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Abstract: Plyometric training on sand is suggested to result in advanced performance in vertical
jumping. However, limited information exists concerning the biomechanics of drop jumps (DJ) on
sand. The purpose of the study was to compare the biomechanical parameters of DJs executed on
rigid (RIGID) and sand (SAND) surface. Sixteen high level male beach-volleyball players executed
DJ from 40 cm on RIGID and SAND. Force- and video-recordings were analyzed to extract the kinetic
and kinematic parameters of the DJ. Results of paired-samples t-tests revealed that DJ on SAND
had significantly (p < 0.05) lower jumping height, peak vertical ground reaction force, power, peak
leg stiffness and peak ankle flexion angular velocity than RIGID. In addition, DJ on SAND was
characterized by significantly (p < 0.05) larger rate of force development and knee joint flexion in
the downward phase. No differences (p > 0.05) were observed for the temporal parameters. The
compliance of SAND decreases the efficiency of the mechanisms involved in the optimization of
DJ performance. Nevertheless, SAND comprises an exercise surface with less loading during the
eccentric phase of the DJ, thus it can be considered as a surface that can offer injury prevention under
demands for large energy expenditure.

Keywords: biomechanical analysis; kinetics; kinematics; stretch shortening cycle; vertical jumping;
surface stability; balance; impact

1. Introduction

Sand surfaces (SAND) are a demanding exercise surface. Research evidence suggests
that a higher energy cost is required for running [1–5], walking [6,7], sprinting [8,9] and
jumping [10–12] on SAND compared to rigid (RIGID) surfaces. Despite the higher energy
cost, training on SAND causes positive adaptations in key strength and conditioning factors
such as aerobic endurance, concentric strength of the leg extensor muscles and agility in a
variety of sport disciplines [13].

SAND is recommended for training in volleyball and beach-volleyball (BV) players
due to the observed favorable performance adaptations, i.e., the improvement in technique,
muscle strength, vertical jump height, agility and endurance [14–19]. In particular, BV
players improved their jumping ability after the application of training programs on SAND
that included jumping exercises utilizing the stretch-shortening cycle (SSC), namely the
counter-movement (CMJ) and drop jumps (DJ) [20,21]. However, there is a bias in the
literature about the effectiveness of SAND with regard to the facilitation of adaptations
in the SSC. The application of training with CMJ and DJ resulted in increased muscle
activation of the knee extensor muscles that was interpreted as a positive adaptation in SSC
due to SAND [21]. On the opposite, past research findings suggest that, after training on
SAND, the improvement in the CMJ jump height was decreased compared to the respective
vertical squat jump (SQJ) [10]. In addition, it is suggested that the increased power after
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the implementation of training on SAND was not a result of an enhanced utilization of
SSC [15]. Thus, the effectiveness of SAND for inducing neuromuscular adaptations for the
efficient utilization of SSC is questionable [13].

Based on the contemporary knowledge of DJs executed on RIGID, derived from both
practice and research, plyometric training enabling the SSC is considered as the best training
method to provoke adaptations in key jump performance factors such as force, speed, and
power [22]. These adaptations are the reason to include SSC training exercises in volleyball
and BV, especially those exercises that require a rapid SSC function [23]. This requirement is
fulfilled by executing DJs in a manner that results in an increased power output [24–26]. In
detail, the increased mechanical power during vertical jumps is related with the regulation
of stiffness that occurs during ground contact [27,28]. However, despite the positive
adaptations observed in a variety of jump-related biomechanical variables during vertical
jump tests, the implementation of plyometric training on SAND in female volleyball players
resulted in a non-significant, yet notable, 3.7% decrease in DJ performance [14].

