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Abstract

In most common bilateral landings of vertical jumps, there are
two peak forces (F1 and F2) in the force-time curve. The com-
bination of these peak forces and the high frequency of jumps
during sports produce a large amount of stress in the joints of
the lower limbs which can be determinant of injury. The aim of
this study was to find possible relationships between the jump
height and F1 and F2, between F1 and F2 themselves, and be-
tween F1, F2, the time they appear (T1 and T2, respectively)
and the length of the impact absorption phase (T). Thirty semi-
professional football players made five countermovement jumps
and the highest jump of each player was analyzed. They were
instructed to perform the jumps with maximum effort and to
land first with the balls of their feet and then with their heels.
All the data were collected using a Kistler Quattro Jump force
plate with a sample rate of 500 Hz. Quattro Jump Software,
v.1.0.9.0., was used. There was neither significant correlation
between T1 and F1 nor between T1 and F2. There was a signifi-
cant positive correlation between flight height (FH) and F1 (r =
0.584, p = 0.01) but no significant correlation between FH and
F2. A significant positive correlation between F1 and T2 (r =
0.418, p < 0.05) and a significant negative correlation between
F2 and T2 (r = -0.406, p < 0.05) were also found. There is a
significant negative correlation between T2 and T (r = -0.443, p
< 0.05). TI has a little effect in the impact absorption process.
F1 increases with increasing T2 but F2 decreases with increas-
ing T2. Besides, increasing T2, with the objective of decreasing
F2, makes the whole impact absorption shorter and the jump
landing faster.

Key words: Impact absorption, peak forces, vertical jump,
injuries.

Introduction

The vertical jump is an essential motor skill in many
sports (McNitt-Gray, 1991). The success or failure of a
sportive action strongly depends on the ability of the
athlete to jump high and fast (McNitt-Gray, 1991; Reiser
et al., 2006). This is the reason why many studies have
analyzed the vertical jump from a physical point of view,
to establish the factors that have to be improved to in-
crease jump height (Aura and Viitasalo, 1989; Bobbert
and Van Ingen Schenau, 1988; Cross, 1998; Dowling and
Vamos, 1993; Innocenti et al., 2006; Linthorne, 2001;
Offenbacher, 1970; Reiser et al., 2006; Tomioka et al.,
2001; Garcia et al., 2003). It is common in many sports to
perform unloaded or loaded jump series with the objective
of increasing jump height and explosive strength. How-
ever, not many athletes remember being coached on how
to land these jumps.

Nonetheless, many activities in sports require land-
ings from a jump (McNitt-Gray, 1991; Reiser et al.,
2006). The vertical ground reaction forces (GRF) on the
body during landing, can be determinants of injury, espe-
cially if the jumps are made very often and the GRF are
high (Mizrahi and Susak, 1982; McNair et al., 2000).
Coleman et al. (1984) reported that a United States vol-
leyball team performed 300 to 500 spikes and block
jumps in a four-hour session of training. Lian et al. (1996)
reported that volleyball involved approximately 60 maxi-
mal jumps per hour of game play. McClay et al. (1994)
found that elite basketball teams averaged 70 jumps per
game. These data cannot be extrapolated to the entire
sports world, but they give us a good idea of the relevance
of jumping in many sports and the number of high impact
forces that an elite athlete suffers during the practice of
any of these sports.

Impact forces may contribute to optimal skeletal
health (Fuchs et al., 2001; 2002). However, if the fre-
quency of the impact forces is very high, it is advisable to
decrease these impacts under certain limits to also de-
crease the risk of injury of the joints involved (Bressel
and Cronin, 2005). Henry et al. (1982) and Zelisko et al.
(1982) analyzed the injury rate in professional basketball.
They affirmed that many players could not relate their
injuries to one incident but complained rather of a prob-
lem that was chronic. Richie et al. (1985) analyzed the
injury rate in aerobic dancers. They related the injury rate
to factors like frequency of participation in aerobic dance,
floor surfaces, shoes and participating in other sports such
as running. These articles support the idea that it is the
repetition of the impact forces, especially if these impact
forces are high, which can be determinant of injury.

