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Ground reaction forces better 
than center of pressure 
differentiate postural control 
between young female volleyball 
players and untrained peers
Dorota Borzucka , Krzysztof Kręcisz * & Michał Kuczyński 

A comprehensive explanation of the relationship between postural control and athletic performance 
requires compare body balance in athletes with their never training counterparts. To fill this gap in 
relation to volleyball, the aim of this study was to compare the balance of intermediate adolescent 
female players (VOL, n = 61) with inactive peers (CON, n = 57). The participants were investigated in 
normal quiet stance during 20 s trials on a Kistler force plate. The traditional spatial (amplitude and 
mean speed) and temporal (frequency and entropy) indices were computed for ground reaction forces 
(GRF) and center-of-pressure (COP) time-series. The spatial parameters of the both time-series did 
not discriminate the two groups. However, the temporal GRF parameters revealed much lower values 
in VOL than in CON (p < .0001). This leads to three important conclusions regarding posturography 
applications. First, GRF and COP provide different information regarding postural control. Second, 
measures based on GRF are more sensitive to changes in balance related to volleyball training and 
perhaps to similar training and sports activity regimens. And third, the indicators calculated based 
on these two time series can complement each other and thus enrich the insight into the relationship 
between balance and sports performance level.

Studying postural control in athletes can provide insight into the development of specific postural strategies that 
are particularly relevant in a given  sport1–3. We surveyed volleyball players of the 2nd  league4, as well as volleyball 
players representing the championship level (Polish women’s and men’s national team)5,6.

Some of the desired features and postural skills have been confirmed, e.g. higher automaticity, better use of 
sensory signals, adaptability to changing environment and high exploratory  capabilities7–9. Yet, it is not a com-
pletely consistent picture, and some doubts still arise. Importantly, however, very large differences in the sports 
level of these previous groups revealed the possibility of transient phases in the development of their postural 
strategies. For example, players from the second league did not have a significant advantage over physically active 
peers. Although the former ones had a small sway amplitude, this was at the expense of higher sway  speed4. This 
could indicate the stage of building new postural strategies towards, for example, optimizing the compromise 
between the accuracy and the speed of using afferent signals.

To confirm this assumption, it is worth analyzing the changes in postural control that appear at the early 
stage of the athlete’s career. The possible direction of changes may be the best visible here, and moreover, it may 
determine the subsequent development of postural control to equip it with elements supporting the effectiveness 
of playing volleyball. Thus, we considered it important to investigate postural control in young girls who already 
have some experience in this sport.

Previous studies have been conducted solely based on the center-of-pressure (COP) data. However, the results 
of our own observations and those of other authors indicate that the discriminating power of this computational 
approach is  insufficient10–12. Quite often the results collected in quiet normal stance while comparing groups 
with very different sports levels (i.e. with hypothetically significant differences in balance) are ambiguous or, at 
most, wind up with insignificant differences and small effect  sizes13,14. One way to improve this situation is to 
test subjects in more demanding experimental  conditions15,16 and preferably in those that are similar to tasks 
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performed during sports competitions or training. Another approach could be to use new indicators that are 
known to be strongly associated with postural control.

Following the second option, we decided to include the horizontal ground reaction forces (HGRF) in addi-
tion to using the COP to assess balance. Goldie et al.17 were the first to publish similar results and reported that 
the parameters calculated from the HGRF have better test–retest reliability and sensitivity to changes in quiet 
stance than COP parameters. Unfortunately, this topic has been scarcely addressed by other researchers except 
Karlsson and  Frykberg18 and  Onell19, and more recently Minamisawa et al.20 who confirmed the specific and 
additional value of these measures compared to the COP parameters. Nevertheless, to this day it is not clear 
how these measures work, what they help to detect in the field of postural control and what is their relationship 
with the COP parameters. For more information on this issue, we recalculated the source data from some of 
our previously published articles. The results confirmed our assumptions that the HGRF indices are in no way 
inferior to the COP indices. In addition, the results obtained by both methods may differ significantly, even 
when it comes to the direction of changes in the same parameters of both time-series under the influence of 
experimental manipulations. This confirmed our belief that the inclusion of the HGFR indices in the calculations 
should result in additional information about the postural control of the subjects.

