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Abstract
Introduction. This study examined the changes in the kinematic parameters of long jump-specific technical ex-
ercise performed in different training conditions. Material and methods. The study involved a group of young 
female athletes who volunteered to participate in the research. The key variables for long jump performance were 
measured using the Xsens MVN system. A three-way ANOVA (general linear model with repeated measures; fac-
tors: surface x hurdle x number of jumps) was used to determine if significant differences existed between the 
testing conditions. Results. The main finding of this study was that the tartan surface resulted in significantly 
(p < 0.05) greater velocities of the centre of mass of the body (CM) or parts of the athlete’s body than the grass 
surface. The second important finding was that the hurdles condition provided significantly (p < 0.05) greater ve-
locity of the CM when landing and shorter contact time compared to the condition without hurdles. Conclusions. 
The findings of the study indicate that technical exercise should be performed on harder surfaces such as a tartan 
track rather than softer ones (e.g. grass) due to more beneficial movement characteristics and greater potential for 
the automaticity of movement during specific training tasks.
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Introduction 

The long jump is incorporated into technical athletics 
events due to the complexity of the movement pattern. This 
highlights the leading role of technical skills among the factor 
which assure superior performance in athletics and the impor-
tance of technical issues in the entire process of training. Good 
technique is associated with better performance, although bet-
ter performance does not indicate better technique. This state-
ment shows that technique should not be described by the 
same variables as performance or the result of performance [1]. 
For example, the approach speed determines performance in 
the long jump, but the velocity of the free leg at take-off de-
scribes the long jump technique.

The technique of the long jump is most often characterised 
using kinematic parameters, that is through quantitative analy-
sis. Long jump performance has been described by researchers 
very often and in varying detail, supporting coaches in recog-
nising key variables in each phase of the long jump. For exam-
ple, it is known that the distance of the long jump is strongly 
determined by the athlete’s horizontal velocity at the end of the 
approach phase [2, 3] and that the relationship between jump 
distance and horizontal approach velocity is not linear for an 
individual jumper [4]. It is also known that top long jumpers 
maintain their normal running action until about 2-3 strides 
before take-off [5]. The knowledge that is being acquired about 

the long jump is becoming increasingly specialised. Lees et al. 
[1] report that early research focused mainly on the approach 
and take-off phases. Later researchers [3, 6] started to analyse 
the whole phase from touch-down to take-off in detail, and it 
turned out this more comprehensive analysis is critical for de-
termining whether take-off is appropriate. However, all of these 
parameters describe long jumps from a full-length approach in 
the standard condition, while technical exercises are mainly 
performed from a shortened approach and in a non-complex 
form during training [7].

In one of the few studies that directly examined techni-
cal exercises, Bober [8] found that the velocity at take-off and 
movement time of the lower extremities at the last stride in the 
shortened approach in the long jump are significantly lower 
than those in the full approach. Other researchers have evalu-
ated the effects of different conditions on long jump technique. 
In one of the studies [9] the athletes executed long jumps with 
a medium length approach in standard conditions, on upward 
inclined boards, and on raised flat boards. The inclined board 
increased the vertical velocity of the centre of mass of the body 
(CM) at take-off and provided more time in the flight phase, 
whereas the raised flat board resulted in a greater pivot of the 
body over the take-off foot. Both the raised flat board and the 
inclined board changed the technique of the jump. The above 
mentioned cases show that long jump training should be de-
signed based on systematic analyses of the technique of exer-
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Data analysis

All the tested parameters were normally distributed, and  
a three-way ANOVA (general linear model with repeated meas-
ures; factors: surface x hurdle x number of jumps) was used 
to determine if significant differences existed between testing 

