
Floría, P., Gómez-Landero, L. A., & Harrison, A. J. (2014). Variability in the application of 

force during the vertical jump in children and adults. Journal of Applied Biomechanics, 

30(6), 679–684. https://doi.org/10.1123/jab.2014-0043 



Abstract 

The purpose of this study was to determine if children exhibit greater variability in center of mass 

movement and kinetics compared to adults in vertical jumping. Countermovement jumps with 

arms (CMJA) and without arms (CMJ) performed by 20 girls and adults’ females were examined 

using force platform. The data were analyzed using continuous methods to determine differences 

in variability between groups and between types of jump. Jumping variability was measured by 

using the average coefficient of variation of the force-, velocity-, displacement-, and rate of force 

development-time curves across the jump. The analysis indicated that children and adults had 

similar levels of variability in the CMJ but different levels in the CMJA. In the CMJA, the children 

had a greater coefficient of variation than adults in force- (20 ± 7% and 12 ± 6%), velocity- (41 ± 

14% and 22 ± 9%), displacement- (8 ± 16% and 23 ± 11%) and rate of force development-time 

(103 ± 46% and 75 ± 42%) curves as well as in force-velocity relationship (6 ± 2% and 4 ± 2%). 

The results of analysis suggest that the variability depends on both the level of maturation of the 

participants as well as the task complexity. 
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Introduction 

The vertical jump is a fundamental skill which is acquired during childhood and its mastery 

underpins performance in many sports and activities. Numerous studies have observed progressive 

increases in jump height from childhood to adulthood.1,2 This increase during development is 

related to changes in anthropometry, muscle strength and in the movement pattern.3-5 Previous 

research has indicated that the coordination of a jump is relatively stable from childhood, therefore 

differences in the patterns of movement could be due to differences in the amplitude and velocity 

of motion.3,6 During the motor development and learning process, the child tunes the magnitude 

and velocity of movement in order to improve the jump performance 3 thereby increasing 

variability.7-9 

To date, several studies have examined the variability of the vertical jump.7-10 Generally, 

these studies have observed that the variability in jump height decreases with increasing age and 

is higher in boys under 5-years-old.7 Other parameters related to vertical jump performance such 

as the contribution of the stretch-shortening cycle to increased jump height show a similar trend 

towards a gradual reduction of variability with age and development.8,9 These studies are consistent 

with the notion that motor development and learning are characterized by reductions in the 

variability of skilled performance with respect to age.11 However, these findings contrast with 

Meylan et al.10 who observed that the variability in force-related measures (e.g. peak force during 

the eccentric phase) was similar across children between 9 and 16 years irrespective of their 

maturity status. The authors attributed this relative discrepancy between studies to different levels 

of physical activity of the participants in each study. While extensive practice of the vertical jump 

is related to greater jump height and low variability in performance,7,10 this discrepancy suggests 

that further research is needed for improved understanding of the role of variability in the motor 



control of the vertical jump during development. 

Most of the above studies analyzed the vertical jump with the arms in the akimbo position 

(i.e. hands on hips) and contrasted this with the jump using a vigorous arm action. Gerondimos et 

al.8 reported that the variability in the arm swing contribution to the vertical jump performance 

was higher in children aged 12 years than adults. This could be due to the greater level of task 

complexity in a jump with arms action compared to one without. It is expected that the learning of 

a skilled task with greater freedom of movement, requires greater motor control and this increases 

its variability.3,10 However, no other parameters have been analyzed on the variability of force 

application during a jump with arm action in children and it is not known whether the expected 

increase in variability between different kinds of vertical jump will be similar in children compared 

to adults. This is important since the jump with arms is more common in sports activities during 

childhood, therefore the higher amount of practice of jumps with an arm action could affect the 

levels of variability. 

Almost all previous studies have used discrete variables such as height jump or velocity at 

take-off to describe the variability of vertical jump during childhood.7-9 These discrete variables 

can discard important information for understanding the variability of movement or force 

application, therefore continuous methods provide an alternative means of representing the 

variability of the biomechanics over the complete movement.12 Clearly, a study on the variability 

of the parameters related to application of force could provide important insight into control of 

vertical jump during the childhood. Hence, the purpose of this study was to determine if children 

exhibit greater variability in center of mass movement and kinetics of the vertical jump compared 

to adults using continuous methods to calculate variability of center of mass movement and force 

application parameters in counter-movement jumps (CMJ) and countermovement jumps with arms 



(CMJA). It was hypothesized that children’s group would demonstrate greater variability than 

adults in both types of jumps. 



