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Abstract: The purpose of this study was to evaluate the acute effects of a mini trampoline train-
ing session (SuperJump®) on leg stiffness and reactive power (RP) while examining its relation
to participants’ sex. A total of 20 participants (11 females, age: 24.4 ± 1.0 yrs; 9 males, age:
27.3 ± 2.9 yrs) performed continuous jump repetitions (RJs), measured on a force plate, before
(PRE) and after (POST) a 30 min Superjump® session. Linear repeated measures mixed models were
used to examine the effects of the Superjump® session on the leg stiffness mean (KMEAN), mean of
the best RJs (KBEST), and RP in relation to sex. Before and after the mini trampoline training ses-
sion, females showed lower KMEAN and KBEST values compared with males. Despite the significant
(p < 0.002) decreases in RP after the Superjump® session in both males (PRE: 23.1 ± 6.5 W/kg; POST:
21.2 ± 6.1 W/kg) and females (PRE: 23.6 ± 5.5 W/kg; POST: 21.9 ± 5.3 W/kg), leg stiffness remained
unchanged, suggesting a potential protective effect of mini trampoline training on leg stiffness during
acute adaptations. These findings suggest that Superjump® training might exert a protective effect on
leg stiffness, which prevents acute decreases that are commonly observed in other training modalities.
The sex-related differences emerging from the present study emphasize the need for personalized
approaches when integrating this innovative training tool into athletes’ regimens.

Keywords: plyometric training; jump training; Superjump® workout; healthy young students

1. Introduction

The concept of stiffness originates in physics, particularly as a part of Hooke’s Law,
which defines objects as deformable bodies that are capable of storing and returning elastic
energy. Hooke’s Law states that the force (F) required to deform a material is related to a
proportionality constant (k) and the distance (x) that the material is deformed, provided
that its shape is not permanently changed. Mathematically, this relationship is expressed
as F = kx. The proportionality constant ‘k’ is referred to as the spring constant, which
describes the stiffness of an ideal spring and mass system. Stiffness in the human body, or
in body segments, describes the body’s ability to resist displacement when subjected to
ground reaction forces or moments. In this context, stiffness can be described at various
levels, ranging from a single muscle fiber to creating a model for the entire body as a mass
and spring system [1]. For instance, lower limbs are often modeled as springs supporting
the mass of the body, and the existing literature suggests that the stiffness of the human
body is a combination of all individual stiffness values that are contributed by tendons,
ligaments, muscles, cartilage, and bone [2].

Leg stiffness is a critical concept in sport biomechanics, and it has significant implica-
tions for both performance and injury prevention. Consequently, finding the right balance
of stiffness is crucial as excessively high or low levels can lead to negative outcomes or
injuries [1]. Therefore, training programs should aim to determine the optimal range of leg
stiffness to achieve the desired athletic effects.
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Jumping performance, a key aspect of many sports and human activities, is influenced
by leg stiffness and related training protocols. Repeated jumps and plyometric training [3]
show analogies with the mass-spring model [4–10] and are considered crucial for improving
leg stiffness. Particularly, plyometric training has been found to have a substantial impact
on joint stiffness during drop jumps, with a significant increase (+63.4%) in stiffness being
reported after a 12-week program [11]. Conversely, insufficient stiffness can lead to soft
tissue injuries, as demonstrated by a decrease (−32.7%) in ankle joint stiffness following
7 weeks of plyometric training using sinusoidal perturbations [1,11,12].

Leg stiffness plays a crucial role in the stretch-shortening cycle, which allows for
the storage and release of elastic strain energy in the musculotendinous unit [13]. This
capability contributes to improved muscle reactive power (RP) and jump height [14],
suggesting that maximum power production during jumps is highly related to lower level
of limb stiffness in adults [15]. Interestingly, hopping frequency has also been shown to
increase leg stiffness, potentially due to an increase in ankle stiffness [16,17]. However,
the relationship between leg stiffness and athletic performance is not solely dependent on
the athlete’s physiological structure. Factors such as fatigue protocols, methods used to
calculate leg stiffness, and the training surface can all influence the findings reported on leg
stiffness [18]. One method to alter the surface is through mini trampoline training, which
has been demonstrated to simultaneously enhance strength, balance, body stabilization,
fitness, lower limb asymmetry, and spatial orientation [19–21]. The use of an elastic surface
during mini trampoline training leads to an increase in leg stiffness, reducing the average
force required to execute jumps and thus increasing the mechanical work done by the
surface [17].

Despite the potential benefits and multiple effects of mini trampoline training on
movement patterns, there is currently a lack of research investigating the acute effects
of trampoline training on leg stiffness and RP. Therefore, given the potential of mini
trampoline training for optimizing jump training while minimizing joint stress and the risk
of injuries [22], our study aimed to evaluate the sex-related acute effects of a single mini
trampoline training session on leg stiffness and RP in young adults.

2. Materials and Methods
2.1. Experimental Approach to the Problem

Stiffness and RP are essential parameters that are often evaluated in strength and
conditioning investigations, particularly during vertical, countermovement, and repetitive
jumps, in relation to both performance and injuries. However, there is a lack of research
specifically focused on stiffness and strength in the context of plyometric training on
different jumping surfaces. To address this gap and provide scientific evidence regarding
leg stiffness and RP, our study took a new methodological approach. A higher level of
leg stiffness is believed to enhance the dynamic mechanism’s ability to generate rebound
movements during the stretch-shortening cycle [23,24] and reduce the risk of excessive
load on passive knee structures [25]. Plyometric training is known to enhance these
characteristics, and by using the mini trampoline as a training tool, we aimed to gain
valuable insights beyond what traditional vertical jumps, countermovement jumps, and
repetitive jumps can offer. Additionally, our study considered the influence of sex on leg
stiffness and RP, providing a comprehensive understanding of how these factors interact.
In this investigation, we measured leg stiffness (K) in (kilograms*Newton)/(meters) and
RP in Watt/kilograms as dependent variables; sex (female and male) and testing time (PRE
vs. POST) were used as independent variables.