Therefore, the aim of this study was to compare postural control in young female volleyball players with their 
never training counterparts using the COP and HGRF time-series as data to calculate indices of their spatial and 
temporal structure. We hypothesized that postural control would be different in both groups, and any differences 
should result from the specific requirements of playing volleyball. We also hypothesized that the HGRF indices 
would better differentiate the two groups than the corresponding COP indices.

Methods
Participants
The study included 61 young female volleyball players (VOL): age 12.8 ± 1.4 yr.; height 162.5 ± 9.5 cm; weight 
52.8 ± 11.4 kg. The average training period was 4.0 ± 0.9 yr. Trainings were held 3–4 times a week, in addition to 
matches and tournaments that were played. The inclusion criteria were age, training experience, and the num-
ber of training sessions per week. However, individuals who had experienced an ankle sprain within the last 
12 months were excluded. The control group consisted of 57 girls (CON): age 12.9 ± 1.5 yr.; height 156.1 ± 8.7 cm; 
weight, 47.9 ± 16.2 kg, who did not undertake systematic physical activity (except for mandatory physical edu-
cation classes at school) and had never trained volleyball. Girls who reported an ankle sprain within the past 
12 months were excluded from the study. All respondents described their health as good or very good.

This study was approved by the Bioethics Committee of Opole Chamber of Physicians in Opole. Written 
informed consent was obtained from all participants and their parents or legal guardian(s) prior to participa-
tion. The objectives, procedures, and methods were explained in full, and the subjects were informed that they 
could withdraw at any time. All methods were carried out according to the relevant guidelines and regulations.

Measurement system and study design
Postural control was assessed on a Kistler force platform (Kistler 9286AA, Winterthur, Switzerland). Ground 
reaction forces were recorded, and the coordinates of the COP data were calculated for 20 s, at a sampling fre-
quency of 100 Hz separately for frontal (ML) and sagittal (AP) planes. The study protocol was the same as  in6.

Each participant performed one trial of standing quietly on a hard surface in an upright position in a neutral 
and comfortable posture with arms relaxed on the sides and eyes open. They were instructed to stand as still as 
possible for 20 s. The position of the feet (5 cm apart) was standardized on the surface to ensure reproducibility 
among the participants. The trials were conducted without a warmup, without any prior assessments, as none 
of the participants had engaged in this type of testing before. The data acquisition started when the participant 
indicated that she was ready.

Parameters
Based on HGRF and COP recordings, postural control parameters were calculated. These  were21: standard devia-
tion (AMPLITUDE), mean speed (MV), sample entropy (SE), frequency (FRE = MV/(2*π*SD)). Parameters for 
estimating sample entropy were based on the median value of the relative error that resulted in the selection of 
pattern length of m = 3 and error tolerance of r = 0.02 for COP and m = 3 and r = 0.15 as optimal parameters for 
both the ML and AP planes (normalized to unit variance) of all subjects and  tasks22,23.

Statistics
All dependent variables were subjected to T-Tests. If the assumption of equal variance was not met Welch’s 
test was used to compare groups. Similarly, if the normality assumption was not met (assessed graphically 
through Q–Q and residual histogram plots) Mann–Whitney U group independent test was used. Cohen’s d 
effect sizes (small = 0.2, medium = 0.5, and large d ≥ 0.8) were also reported. The level of significance was set 
at p < 0.05/16 = 0.003125 according to Bonferroni’s correction (16 comparisons). The analyses were performed 
using the jamovi (ver. 2.3.24) software.

Results
The results are presented in Table 1. The COP parameters found only one difference between groups, namely 
in the ML mean sway speed which was higher in VOL than in CON with moderate effect size. In contrast, the 
HGRF parameters revealed many intergroup differences, which always occurred in both planes. In particular, 
large effect sizes were observed for sway entropy and frequency indicating smaller values in VOL, while moderate 
effect sizes appeared for sway amplitude (higher values in VOL).
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Examples of HGRF and COP time series are shown in Fig. 1 that illustrate differences in the amplitude and 
regularity of the signals.