In general, a good vertical jumping performance is of major importance for BV players
since vertical jumping is present in the majority of the skills of the sport [29–32]. However,
past research reported differences concerning vertical jumping on SAND compared to
RIGID [29,33–36]. In detail, these studies reported lower jumping heights in vertical
jumps executed on SAND. Furthermore, it was reported that elite BV players achieved
higher jump heights on RIGID comparing to SAND in SQJ and CMJ by 14% and 15.4%,
respectively [35,36]. This is due to the compliance of SAND that increases the demands for
energy expenditure in order to execute the vertical jump in an explosive manner [11,12].
In addition, lower force application and power production were reported during the
propulsion in SQJ and CMJ [10,29,33,35,36]. A previous kinematical analysis in the above-
mentioned vertical jump tests revealed that, in order to overcome the constrains imposed by
SAND, the ankle joint is extended faster [35,36]. Thus, the knowledge of the biomechanical
differences concerning the key kinetic and kinematic parameters of vertical jumping on
SAND and RIGID is of importance for designing efficient training programs aiming the
optimization of the SSC for BV players.

Despite the current knowledge of the biomechanics of vertical jumping on SAND,
there is a gap in the literature concerning the biomechanics of DJs performed on SAND. The
effect of SAND is mainly studied in a pre-post study design that examines vertical jumping
on RIGID [14,20]. A number of studies has measured vertical jump performance on SAND
using jump and reach tests [19,21,29,31]. Other researchers provided information about
jumping on SAND using photocell mats [10], accelerometry [15] and inertial measurement
devices [32]. Kinetic and kinematic parameters derived from force-plate data have been
reported only for SQJ and CMJ [33,35,36]. To the best of our knowledge, there is limited
information regarding DJs on SAND since only the magnitude of the ground reaction
forces [34] and ground/flight time [11] have being reported. Thus, further insight is needed
for the key kinetic factors (i.e., rate of force development, power, stiffness) that can evaluate
the effectiveness of the execution of DJs on SAND.

The purpose of the study was to compare the kinetic and kinematic parameters of DJ
executed on RIGID and SAND. It was hypothesized that DJ on SAND will result in lower
jumping height, force and power output, as well as larger lower extremity joint range of
motion compared to RIGID.

2. Materials and Methods
2.1. Participants

The minimal number of participants to achieve an effect size of 0.8, power of 0.9 and
a = 0.05 for the maximum jump height measurement was found to be 15 according to the
estimation made using the G*Power v.3.1.9.7 software [37]. Thus, 16 adult professional male
BV players (26.2 ± 5.7 y, 1.87 ± 0.05 m, 83.4 ± 5.8 kg) served as participants in the study.
Participation was on a voluntary basis and was allowed after obtaining a signed consent.
The inclusion criteria were the participation in an international Federation International de
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Volleyball (FIVB) tournament, to be finalists in BV tournaments included in the national
championship calendar, to exhibit records of systematic participation in their training and
competition program and to have a competitive experience in BV of at least five years.
The exclusion criterion was the incident of an injury or locomotor disability in a period of
6 months prior testing. The measurements took place during the competitive season of the
national championship. The study was approved by the Institutional Ethics Committee
(approval No.: 87/2021).

2.2. Procedure

SAND was simulated by firmly attaching a wooden sand pit on the force-plate. The
wooden pit, with dimensions of the bottom and of the top side equal to 46 × 50 cm and
59 × 63 cm, respectively, while its depth was 31 cm, was constructed to contain the sand
particles (Figure 1).
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Figure 1. Experimental set-up and procedure for SAND: (a) calibration frame placement; (b) adjust-
ment of the drop force-plate to the safety platform; (c) mixing the sand; (d) making the surface even;
(e) take-off form the drop plate with a roll-off; (f) instant of touchdown in the sand pit where the
examination for excessive plunging into the SAND was conducted.
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The base dimensions of the sandpit were exactly the same as the embedded to the
ground force plate in order to be exactly in contact with each other. Before the actual data
acquisition, it was established that the participants’ mass recorded by the ground force
plate was exactly the same with and without the sandpit. The edges of the sandpit were
covered with soft materials for safety reasons, i.e., if a faulty landing occurred. Additionally,
a canvas sheet was placed away from the sandpit and covered the surrounding safety
platform that was 116 × 150 × 31 cm (length, width and height, respectively), which was
also used to hold inside the sand particles. The total weight of the wooden pit, including
the sand, was 120.12 kg. The sand fulfilled the FIVB requirements for the conduction of
official BV tournaments. This was established after checking the physical properties and
grain size distribution of the sand as determined from a series of laboratory tests according
to the American Society for Testing and Materials (ASTM) and that are described in detail
elsewhere [36]. Prior each jump, the sand was mixed throughout its volume with a custom
tool that was marked at 31 cm to resemble the sandpit height. This tool was used to evenly
spread the sand within the wooden sand pit and to avoid compaction of the sand particles.