To ensure direct comparability with previous studies, we estimated leg stiffness using
the methods originally described by Cavagna [26], in which leg stiffness is defined as the
ratio between the peak vertical ground reaction force (Fmax) and the maximum vertical
displacement of the center of mass (∆CoM), which is the difference in the center of mass’s
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vertical position at initial ground contact and at the lowest point. The equation for leg
stiffness is given as follows (Equation (1)):

K =
Fmax
∆CoM

[kN/m] (1)

This method has been extensively utilized in evaluating leg stiffness during hopping
tasks in various studies [27–30].

To assess RP, we employed the following Equation (2) [31], which involves dividing
the product of gravity acceleration (g), time of flight (TF), and total time (TT) (the sum of
the time of contact (TC) and TF) by the product of 4 and the TC:

RP =
g2 ∗ (TF ∗ TT)

4 ∗ TC
[Watt/kg] (2)

A 2-way mixed effects model was utilized to assess the reliability of the measurements
recorded by the force plate. The force platform demonstrated high intra-class correlation
coefficients (ICCs) for both stiffness (ICCs = 0.92; 95% confidence interval [CI]: 0.82–0.96)
and RP (ICCs = 0.90; 95% CI: 0.79–0.96) [32,33]. These high ICC values indicate strong
consistency and agreement in the measured stiffness and RP values obtained from the force
plate, which confirms the reliability of the force platform’s data for our study.

2.2. Subjects

Twenty college students (11 females, 9 males) participated in the study, with the
average age being 25.7 ± 2.5 years spanning a range of 23 to 32 years. The study was
conducted following the guidelines of the Declaration of Helsinki and received approval
from the Institutional Review Board of the Department of Human Science, Society, and
Health of the University of Cassino and Lazio Meridionale. Prior to participating, all
subjects read and signed a written consent form, and they were informed of their right
to withdraw from the study at any time without facing any consequences. To ensure the
homogeneity of the sample, individuals with prior experience in Superjump® and those
who reported preexisting limitations such as cardiovascular, respiratory, metabolic diseases,
and musculoskeletal injuries of the back or lower extremities were excluded from the study.

In accordance with the Regulation (EU) 2016/679 of the European Parliament and of
the Council of 27 April 2016, also known as the General Data Protection Regulation (GDPR),
which safeguards the rights and privacy of individuals with respect to the processing of
personal data, we took measures to ensure the appropriate security and confidentiality of
the participants’ personal data. To maintain anonymity, each participant was assigned a
unique identification code, and their personal data were solely used for statistical purposes.

2.3. Procedures

The timeline of the experimental procedures is shown in Figure 1.

Appl. Sci. 2023, 13, x FOR PEER REVIEW 4 of 14 
 

 
Figure 1. Timeline of the experimental procedures. 

Testing Protocols: Data collection took place at the Sport and Exercise Physiology 
Laboratory of the University of Cassino and Lazio Meridionale. The entire testing was 
conducted in a single session. Prior to the baseline evaluations, all subjects were 
familiarized with the experimental protocols. At the start of the official testing procedures, 
following a 10-min warmup of low-intensity running (1–2 AU), which was monitored 
using the rating of perceived exertion (RPE) on the category-ratio (CR-10) scale [21,34], 
subjects underwent a familiarization jumping session involving a total of 50 free jumps on 
a mini trampoline. To assess exercise session intensity, the session RPE was recorded 
using the CR-10 scale 30 min after the completion of the Superjump® training session, 
which is consistent with similar studies [21,34]. 

Anthropometric Measurements: Before starting the testing sessions, anthropometrical 
parameters, including height (in meters) and body mass (in kilograms), were collected for 
each subject. The measurements were obtained using a scale with an integrated 
stadiometer (Seca, model 709; Vogel & Halke, Hamburg, Germany) with an accuracy of 
0.1 kg for body mass and 0.1 cm for height. The body mass index (BMI) of each subject 
was calculated as weight (kg) divided by height squared (m2). The anthropometric 
characteristics of the participants are presented in Table 1. 

Table 1. Mean values and standard deviations (SDs) of the subjects’ characteristics. 

 Females Males Total 
N 11 9 20 

Age (years) 24.4 ± 1.0 27.3 ± 2.9 25.7 ± 2.5 
Body height (m) 1.60 ± 0.1 1.70 ± 0.1 1.70 ± 0.1 
Body mass (kg) 56.5 ± 6.2 74.0 ± 10.7 64.4 ± 12.2 
BMI (kg·m−2) 22.4 ± 2.0 24.4 ± 2.8 23.3 ± 2.6 

N = number; BMI = body mass index. 

Repetitive Jump Test: Following a familiarization jumping session, the subjects 
performed a repetitive jump test to assess lower limb stiffness and muscle RP before (PRE) 
and after (POST) the Superjump® training session. The RJs testing session comprised three 
trials, with each trial consisting of five continuous jump repetitions (RJs) at the subject’s 
preferred jumping frequency. A 1-min recovery period was provided between each trial. 
During the RJs, subjects were instructed to begin from a standing position, jump upwards 
without bending their knees, and keep their hands on their hips. The goal was to achieve 

Figure 1. Timeline of the experimental procedures.



Appl. Sci. 2023, 13, 9865 4 of 12

Testing Protocols: Data collection took place at the Sport and Exercise Physiology Labo-
ratory of the University of Cassino and Lazio Meridionale. The entire testing was conducted
in a single session. Prior to the baseline evaluations, all subjects were familiarized with the
experimental protocols. At the start of the official testing procedures, following a 10-min
warmup of low-intensity running (1–2 AU), which was monitored using the rating of
perceived exertion (RPE) on the category-ratio (CR-10) scale [21,34], subjects underwent
a familiarization jumping session involving a total of 50 free jumps on a mini trampoline.
To assess exercise session intensity, the session RPE was recorded using the CR-10 scale
30 min after the completion of the Superjump® training session, which is consistent with
similar studies [21,34].