Figure 1. Illustration of jumps with hurdles

B.V., Ensched, Holland) [11]. This full-body inertial kinemat-
ic system consists of 17 Motion Tracker sensors (Mtxs) and 2 
Xbus Master units (XMs) that are built into the MVN Lycra suit 
system. The Mtxs include 3D rate gyroscopes, 3D linear accel-
erometers, and 3D magnetometers. The XMs interconnect the 
MTx sensors, deliver power to the sensors, and collect the data. 
The system provided a wireless capture of the 3 degrees of body 
movement with a sampling frequency of 120 Hz. Before each 
trial, the basic N-pose calibration procedure was performed. 
The MVN Studio (version 3.3.0) graphical software was used 
to record and analyse the captured data. The following param-
eters were measured in the take-off phase: the velocity of the 
body’s centre of mass (CM) at touch-down was taken during 
the first contact between foot and ground, the velocity of the 
CM at take-off was taken during the last contact between foot 
and ground, the maximum velocity of the foot during the last 
stride was taken to be the highest value of velocity during the 
last stride, and contact time of the take-off foot was determined 
by measuring the time period from foot touch-down to take-off. 
One parameter was measured during the landing phase: it was 
the velocity of the CM at touch-down after the jump which 
was taken at the first contact between foot and ground after 
the jump.

cises that are targeted at the development of technical skills. 
Without such research and the dissemination of its results, the 
work of coaches is based only on their intuition.

If an athlete is to develop a high level of sports technique, 
methods and exercises that are strongly linked with the de-
mands of a given sport need to be used. In order to ensure  
a high specificity of training in the long jump, many techni-
cal exercises are performed on a tartan surface. This allows 
athletes to increase the velocity of movement and enhances 
the transfer of training gains to the competitive condition. On 
the other hand, however, high velocities of movement result 
in large impact forces and may lead to overloading the move-
ment apparatus [10]. The potential for injury is reduced if the 
athlete performs exercises on natural, more compliant surfaces 
(e.g. grass). The other common practice in long jump technical 
training is employing sports equipment. Very often coaches use 
hurdles, distance indicators in the sand pit, or a hanging ball to 
improve some detail of the athlete’s movement technique [7].

To our knowledge, no study has so far examined the differ-
ences between exercise that imitates the take-off phase in the 
long jump in different surface conditions and with and without 
the use of hurdles. That is why the aim of this study was to 
determine if different ground surfaces and using hurdles dur-
ing long jump technical exercise influence kinematics in the 
take-off and landing phases. It was hypothesised that there are 
significant differences between kinematic parameters in the 
training conditions which were compared. We expected that 
the tartan surface would produce characteristics that are closer 
to the competitive conditions for performing the long jump 
compared to the grass surface.

Material and methods

Subjects

Six young female athletes volunteered to participate in the 
study (mean age = 15.8 years, SD = 0.7; body height = 1.63 
m, SD = 0.4; body mass = 59 kg, SD = 4). They were expe-
rienced in technical long jump exercises and injury-free. The 
study was approved by the Senate Research Ethics Committee 
of the University of Physical Education in Warsaw. Before the 
study started, the athletes and their parents gave their written 
consent. 

Testing procedures

The athletes were asked to do a special take-off exercise 
that involved 5 take-offs with 3 strides between them per-
formed with a-5-stride approach (fig. 1). They performed this 
exercise in all four conditions (with hurdles on grass, with 
hurdles on tartan, without hurdles on grass, and without hur-
dles on tartan) in a within-subject design. The order of con-
ditions was counterbalanced across the subjects. Three trials 
were done for each condition with 3-minute rest to avoid fa-
tigue. The data were collected during the athletes’ preparatory 
season (in April). The warm-up consisted of a 10-minute jog, 
8-minute dynamic stretching, 4 x 20 m of skipping, and 2 x 20 
m of unilateral rebounds. Before the tests were conducted, the 
subjects were told that their goal was to perform this exercise 
as best as possible. The exercise was performed on a track sur-
face (tartan) and on a stadium field (grass) in running shoes. 
The hurdles were individually adjusted and spaced 9.40-9.70 
m apart in order for the athletes to execute three steps between 
the hurdles. The height of hurdles was 0.4 m.