Methods 

The participants (N= 40) were divided into two groups: adults (n1= 20) and children (n2= 

20). The adult group consisted of 20 females aged 22.3 ± 3.1 years (mean ± SD), with a mass of 

61.2 ± 7.4 kg and a height of 1.63 ± 0.06 m. The children's group consisted of 20 girls aged seven 

to nine years old (8.7 ± 0.8 years-old), with a mass of 28.0 ± 5.7 kg and a height of 1.30 ± 0.07 m. 

The children were in the fundamental movement phase where the development of a mature vertical 

jumping sequence is normally achieved.13 Sex related differences have been found in jumping 

performance variability7, therefore in this study only females were assessed. Both adults and girls 

trained twice weekly in different sports (gymnastics, basketball and soccer). No participants had 

any past history of nervous system or muscular dysfunction. The study obtained ethical approval 

from the University Research Ethics Committee. All adult participants and parents/guardians of 

children participants signed informed consent forms before participating in the study. 

Participants were instructed to perform CMJ and CMJA on a portable force platform 

(Quattro Jump®, Kistler Instrument AG, Winterthur, Switzerland) in counterbalanced order. 

Before each test, the participants performed 10 minutes of warm-up activity which included a brief 

period of low-intensity aerobic exercise, some short duration stretching exercises and one set of 

six sub-maximal jumps. 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 to a satisfactory level. Force data were sampled at 

500 Hz and the duration of data collection was five seconds. The instructions for each participant 

were standardized. They included a detailed verbal explanation and a physical demonstration by 

the experimenter. The importance of jumping as high as possible was emphasized. Before each 

jump, the participants stood upright and stationary for at least two seconds during which body 



weight was recorded. The participants then squatted to a self-selected depth and jumped as high as 

possible without pausing. For the CMJ, participants retained the arms akimbo position until the 

landing. For CMJA, participants were allowed to swing their arms backward, and then forward 

and upwards. Three successful jumps were recorded for each participant and for each type of jump, 

with at least two minutes of rest between jumps. 

The vertical component of center of mass velocity was estimated using the impulse 

method.14 Net impulse was obtained by integrating the net vertical ground reaction force, from two 

seconds prior to the first movement of the participant,15 using the trapezoid method.16 

Subsequently, the vertical component of center of mass velocity was calculated by dividing the net 

impulse by the participant's body mass. The vertical displacement of center of mass was derived 

by numerically integrating the vertical component of center of mass velocity. Finally, the rate of 

force development throughout the motion was calculated from first derivate of the vertical force 

with respect to time using a point-to-point moving average window of five data points.7 

To calculate the variability continuous methods were used, which included time series and 

relative motion techniques. Using the time series techniques, the multiple-trial variability of the 

force-, velocity-, displacement-, and RFD-time curves from all participants and jump types were 

calculated. This technique was conducted as follows. The dataset of each curve was normalized to 

501 points from the start of movement and instant of take-off. A threshold value was defined as 

1.75 times the peak residual found in the 2 seconds of the body weight averaging period. The start 

of the movement was identified on the recommendations of Street et al.15 by inspecting the force-

time records to identify the first instant where vertical force deviated above or below body weight 

by more than one threshold. A backward search was then performed until vertical force passed 

through body weight. The instant of take-off was defined as the first intersection of vertical force 



with an offset threshold where, the threshold was determined by adding the average flight time 

(i.e., 0.4 seconds) and the peak residual to the offset.15 From the normalized data, an ensemble 

average curve from the three trials for each participant and jump, as well as mean and standard 

deviation of each data point on average curve were calculated. Finally, the average standard 

deviation and average coefficient of variation for all samples composing the average curve were 

calculated using the following equations (1) and (2):12 
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For the equations, SDavg is the average of individual point-by-point standard deviation 

values, i indicates the specific value for the ith sample, SDi is the standard deviation value for the 

ith sample, and k is the number of samples. CVavg is the average of individual point-by-point 

coefficient of variation values, and Mi is the mean for the ith sample. 