Anthropometric Measurements: Before starting the testing sessions, anthropometrical
parameters, including height (in meters) and body mass (in kilograms), were collected for
each subject. The measurements were obtained using a scale with an integrated stadiometer
(Seca, model 709; Vogel & Halke, Hamburg, Germany) with an accuracy of 0.1 kg for body
mass and 0.1 cm for height. The body mass index (BMI) of each subject was calculated
as weight (kg) divided by height squared (m2). The anthropometric characteristics of the
participants are presented in Table 1.

Table 1. Mean values and standard deviations (SDs) of the subjects’ characteristics.

Females Males Total

N 11 9 20

Age (years) 24.4 ± 1.0 27.3 ± 2.9 25.7 ± 2.5
Body height (m) 1.60 ± 0.1 1.70 ± 0.1 1.70 ± 0.1
Body mass (kg) 56.5 ± 6.2 74.0 ± 10.7 64.4 ± 12.2
BMI (kg·m−2) 22.4 ± 2.0 24.4 ± 2.8 23.3 ± 2.6

N = number; BMI = body mass index.

Repetitive Jump Test: Following a familiarization jumping session, the subjects per-
formed a repetitive jump test to assess lower limb stiffness and muscle RP before (PRE)
and after (POST) the Superjump® training session. The RJs testing session comprised three
trials, with each trial consisting of five continuous jump repetitions (RJs) at the subject’s
preferred jumping frequency. A 1-min recovery period was provided between each trial.
During the RJs, subjects were instructed to begin from a standing position, jump upwards
without bending their knees, and keep their hands on their hips. The goal was to achieve
maximum height and speed in each jump while minimizing contact times between jumps.
Data collection during the RJs was performed by using a force plate (Kistler 9290AD, Kistler,
Winterthur, Switzerland) with a measurement range from 0 N to 10,000 N, and linearity
of ≤±0.5% FSO. The data acquisition system (Tektronix TBS 1202B, Tektronix, Beaverton,
OR, USA) and charge amplifier (Kistler 5001, Kistler, Winterthur, Switzerland) were used
to record the data.

The leg stiffness mean (KMEAN) and RP mean of the five repetitive jumps (RJs) in each
of the three trials along with the mean of the best RJs (one per trial) (KBEST) over the five
jumps for each subject were utilized for the subsequent analysis.

Superjump® Training: The Superjump® training used in this study was an elastic
mini trampoline (CoalSport, Rome, Italy) with the following specifications: diameter
of 122 cm, height of 26 cm, weight of 15 kg, equipped with 40 springs, 8 folding feet,
and capable of supporting up to 150 kg. For this study, the Superjump® Original was
employed, which is designed for untrained and/or beginner subjects. Participants were
instructed to follow the workout instructions that were provided via a DVD disc [21].
The video workout was displayed on a computer screen that was positioned in front
of the mini trampoline. The Superjump® training session consisted of a period of free
practice on the mini trampoline followed by a 30-min workout. The session included
a 5-min warmup and a 5-min cooldown phase, during which subjects were required
to engage in continuous jumping and perform upper limb exercises (e.g., alternating
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arm swing) and breathing exercises. The central phase of the workout, which lasted
20 min, involved various jumping exercises that alternated between upper and lower limb
movements. Subjects were instructed to perform continuous jumping without any breaks
throughout this phase. The jumping exercises in the central phase were combined with
swing movements of the upper limbs and included the following:

- Double leg jumps on the frontal and sagittal planes;
- Single leg jumps on the frontal and sagittal planes;
- Double leg jumps alternating between the sagittal and frontal planes;
- Single and double leg lateral jumps;
- Jumping jacks;
- Standing Russian twist;
- Shuffle forward and backward (alternating feet back and forth with each jump).

Throughout the Superjump® workout, participants completed an average of 3425.5 to-
tal jumps with a range of 3226 to 3625 jumps, including the warmup and
cooldown phases.

2.4. Statistical Analysis

The Shapiro–Wilk test was employed to assess the normal distribution of the data.
Means, standard deviations (SDs), and 95% confidence intervals (95% CIs) were calculated
for KMEAN, KBEST, and RP. The statistical analysis was conducted using STATA statistical
software version 14.2 (Stata-Corp, LLC, College Station, TX, USA).

Linear repeated measures mixed models were performed to examine the effects of
a Superjump® training session on the subjects’ stiffness (KMEAN and KBEST) and RP per-
formances in relation to sex. In the model, subjects were considered as the random effect,
whereas sex (female vs. male) and testing time (PRE vs. POST) were treated as fixed effects.
The models were fitted using maximum residual likelihood to account for the small sample
size. For assessing the significance of main effects and interactions, a repeated-measures
analysis of variance (ANOVA) test was utilized to compute the degrees of freedom of a
t-distribution as subjects were tested in both PRE and POST training sessions. The con-
trast method was subsequently employed to test whether the means of the dependent
variables (i.e., stiffness, RP) for sex (female vs. male) and testing time (PRE and POST)
were equivalent. The contrast method tests included ANOVA-style tests of the main effects,
which were used to perform the comparison against the reference categories (i.e., PRE vs.
POST; female vs. male). The main effect and interaction statistical significance were set at
p < 0.05. In case significant main effects and interactions were found, a post hoc analysis
was conducted using Bonferroni correction for multiple comparison adjustments across all
terms. For the post hoc pair-wise comparisons, significance was set at p < 0.008 to provide
a meaningful analysis for the comparisons in small groups. In order to provide an estimate
of the measurement error of the linear repeated measures mixed models, standard errors
(SEs) and intra class correlation coefficients (ICCs) were used. Additionally, Cohen’s effect
sizes (ESs) were calculated to ascertain practical significance. An ES of 0.2 or less was
considered trivial, an ES ranging from 0.3 to 0.6 was considered small, an ES less than 1.2
was considered moderate, and an ES greater than 1.2 was regarded as large [35].

3. Results

PRE and POST means and standard deviations of the RJs test performances have been
reported in Table 2 in relation to sex.