There are many different ways of landing a vertical
jump (Chockley, 2006; Ozguven and Berme, 1988;
Tillman et al., 2004). For bilateral landings, the literature
differentiates basically between two types: one that is
made with flat feet and one that is made first with the
forefoot and then with the rearfoot. The last type is the
most common when the landing is made consciously, and
the vertical GRF are smaller for this type than for the flat-
footed landing (Bressel and Cronin, 2005; Chockley,
2006; McClay et al., 1994; Ozguven and Berme, 1988;
Self and Paine, 2001). The non-flat-footed bilateral land-
ings show two peak vertical forces in the force-time
curve, as it can be observed in Figure 1. The first is pro-
duced by the impact of the metatarsal heads, and the sec-
ond by the impact of the calcaneus (Abian et al., 2006;
2008; Bressel and Cronin, 2005; McClay et al., 1994;
Mizrahi and Susak, 1982; Ozguven and Berme, 1988;
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Seegmiller and McCaw, 2003; Zhang et al., 2005). Some-
times there is also a third peak usually much smaller than
the other two. This third peak is normally related to the
maximum dorsal flexion degree of the ankle, and the
study of this third peak force is beyond the scope of this
study.
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Figure 1. Force-time and velocity-time curves obtained with
a force plate during the landing phase of a countermovement
jump. F1 and F2 are the first and the second peak vertical
forces. T is the length of the impact absorption.

The landings made first with the balls of the feet
and then with the heels, produce smaller peak forces
compared with the landings with the feet flat. However,
even with the first type of landing, Bressel and Cronin
(2005) affirm that it is possible to have two bigger peaks
in a small amount of time (hard landing) or two smaller
peaks over a longer period of time (soft landing). Thus,
making hard landings with a high frequency can also
produce a great amount of stress in the joints of the lower
limbs. This stress can be determinant of injury (Bressel
and Cronin, 2005). Some studies have matched only the
second peak, corresponding to the impact of the heel, with
injury risk in sports (Dufek and Bates, 1991; McNair and
Marshall, 1994; Mizrahi and Susak, 1982). Ferreti and
Papandrea (1992); Lian et al. (1996) and Richards et
al.(1996) have found that good jumpers have a larger
number of injuries because they have higher peak forces.

Therefore, it is recommended to improve landing
technique by increasing the landing times to decrease
impact forces (Bressel and Cronin, 2005; Ferreti and
Papandrea, 1992; McNair et al., 2000; Reiser et al., 2006;
Rubio et al., 2006). It is possible to increase landing time
by flexing at the hip, knee and ankles with the proper
coordination (Bressel and Cronin, 2005; Reiser et al.,
2006; Rubio et al., 2006). However, increasing landing
times could be counterproductive with respect to the goals
of the sport. A slow landing after getting a basketball
rebound, for example, can decrease effectiveness on the
court. The aim of this study was to find possible relation-
ships between jump height and the two peak vertical

forces, and also between these two peaks, the time
elapsed from the beginning of the landing phase to the
appearance of each peak, and the duration of the impact
absorption phase. The results obtained here can be useful
for future investigations about the necessity of decreasing
the first, the second or both peak forces and for the im-
provement of the coordination of the muscles involved in
the process of absorbing impact forces, with the objective
of decreasing the risk of injuries.

Methods

Subjects

A group of thirty semi-professional football players was
studied and the countermovement jump was analyzed. All
the players trained 8 hours per week on average and
played in the Spanish Third Division. They had a mean
age of 27.41 + 3.99 years, a mean body mass of 76.62 +
4.77 kg and a mean height of 1.75 £ 0.07 m. All the play-
ers gave informed consent according to the Declaration of
Helsinki.