A root mean square deviation was used to quantify the variability of force-velocity 

relationship. Average force-velocity plots from the three trials for each participant and jump were 

calculated from force and velocity data, series normalized in the preceding step. The two-

dimensional deviation between the data values of one trial and the values of the average plot were 

calculated for each point using the equation 3 below:12 

𝑅𝑖𝑗 = ((𝑥𝑖𝑗 −𝑀𝑥𝑖)
2
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Where, Rij is the resultant deviation for the ith sample and jth trial; xij and yij are the data 

values for the ith and jth trial for the force and velocity parameters, respectively; and Mx and My are 

the corresponding force and velocity multiple-trial mean values for the ith sample. The root mean 

square deviation for each trial were calculated using the equation 4 below:12 
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Where RMSj is the root mean square deviation for the jth trial; Rij is the resultant deviation 

for the ith sample and jth trial; and k is the number of samples. The average root mean square value 

across all trials for each participant was calculated using the equation 5 below:12 

𝑅𝑀𝑆𝑎𝑣𝑔 =
∑ 𝑅𝑀𝑆𝑗
𝑛
𝑗=1

𝑛
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Where RMSavg is the multiple-trial average root mean square value, RMSj is the root mean 

square value for the jth trial, and n is the number of trials. 

Finally, average root mean square value was normalized with respect to the resultant 

excursion of the mean force-velocity plot over the entire trial (L) using the equation 6 below:12 

( ) 100/ LRMS=RMS avgN (6) 

All statistical analysis was conducted using PASW (SPSS, Inc., Chicago, IL). A Shapiro-

Wilk test and Levene's test were executed to verify the normality and homogeneity of variances, 

respectively. A two-way analysis of variance (ANOVA) was performed to evaluate the differences 

in means between age groups and jump types. Significance level was set at P < .05.  The magnitude 

of differences between groups was expressed as standardized mean differences (Cohen d, effect 

sizes). 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 large > 1.20.17 



Results 

The results show that children and adults had similar levels of variability in the CMJ but 

different levels in the CMJA (tables 1 and 2). Significant interactions were found between groups 

(children vs adults) and type of jump (CMJ vs CMJA) in most of parameters related to variability 

in time series data (F > 5.394; P < 0.026). Post-hoc analysis showed no significant group 

differences existed for any of the coefficients of variation of the parameters in the CMJ and the 

eccentric and concentric phases were equally consistent in both groups. By contrast, in the CMJA, 

there were differences in the coefficients of variation between children and adults in most of the 

parameters examined. Children showed greater levels of variability in both the eccentric and 

concentric phases of the jumps but the average coefficient of variation of rate of force development 

of both the whole movement and the concentric phase were similar in both groups (Table 1). The 

effect sizes (Cohen’s d) showed large differences between children and adults in all velocity-

related parameters and moderate differences in most of the force- and displacement-related 

parameters. Figure 1 shows the variability of the force-time curve over the complete movement in 

the different jump types and groups studied. The variability followed the same pattern in both 

children and adults as well as in the CMJ and CMJA. The greatest level of variability was found 

during downward acceleration phase and at the instants where the maximum force was achieved. 

The comparisons between the CMJ and CMJA, in adults showed no significant differences 

in coefficients of variation between the two types of jumps, whereas in children, the CMJA was 

more variable than the CMJ in most of the parameters analyzed with the exception of the average 

coefficient of variation of force applied during the eccentric phase. A moderate effect size was 

found for most force-, velocity- displacement-related parameters when comparing the CMJ with 

CMJA in children. 



Significant interactions were found between groups (children vs adults) and types of jump 

(CMJ vs CMJA) in all parameters related to variability in the force-velocity relationship (F > 

5.592; P < 0.023). Post-hoc analysis showed no differences in the root mean square values in the 

CMJ between children and adults, however, all parameters which quantified the variability of 

force-velocity relationship in the CMJA showed higher variability in children than in adults (Table 

3). The effect sizes showed that the differences were large for most of the parameters studied, with 

exception of the normalized root mean square score during the eccentric phase, where the effect 

size showed moderate differences (Table 3). No differences in variability were observed between 

the CMJ and CMJA in adults, although there were differences in children. The normalized root 

mean square scores for both eccentric and concentric phases were higher in the CMJA compared 

to the CMJ but no differences were found when this variable was measured throughout the entire 

movement. The effect size difference between the jumps ranged from small to moderate for each 

of these variables (Table 3). 

  



Tables 

Table 1. Means and standard deviations of variability of time series data for parameters related to the application of force. 