The kinematic parameters analysed in this study were 
evaluated using the Xsens MVN system (Xsens Technologies 

All of the 5 take-offs in the 12 trials performed by each 
athlete were considered in the analysis. The reliability of the 
measurements was assessed by calculating intraclass correla-
tion coefficients (ICC), and the ICCs were high (0.87-0.95).

Figure 2. Mean (SD) velocity of CM at touch-down for differ-
ent surface and training conditions

NSS = difference is not statistically significant (p > 0.05); * difference is statistically significant (p < 0.05).
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conditions. Significant main effects were further analysed with 
a Tukey-adjusted pairwise comparison of within-subject dif-
ferences for the parameters. Significance was set at a level of  
p < 0.05. Statistica for Windows version 10 (Poland) software 
was used for all statistical calculations.

Results

Velocity of CM at touch-down

The results obtained for this parameter are presented in fig-
ures 2-3. It was revealed that there was a main effect of surface 
(F1.5 = 16.33; p < 0.01) and jumps (F4.20 = 10.75; p < 0.001) 
on this parameter. A post-hoc analysis showed that the tartan 
surface produced greater velocity than the grass surface. It was 
also observed that the velocity at the first take-off was lower 
than in the consecutive jumps.

Velocity of CM at take-off

The results obtained for this parameter are shown in figures 
4-5. The main effects of surface (F1.5 = 23.17; p < 0.01) and 
jumps (F4.20 = 18.46; p < 0.001) were found. The results of this 
analysis revealed that the tartan surface provided greater veloc-
ity than the grass surface and demonstrated that velocity at the 
first jump was lower than in the case of the second, third, and 
fourth jumps.

Velocity of CM at touch-down during landing (after the 
jump)

The results obtained for this parameter are illustrated 
in figures 6-7. The main effects of hurdles (F1.5 = 7.31; p < 
0.05), surface (F1.5 = 6.75; p < 0.05), and jumps (F4.20 = 11.27;  
p < 0.001) were revealed. Using hurdles resulted in greater 
velocity than performing the task without hurdles, and the 
tartan surface provided greater velocity compared to the grass 
surface. The velocity of the last jump was lower than in the 
preceding jumps.

Figure 3. Mean (SD) velocity of CM at touch-down during 
consecutive jumps 

* – significantly different (p < 0.05) from the first jump.

Figure 4. Mean (SD) velocity of CM at take-off for different 
surface and training conditions

* – significantly different (p < 0.05) from the grass surface.

Figure 5. Mean (SD) velocity of CM at take-off during consecu-
tive jumps

* – significantly different (p < 0.05) from the first jump.

Figure 6. Mean (SD) velocity of CM at touch-down during 
landing for different surface and training conditions

* – significantly different (p < 0.05) from the grass surface; significantly different (p < 0.05) from the conditions 
without hurdles.

Figure 7. Mean (SD) velocity of CM at touch-down during 
landing for consecutive jumps

* – significantly different (p < 0.05) from the last jump.
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Maximum velocity of foot during last stride

The results obtained for this parameter are presented 
in figures 8-9. There were significant main effects of surface  
(F1.5 = 9.04; p < 0.01) and jumps (F4.20 = 13.63; p < 0.001). The 
tartan surface provided higher velocity compared to the grass 
surface. It was found that the velocity at the first jump was 
lower than that in the consecutive jumps.

Contact time of take-off foot

The results obtained for this parameter are presented in fig-
ures 10-11. The main effect of hurdles (F1.5 = 10.18; p < 0.05) 
in this parameter was revealed. The hurdle jumps had a shorter 
contact time than the jumps without hurdles.