Study design

The jump made to evaluate the vertical GRF was a
countermovement jump (CMJ) because the technique of
this jump was easy to learn. The CMJ is a vertical jump
made with the contribution of the stretch-shorten cycle.
The subject starts from an upright standing position with
the hands on the hips and begins with a preliminary
downward movement by flexing at the knees and hips
(eccentric phase) Then the knees and hips are immedi-
ately extended again to jump vertically (concentric
phase). There is a minimum stop between the eccentric
and the concentric phases to take advantage of the energy
stored by the elastic elements of the muscles. In the exact
protocol the knee angle at the end of the eccentric phase
must be about 90° (Bosco, 1999; Gonzéalez and Ribas,
2002). However, following the actual trends, the knee
angle was not controlled.

Two preparatory sessions took place the week be-
fore the data collection. In the first, the participants were
instructed on the CMJ technique, and in the second they
made several jumps on the force plate to become familiar-
ized with it. The subjects performed five CMJs. They
were instructed to use maximum effort and to land first
with the balls of the feet and then with the heel. Only the
jump with the greatest flight height was selected for
analysis. It was assumed that the jumps were maximal,
but this was not really necessary for our study.

Force-time curve analysis

All the data were collected using a Kistler Quattro Jump
force plate with a sample rate of 500 Hz. Hori et al.
(2009) found that the reliability assessed by intraclass
correlation coefficient (ICC) for peak force (0.92), peak
velocity (0.98) and peak power (0.98) of a CMJ measured
with a force plate like ours was very high. We used Quat-
tro Jump Software, v.1.0.9.0. This program gave us the
force-time, velocity-time and displacement-time curves.
The force-time curve was obtained directly using the
platform. The resultant force acting on the jumper’s cen-
ter of mass was the ground reaction force obtained di-
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rectly by the platform minus the weight of the jumper.
The velocity-time curve was obtained by dividing the
resultant force by the jumper’s body mass, obtaining the
acceleration and then numerically integrating with respect
to time using the trapezoid rule. The displacement of the
center of mass was obtained by numerically integrating
the velocity with respect to time, using again the trapezoid
rule. Thus, the height of the centre of mass was obtained
with a double integration method.

All these data were copied to a Microsoft Office
Excel 2003 spreadsheet for the analysis. Within the
curves, we measured the maximum height (MH), the
flight height (FH), the two peak vertical forces in the
landing phase (F1 and F2) normalized to the body weight,
the moment the landing phase begins, the times at which
F1 and F2 occur and the moment the center of mass ve-
locity becomes zero, for the first time after the beginning
of the landing, which is the moment we considered to
represent the end of the landing phase.

The MH is the difference between the position of
the subject’s centre of mass when standing upright and
the subject’s center of mass at the highest part of the
flight. The FH is the difference between the subject’s
center of mass at take-off (with the ankles extended) and
the subject’s center of mass at the highest part of the
flight. Thus, the flight height is always some centimeters
smaller than the maximum height. From the temporal data
collected we obtained the following values: the length of
the impact absorption phase (T), the time elapsed between
the two peak forces (TP) and the time elapsed from the
beginning of the landing phase to F1 (T1) and to F2 (T2).
In the type of landing of this study, impact absorption
starts when the jumper’s toes touch the ground. This is the
moment that the center of mass has maximal downward
velocity and the moment that the velocity starts to de-
crease after the flight. The impact absorption is ended at
the lowest position of the center of mass, when its veloc-
ity becomes zero.

Statistical analysis

The statistical analysis was made with the program SPSS
for Windows, v. 13.0. We calculated the means and stan-
dard deviations of all the variables measured, and we
analyzed the possible relationships between the variables
using the Pearson correlation coefficient. Results were
considered significant at p < 0.05.

Results

For all the variables of the thirty jumps analyzed, the

mean values and the standard deviations were calculated
(Table 1). Table 2 shows the Pearson correlation coeffi-
cient between MH, FH, F1 and F2 (Figure 1). There is a
significant positive correlation between MH and F1 (r =
0.567, p < 0.01) and between FH and F1 (r = 0.584, p =
0.01). There is no significant correlation between any of
the heights and F2. There is a significant positive correla-
tion between MH and FH (r = 0.814, p <0.01).

