole release (AbH). energy of the CM (FinEng) 
and the energy difference (EngDif) as difference 
between initial and final energy 

Name 

Bubka, Sergey 
Tarasov, Maksim 
Starke/, Dean 
Lobinger, Tim 
Buckfield, Nicholas 
Manson, Pat 
Smiryagin, Yevgemy 
Strogaiyov, Vadim 
Barthel, Trond 
Enksson, Martin 
Krasnov, Danny 

mean 
1 stddaVi 

EJH {m] 

6-50 
6-23 
6,12 
6.00 
5.85 
5.97 
5,96 
6,03 
5,80 
5.73 
5.79 
6.00 

±&22 

AbH [m] 

6,05 
5.97 
5,94 
5,94 
5,63 
5,56 
5-32 
5,55 
5,71 
5.54 
5,60 

5.7? 
±0.23 

FinEng [J/Kg] 

64,23 
61,96 
60.69 
59,63 
57,98 
59,22 
59.17 
60,10 
57,56 
57,50 
57,57 

59,60 
±2 . f0 

EngDit (J/Kg] 

5,00 
1,11 
5,00 
3.06 
2,08 
3.44 
3.44 
3,70 
0.43 

-0,80 
1.78 

2,57 
±1.84 1 

velocity of the vaulters was 2.26m/s [Table 58] -
enough for a standing jump height of 26cm. 

10.3 Discussion 

At the end of the main phase of energy pro
duction, the athletes had an initial energy of 
about 95% of the final energy. The fact that 
there was no significant correlation between the 
initial energy and the jump height does not mean 
that initial energy is unimportant, but rather that, 
among elite athletes, the initial energy does not 
explain the different jump heights. The main 
phase of energy exchange seems to be very im
portant. During this phase, the athletes can use 
the elasticity of the pole while, at the same time, 
performing muscular work. The energy difference 
in this phase is an expression of the muscular 
work performed. The average value for the trials 
analyzed was 2.57J/kg, but there were large indi
vidual differences (cf. Table 57]. A comparison of 
Bubka with Tarasov shows that both have a very 
high initial energy (cf. Table 53], but that, during 
the energy exchange phase, Bubka produced a 
value of 5J/kg muscular work while Tarasov pro
duced a value of only l . l l j / kg . This difference 
could be considered the definitive factor of 
Bubka's technique. 

The most important factor for a high vault 
clearance is the amount of total energy the ath
lete has at the end of the main energy exchange 
phase. This factor showed a high correlation with 

Table 58: Parameters at the end of the energy 
return phase: horizontal (PRVx) and 
vertical velocity (PRVy) of the CM 
and the angle of projection of the CM 
(PA) at pole release 

Parameter 

PRVx [m/s] 
PRVy [m/s] 
P A H 

mean 

1,22 
2,26 
60 

5 

0-16 
0,76 

9 

min 

1,01 
1,09 
42 

max 

1,60 
3,55 
72 

AAr quaneriy 

both official jump height and effec
tive jump height. The amount of final 
energy of the athlete is the algebraic 
sum of the initial energy and the 
energy produced through muscular 
work during the energy exchange 
phase. The initial energy is produced 
by the athlete during Ihe approach, 
in the main phase of energy produc
tion, A high approach velocity is pre
dominantly influenced by sprinting 
ability. 

The athlete can produce muscular 
work during the main phase of ener
gy exchange in both the energy 
transfer and the energy return phase. 
During the first phase of energy ex
change, there is a decrease in the 

total energy of the athlete. At the same time, 
energy is transferred to the pole and stored as 
elastic energy. When the stored energy in the 
pole is greater than the decrease of the total 
energy of the athlete, the athlete has put energy 
into the system through muscular work. If the 
energy stored in the pole is less than the decrease 
in the athlete's energy, then the athlete has 
absorbed energy. 

The bigger the difference between the stored 
energy and the energy reduction of the body, the 
better the elasticity of the pole is being used dur
ing this phase. With respect to this factor, which 
seems to be critical for performance, the athletes 
analysed in this study differed greatly (Figure 9). 
This criterion shows whether the athletes worked 
during the rock back phase or whether they were 
too passive. It has significant correlation with 
both official jump height (r=0.68, p<0.05) and 
effective jump height (r=0.76, p<0.01). 

In the next phase, the energy in the pole is 
returned to the athlete, thereby increasing again 
the energy possessed by the athlete. If the in
crease in the athlete's energy is greater than that 
returned by the pole, then the athlete has again 
added energy into the system via muscular work. 
If the increase is less, the athlete has absorbed 
energy. The more energy the athlete can produce 
during this phase the better. On further analysis 
of this second criterion, substantial differences 
were found between the athletes [Figure 10). 

Both criteria are displayed in Figure II. Upon 
observation of these criteria, specific deficits of 
the individual athletes can be identified. For ex
ample, Bubka produces a lot of energy during the 
energy transfer phase and less during the second 
phase. This indicates that the possibility exists for 
Bubka to improve further. Other athletes, such as 
Buckfield, Manson, and Eriksson, demonstrate 
negative values for the first criterion, which 
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Figure 9: Reduction of the total energy of the athlete during the energy transfer phase and flex 
energy of the pole at MPB 

Figure 10: Increase of the total energy of the athlete during the energy return phase and flex ener
gy of the pole at MPB 
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Criterioni Criterion2 

Figure 11: Energy gain during the energy transfer phase (criterion 1) and energy return phase 
(criterion 2) 

means that they are losing energy in that phase. 
This could be explained by a passive rock back 
phase. Tarasov and Barthel show negative values 
for the second criterion, which indicates techni
cal problems during the energy return phase. 

Starkey shows good values for both criteria but is 
limited by low initial energy. 

[?@] 
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