The linear repeated measures mixed model analysis showed a significant main ef-
fect for KMEAN regarding sex (F (3,18) = 7.65; p < 0.0001; 95% CI = 6.91–20.30, ES = 2.06,
SE = 3.18, ICC = 0.84), indicating that males demonstrated superior values compared
with their female counterparts. Following Bonferroni correction, significant differences
in KMEAN were observed between sexes during both the PRE intervention (p < 0.0001;
95% CI = 7.36–19.85; ES = 1.97) and POST intervention (p < 0.0001; 95% CI = 8.65–21.14;
ES = 2.04). Significant differences (p < 0.0001; 95% CI = 7.33–19.82; ES = 1.79) in the KMEAN
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were observed between males in the POST intervention and females in the PRE interven-
tion. Likewise, significant differences (p < 0.0001; 95% CI= −21.17–−8.68; ES = 2.26) were
identified in males in the PRE intervention and females in the POST intervention (Figure 2).

Table 2. Mean and standard deviations of leg stiffness (KMEAN; KBEST) and reactive power (RP)
before (PRE) and after (POST) the 30-min Superjump® mini trampoline training session in female
and male participants.

PRE POST

Females Males Females Males

KMEAN (kN/m) 25.1 ± 3.8 * 38.7 ± 9.4 23.8 ± 2.7 * 38.7 ± 10.4
KBEST (kN/m) 30.9 ± 4.8 * 49.0 ± 11.9 31.6 ± 4.1 * 47.3 ± 13.1

RP (W/kg) 23.6 ± 5.5 23.1 ± 6.5 21.9 ± 5.3 # 21.2 ± 6.1 #
Abbreviations: KMEAN = Mean leg stiffness of five repetitive jumps over three trials; RP = mean reactive power of
five repetitive jumps over three trials; KBEST = mean leg stiffness of the best jump (one per trial) of five repetitive
jumps over three trials. * Significantly (p < 0.0001) different from males; # significantly (p < 0.002) different
from PRE.
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Figure 2. Distribution of leg stiffness (KMEAN) before (PRE) and after (POST) Superjump® interven-
tions among male and female subjects.

Similarly, the linear repeated mixed model analysis revealed a significant main effect
for KBEST with respect to sex (F (3,18) = 6.69; p < 0.0001; 95% CI = 9.57–26.60; ES = 1.91;
SE = 4.05; ICC = 0.84). The results indicate that males demonstrated superior values com-
pared with their female counterparts. After applying the Bonferroni correction, significant
differences were observed between female and male KBEST values in both the PRE interven-
tion (p < 0.0001; 95% CI = 10.14–26.03; ES = 2.06) and POST intervention (p < 0.0001; 95%
CI = 7.73–23.62; ES = 1.68). Significant differences (p < 0.0001; 95% CI= 8.45–24.34) in KBEST
were evident between males in the POST intervention and females in the PRE intervention
(ES = 1.72). Moreover, significant differences (p < 0.0001; 95% CI= −25.31–−9.42) emerged
between males in the PRE intervention and females in the POST intervention (ES = 2.03)
(Figure 3).
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among male and female subjects.

In addition, the analysis revealed a significant main effect for testing time (F (3,18) = 6.58;
p < 0.006; 95% CI = −2.8–−0.55; ES = 0.30; SE = 0.53; ICC = 0.95), indicating a noticeable
effect on RP values irrespective of sex. After Bonferroni correction, significant differ-
ences were found for both male (p < 0.002; 95% CI = −3.03–−0.69; ES = 0.29) and female
(p < 0.002; 95% CI = −2.74–−0.63; ES = 0.31) RP values in the PRE and POST interventions,
respectively (Figure 4).
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4. Discussion

Trampoline jumping has become a widely popular fitness trend, with the primary goal
being to improve aerobic capacity, balance, inter-limb asymmetries, strength, and power
among participants [20]. Despite its popularity, there is a lack of research on this topic, with
most studies focusing on the long-term effects of trampoline training and few examining
its acute effects. The current study aimed to achieve two objectives: firstly, to assess the
immediate effects of a single mini trampoline (Superjump®) training session on leg stiffness
and RP in young adults; and secondly, to investigate potential differences between sexes.

The key finding of this study suggests that, before and after the mini trampoline
training session, females exhibited lower KMEAN and KBEST values compared with their
male counterparts. Interestingly, despite the training, these sex differences in leg stiffness
persisted even after 30 min of mini trampoline training. On the other hand, after the
mini trampoline training session, both men and women showed significant differences
in RP values between the testing times (PRE vs. POST). The small SEs found indicate
that the estimated effect is likely to be very close to the true effect. Furthermore, the ICC
values indicate that the results are replicable within each group, which is valuable when
considering that the effects of Superjump® training session are specific to certain groups.

Previous research has shown that plyometric training, including repetitive jumps
or mini trampoline training, leads to significant improvements in jump height among
trained men and children [36]. These improvements were observed after intervention
periods ranging from four weeks to twelve weeks, with multiple sessions occurring per
week. Studies have also demonstrated that plyometric training of the lower extremities can
enhance performance measures such as jumping power and speed. Similar effects have been
observed with training interventions on non-rigid surfaces [22]. Consistent with previous
studies, the present research indicated that the decrease in KMEAN could be attributed to
subjects developing greater tolerance to the eccentric loading of the muscle–tendon unit
during repetitive jumps. Moreover, leg stiffness is regulated by various biomechanical
factors, including muscle activation, strength, reflexes, antagonist co-activation, and lower
limb kinematics during ground contact. Co-activation of lower limb antagonist muscles is
a strategy that can increase muscle stiffness and stability. The jump training used in this
study involved quick, short contact times on the elastic surface, which necessitated rapid
and powerful hip flexion. It might be therefore assumed that the elastic trampoline surface
may impact the muscle’s eccentric–concentric cycle, having an effect on the contraction
speed and strength, especially in specific lower limb regions. However, future studies
should further explore the effect of an acute session of mini trampoline training on hip
muscles activation and antagonist co-activation.

