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ABSTRACT
The aim of this investigation was to determine the influences of force application
related variables and center of mass displacement on jump height differences
between squat jump (SJ) and countermovement jump (CMJ). Twenty six males
performed three squat jumps and three countermovement jumps with a 90°
knee flexion. The center of mass displacement during the upward movement
phase and the average force were significantly greater in CMJ than in SJ. Both
variables explained 75% of the differences in the flight height, having 30% more
influence on the center of mass displacement. There were no differences in
peak force. The results of this research suggest the need to examine the center
of mass displacement during SJ and CMJ when a 90°of knee flexion criteria is
established.
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RESUMEN
El objetivo de la presente investigación fue determinar la influencia de las
variables relacionadas con la aplicación de fuerza y el desplazamiento del centro
de masas en las diferencias en la altura saltada entre el salto sin
contramovimiento (SJ) y el salto con contramovimiento (CMJ). Participaron
veintiséis hombres, realizando tres SJ y tres CMJ con 90° de flexión de rodilla.
El desplazamiento del centro de masas y la fuerza media durante la fase de
propulsión fueron significativamente superiores en el CMJ en comparación con
el SJ, explicando el 75% de la diferencia entre los dos saltos y teniendo un 30%
más de influencia el desplazamiento del centro de masas. No hubo diferencias
en la fuerza máxima. Los resultados sugieren la necesidad de examinar el
desplazamiento del centro de masas para interpretar adecuadamente las
diferencias entre el SJ y el CMJ cuando el criterio establecido es 90° de flexión
de rodilla.
PALABRAS CLAVE: Biomecánica, Salto, Cinética, Cinemática.
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INTRODUCCIÓN
The jump height difference between a squat jump (SJ) and a countermovement
jump (CMJ) is the principal variable frequently used by researchers and
coaches to evaluate stretch-shortening cycle (SSC) function (Castagna &
Castellini, 2013; Yang, Chou, Chen, Shiang, & Liu, 2014). Generally, jump
height is greater in the CMJ than the SJ and this performance difference has
been attributed to the muscle´s ability to produce greater work and power after
a counter-movement action (Bobbert, Gerritsen, Litjens, & Van Soest, 1996). As
mechanical work is the product of force and displacement of the center of mass,
researchers have analyzed the influence of both parameters on the jump height
contribution (Kirby, McBride, Haines, & Dayne, 2011).
Force analysis has been used extensively to examine differences in
performance between jumps (Cormie, McBride, & McCaulley, 2009; Feltner,
Bishop, & Perez, 2004; González-Badillo & Marques, 2010; Kirby et al., 2011;
Nuzzo, McBride, Cormie, & McCaulley, 2008). Some research has shown that
the peak force during the jump influences jump height (Cormie et al., 2009;
González-Badillo & Marques, 2010) but, other studies have shown an
inconsistent relationship between these variables (Kirby et al., 2011; Salles,
Baltzopoulos, & Rittweger, 2011). While the average force has not been widely
used by coaches and researchers to assess the vertical jump height, it has
been used to examine the differences in performance between jumps (Feltner
et al., 2004). In addition, a high initial force at the onset of the upward
movement phase which results in increased work done during that phase, can
be related to higher vertical jump performance (Bobbert et al., 1996).
The role of center of mass displacement during jumping has been extensively
investigated (Kirby et al., 2011; Salles et al., 2011). Increasing the range of
motion of the center of mass during force application may increase the net
impulse during the concentric phase and thereby improve take-off velocity
(Alexander, 1995; Bobbert, Casius, Sijpkens, & Jaspers, 2008; Samozino,
Morin, Hintzy, & Belli, 2010). It is well established that highly trained athletes
achieve larger center of mass displacements in the upward movement phase
and attain higher jump heights in comparison with untrained individuals
(Ugrinowitsch, Tricoli, Rodacki, Batista, & Ricard, 2007). Due to this influence of
center of mass displacement on jump performance, coaches and researchers
often control the angle of knee flexion during the SJ and CMJ tests (HébertLosier, Jensen, & Holmberg, 2014; Lloyd, Oliver, Hughes, & Williams, 2011).
Despite this, differences in center of mass displacement may appear because
of the influence of other segment movements (Kopper, Ureczky, & Tihanyi,
2012). Therefore, it is important to determine whether potential differences in
the displacement of the center of mass during the execution of SJ and CMJ
may explain the performance differences between the two jumps.
When coaches and strength and conditioning professionals estimate the SSC
function through the jump height difference between the SJ and CMJ, various
parameters related to either force applied or displacement of the center of mass
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may influence the result (Bobbert et al., 2008). However, is not clear which of
these parameters has greater influence on the difference in jumping
performance between the types of jump. This knowledge can help researchers
and coaches to understand the role of each parameter on vertical jump
performance. Consequently, the aim of this investigation was to determine the
influences of force application related variables and center of mass
displacement on jump height differences between SJ and CMJ.
MATERIAL AND METHODS
PARTICIPANTS
Twenty six active males participated in this investigation (age: 20.62 ± 3.46
years, height: 1.79 ± 0.06 m and body mass: 74.60 ± 6.14 kg). No participants
had any musculoskeletal injury or nervous system dysfunction within 6 months
before participation. The study had ethical approval from the local University
Research Ethics Committee and all the participants provided informed consent
before participation. The data of the present investigation were anonymized and
saved according to the protection data laws.
PROCEDURES
Participants were instructed to perform vertical jumps with a countermovement
(CMJ) and without a countermovement (SJ) on a force plate (Quattro Jump,
Kistler Instrument AG, Winterthur, Switzerland) sampling vertical force at 500
Hz. Before the test, all participants performed 10 minutes of general warm up
activity including, 2 minutes of low-intensity aerobic exercise, dynamic
stretching exercises and one set of 6, sub-maximal jumps (Vetter, 2007). These
6 jumps were used as a familiarization session. Since all participants were
physically active and regularly performed activities including jumping, a short
familiarization session was sufficient to ensure the participants could complete
the jumping tasks. After the warm up, the participants were requested to
perform 3 maximum-effort SJ and 3 maximum-effort CMJ in a randomized
order. The instructions for each participant were standardized and the
importance of jumping as high as possible was emphasized. The participants
retained the arms akimbo position until the landing phase during both jumps.
They also were instructed to keep their feet on the floor during the
countermovement phase. For the SJ test, the participants flexed their knees
slowly to 90º. They were instructed to hold this position for 2 s before jumping
for maximum height without prior countermovement. For the CMJ, participants
started from an upright standing position the dynamically reached a knee angle
of 90º and executed an immediate vertical (Hébert-Losier et al., 2014; Lloyd et
al., 2011). The researchers controlled every attempt and when an incorrect
execution occurred, the participants repeated the attempt. Three successful
jumps were recorded for each jump type and at least 2 minutes rest was
allowed between jumps.
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ANALYSIS
The best of three trials, in terms of jump height, was selected for analysis.
Force-plate computer software (QuattroJump, Type 2822A1-1, Version 1.0.9.2)
was utilized to record the force values and calculate the maximum jump using
the impulse method (Linthorne, 2001). Net impulse was obtained by integrating
the net vertical force with respect to time, from 2 s prior to the first movement of
the participant (Street et al., 2001), using the trapezoidal method (Street,
McMillan, Board, Rasmussen, & Heneghan, 2001), using the trapezoidal
method (Kibele, 1998). Subsequently, the center of mass vertical velocity was
calculated by dividing the net impulse by the participant´s body mass. The
vertical center of mass displacement was derived by integrating the vertical
center of mass velocity. Finally, work done during the jump was calculated by
multiplying the force by the center of mass displacement. While work done is
precisely determined as force multiplied by the distance moved by the point of
application of force, the product of ground reaction force and displacement of
the center of mass provides a good estimate of work done on the center of
mass during the jump (Street et al., 2001). In order to exclude the influence of
weight on scores, all variables quantifying force were normalized to body weight
(BW).
Several performance parameters were determined during the upward
movement phase, which was defined from the instant of zero velocity of center
of mass to take-off. The instant of take-off was defined as the first intersection
of vertical ground reaction force within an offset threshold. The threshold was
determined by adding the average flight time and the peak residual of the offset
(Street et al., 2001).
Maximal height, flight height, height at take-off and height at the beginning of
upward movement phase (crouch position) were identified by visual inspection
of the displacement data (Figure 1). Center of mass displacement during
upward movement phase was calculated by subtracting height values between
the start of the upward movement phase and take-off instant. Peak force was
measured as the maximum force value reached during the upward movement
phase. Average force was calculated during the upward movement phase.
Force at the beginning of the upward movement phase was the force at the
beginning of the upward movement phase.
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Figure 1. Center of mass displacement variables