Table 1.  Parameters of the horizontal forces (HGRF) and COP in the frontal (ML) and sagittal (AP) direction 
for two groups (volleyball and control) in quiet bipedal stance. The entries are mean values (SD) or median 
(IQR) for Mann–Whitney test. The p-values are for the inter-group comparisons; the number after the slash 
indicates Cohen’s d effect size: a: small effect, b: medium effect, c: large effect; *—Mann–Whitney test.

HGRF COP

ML AP ML AP

Volleyball Control Volleyball Control Volleyball Control Volleyball Control

Amplitude (N) Amplitude (mm)

0.58 (0.23) 0.46 (0.19) 0.72 (0.21) 0.59 (0.20) 3.02 (1.29) 2.81 (1.62) 4.35 (1.70) 3.81 (1.32)

p = 0.002/ − 0.57b p = 0.001/ − 0.62b p = 0.144/ − 0.14a p = 0.059/ − 0.35a

Mean speed (N/s) Mean speed (mm/s)

7.82 (1.56) 8.33 (2.12) 8.49 (2.92) 8.63 (3.17) 9.27 (2.49) 7.89 (2.93) 12.77 (2.60) 11.94 (3.98)

p = 0.136/0.28a p = 0.710/0.04a* p = 0.007/ − 0.51b p = 0.179/ − 0.25a

Entropy (−) Entropy (−)

0.81 (0.24) 1.03 (0.30) 0.65 (0.14) 0.85 (0.18) 1.12 (0.30) 1.01 (0.37) 1.15 (0.35) 1.16 (0.35)

p < 0.001/0.81c p < 0.001/1.21c p = 0.099/ − 0.31a p = 0.891/0.03a

Frequency (Hz) Frequency (Hz)

2.39 (0.73) 3.29 (1.30) 2.05 (0.55) 2.57 (0.65) 0.54 (0.16) 0.52 (0.20) 0.52 (0.19) 0.53 (0.21)

p < 0.001/0.86c p < 0.001/0.88c p = 0.478/ − 0.13a p = 0.794/0.05a

Figure 1.  Selected time series of HGRF and COP signals from two study participants showing differences in 
dynamic structure during quiet bipedal stance. ML—frontal plane, AP—sagittal plane, CONTROL COP—
COP time series of participant from control group, VOLLEYBALL COP—COP time series of participant 
from volleyball group, CONTROL HGRF—the horizontal force time series of participant from control group, 
VOLLEYBALL HGRF—the horizontal force time series of participant from volleyball group. The mean 
waveform has been subtracted from the individual waveforms.
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Discussion
The purpose of this study was to compare postural control in bipedal stance between adolescent female volleyball 
players and their non-training peers. Being aware of the insufficient discriminating power presented by the COP 
measures collected during typical everyday postural tasks such as standing still on both legs, we additionally used 
the same measures calculated directly from the horizontal ground reaction forces time-series. As expected, only 
one COP-based index, namely COP speed in the ML axis, showed moderate differences between the two groups. 
However, the direction of this difference was opposite to the expected one, i.e., VOL had higher speed than CON. 
On the other hand, the HGRF calculations revealed substantial intergroup differences for all indices except for 
speed, which values were similar in both groups. This new information is very interesting in itself and may help 
shed light on the processes involved in the development of postural control in young female volleyball players. 
As can be seen, neither enriching the COP parameter set with frequency and sample entropy measures nor 
additional simple calculations on the HGRF help in understanding the detected differences between the groups. 
It is therefore worth taking advantage of the additional results based on entropy and frequency of the HGRF.

Consider first the entropy, which was rather unexpectedly lower in VOL, i.e., showed a less irregular temporal 
structure of the HGRF time-series than in CON. Most studies using this measure to assess COP dynamics claim 
that increased, not decreased, irregularity indicates beneficial changes in postural  control9,24,25. However, there is 
no shortage of authors who recognize the inverse relationship, i.e. indicate improved (or better) stability at lower 
entropy  values26,27. Thus, this problem has not yet been solved for the COP, let alone for the HGRF, for which no 
similar comparisons have been made at all. It seems that the best way to make such comparisons will be to base 
them on the specificity of postural behavior of volleyball players and the challenges of this sport for body stability.