Previous studies have shown that during jump landing tasks, women tend to alter
lower limb stiffness by recruiting more quadriceps. While this may be an effective mecha-
nism for modulating lower limb stiffness during jumping, it could potentially adversely
impact knee joint stability [37]. When stiffness was examined in previous studies, a notable
difference between sexes emerged during landings [38], whereas no significant difference
was observed during hopping [24]. In contrast, Demirbuken et al. [39] found that absolute
leg stiffness was comparable between males and females during hopping at maximum
frequency. This led to the conclusion that females possessed the capacity to generate appro-
priate stiffness for the task. It is plausible that hopping, even at maximal frequency, may
not sufficiently challenge leg stiffness capacity in females, whereas in more demanding
tasks such as landing, they might not be able to produce the same relative leg stiffness as
males. However, it is important to note that the protocols used in the study conducted
by Hughes and Watkins [38] did not standardize the landing height, which could have
potentially rendered the task incomparable between females and males [40].

In accordance with the previous results for the KMEAN variable, the same pattern
emerged for KBEST. The non-significant differences for testing time can be attributed to
the specific methodology used in the study, i.e., the Superjump® workout. Considering
that KBEST is a derivative of KMEAN, it follows similar principles in assessing plyometric
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performance. The results showing no significant differences in testing time can be expected,
as the plyometric training effect is primarily associated with the subjects’ capacity to gener-
ate power during explosive movements and not their ability to sustain the performance
over time. When a muscle–tendon unit is repeatedly exposed to increased mechanical
loading, muscle strength gains are observed, which is accompanied by an increase in
tendon stiffness. Previous research [41,42] has fully investigated the assessment of both
tendon stiffness and lower body strength performance, emphasizing the efficacy of mini
trampoline training.

However, Granata et al. [23] stated in their work that it is not clear whether the cause
of the sex difference in leg stiffness is due to the physical characteristics (i.e., height and
weight) of male and female subjects. Furthermore, hopping involves the storage and
utilization of strain energy and, therefore, the maintenance of leg stiffness; landing involves
the dissipation of strain energy and, therefore, a rapid reduction in leg stiffness following
the initial impact phase. Nevertheless, in our results, men still had higher leg stiffness
than women.

Our findings reinforce the importance of leg stiffness assessment when evaluating the
effects of plyometric training. The use of repeated jumps on the mini trampoline allows for
a comprehensive analysis of lower limb mechanics, which provide valuable insights into
the subjects’ plyometric abilities. Moreover, the similarity in outcomes between KMEAN
and KBEST supports the notion that KBEST is a suitable derivative for evaluating plyometric
performance in the context of our study. However, the effects of plyometric training on
stiffness are unclear, as some studies have found no significant changes in tendon stiffness
after plyometric training, while other studies have found significant increases that show
improvements in the force transmission to the bone [43].

Significant differences in testing time emerged for RP with decreases in values after the
Superjump® training session. This can be attributed to the fact that, in line with the existing
literature, plyometric training has a notable impact on the RP of the subjects. RP is the
ability of the musculotendinous unit to produce a powerful concentric contraction after a
rapid eccentric contraction [44]. Because Superjump® training includes quick and powerful
jumping to activate the elastic properties of the major leg muscles, it might have contributed
to the decrease, increasing the accumulation of muscular fatigue. It is well-known that
plyometric exercise can lead to a temporary reduction in the torque-generating capacity of
muscles, which could explain the observed decrease in RP values in the participants after
the Superjump® training session [45]. Additionally, plyometric exercises, such as those
performed on the mini trampoline, can induce micro-muscular lesions. These micro-lesions
are part of the muscular adaptation process and may contribute to growth and performance
improvement in the long term [46]. However, during the immediate recovery period after
training, they might negatively impact the ability to generate RP. Although the decrease in
RP might initially be perceived as a negative outcome, it is important to emphasize that
this study has provided the acute effects of mini trampoline training on RP. The observed
decrease could indicate ongoing muscular and neuro-muscular adaptations which, in the
long term, might lead to significant performance improvements.

Despite the observed decrease in RP, leg stiffness remained unchanged. This could
imply that mini trampoline training might exert a protective effect on leg stiffness, pre-
venting acute decreases that are commonly observed in other training modalities [47].
Leg stiffness is a crucial biomechanical factor that influences athletic performance and
injury prevention. Therefore, Superjump® training could be a great strategy of plyometric
training for enhancing the capacity of rapid force production and reducing the risk of
musculoskeletal injuries.

5. Conclusions

Studies have widely demonstrated how plyometric and mini trampoline trainings
could have benefits and multiple effects on movement patterns. However, to date, to the
best to our knowledge, this is the first study that evaluates the sex-related acute effects of
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Superjump® training session on leg stiffness and RP in healthy young adults. Our findings
confirmed that differences in sex with respect to leg stiffness persisted, even after 30 min
of mini trampoline training. Moreover, leg stiffness did not change after a single session
of Superjump® training, although the RP values significantly decreased after the training.
These findings suggest that mini trampoline training might exert a protective effect on
leg stiffness, preventing acute decreases that are commonly observed in other training
modalities. Therefore, Superjump® training could have a high impact on training and
evaluations protocols in both field and laboratory settings. However, future studies should
explore different populations such as sedentary individuals, and they should examine
subjects after a longer period of mini trampoline training.

6. Limitations

This study has several limitations that should be taken into account when interpreting
the results. First, the sample included a population of healthy young adults. This may limit
the generalizability of the results to different populations, such as sedentary individuals,
injured subjects, youth, and elderly participants. It is also noteworthy that the study exam-
ined the short-term effects of a single session of mini trampoline training. Consequently,
the present findings are specific to the acute context, whereas potential long-term effects
necessitate further inquiry. Lastly, the lack of a control group might reduce the magnitude
and impact of the present results by hindering the differentiation of specific effects of the
training itself from other potentially influential factors.