STATISTICAL ANALYSIS
Statistical analyses were conducted using SPSS 18.0 software. Means and
standard deviations for each participant were computed for all the measured
variables. Normality of the data-sets was verified using the Shapiro-Wilk test. If
the data were normally distributed, a repeated-measures t-test was used to
evaluate the differences in measures between SJ and CMJ conditions. If the
data were not normally distributed, then a Wilcoxon test was used. Significance
level was set at P < 0.05. The magnitude of the differences between the jumps
was expressed as a standardized mean effect size (i.e. Cohen’s dz). The
criteria to interpret the magnitude of the effect size were: trivial = 0.00 – 0.19,
small = 0.20 – 0.59, moderate = 0.60 – 1.20 and high > 1.20 (Hopkins,
Marshall, Batterham, & Hanin, 2009).
Stepwise (backward) multiple regression analyses were used to determine
which parameters significantly predict height difference between the SJ and
CMJ. The independent variables were: center of mass displacement difference
between the SJ and CMJ, force at the beginning of the upward movement
difference between the SJ and CMJ, peak force difference between the SJ and
CMJ and average force differences between both jumps. The dependent
variable was the difference in maximum vertical flight height between the SJ
and CMJ. Finally, the standard beta-coefficients were used to estimate the
influence of each of the independent variables on the dependent variable.
RESULTS
Mean scores and standard deviation (mean ± SD) for each variable during SJ
and CMJ, are presented in Table 1. (Insert Table 1 here) The results show that
jumping performance increased by 15% when using a CMJ and this change
was a moderate effect size. There was no difference in height at take-off
between the SJ and the CMJ, but there were significant differences in flight
height between jump conditions, with a large effect size. During the upward
movement phase, the work produced was higher in the CMJ than in the SJ,
resulting in a high effect size. There were significant differences between jump
types in the variables related to center of mass position. These differences were
observed during the upward movement phase and in vertical height of the
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center of mass in the crouch position. The results show that the upward
movement phase in the CMJ began from a deeper crouch position in
comparison to the SJ, thereby increasing the vertical displacement of center of
mass in the upward movement phase of the CMJ compared to the SJ. In force
application related parameters, there were significant differences in the average
force and initial force variables; obtaining higher values in the CMJ. However no
differences in peak force values were observed.
Table 1. Results (mean ± SD) of upward phase variables.
Variables