An argument in favor of lower entropy in VOL may be the specific attitude of volleyball players on the court 
with their knees bent and slightly leaning forward, which is a preparation for the next action whatever it might 
be. A similar strategy can be observed while standing on a foam  surface8,9, which serves to better exploit the 
afferent signals from the feet and reflect a purposeful attempt to increase the amount feedback  available28. These 
attempts are accompanied by conscious, ample, and systematic swaying of the body with fairly constant param-
eters. The superposition of such a more predictable signal with normal chaotic-like involuntary swaying must 
lead to greater regularity in the resultant sway, i.e., to lower COP entropy. Thus, there is at least one reason for a 
decreased COP entropy in the VOL group: specific requirements of volleyball game. Following the example of 
a few authors (e.g.27), we will refrain here from indicating this "better" entropy. They are simply different in the 
two groups, which is a satisfactory result in view of the purpose of this study.

It is very often argued that higher entropy is a sign of greater automaticity of postural control (with less atten-
tion) and therefore should be equated to adopting better postural  strategies9,29,30. Does better automaticity really 
mean better control? We believe it depends on the situation, so sometimes it is useful and other times it can be 
a hindrance. Firstly, such conclusions result from specific experiments concerning manipulation of attention 
resources, while our descriptive study did not introduce such manipulations and nevertheless revealed much 
lower entropy in the VOL group. Perhaps interpretations based on a combination of automaticity and entropy 
are only a small part of much more complex relationships. For example, it is known that easier postural tasks 
may exhibit lower COP  entropy31,32. In a similar vein, lower entropy was found in young than in elderly  subjects33 
and in non-fallers than in  fallers34. In this context, the lower entropy of our female volleyball players would mean 
that quiet stance is easier for female volleyball players than for CON and/or VOL perform this task with greater 
confidence. And this easiness does not have to be in any way related to the level of automatic control. It may be 
the result of some other beneficial adaptations.

Secondly, how would a higher degree of postural control automaticity support our VOL during a match? 
Even if some attentional resources are released through increased automaticity, the need for constant vigilance 
and supervision (during a game) will likely set them back. Further, control of automatic processes is difficult and 
requires substantial  effort35. It follows that while automaticity may be convenient and useful in several everyday 
situations, this asset is questionable on a volleyball court. And even more—it can be a serious obstacle in the 
conditions of fierce competition. Thus, lower sway entropy (lower irregularity) may indicate an advantage in 
VOL’s postural control over CON, especially in the face of stability challenges during a match. This is notably 
true of the trade-off between stability and  maneuverability6,36, which is particularly desirable and at the same 
time difficult to achieve during competitions.

The COP frequency exhibited no difference between the two groups in this study. In contrast, the frequency 
of HGRF was much lower in VOL than in CON, which suggests important changes in VOL under the influence 
of sport. We recently compared top-level female volleyball players with non-training  peers5 and also found no 
differences between sway frequencies while the COP-COM frequency was larger in athletic group. It is important 
to note that COP-COM is proportional to horizontal  accelerations37,38 which can be derived from the HGRF and 
are directly associated with the neural input to the postural control system. Thus, the calculations based on the 
HGRF correspond to the respective COP-COM calculations. In another  work6, we reported much higher COP 
frequency in top-level male volleyball players as compared with non-athletes which was interpreted as means to 
alleviate postural sway. This was accompanied by a decrease in the AP COP-COM frequency in athletes. Lastly, we 
compared second league volleyball players with non-active controls and found higher AP COP-COM frequency 
in  athletes4. It follows quite clearly that it is impossible to capture any constant pattern of frequency changes as 
a function of the sport performance level, at least in volleyball.