Author Contributions: Conceptualization, C.C. and A.F.; data curation, F.D.R., O.P., E.F., M.D.M., C.C.
and A.F.; formal analysis, A.F.; investigation, C.C. and A.F.; methodology, C.C. and A.F.; resources,
C.C. and A.F.; supervision, C.C. and A.F.; writing—original draft, F.D.R., O.P., E.F., M.D.M., C.C. and
A.F.; writing—review and editing, F.D.R., O.P., E.F., M.D.M., C.C. and A.F. All authors have read and
agreed to the published version of the manuscript.

Funding: O.P. and E.F.’s PhD scholarships are funded by the National reform for Recovery and
Resilience Plan (PNRR) and Pegaso University, CUP: H36E22000130001.

Institutional Review Board Statement: The study was approved on 4 December 2019 from the Insti-
tutional Review Board of the Department of Human Sciences, Society, and Health of the University
of Cassino and Lazio Meridionale (approval number 16898).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data acquired and analyzed in the present study are available from
the corresponding author upon reasonable request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Butler, R.J.; Crowell, H.P.; Davis, I.M. Lower Extremity Stiffness: Implications for Performance and Injury. Clin. Biomech. 2003, 18,

511–517. [CrossRef] [PubMed]
2. Latash, M.L.; Zatsiorsky, V.M. Joint Stiffness: Myth or Reality? Hum. Mov. Sci. 1993, 12, 653–692. [CrossRef]
3. Lloyd, R.S.; Oliver, J.L.; Hughes, M.G.; Williams, C.A. The Effects of 4-Weeks of Plyometric Training on Reactive Strength Index

and Leg Stiffness in Male Youths. J. Strength Cond. Res. 2012, 26, 2812–2819. [CrossRef] [PubMed]
4. Blickhan, R. The Spring-Mass Model for Running and Hopping. J. Biomech. 1989, 22, 1217–1227. [CrossRef] [PubMed]
5. He, J.P.; Kram, R.; McMahon, T.A. Mechanics of Running under Simulated Low Gravity. J. Appl. Physiol. 1991, 71, 863–870.

[CrossRef]
6. Farley, C.T.; Blickhan, R.; Saito, J.; Taylor, C.R. Hopping Frequency in Humans: A Test of How Springs Set Stride Frequency in

Bouncing Gaits. J. Appl. Physiol. 1991, 71, 2127–2132. [CrossRef] [PubMed]
7. Farley, C.T.; González, O. Leg Stiffness and Stride Frequency in Human Running. J. Biomech. 1996, 29, 181–186. [CrossRef]
8. Dalleau, G.; Belli, A.; Bourdin, M.; Lacour, J.-R. The Spring-Mass Model and the Energy Cost of Treadmill Running. Eur. J. Appl.

Physiol. 1998, 77, 257–263. [CrossRef]
9. Heise, G.D.; Martin, P.E. “Leg Spring” Characteristics and the Aerobic Demand of Running. Med. Sci. Sports Exerc. 1998, 30,

750–754. [CrossRef]

https://doi.org/10.1016/S0268-0033(03)00071-8
https://www.ncbi.nlm.nih.gov/pubmed/12828900
https://doi.org/10.1016/0167-9457(93)90010-M
https://doi.org/10.1519/JSC.0b013e318242d2ec
https://www.ncbi.nlm.nih.gov/pubmed/22130392
https://doi.org/10.1016/0021-9290(89)90224-8
https://www.ncbi.nlm.nih.gov/pubmed/2625422
https://doi.org/10.1152/jappl.1991.71.3.863
https://doi.org/10.1152/jappl.1991.71.6.2127
https://www.ncbi.nlm.nih.gov/pubmed/1778902
https://doi.org/10.1016/0021-9290(95)00029-1
https://doi.org/10.1007/s004210050330
https://doi.org/10.1097/00005768-199805000-00017


Appl. Sci. 2023, 13, 9865 11 of 12

10. McMahon, T.A.; Cheng, G.C. The Mechanics of Running: How Does Stiffness Couple with Speed? J. Biomech. 1990, 23, 65–78.
[CrossRef]

11. Kubo, K.; Morimoto, M.; Komuro, T.; Yata, H.; Tsunoda, N.; Kanehisa, H.; Fukunaga, T. Effects of Plyometric and Weight Training
on Muscle-Tendon Complex and Jump Performance. Med. Sci. Sports Exerc. 2007, 39, 1801–1810. [CrossRef] [PubMed]

12. Cornu, C.; Silveira, M.-I.A.; Goubel, F. Influence of Plyometric Training on the Mechanical Impedance of the Human Ankle Joint.
Eur. J. Appl. Physiol. 1997, 76, 282–288. [CrossRef] [PubMed]

13. Komi, P.V.; Bosco, C. Utilization of Stored Elastic Energy in Leg Extensor Muscles by Men and Women. Med. Sci. Sports 1978, 10,
261–265. [PubMed]

14. Bobbert, M.F. Dependence of Human Squat Jump Performance on the Series Elastic Compliance of the Triceps Surae: A Simulation
Study. J. Exp. Biol. 2001, 204, 533–542. [CrossRef] [PubMed]

15. Arampatzis, A.; Schade, F.; Walsh, M.; Brüggemann, G.-P. Influence of Leg Stiffness and Its Effect on Myodynamic Jumping
Performance. J. Electromyogr. Kinesiol. 2001, 11, 355–364. [CrossRef] [PubMed]

16. Farley, C.T.; Morgenroth, D.C. Leg Stiffness Primarily Depends on Ankle Stiffness during Human Hopping. J. Biomech. 1999, 32,
267–273. [CrossRef] [PubMed]

17. Ferris, D.P.; Farley, C.T. Interaction of Leg Stiffness and Surface Stiffness during Human Hopping. J. Appl. Physiol. 1997, 82, 15–22.
[CrossRef] [PubMed]