Discussion

The crucial role of horizontal velocity is well established 
in a deterministic model of the long jump [2, 3, 4, 5, 6]. The 
following variables are most often used to describe this model: 
speed at take-off, horizontal velocity at take-off, and horizontal 
velocity in the fourth and last strides. However, Lees [1] and 
Graham-Smith and Lees [12] identified several limitations of 
this approach. In their opinion, the importance of technique 
was ignored in this model. Previous authors [8, 9] also report-
ed that there is a lack of studies which imitate real jumping 
movement in long jump performance. Therefore, the aim of 
this study was to determine if different ground surfaces and 
using hurdles during long jump technical exercise influence 
kinematics in the take-off and landing phases.

This study can be useful because it provides information 
about changes in technique in the most common technical ex-
ercises in the long jump due to different training conditions. 
As stated in the definition of sports technique [13], our analysis 
included “a specific sequence of movements or parts of move-
ment in solving movement tasks in sports situations”. The val-
ues and relations between the velocity and time parameters of 
the sub-phases of the take-off and landing phases were the pri-
mary criteria of assessing the effectiveness of the athletes’ tech-
nique in this study. As was expected, we found that the type 
of training surface and sports equipment (hurdles) influenced 
the technique of a specific sports task in the long jump. The 
main finding of this study was that the tartan surface resulted 
in greater velocities of the CM or parts of the athletes’ bod-
ies. The second important finding was that the hurdle condi-
tion provided a greater velocity of the CM during landing (after 
the jump) and shorter contact time compared to the condition 
without hurdles.

It was found already in early research that touch-down ve-
locity has a substantial effect on jumping distance, even when 
approach speeds are similar [14]. The important role of take-
off velocity for the performance and technique of a long jump 
was also previously observed [12]. Research by Miladinov [15], 
for instance, showed that fast movement of the take-off leg 
towards the board during the last step put the athlete’s body 
in a position which was favourable to performing an effective 
take-off. This means that the variables of velocity in different 
phases of the long jump may describe the technique of this 
sports exercise.

Based on previous studies [16, 17], we assumed that the 
velocity of the CM at touch-down and take-off, maximum ve-
locity of the take-off foot, and velocity of the CM at touch-down 
during  landing would be greater on the tartan surface com-
pared with the grass surface. Our results suggest that the tartan 
surface produces characteristics that are closer to the competi-
tive conditions in the long jump. This is a major reason why  
a hard synthetic surface may provide better outcomes in tech-
nical training. A possible mechanism for these changes may be 

* – significantly different (p < 0.05) from the grass surface.

Figure 8. Mean (SD) velocity of foot during last stride before 
take-off for different surface and training conditions

* – significantly different (p < 0.05) from the first jump.

Figure 9. Mean (SD) velocity of foot during last stride before 
take-off for consecutive jumps

* – significantly different (p < 0.05) from the conditions without hurdles.

Figure 10. Mean (SD) contact time for different surface  
and training conditions

Figure 11. Mean (SD) contact time for consecutive jumps
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related to the ability of the surface to absorb the impact ground 
reaction force (GRF). Harder synthetic surfaces such as tartan 
absorb a smaller percentage of the GRF generated upon impact 
than softer surfaces (e.g. grass). Therefore, synthetic surfaces 
produce greater GRF than a grass surface during athletic activi-
ties [17]. GRF is an important factor for jumping and running 
activities, because it was found that improved generation of 
muscular force and its transmission to the ground play a key 
role in increasing movement speed at take-off and running [18].