We also calculated the Pearson correlation coeffi-
cient between each of the following variables: F1, F2, T1,
TP, T2 and T (Table 3). There is a significant positive
correlation between F1 and TP (r = 0.412, p < 0.05) and
between F1 and T2 (r = 0.418, p < 0.05). There is a sig-
nificant negative correlation between F2 and TP (r = -
0.417, p < 0.05) and between F2 and T2 (r = -0.406, p <
0.05). There is a significant positive correlation between
TP and T2 (r =0.939, p < 0.01) and a significant negative
correlation between TP and T (r = -0.383, p < 0.05).
There is a significant positive correlation between T1 and
T2 (r=0.545, p < 0.01) and there is a significant negative
correlation between T2 and T (r = -0.443, p < 0.05).

Table 1. Descriptive statistic of the variables (n = 30) of the
study.

Mean (£SD) Min Max
F1 (BW) 2.58 (.85) 1.10 5.86
F2 (BW) 9.92 (3.02) 4.50 17.19
TP (s) .030 (.011) .006 .062
T1 (s) .014 (.005) .008 .030
T2 (s) .045 (.013) .014 .078
T (s) .144 (.034) .080 228
MH (cm) 452 (5.2) 37.4 60.5
FH (cm) 33.9(3.5) 28.3 40.7

F1: first peak vertical force; F2: second peak vertical force; TP: time
between peaks; T1: time F1 appears; T2: time F2 appears; T: length of
the impact absorption phase; MH: maximum height; FH: flight height.

Discussion

The mean values of F1 and F2 were 2.58 + 0.85 BW and
9.92 + 3.02 BW (times body weight), respectively. The
mean values of MH and FH were 45.17 = 5.18 cm and
33.88 £ 3.52 cm, respectively. Our values of F2 are higher
than those found by Abian et al. (2008), who obtained
7.51 £ 2.38 BW for landings from 35.5 + 4.5 cm height,
height quite similar to that in our study (33.88 £ 3.52 cm).
Their values are probably lower than ours because they
analyzed jumps made by applicants to a faculty of sports
sciences during the tests for application, and these appli-
cants had prepared for the tests for a long time, so they
were familiarized with the jump technique, including the
landing phase.

Table 2. Pearson correlation coefficient between maximum height (MH) or flight height (FH) and peak verti-

cal forces (F1 and F2) (n = 30).

F1 F2 MH FH
F1 Pearson Correlation 1 -.027 567(%%) 584(*%*)
Sig. (2-tailed) .886 .001 .001
F2 Pearson Correlation -.027 1 157 .066
Sig. (2-tailed) .886 406 730
MH  Pearson Correlation S67(**) 157 1 .814(**)
Sig. (2-tailed) .001 406 .000
FH  Pearson Correlation .584(**) .066 B14(*%*) 1
Sig. (2-tailed) .001 730 .000

** Correlation is significant at the 0.01 level (2-tailed).
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Table 3. Pearson correlation coefficient between peak vertical forces (F1 and F2) and the temporal factors: time
F1 and F2 appear (T1 and T2), time between peaks (TP) and length of the impact absorption phase (T) (n = 30).

F1 F2 TP T1 T2 T

F1 Pearson Correlation 1 -.027 A412(%) 181 A418(%) -.124
Sig. (2-tailed) .886 .024 338 .022 513

F2 Pearson Correlation -.027 1 -417(%) -.136 -.406(*) -.100
Sig. (2-tailed) .886 .022 474 .026 .598

TP Pearson Correlation A12(%) -417(%) 1 225 939(*%*) -.383(%)
Sig. (2-tailed) .024 .022 233 .000 .037

T1 Pearson Correlation 181 -.136 225 1 S45(4%) -.321
Sig. (2-tailed) 338 474 233 .002 .084

T2 Pearson Correlation A418(%) -406(*%)  .939(**) S545(%%) 1 -.443(%)
Sig. (2-tailed) .022 .026 .000 .002 .014

T Pearson Correlation -.124 -.100 -.383(%) -.321 -.443(%) 1
Sig. (2-tailed) 513 .598 .037 .084 .014

* Correlation is significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

The impact absorption phase lasted 144ms, with a
standard deviation of 33 ms. These values agree with the
results shown by Lees (1981), who concluded that this
phase lasted for only 150-200 ms. F1 and F2 appear at 15
+ 5 ms and 45 £ 13 ms, respectively, after the first contact
of the toes. These values are in very good agreement with
those found by McNitt-Gray (1991) and Abian et al.
(2008), who affirmed that F1 appeared approximately 10
ms after the first contact and F2 appeared at any instant
between 30 and 70 ms, depending on the foot length and
the activation of the plantar flexor muscles.