18. De Ste Croix, M.B.A.; Hughes, J.D.; Lloyd, R.S.; Oliver, J.L.; Read, P.J. Leg Stiffness in Female Soccer Players: Intersession
Reliability and the Fatiguing Effects of Soccer-Specific Exercise. J. Strength Cond. Res. 2017, 31, 3052–3058. [CrossRef]

19. Cugusi, L.; Serpe, R.; Bergamin, M.; Solla, P.; Mercuro, G.; Romita, G.; Cadeddu, C.; Mercurio, G.; Manca, A. Effects of a
Mini-Trampoline Rebounding Exercise Program on Functional Parameters, Body Composition and Quality of Life in Overweight
Women. J. Sports Med. Phys. Fit. 2018, 58, 8. [CrossRef]

20. De Maio, M.; Di Rocco, F.; Papale, O.; Festino, E.; Fusco, A.; Cortis, C. Could Mini-Trampoline Training Be Considered as a New
Strategy to Reduce Asymmetries? Appl. Sci. 2023, 13, 3193. [CrossRef]

21. Iannaccone, A.; Fusco, A.; Jaime, S.J.; Baldassano, S.; Cooper, J.; Proia, P.; Cortis, C. Stay Home, Stay Active with SuperJump®: A
Home-Based Activity to Prevent Sedentary Lifestyle during COVID-19 Outbreak. Sustainability 2020, 12, 10135. [CrossRef]

22. Witassek, C.; Nitzsche, N.; Schulz, H. The Effect of Several Weeks of Training with Minitrampolines on Jump Performance, Trunk
Strength and Endurance Performance. Dtsch. Z. Sport 2018, 2018, 38–44. [CrossRef]

23. Granata, K.P.; Padua, D.A.; Wilson, S.E. Gender Differences in Active Musculoskeletal Stiffness. Part II. Quantification of Leg
Stiffness during Functional Hopping Tasks. J. Electromyogr. Kinesiol. 2002, 12, 127–135. [CrossRef] [PubMed]

24. Padua, D.A.; Carcia, C.R.; Arnold, B.L.; Granata, K.P. Gender Differences in Leg Stiffness and Stiffness Recruitment Strategy
during Two-Legged Hopping. J. Mot. Behav. 2005, 37, 111–126. [CrossRef] [PubMed]

25. Hughes, G.; Watkins, J. A Risk-Factor Model for Anterior Cruciate Ligament Injury. Sports Med. 2006, 36, 411–428. [CrossRef]
[PubMed]

26. Cavagna, G.A. Force Platforms as Ergometers. J. Appl. Physiol. 1975, 39, 174–179. [CrossRef]
27. Hobara, H.; Kimura, K.; Omuro, K.; Gomi, K.; Muraoka, T.; Iso, S.; Kanosue, K. Determinants of Difference in Leg Stiffness

between Endurance- and Power-Trained Athletes. J. Biomech. 2008, 41, 506–514. [CrossRef]
28. Hobara, H.; Muraoka, T.; Omuro, K.; Gomi, K.; Sakamoto, M.; Inoue, K.; Kanosue, K. Knee Stiffness Is a Major Determinant of

Leg Stiffness during Maximal Hopping. J. Biomech. 2009, 42, 1768–1771. [CrossRef]
29. Hobara, H.; Inoue, K.; Muraoka, T.; Omuro, K.; Sakamoto, M.; Kanosue, K. Leg Stiffness Adjustment for a Range of Hopping

Frequencies in Humans. J. Biomech. 2010, 43, 506–511. [CrossRef]
30. Watsford, M.L.; Murphy, A.J.; McLachlan, K.A.; Bryant, A.L.; Cameron, M.L.; Crossley, K.M.; Makdissi, M. A Prospective Study of

the Relationship between Lower Body Stiffness and Hamstring Injury in Professional Australian Rules Footballers. Am. J. Sports
Med. 2010, 38, 2058–2064. [CrossRef]

31. Bosco, C.; Luhtanen, P.; Komi, P.V. A Simple Method for Measurement of Mechanical Power in Jumping. Europ. J. Appl. Physiol.
1983, 50, 273–282. [CrossRef] [PubMed]

32. Giancotti, G.F.; Fusco, A.; Varalda, C.; Capelli, G.; Cortis, C. Evaluation of Training Load during Suspension Exercise. J. Strength
Cond. Res. 2021, 35, 2151–2157. [CrossRef] [PubMed]

33. Giancotti, G.F.; Fusco, A.; Varalda, C.; Capranica, L.; Cortis, C. Biomechanical Analysis of Suspension Training Push-Up. J.
Strength Cond. Res. 2018, 32, 602–609. [CrossRef] [PubMed]

34. Cortis, C.; Giancotti, G.; Rodio, A.; Bianco, A.; Fusco, A. Home Is the New Gym: Exergame as a Potential Tool to Maintain
Adequate Fitness Levels Also during Quarantine. Hum. Mov. 2020, 21, 79–87. [CrossRef]

35. Hopkins, W.G.; Marshall, S.W.; Batterham, A.M.; Hanin, J. Progressive Statistics for Studies in Sports Medicine and Exercise
Science. Med. Sci. Sports Exerc. 2009, 41, 3–12. [CrossRef]

36. Karakollukçu, M.; Aslan, C.S.; Paoli, A.; Bianco, A.; Sahin, F.N. Effects of Mini Trampoline Exercise on Male Gymnasts’
Physiological Parameters: A Pilot Study. J. Sports Med. Phys. Fit. 2015, 55, 730–734.