 Children Adult ES for group 

 CMJ CMJA ES for jump CMJ CMJA ES for jump CMJ CMJA 

CVavg Force (%) 15.0 ± 6.1 19.9 ± 6.6a 0.51 13.3 ± 5.4 12.3 ± 5.6b -0.16 0.32 1.28 

CVavg Force ECC (%) 19.1 ± 8.6 25.1 ± 11.1 0.39 17.7 ± 8.1 15.8 ± 7.1b -0.20 0.17 1.02 

CVavg Force CON (%) 8.8 ± 4.1 11.5 ± 4.9a 0.68 6.4 ± 3.7 6.9 ± 4.4b 0.13 0.62 1.01 

CVavg RFD (%) 74.0 ± 36.6 102.8 ± 46.0a 0.80 77.4 ± 30.3 74.6 ± 42.4 -0.12 -0.10 0.65 

CVavg RFD ECC (%) 107.4 ± 46.1 177.8 ± 71.1a 0.93 105.0 ± 24.9 106.9 ± 38.0b 0.05 0.07 1.28 

CVavg RFD CON (%) 42.7 ± 26.0 54.1 ± 29.1a 0.65 50.5 ± 34.0 46.8 ± 41.2 -0.22 -0.26 0.21 

Note. CMJ: countermovement jump; CMJA: countermovement jump with arms; ES: Effect size; CVavg: average coefficient of variation; 

ECC: eccentric phase; CON: concentric phase; RFD: rate of force development. 

a Differences between type of jump P < 0.05 

b Differences between group within CMJA P < 0.05 



Table 2. Means and standard deviations of variability of time series data for parameters related to velocity and displacement of center 

of mass 

 Children Adult ES for group 

 CMJ CMJA ES for jump CMJ CMJA ES for jump CMJ CMJA 

CVavg Velocity (%) 24.6 ± 13.4 40.7 ± 14.0a 0.79 22.9 ± 8.8 21.5 ± 9.1c -0.11 0.15 1.67 

CVavg Velocity ECC (%) 40.7 ± 21.9 73.6 ± 25.8a 0.88 38.9 ± 15.0 40.1 ± 19.5c 0.05 0.10 1.51 

CVavg Velocity CON (%) 12.3 ± 8.4 20.4 ± 9.9a 0.74 11.5 ± 4.8 9.5 ± 3.8c -0.35 0.13 1.51 

CVavg Displacement (%) 25.3 ± 10.3 37.5 ± 16.1a 0.62 24.0 ± 9.7 22.9 ± 11.4c -0.08 0.13 1.08 

CVavg Displacement ECC 

(%) 
34.6 ± 16.4 65.1 ± 42.8a 0.66 31.1 ± 13.4 30.8 ± 16.6c -0.01 0.24 1.09 

CVavg Displacement CON 

(%) 
14.0 ± 6.9 19.2 ± 7.7a 0.55 13.6 ± 6.8 10.9 ± 6.4c -0.38 0.06 1.21 

Note. CMJ: countermovement jump; CMJA: countermovement jump with arms; ES: Effect size; CVavg: average coefficient of variation; 

ECC: eccentric phase; CON: concentric phase. 

a Differences between type of jump P < 0.05 

b Differences between group within CMJ P < 0.05 

c Differences between group within CMJA P < 0.05 



Table 3. Means and standard deviations of variability of force-velocity data by relative motion techniques 

 Children Adult ES for group 

 CMJ CMJA ES for jump CMJ CMJA ES for jump CMJ CMJA 

RMSN (%) 4.81 ± 2.16 6.25 ± 2.20 0.44 4.43 ± 1.59 3.84 ± 1.56c -0.29 0.21 1.30 

RMSN ECC (%) 9.23 ± 4.87 13.52 ± 4.81a 0.60 9.96 ± 3.14 9.46 ± 3.44c -0.10 -0.18 1.00 

RMSN CON (%) 5.38 ± 2.25 6.88 ± 2.39a 0.51 4.86 ± 1.95 4.20 ± 1.94c -0.30 0.25 1.26 

Note. CMJ: countermovement jump; CMJA: countermovement jump with arms; ES: Effect size; RMSN: normalize root mean square; 

ECC: eccentric phase; CON: concentric phase. 

a Differences between type of jump P < 0.05 

b Differences between group within CMJ P < 0.05 

c Differences between group within CMJA P < 0.05 



 

Figure 1. Mean force-time curve and ± standard deviation (shaded area) in both counter-movement 

jump (CMJ) in children (a) and adults (b) as counter-movement jump with arms (CMJA) in 

children (c) and adults (d). 