Although CM velocity changed at touch-down and take-off 
depending on the surface, the contact time was similar for both 
surface conditions. The findings regarding the relationship be-
tween contact time and horizontal velocities in the literature 
are inconsistent. Beres et al. [19], who used different lengths of 
approach which included 6, 8, 10, and 12 strides, found signifi-
cant changes in velocity at take-off and touch-down but none 
in contact time during the take-off phase. In contrast, Nemtsev 
et al. [20] showed take-off velocity significantly increased and 
contact time significantly decreased with 3, 8, and 12 strides 
of approach. It is important to highlight that contact time in 
the take-off phase did not correlate with the jumping distance 
[15]. This result may support the assumption tested in previous 
research that the contact time of the take-off phase should be 
optimal and that it depends on individual factors. Attempts to 
find a training solution that would decrease contact time are 
needed because young female athletes have a tendency to in-
crease contact time during the take-off phase [7]. It must be 
noted that shorter contact time with the ground results in more 
effective elastic energy for powerful movements by utilising 
the stretch-shortening cycle [21, 22].

Of major interest to us was observing if employing sports 
equipment would influence the technique of jumping exercise. 
It was satisfying to see that contact time decreased and the ve-
locity of the CM at touch-down during landing increased when 
hurdles were incorporated into the performance of a jumping 
task. In addition, there was also a trend (p = 0.07) towards high-
er velocity at take-off in hurdle conditions. Hurdles were used 
in technical training in the long jump in this study as extrinsic 
motivators, since other studies have found that using sports 
equipment, such as a suspended ball in the vertical jump [23] 
or a cone in the standing long jump [24], improves jumping 
performance. The current findings are in agreement with the 
predictions of the constrained action hypothesis that explains 
the motor learning and performance benefits observed when 
athletes adopt an external relative to an internal focus of at-
tention. This hypothesis suggests that directing non-conscious 
(external) attention towards the movement of an athlete’s body 
during motor skill performance facilitates automatic cognitive 
processing. This assistance allows the motor control system to 
self-organise more naturally, without overloading the central 
and peripheral nervous systems [25], and thus results in fast 
and accurate movements. In contrast, when attention is direct-
ed internally, towards the movement of an athlete’s body or 
part of the body, automatic processing is disturbed. This inter-
ruption of the motor control system hampers motor skills. De-
spite these convincing findings, it is interesting that a study by 
Porter et al. [26] involving elite track-and-field athletes showed 
they usually received feedback that promoted an internal focus 
of attention. Based on the above-mentioned findings and the 
current findings, it is logical to suggest that exercises involving 
sports equipment should be incorporated into technical train-
ing programmes for the long jump.

Further observations showed that all the analysed veloci-
ties were characteristically different across the five consecu-
tive take-offs. The characteristics describing the first jump pro-
duced lower velocities than those in the following jumps. This 
fact may be caused by the early acceleration phase for the first 
jump compared to the following jumps. Therefore, it would be 

recommended to employ more than one hurdle if the training 
is to develop technical skills. We also observed a significant 
decrease of velocity during the landing phase of the last jump. 
We would speculate that the athletes did not execute an active 
landing of the foot due to the fact that they stopped the exer-
cises prematurely or due to fatigue. This issue was addressed 
by our previous study in plyometric training [27].

The current study has several limitations, which at the 
same time offer directions for future research. First of all, this 
study utilised a small sample. Therefore, replication in larger 
sample is needed. The second limitation of this research is 
that we examined only young female athletes. Future studies 
should be conducted on adult male and female athletes to see 
if similar motor behaviours are replicated. It would also be in-
teresting to use other surfaces (e.g. paths) that are much harder 
than the grass surface but absorb ground reaction forces better 
than the tartan surface.

Conclusions

Training on the grass enables young jumpers to learn a 
basic take-off technique in the long jump. Additionally, it 
makes it possible to implement greater volumes of training 
as this surface absorbs ground reaction forces during landing. 
However, our study indicates that technical exercises should 
be performed on a harder surface, such as tartan, rather than  
a softer one (e.g. grass) due to more beneficial movement char-
acteristics, including the greater velocities of the CM at touch-
down and take-off. We have also found that the hurdle condi-
tion provided a greater velocity of the CM during landing (after 
the jump) and shorter contact time compared to the condition 
without hurdles. This may be seen as evidence proving greater 
automaticity of movement during specific training tasks.
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