37. Zhang, Y.; Hu, Z.; Li, B.; Qiu, X.; Li, M.; Meng, X.; Kim, S.; Kim, Y. Gender Differences in Lower Extremity Stiffness during a
Single-Leg Landing Motion in Badminton. Bioengineering 2023, 10, 631. [CrossRef] [PubMed]

38. Hughes, G.; Watkins, J. Lower Limb Coordination and Stiffness during Landing from Volleyball Block Jumps. Res. Sports Med.
2008, 16, 138–154. [CrossRef]

https://doi.org/10.1016/0021-9290(90)90042-2
https://doi.org/10.1249/mss.0b013e31813e630a
https://www.ncbi.nlm.nih.gov/pubmed/17909408
https://doi.org/10.1007/s004210050249
https://www.ncbi.nlm.nih.gov/pubmed/9286610
https://www.ncbi.nlm.nih.gov/pubmed/750844
https://doi.org/10.1242/jeb.204.3.533
https://www.ncbi.nlm.nih.gov/pubmed/11171304
https://doi.org/10.1016/S1050-6411(01)00009-8
https://www.ncbi.nlm.nih.gov/pubmed/11595555
https://doi.org/10.1016/S0021-9290(98)00170-5
https://www.ncbi.nlm.nih.gov/pubmed/10093026
https://doi.org/10.1152/jappl.1997.82.1.15
https://www.ncbi.nlm.nih.gov/pubmed/9029193
https://doi.org/10.1519/JSC.0000000000001715
https://doi.org/10.23736/S0022-4707.16.06588-9
https://doi.org/10.3390/app13053193
https://doi.org/10.3390/su122310135
https://doi.org/10.5960/dzsm.2018.318
https://doi.org/10.1016/S1050-6411(02)00003-2
https://www.ncbi.nlm.nih.gov/pubmed/11955985
https://doi.org/10.3200/JMBR.37.2.111-126
https://www.ncbi.nlm.nih.gov/pubmed/15730945
https://doi.org/10.2165/00007256-200636050-00004
https://www.ncbi.nlm.nih.gov/pubmed/16646629
https://doi.org/10.1152/jappl.1975.39.1.174
https://doi.org/10.1016/j.jbiomech.2007.10.014
https://doi.org/10.1016/j.jbiomech.2009.04.047
https://doi.org/10.1016/j.jbiomech.2009.09.040
https://doi.org/10.1177/0363546510370197
https://doi.org/10.1007/BF00422166
https://www.ncbi.nlm.nih.gov/pubmed/6681758
https://doi.org/10.1519/JSC.0000000000003100
https://www.ncbi.nlm.nih.gov/pubmed/30893278
https://doi.org/10.1519/JSC.0000000000002035
https://www.ncbi.nlm.nih.gov/pubmed/29466266
https://doi.org/10.5114/hm.2020.94826
https://doi.org/10.1249/MSS.0b013e31818cb278
https://doi.org/10.3390/bioengineering10060631
https://www.ncbi.nlm.nih.gov/pubmed/37370562
https://doi.org/10.1080/15438620802103999


Appl. Sci. 2023, 13, 9865 12 of 12

39. Demirbüken, I.; Yurdalan, S.U.; Savelberg, H.; Meijer, K. Gender Specific Strategies in Demanding Hopping Conditions. J. Sports
Sci. Med. 2009, 8, 265–270.

40. Bruton, M.R.; O’Dwyer, N.; Adams, R. Sex Differences in the Kinematics and Neuromuscular Control of Landing: Biological,
Environmental and Sociocultural Factors. J. Electromyogr. Kinesiol. 2013, 23, 747–758. [CrossRef]

41. Fouré, A.; Nordez, A.; Cornu, C. Plyometric Training Effects on Achilles Tendon Stiffness and Dissipative Properties. J. Appl.
Physiol. 2010, 109, 849–854. [CrossRef] [PubMed]

42. Kubo, K.; Ishigaki, T.; Ikebukuro, T. Effects of Plyometric and Isometric Training on Muscle and Tendon Stiffness in Vivo. Physiol.
Rep. 2017, 5, e13374. [CrossRef] [PubMed]

43. Ramírez-delaCruz, M.; Bravo-Sánchez, A.; Esteban-García, P.; Jiménez, F.; Abián-Vicén, J. Effects of Plyometric Training on Lower
Body Muscle Architecture, Tendon Structure, Stiffness and Physical Performance: A Systematic Review and Meta-Analysis.
Sports Med-Open 2022, 8, 40. [CrossRef] [PubMed]

44. Beattie, K.; Carson, B.P.; Lyons, M.; Kenny, I.C. The Relationship between Maximal Strength and Reactive Strength. Int. J. Sports
Physiol. Perform. 2017, 12, 548–553. [CrossRef] [PubMed]

45. Drinkwater, E.J.; Lane, T.; Cannon, J. Effect of an Acute Bout of Plyometric Exercise on Neuromuscular Fatigue and Recovery in
Recreational Athletes. J. Strength Cond. Res. 2009, 23, 1181–1186. [CrossRef] [PubMed]

46. Proske, U.; Morgan, D.L. Muscle Damage from Eccentric Exercise: Mechanism, Mechanical Signs, Adaptation and Clinical
Applications. J. Physiol. 2001, 537, 333–345. [CrossRef] [PubMed]

47. Brazier, J.; Bishop, C.; Simons, C.; Antrobus, M.; Read, P.J.; Turner, A.N. Lower Extremity Stiffness: Effects on Performance and
Injury and Implications for Training. Strength Cond. J. 2014, 36, 103–112. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jelekin.2013.04.012
https://doi.org/10.1152/japplphysiol.01150.2009
https://www.ncbi.nlm.nih.gov/pubmed/20576842
https://doi.org/10.14814/phy2.13374
https://www.ncbi.nlm.nih.gov/pubmed/28801518
https://doi.org/10.1186/s40798-022-00431-0
https://www.ncbi.nlm.nih.gov/pubmed/35312884
https://doi.org/10.1123/ijspp.2016-0216
https://www.ncbi.nlm.nih.gov/pubmed/27618527
https://doi.org/10.1519/JSC.0b013e31819b79aa
https://www.ncbi.nlm.nih.gov/pubmed/19528848
https://doi.org/10.1111/j.1469-7793.2001.00333.x
https://www.ncbi.nlm.nih.gov/pubmed/11731568
https://doi.org/10.1519/SSC.0000000000000094

	Introduction 
	Materials and Methods 
	Experimental Approach to the Problem 
	Subjects 
	Procedures 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	Limitations 
	References