 



Discussion 

The main finding in this study was that the variability differences between children and 

adults depend on the type of jump. No difference was found between children and adults in the 

CMJ but significant differences were observed in the CMJA. Although no studies have been found 

which analyze variability throughout the full motion, the results of this study in adults are 

consistent with previous studies which assessed the vertical jump reliability using discrete 

variables.18-20 These studies found high reliability in measures of jump height, peak force, peak 

velocity and peak power during vertical jump in adults. This high reliability could be related to a 

lower variability of movement and/or force application in the vertical jump. The absence of 

differences between children and adults could indicate that reliability of the CMJ test to evaluate 

the jump performance is independent of the developmental stage of the participant. However, it 

should be remembered that the participants in this study typically included CMJ in their training 

routines therefore further studies are necessary to confirm these results in other populations. 

Children showed differences in the amount of variability when the two jumps types were 

compared and when CMJA in children was compared with adults. Previous studies found that the 

variability of discrete measures such as velocity at take-off or peak force depends on the age.7-9 

The results of this study showed that the pattern of the applied force, velocity and displacement of 

the center of mass as well as the force-velocity relationship along the entire movement of the 

CMJA was more stable in adults than in children. These results are in accordance with those 

reported by Gerodimos et al.8 who found a gradual reduction of the variability in the contribution 

of the action of the arms to vertical jump performance from childhood to adulthood. These findings 

suggest that the variability of the kinematics and kinetics of a skill are dependent on the degree of 

performer's motor development. In contrast, children and adults showed a similar degree of 



variability during CMJ performance despite the age differences between the two groups. Similarly, 

Meylan et al.10 found that the variability of discrete kinetics parameters during the concentric phase 

of CMJ were comparable between different maturing groups. This relative difference in results 

between the CMJ and CMJA could be explained by the maturation of the participants and the 

complexity of the task. The participants in both groups trained regularly and they frequently 

included the CMJ in their training routine. Since the movement variability can be reduced with 

practice,21 it is likely that further practice could stabilize the jump mechanics and consequently 

decrease the variability in both groups. On the other hand, the greater complexity of CMJA 

compared to CMJ could explain both the differences between children and adults in the CMJA as 

well as between types of jumps in children. The use of the arms increases the degrees of freedom 

of movement requiring more motor control and thus increases its variability.3,10 The link between 

degrees of freedom and variability could be reinforced by the differences in the variability values 

between concentric and eccentric phases. Both adults and children showed a greater variability in 

the eccentric phase in all analyzed parameters. These results are consistent with existing literature 

which shows that the eccentric phase is more variable than the concentric phase.3,10,22 This greater 

variability may be driven by the need for greater motor control during the eccentric phase respect 

to concentric phase. Jensen et al.3 observed that the movements of the joints and of the lower limb 

velocity during the downward movement appeared to be more variable, however the degrees of 

freedom during the upward movement were reduced more thereby decreasing variability during 

propulsion. In addition, maturation and task complexity influenced the levels of variability 

observed in this study. Since the level of maturation of adults and children was the same in both 

types of jumps and there were no differences when the simplest task (CMJ) was executed, this 

suggests that the differences in the CMJA were mainly due to differences in task complexity. The 



results suggest that the variability of vertical jump depends more on the complexity of the task 

than on the maturation of the participants. 

Although this is the first study that has quantitatively shown the variability of vertical jump 

using continuous methods, there are some limitations. It might be argued that the number of 

repetitions for the calculation of the variability in the current study was low to represent variability 

of movement. Nevertheless, the number of trials for each type of jump was similar to that used in 

previous investigations which examined the variability of vertical jump in both children8-10 and 

adults.23 Furthermore, this study was designed to analyze the variability of the two types of jumps 

most frequently used to evaluate jumping ability in children, CMJ and CMJA, therefore to keep 

the total number of trials as low as possible, each participant performed a minimum of 6 valid 

jumps. A higher number of trials could affect the participant's ability to jump due to the onset of 

fatigue which might influence the results of this study. 

No previous research has quantified the variability in the parameters related to applied force 

during the vertical jump using continuous methods. This type of the analysis has provided 

important findings about the biomechanical characteristics that are linked to both maturity levels 

and the complexity of the task. This study has shown that the difference in variability of movement 

between children and adults depends on the type of jump. Children and adults showed similar 

levels of variability in both the time-series analysis as in the force-velocity relationship during the 

performance of CMJ. Children increased their level of variability when they performed the CMJA, 

while adults maintained levels of variability achieved in the CMJ. In addition, the results of 

analysis using continuous methods suggest that the variability depends on both the level of 

experience of the participants in the task as well as its complexity. Furthermore, the complexity of 

the task seems to be more influential on the variability of the vertical jump, although further 



research with participants of differing levels of experience while varying task complexity would 

be required to confirm this assumption. 
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