Warm-up consisted of cycling on an 817E Monark (Exercise AB, Vansbro, Sweden)
Cycle-Ergometer, dynamic stretching exercises and sub-maximal vertical jumps. DJs from
40 cm were executed barefooted in a random order on SAND and on RIGID, with the
arms kept on the trunk. The dropping height of 40 cm was selected due to past research
suggestions [38]. The drop was performed from a custom made one-dimensional force-
plate (1-Dynami, ©: Biomechanics Lab AUTh, Thessaloniki, Greece) that was adjusted and
fixed within the safety platform (Figure 1). The instructions given to the participants were
to “drop with a roll-off” movement [39] and to “jump as high and as fast as possible” [40].
Participants executed three DJs on each surface. During the experimental DJs on SAND,
a Redlake Motionscope PCI 1S camera (Redlake Imaging Corporation, Morgan Hill, CA,
USA), operating at 250 fps, was used to visually inspect excessive plunging into the sand
that resulted in the annulment of the trial. Finally, only the attempt with maximum jump
height (hJUMP) achieved in each condition was selected for further analysis.

2.3. Data Acquisition and Analysis

An AMTI OR6-5-1 force plate (AMTI, Newton, MA, USA) recorded the 3D components
of the ground reaction forces (GRF). The sampling frequency for both the force-plates used
for data acquisition was set to 500 Hz. The following parameters were calculated [40]:

1. Temporal parameters: total ground contact time (Tc); downward phase duration; time
to achieve maximum vertical Ground Reaction Force (tvGRF); time to achieve peak
power during the upward phase (tP).

2. Spatial/kinematic parameters: hJUMP; body center of mass (BCM) vertical displace-
ment during the downward and upward phases; BCM vertical velocity.

3. Kinetic parameters: GRF vertical, medio-lateral and anterio-posterior component; rate
of force development (RFD); work (W); power (P).

The impact velocity of the BCM on the ground was determined using the take-off
data from the drop-force plate [41]. Firstly, the initial velocity of the jump (impact velocity
after the drop) was calculated from the time-integral of the net force recorded from the
drop force-plate. The flying time of the drop was measured from the synchronous data
acquisition from both force-plates. Thus, the BCM velocity at the instant of the landing
after the drop phase (UIMPACT) was calculated as shown in Equation (1):

UIMPACT = UDROP − g × tFLIGHT (1)

where UDROP is the BCM velocity at the instant of take-off from the drop force-plate, g is
the acceleration of gravity and tFLIGHT is the duration of the drop phase.

Afterwards, hJUMP was calculated using the vertical BCM take-off velocity derived
from the integration of the net vGRF. RFD was directly extracted as the first time-derivative
of the recorded vGRF. Vertical BCM displacement was extracted through the integration of
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the vertical BCM velocity. Work was calculated by multiplying vertical BCM displacement
with net vGRF and power as the time-derivative of work.

Besides the parameters mentioned above, stiffness parameters were also examined.
The vertical stiffness was calculated as the ratio of vertical GRF to vertical BCM displace-
ment and leg stiffness as the ratio of vertical GRF to the change of the leg length [42]. To
extract the latter, DJs were also video-recorded at 100 fps with a digital video-camera (JVC
GR-DVL 9600 EG, Victor Company of Japan Ltd., Yokohama, Japan). The camera was fixed
on a tripod placed 7.6 m from the force plate and at a height of 1.2 m, with the camera
axis being perpendicular to the plane of motion. A 2.5 m × 2.5 m calibration frame was
also recorded to conduct a 2D-DLT analysis for the extraction of the 2D coordinates and
the angular kinematics of the lower limb joints [35]. The examined angular kinematic
parameters were the ankle, knee and hip range of motion (ROM) and the respective peak
angular velocity (ω) of the lower limb joints during the downward and upward phases.

