Journal of

Research Paper ™

Check for
updates

Effects of Sports Surface Stiffness on Time—-Frequency Features of Vertical
Ground Reaction Forces During Hopping

*Abbas Farjad Pezeshk!(® , Heydar Sadeghi?(®’, Zahra Mousavi Rineh?

1. Faculty of Physical Education and Sport Sciences, Department of Sport Sciences, University of Birjand, Birjand, Iran.
2. Faculty of Physical Education and Sport Sciences, Department of Sport Biomechanics, Kharazmi University, Tehran, Iran.

Useyour devic o scan and Farjad Pezeshk A, Sadeghi H, Mousavi Rineh Z. Effects of Sports Surface Stiffness on Time—Frequency

read the article online

Features of Vertical Ground Reaction Forces During Hopping. Journal of Sport Biomechanics.2026;12(2):210-222.
https://doi.org/10.66224/JSportBiomech.12.2.210

d https://doi.org/10.66224/3SportBiomech.12.2.210

ABSTRACT

@))%z The mechanical interaction between the human body and sports surfaces

Article Info: plays a critical role in maintaining functional stability and minimizing mechanical
load. This study ergonomically examined sports surface stiffness within the typical
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across four stiffness conditions. Vertical ground reaction force (vGRF) data were
collected using a force plate and analyzed via Fast Fourier Transform (FFT). Peak
force, median frequency, and the 99.5% frequency components of the VGRF were
compared across surfaces using repeated-measures ANOVA with Bonferroni-
adjusted post hoc tests (a = 0.05).
Median frequency on the force plate was significantly higher than on all other
surfaces (p < 0.001; large effect size n?> = 0.437). The 99.5% frequency was greatest
on the 500 kN/m surface (n? = 0.348), although the 300 kN/m surface did not differ
from the force plate (p > 0.05). Conversely, peak VGRF was lowest on the 500 kN/m
surface (p < 0.001; very large effect size n> = 0.654).
The 300 kN/m surface produced more favorable force-frequency
Keywords: characteristics, whereas the 500 kN/m surface reduced mechanical loading. Overall,
a stiffness range between 300 and 500 kN/m may provide an optimal balance between
Sports surface, Ergonomics, minimizing potentially injurious loading in both time and frequency domains. These
Force frequency, Ground findings offer practical guidance for the ergonomic design of sports flooring and
reaction force training environments.
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1. Introduction

The design of sports environments requires careful integration of ergonomic principles to enhance safety,
performance, and athlete well-being. Among the mechanical properties of sports surfaces, stiffness is
particularly influential, as it shapes the biomechanical responses of the lower limbs during dynamic
activities. Previous studies have documented athletes’ adaptive strategies in modulating leg stiffness in
response to surface compliance, which affects energy transfer, neuromuscular control, and injury risk (1—
4). However, inconsistencies remain in the literature regarding the influence of stiffness values typical of
commercial sports flooring (200-500 kN/m), which may be insufficient to induce substantial
biomechanical changes (9,12). Experimental studies using much softer surfaces (<100 kN/m) have shown
pronounced alterations in leg stiffness and energy dynamics, but the ecological relevance of these findings
for real-world sports settings is limited. To address these gaps, the present study investigated how
variations in surface stiffness within the common indoor range (300-500 kN/m) affect lower-limb
mechanical responses. Specifically, the study examined whether stiffness changes within this practical
range produce measurable differences in ground reaction force (GRF) characteristics during hopping.
Emphasis was placed on frequency-domain features of the vertical GRF, given their emerging relevance
in identifying loading patterns associated with performance demands and injury mechanisms. The
overarching goal was to generate evidence-based ergonomic recommendations for the design of sports
surfaces that optimize both safety and functional performance in recreational and competitive
environments.

2. Methods

A repeated-measures experimental design was used to evaluate the effects of surface stiffness on vertical
ground reaction forces during hopping. Prior to data collection, statistical power analysis was performed
using G*Power 3.1 to determine the required sample size for repeated-measures ANOVA. Assuming a
medium effect size (f = 0.25), a = 0.05, and statistical power of 0.80, a sample of 30 participants was
deemed adequate, yielding an actual power of 0.82. Thirty male physical education students aged 20-30
years, each with at least five years of regular training experience, were recruited through purposive
sampling. Inclusion criteria required participation in a minimum of three training sessions per week to
ensure consistent physical conditioning. Exclusion criteria included recent musculoskeletal injury,
neurological disorders, or unwillingness to complete the protocol. The experimental surface consisted of a
two-layer structure: a 5-mm wooden parquet top layer (50 x 50 cm) mounted on a 20-mm compressed
wood base. To simulate resilient sports flooring, four to six steel springs (50 and 100 kN/m stiffness,
constructed from 17-7 A313 steel) were installed at the corners, enabling adjustable stiffness
configurations. The platform allowed vertical displacement via linear bearings, permitting controlled
manipulation of surface stiffness. Four stiffness conditions were tested: 300, 400, and 500 kN/m, along
with a rigid force plate serving as the baseline condition.