To solve this conundrum, we proposed speculatively that any unexpected changes in FRE may be tentatively 
treated as a sign of transient changes in the choice of postural  strategies5. This idea does not seem to be far 
from reality, because there are many factors that can affect or provoke changes in postural control at any level 
of experience. However, scientific support would be needed to confirm such speculation. Some papers linking 
motor variability with motor learning come to our aid here. For instance, recent findings show that increased 
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variability improves learning and supports exploration as a tool to search for new  strategies39,40. Additionally, 
it has been reported that specific changes in the frequency distribution of a neural drive can modulate motor 
variability associated with that  drive41 and that forward leaning posture relates to low-frequency neural  inputs42.

Considering these last suggestions, let us recall the relevant results (HGRF) of this study. Horizontal forces 
showed greater variability in VOL, and the force frequency measures decreased in this group. The first observa-
tion should be interpreted as a manifestation of information seeking for the purpose of further exploration in 
the space of possible solutions, which is characteristic of the process of learning and  adaptation40. On the other 
hand, the second observation proves the increased importance of lower FRE in the HGRF spectrum. This is not 
entirely unambiguous, because it could be caused by both an increase in the amplitude of lower frequencies as 
well as a decrease in higher ones. Putting these details aside for now, this means, first, a voluntary increase in 
horizontal forces that has been directly measured. Secondly, it indicates a tendency to rock regularly in a slightly 
forward-leaning position. And lastly, this is in line with Richer and  Lajoie30 who interpreted the lower frequency 
as a sign of decreased automaticity, which in turn supports our findings of reduced entropy. Summing up, we 
believe that we have drawn reasonable inferences of the contrast between postural control in VOL and CON. It 
is worth emphasizing that these results were obtained only based on HGRF analysis using indices commonly 
used for COP.

There are several major limitations in this study that could be addressed in future research. First, in trying 
to understand the reasons for the different dynamics (temporal structure) of the HGRF in the two groups, we 
drew to some extent from previous interpretations of similar changes observed in the COP. Therefore, it is 
important to be aware that these interpretations are not necessarily correct because the HGRF contains more 
information about postural control than the COP (the frequency band of the first signal is about 4 times larger 
than the second). This surplus of information, the meaning of which is yet unknown, may modify our (still 
incomplete) picture of the relationship between experimental conditions and entropy. On the other hand, it can 
also contribute to a better understanding of non-linear measures of COP. The second limitation concerns the 
central tendency measure for the HGRF frequency. While various such point measures exist and are useful in 
many applications, their use in the study of human neurophysiology appears to be limited and even confusing. 
To avoid undesirable ambiguities, it is recommended to divide the entire frequency band into several parts. 
This will allow, to some extent, to isolate changes in frequency depending on the neural control strategy used 
by subjects during quiet stance.

The third limitation relates to how the balance is measured, which affects the reliability of the results. In 
general, longer measurements repeated several times have been shown to provide better reliability for selected 
groups of subjects. However, there are no universal recommendations for the length of time to measure COP, let 
alone GRF. Moreover, there is no consensus on the validity of postural control indices calculated from COP and 
GRF. In our opinion, a short measurement time should better describe the natural postural behavior of volleyball 
players acquired during training and competition.

One more limitation of this study appears to be the narrowing of postural control measurements to a sim-
ple static test. As can be seen, however, this test revealed definite intergroup differences that indicate a serious 
effect of volleyball training on simple postural behavior. For now, this is difficult to interpret. Further research 
in dynamic testing (e.g., Y-balance or SEBT) is warranted, the results of which should complete the picture and 
make it clearer. In the same vein, it is worth continuing to measure postural control in positions more repre-
sentative for volleyball players.

In conclusion, the frequency and entropy of the HGRF time-series were very effective in distinguishing the 
volleyball players from the control group, which was completely unsuccessful when analyzing the COP only. 
This means that despite very similar COP indices in the two compared groups, the processes at the interface of 
neural control of balance and sway may differ significantly. Most likely, it accounts for a different way of process-
ing information and/or different control modes convenient for each group. The HGRF parameters show greater 
sensitivity to possible differences in postural control and may be particularly useful in tracking changes in the 
maintenance of upright stance over short periods of time.

Data availability
The datasets are available from the corresponding author on a reasonable request.
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