2.4. Statistical Analyses

The Kolmogorov–Smirnov (p > 0.05) and the Levene’s test (p < 0.05) were used to
establish the existence of normal distribution and equality of variance of the data, respec-
tively. The results of these tests validated the use of Paired-Samples t-test to check possible
significant differences between RIGID and SAND. Effect sizes were estimated after calculat-
ing Cohen’s d (≤0.49 = small, 0.50–0.79 = medium, ≥0.80 = large) [43]. All statistical tests
were conducted using the IBM SPSS Statistics v.27.0.1.0 software (International Business
Machines Corp., Armonk, NY, USA), with the level of significance set at a = 0.05 for all
statistical analyses.

3. Results

The results for the spatiotemporal parameters are presented in Table 1. No significant
differences (p > 0.05) were observed in the examined parameters except for hJUMP, which
was lower in SAND (medium effect size).

Table 1. Means ± standard deviations of the comparison for the spatiotemporal parameters of the
drop jumps on RIGID and SAND surface (n = 16).

Parameter RIGID SAND MD SE t p d

Center of Mass displacement (cm)
Jump height (hJUMP) 27.9 ± 4.2 24.4 ± 4.8 3.5 0.9 3.933 0.001 * 0.78
Downward phase −33.8 ± 12.2 −33.9 ± 8.8 0.1 2.0 0.031 0.976 0.01
Upward phase 39.3 ± 12.6 38.6 ± 12.6 0.6 0.2 0.319 0.754 0.06
Temporal (ms)
Contact time 408.4 ± 135.5 430.4 ± 121.3 22.0 15.8 1.396 0.183 0.17
Downward time 186.1 ± 72.8 192.0 ± 60.1 5.9 8.7 0.673 0.511 0.09
tvGRF 175.3 ± 82.4 155.3 ± 51.9 19.9 22.1 0.901 0.382 0.29
tP 280.9 ± 126.2 294.8 ± 110.5 13.9 14.2 0.977 0.344 0.12

*: p < 0.05; MD: mean difference; SE: standard error of the mean; hJUMP: jump height; tvGRF: time to achieve
maximum vertical Ground Reaction Force; tP: time to achieve maximum power during the upward phase.

The vertical displacement of the BCM was almost identical on either surface for both
the downward and upward phase. Significant (p < 0.05) differences were observed for the
majority of the examined kinetic parameters in the upward but not in the braking phase
(Table 2). In detail, larger peak vertical GRF was recorded in RIGID compared to SAND
(small effect size). No differences (p > 0.05) were observed for the other two components of
GRF. RFD was significantly (p < 0.05) larger in the downward phase of SAND than in RIGID
(large effect size). Power at the downward phase was almost equal between surfaces, but a
significantly (p < 0.05) larger power output was observed in RIGID compared to SAND in
the upward phase (medium effect size). Significantly (p < 0.05) lower work was observed
both in the downward and upward phase of SAND compared to RIGID (large and medium
effect size, respectively). Regarding stiffness, no significant difference (p > 0.05) was found
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for vertical stiffness due to the surface. On the opposite, peak leg stiffness was significantly
(p < 0.05) lower in SAND than RIGID (medium effect size).

Table 2. Means ± standard deviations of the comparison for the kinetic parameters of the drop jumps
on RIGID and SAND surface (n = 16).