SJ

CMJ

Effect size

hmax (m)

0,41 ± 0,07

0,47 ± 0,06*

0,85

Hflight (m)

0,28 ± 0,05

0,33 ± 0,05*

1,29

Htakeoff (m)

0,13 ± 0,04

0,14 ± 0,03

0,12

W (J·kg-1)

2,93 ± 0,50

3,41 ± 0,55*

1,27

Faverage (BW)

1,95 ± 0,21

2,05 ± 0,15*

0,53

Finicial (BW)

1,00 ± 0,00

2,44 ± 0,22*

6,64

Fmax (BW)

2,52 ± 0,24

2,52 ± 0,20

-0,01

Dupward (m)

0,35 ± 0,05

0,42 ± 0,03*

1,55

Crouch (m)

-0,22 ± 0,07

-0,28 ± 0,04*

0,82

Note: Hmax = maximal height, Hflight = flight height, Htakeoff = take-off height, W = work, Faverage =
average force, Finicial = force at the beginning of upward movement phase, Fmax = peak force,
Dupward = displacement of the upward movement phase, Crouch = crouch position.
*P < 0,05.

The results of the multiple regression analysis showed a strong relationship
between the flight height difference between SJ and CMJ and the differences in
center of mass displacement and average forces between both jumps (Table 2).
The flight height differences between SJ and CMJ were associated with greater
propulsion distance (P < 0.001) and higher average force (P < 0.001) in the
CMJ and both variables explained a large percentage (75%) of variance (Figure
2). Of these parameters, the difference in displacement during the upward
movement phase between CMJ and SJ had the greatest influence on the height
differences, with average force having 30% less influence.
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Table 2. Multiple regression to predict the influence of variables related to displacement and

force application on flight height changes between SJ and CMJ.
Non-standardised
coefficients
B

Real Hflight difference (m)

Independent
Standard error
Beta standardised
t-value
variables
coefficients
R2 = 0,745,
F = 33,96*
(Constant)
-0,019
0,009
-2,083
ΔDupward
0,795
0,103
0,901
7,750*
ΔFav
0,146
0,024
0,702
5,943*
ΔDupward: displacement differences during concentric phase between SJ and CMJ. ΔFav: average
force differences between SJ and CMJ. *indicates P<0,01

Predicted Hflight difference (m)
Figure 2. Dispersion diagram of the relationship between the real difference of flight height
(Hflight) and expected between SJ and CMJ.