Vertical ground reaction forces (VGRF) were recorded using an AMTI force plate embedded at the center
of the surface. Environmental conditions—including temperature, surface texture (aside from spring
configuration), and time of day—were standardized across all trials. Hopping frequency was controlled at
2.2 Hz using a digital metronome, corresponding to participants’ preferred hopping frequency (2). Trials
were accepted only when execution frequency remained within +2% of the target. Each participant
performed 30 familiarization hops on each surface, followed by 15 test hops per condition, with three-
minute rest intervals between conditions. Kinetic data were filtered using a fourth-order, zero-lag
Butterworth filter with a cutoff frequency of 50 Hz. Hops 610 from each trial were analyzed to minimize
variability. Peak VGRF values were normalized to body mass. Frequency-domain analysis was performed
using Fast Fourier Transform (FFT) in MATLAB 16.0, from which median frequency (Fmedian) and the
frequency containing 99.5% of total signal power (F99.5) were extracted (14). Statistical comparisons
across stiffness conditions were conducted using repeated-measures ANOVA (o = 0.05). When significant
main effects were identified, Bonferroni-adjusted pairwise comparisons were performed. All analyses were
completed using SPSS version 25.0.
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3. Results

The results presented in Figure 1 show that the force plate condition yielded the highest Fmedian (3.69
0.44 Hz), which was significantly greater than all spring-based surfaces (p < 0.001). The 300, 400, and 500
kN/m surfaces produced lower Fmedian values (3.51 + 0.50, 3.48 £ 0.37, and 3.45 £ 0.30 Hz, respectively).
The highest F99.5 values were observed at 500 KN/m (8.23 = 3.24 Hz), indicating a greater proportion of
high-frequency content in the GRF signal. In contrast, the force plate produced the lowest F99.5 (5.86 +
1.97 Hz). Normalized peak ground reaction forces were lowest on the 500 kN/m surface (27.92 + 4.11
N/Kkg), significantly lower than those on the 300 kN/m (29.08 + 4.44 N/kg), 400 kN/m (29.31 + 5.06 N/kg),
and force plate (31.88 + 5.01 N/kg) conditions (p < 0.001) (Fig. 1). These findings indicate that the stiffest
spring surface (500 kN/m) reduced peak loading while simultaneously increasing the frequency content of
the GRF signal, reflecting sharper and more rapid force application. Conversely, the softest surface (300
kN/m) produced smoother, lower-frequency force patterns, which may suggest more controlled
neuromechanical responses. Overall, the frequency-domain analysis demonstrated that surface stiffness
meaningfully influences neuromechanical strategies during hopping. Harder surfaces elicited rapid, high-
frequency loading, whereas softer surfaces promoted more distributed, lower-frequency force application.
The intermediate stiffness condition (400 kN/m) appeared to balance these effects, producing moderate
peak forces and frequency values.
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Fig. 1. Comparison of maximum force (Max vGRF), median frequency (Median frequency), and 99.5% signal power frequency
(99.5% Frequency) across four different surface stiffness conditions. a: significant difference compared with 300 kN/m surface;
b: significant difference compared with 400 kN/m surface; c: significant difference compared with 500 kN/m surface and d:
significant difference compared with the force plate
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4. Discussion

This study provides new evidence on how sports surface stiffness within the practical indoor range of 300—
500 kN/m influences lower-limb biomechanics during cyclic hopping. Although many earlier studies have
shown that athletes actively modulate leg stiffness to maintain center-of-mass dynamics across different
surface compliances (1-4), much of this work has focused on extreme stiffness conditions that are not
representative of real sports environments. The present findings demonstrate that even moderate variations
in surface stiffness can measurably affect both time- and frequency-domain characteristics of vertical
ground reaction forces (VGRF). The force plate, representing the stiffest and least compliant condition,
produced the highest median frequency, consistent with prior work showing that rigid surfaces generate
rapid force application and minimal energy absorption (4). Conversely, the highest F99.5 values were
observed on the 500 kN/m spring surface, indicating sharp, high-frequency loading components. High-
frequency force signals have been linked to neuromuscular responses associated with impact attenuation
and potential injury mechanisms (14,15). These findings suggest that although stiffer spring surfaces
reduce peak VGRF, they also induce rapid oscillatory forces that may increase neuromuscular demand. In
contrast, the softest surface (300 kN/m) produced smoother, lower-frequency force patterns, aligning with
earlier evidence that more compliant surfaces distribute forces over longer time intervals and promote
controlled neuromechanical responses (1-3,6). Interestingly, peak VGRF was lowest—not on the softest
surface—but on the 500 kN/m condition. This supports the leg—surface interaction theory, which proposes
that individuals adapt ankle and lower-limb mechanics to maintain overall system stiffness when surface
stiffness increases (2-4,9). Such adaptations may act as protective strategies to mitigate high-impact
loading despite the surface’s stiffness.

The intermediate stiffness (400 KN/m) generated moderate peak forces and frequency-domain values,
suggesting a biomechanically balanced response. Similar findings have been reported in studies on running
tracks, drop jumps, and artificial flooring, where mid-range stiffness offers optimal trade-offs between
loading, shock absorption, and performance (9-13). Overall, these results highlight that both very stiff and
relatively soft surfaces impose distinct mechanical demands, whereas surfaces within the mid-range of
300-500 kN/m may provide an ergonomic optimum. Future research should incorporate diverse
populations, explore footwear—surface interactions, and examine long-term adaptations to better
understand the cumulative effects of surface stiffness on performance and injury risk.
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