Parameter RIGID SAND MD SE t p d

Peak Ground Reaction Force (kN)
Vertical (vGRF; net force) 2.48 ± 0.84 2.14 ± 0.56 0.43 0.15 2.359 0.032 * 0.48
Anterior–Posterior (xGRF) 0.36 ± 0.05 0.37 ± 0.08 0.01 0.03 0.205 0.841 0.15
Mediolateral (yGRF) 0.11 ± 0.04 0.11 ± 0.04 0.01 0.01 0.498 0.627 0.14
Peak Rate of Force Development (kN/s)
Downward phase −53.3 ± 14.0 −71.6 ± 25.1 18.3 5.6 3.248 0.005 * 0.90
Upward phase 44.0 ± 11.6 40.1 ± 6.7 3.8 2.6 1.471 0.161 0.41
Peak Power (kW)
Downward phase −4.2 ± 1.2 −4.3 ± 1.2 0.1 0.2 0.776 0.289 0.08
Upward phase 3.1 ± 1.0 2.6 ± 0.6 0.5 0.2 2.245 0.040 * 0.61
Peak Work (J)
Downward phase −738.4 ± 110.7 −662.6 ±89.2 75.8 21.5 3.518 0.003 * 1.36
Upward phase 778.1 ± 98.6 713.3 ± 86.3 64.8 26.6 2.535 0.023 * 0.70
Stiffness (kN/m)
Peak Vertical stiffness 11.6 ± 4.0 12.6 ± 3.9 0.8 0.8 1.061 0.305 0.25
Peak Leg stiffness 8.6 ± 4.9 5.1 ± 3.8 3.5 1.5 2.367 0.032 * 0.79
Average Leg stiffness 3.8 ± 2.9 4.0 ± 3.9 0.2 0.9 0.198 0.846 0.06

*: p < 0.05; MD: mean difference; SE: standard error of the mean. Leg stiffness parameters are according to Struzik
and Zawadzki [44].

The qualitative examination of the time–history curves of the kinetic parameters
revealed almost identical patterns between surfaces (Figure 2). Minor alterations were
noted for RFD and vertical stiffness. For the former, a steeper peak was revealed during
the initial stage of the downward phase in SAND compared to RIGID (Figure 2b). Vertical
stiffness in RIGID exhibited a plateau after reaching its peak value, as for SAND the peak
value was of a larger magnitude with respect to the following plateau (Figure 2g).

No significant (p > 0.05) differences were observed in the majority of the examined
lower limb joint angular kinematical parameters during the downward phase (Table 3).
However, a significant difference (p < 0.05) was observed for the knee joint range of motion
that was larger in SAND compared to RIGID (large effect size). The peak angular velocity
of the ankle joint was also significantly different (p < 0.05), since it was smaller in SAND
than in RIGID (medium effect size). No significant (p > 0.05) differences were found in the
upward phase.

Table 3. Means ± standard deviations of the comparison for the joint kinematic parameters of the
drop jumps on RIGID and SAND surface (n = 16).

Parameter RIGID SAND MD SE t p d

Downward phase
ROMANKLE 30.30 ± 10.69 37.16 ± 12.51 6.86 3.94 1.742 0.102 0.59
ROMKNEE 42.20 ± 16.84 57.21 ± 14.85 15.01 3.79 3.965 0.001 * 0.95
ROMHIP 23.93 ± 26.37 31.52 ± 18.78 7.59 5.86 1.294 0.215 0.33
ωANKLE −6.12 ± 1.74 −5.03 ± 1.76 1.09 0.50 2.168 0.047 * 0.62
ωKNEE −7.38 ± 1.45 −7.15 ± 0.88 0.23 0.39 0.582 0.569 0.19
ωHIP −4.05 ± 1.92 −4.23 ± 1.51 0.19 0.37 0.499 0.625 0.10
Upward phase
ROMANKLE 64.40 ± 11.66 65.84 ± 11.27 1.44 2.02 0.713 0.487 0.13
ROMKNEE 72.93 ± 17.14 73.65 ± 14.96 0.72 2.90 0.248 0.807 0.05
ROMHIP 66.13 ± 25.18 69.33 ± 18.98 3.20 5.04 0.634 0.536 0.14
ωANKLE 10.24 ± 1.82 9.62 ± 1.21 0.63 0.36 1.735 0.103 0.40
ωKNEE 10.16 ± 1.29 10.27 ± 0.72 0.11 0.26 0.410 0.687 0.11
ωHIP 8.41 ± 1.13 8.14 ± 0.98 0.27 0.23 1.164 0.263 0.26