There was a significant positive correlation be-
tween MH and FH (r = 0.814 and p < 0.01). This is logi-
cal because a large percentage of MH comes from jump
flight, and only a small percentage comes from the ankle
extension before the take-off. The fact that there is a sig-
nificant positive correlation between MH and F1 (r
0.567 and p < 0.01) and between FH and F1 (r = 0.584
and p = 0.01) shows that, in a countermovement jump
with our type of landing, F1 increases with increasing
jump height. There was no correlation of F2 with any of
the heights. We confirm, therefore, the conclusion of
Rubio et al. (2006) that the landing technique must be the
main responsible for decreasing this peak force.

There was neither significant correlation between
T1 and F1 nor between T1 and F2. In addition, the mean
value found for T1 (14 = 5 ms) and the low variability
found for it in other studies (McNitt-Gray, 1991; Abian et
al., 2008), leads us to the conclusion that T1 is not easy to
modify and has a little effect in the impact absorption
process. The significant positive correlations between TP
and F1 (r = 0.412 and p < 0.05) and between T2 and F1 (r
=0.418 and p < 0.05) suggest that F1 increases when any
of these times is increased. The opposite happens with F2,
because the significant negative correlations with TP (r =
-0.417 and p < 0.05) and with T2 (r = -0.406 and p <
0.05), suggest that F2 decreases when any of these times
is increased.

This means that even when we found no significant
correlation between F1 and F2, the impact absorptions of
the two peaks are not really independent processes be-
cause increasing T2 or TP with the objective of decreas-
ing F2 can also increase F1. There was a very high sig-
nificant positive correlation (r = 0.939 and p < 0.01) be-
tween TP and T2 which explain the similar behaviour of
these two variables with regard to F1 and F2. There was a

significant negative correlation between T2 and T (r = -
0.443 and p < 0.05), which implies that T decreases with
increasing T2, thereby resulting in a shorter whole impact
absorption, with a lower F2 value.

Conclusion

Although the landing takes place over nearly 1 s, the
impact absorption phase lasted for only 144 + 33 ms. The
rest of the time is concerned with the maintenance of the
balance and the return of the center of mass to the stand-
ing position. It is possible to decrease F2 increasing T2.
According to most studies which match F2 with the risk
of injury (Dufek and Bates, 1991; McNair and Marshall,
1994; Mizrahi and Susak, 1982), this is very useful to
decrease that risk. However, increasing T2 to decrease F2
can also increase F1.

It seems logical to think that increasing T2 (to de-
crease F2) would make the jump landing slower, being
counterproductive with respect to the goals of the sport.
However, in our study we have found that increasing T2
makes the whole impact absorption shorter and the jump
landing faster. The knowledge of these results can be
useful for future investigations about the process of ab-
sorbing impact forces. It can also be useful for coaches to
improve the performance and decrease the risk of injuries.
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Key points

e In the landing phase of a jump there are always sev-
eral peak forces. The combination of these peaks
forces and the high frequency of jumps during sports
produces a large amount of stress in the joints of the
lower limbs which can be determinant of injury.

e In the most common two-footed landings usually
appear two peak forces (F1 and F2) in the force-time
curve and the second one is usually related to in-
jury’s risk. In this article it is shown that increasing
the time F2 appears decrease F2.

e Increasing landing times could be counterproductive
with respect to the goals of the sport. In this article it
is shown that increasing the time F2 appears makes,
however, the whole impact absorption shorter in du-
ration.
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