DISCUSSION
The purpose of this investigation was to determine the influences of force
application related parameters and center of mass displacement on changes in
jump height between SJ and CMJ. The increment on flight height between SJ
and CMJ was explained 75% of the differences on center of mass displacement
and average force between the two types of jump. The vertical displacement of
center of mass had the greatest influence in determining the difference in flight
height between SJ and CMJ. The take-off positions were similar in both jumps;
therefore the results showed that when examining the differences between SJ
and CMJ, an upward movement from a deeper crouch position had 28% more
influence than the differences in the forces applied. These results concur with
previous studies which found that vertical jump performance can be enhanced
by a large increase in the displacement of the center of mass during the upward
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phase (Kirby et al., 2011; Salles et al., 2011). In the current study, the
differences in center of mass displacement between the jumps were small but
the variance of the difference in jump height between SJ and CMJ explained by
this displacement was large. For this reason, a large increase in the
displacement of the center of mass is not required to improve vertical jump
performance because small increments may further explain the differences in
performance between both jumps (Sánchez-Sixto, Harrison, & Floría, 2016). In
addition, previous investigations found a statistically significant relationship
between the jump height and the center of mass displacement (Barker, Harry, &
Mercer, 2017). This suggests a need to pay close attention to the way the SJ
and CMJ are executed when they are used to evaluate the SSC effectiveness.
Coaches and strength and conditioning professionals often use a criterion of
90° knee flexion to standardize the SJ and CMJ (Hébert-Losier et al., 2014;
Lloyd et al., 2011). The results of this study suggest that this approach may not
be sufficient to ensure similar displacements of the center of mass in both
jumps. It is likely that other body segments with a larger mass, such as the
trunk, can influence the position of the center of mass (Kopper et al., 2012).
This may cause small differences in the path of the center of mass which
ultimately affect the performance differences between both jump types.
Consequently, there is a need to look for further methods to provide a
consistent and reproducible protocol to evaluate the effectiveness SSC and
decrease the influence of the technique used by the athlete.
The average force during the upward movement showed significant differences
between SJ and CMJ and this was the only force application related parameter
which determined the jump height difference between SJ and CMJ. However,
no relationships were found between the average force and the jump height in a
previous investigations (Barker et al., 2017), other studies showed the average
force as a determinant of performance in the vertical jump (Feltner et al., 2004).
As average force is derived from a large number of data points, the information
obtained by the average force could be more representative of the complete
movement than other instantaneous variables. Any instantaneous force variable
extracted from the continuous force-time signal discards a large amount of
potentially important data which may be useful to evaluate the performance.
However, peak force is one of the most analyzed instantaneous variables
(Cormie et al., 2009; Kirby et al., 2011; Nuzzo et al., 2008; Salles et al., 2011),
but in the present study, peak force did not differ between the SJ and the CMJ
although CMJ performance was higher. Our findings are consistent with other
studies which found no relationship between peak force and vertical jump
performance (Kirby et al., 2011; Nuzzo et al., 2008). It is possible that the
deeper crouch position achieved in the CMJ resulted in a lower peak force
which is consistent with previous studies that showed lower peak force when
larger center of mass displacements were performed (Kirby et al., 2011;
Markovic, Mirkov, Knezevic, & Jaric, 2013; Salles et al., 2011). Therefore, the
peak force does not appear to adequately discriminate the performance
differences between SJ and CMJ. As it was expected, the force at the beginning
of the upward movement phase showed significant differences between the
jumps. At SJ the force at the beginning of the upward phase must be identical
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as BW, while at CMJ this force should be higher due to the braking action
during the downward phase. The force at the beginning of upward movement
phase has been described as an important factor in determining differences
between SJ and CMJ (Bobbert et al., 1996). It is suggested that this should
increase the net impulse generated during the upward movement and
consequently enhance the take-off velocity of the center of mass (Kirby et al.,
2011). However, at the present investigation, participants with higher initial force
values were not the participant that achieved a higher jump height. In addition, a
recent study did not found a relationship between the force at the beginning of
the upward movement phase and the jump height (Barker et al., 2017). Future
studies should examine the role of force at the beginning of the upward
movement phase controlling the center of mass displacement, due to the
possible relevance in the vertical jump performance.
CONCLUSION
This study demonstrated the important role of center of mass displacement in
the analysis of SSC through the SJ and CMJ. The 90º knee angle flexion
criteria appear insufficient in order to guarantee a similar displacement of the
center of mass between both jumps. The influence of the center of mass
displacement was the most important variable explaining the differences
between the SJ and CMJ. For that reason, in order to evaluate the SSC through
the SJ and CMJ, the control of the countermovement depth is necessary.
Finally, peak force and force at the beginning of the upward movement phase
did not predict the jump height performance, whereas the average force at this
phase was the force applied variables which explain a higher percent of the
differences between the CMJ and the SJ.
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