*: p < 0.05; MD: mean difference; SE: standard error of the mean; ROM: joint range of motion (in degrees);
ω: angular velocity (in rad/s).
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Figure 2. Mean ensemble (n = 16) time−history curves for the examined drop jump kinetic parameters
on rigid (RIGID) and sand (SAND) surface: (a) vertical ground reaction force; (b) rate of force
development; (c) power; (d) work; (e) body center of mass vertical velocity; (f) body center of mass
vertical displacement (0 = body center of mass height at the instant of touchdown); (g) vertical
stiffness; (h) vertical stiffness depicted by plotting the vertical body center of mass displacement vs.
the vertical ground reaction force. Abbreviations: vGRF: vertical Ground Reaction Force; RFD: Rate
of Force Development; P: power; W: work; BCM: body center of mass; Tc: contact time. NOTE: all
curves are normalized with respect to Tc; the curves in Figure 2h are depicted for the time period
from touchdown to the lowest height of the BCM during the contact with the surface.



J. Funct. Morphol. Kinesiol. 2022, 7, 17 8 of 15

The examination of the joint angles at specific instances of the DJ, namely the touch-
down, the lowest vertical position of the BCM and the take-off revealed a significant
(p < 0.05) difference for the knee joint angle at touchdown (Figure 3). In specific, the
knee joint was about 13 degrees more extended at touchdown in SAND than in RIGID
(t1,15 = −4.202, p = 0.001, d = 1.23; large effect size).
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No significant difference (p > 0.05) was revealed for the knee joint at the selected
instances of the DJ. In addition, no significant differences (p > 0.05) were evident for the
ankle and hip joint angles.

The qualitative examination of the time–history curves of the examined angular
kinematic parameters also revealed almost identical patterns between surfaces (Figure 4).
Minor alterations were noted for the knee joint angle and the angular velocity approximately
at the first 30% and at the last 30% of the ground contact phase of the DJ (Figure 4a,c).
The deceleration of the body was accompanied with a more rapid knee joint flexion at
the downward phase in SAND (Figure 4b). In the upward phase, the knee joint extended
to its take-off angular position earlier in SAND than in RIGID (Figure 4d). Regarding
leg stiffness (Figure 4f), a similar plateau, in terms of the respective plateau observed for
vertical stiffness (Figure 2h), was revealed in the downward phase for SAND.
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Figure 4. Mean ensemble (n = 16) time–history curves for the examined drop jump kinetic parameters
on rigid (RIGID) and sand (SAND) surface: (a) knee joint angle; (b) knee joint angle with respect
to the body center of mass vertical velocity; (c) angular velocity of the knee joint; (d) knee joint
angle with respect to the angular velocity of the knee joint; (e) leg length; (f) change of leg length
(0 = leg length at the instant of touchdown from the drop phase) with respect to the vertical Ground
Reaction Force. Abbreviations: Tc: contact time; BCM: body center of mass; ωKNEE: angular velocity
of the knee joint; ∆L: change of leg length; vGRF: vertical Ground Reaction Force. NOTE: curves
depicted in Figure 4a,c,e are normalized with respect to Tc.

4. Discussion

The aim of the study was to compare the biomechanical parameters of DJ executed on
SAND and RIGID. Results revealed that DJ on SAND had lower jumping height (−19.8%),
force and power output, as well as larger RFD, work, knee ROM and peak ankle an-
gular velocity at the downward phase than RIGID. Thus, the hypothesis of the study
was confirmed.

DJ jump height was lower on SAND than RIGID, being in line with past research
results concerning the comparison of SQJ and CMJ on different surfaces [11,29,33–36,45,46].
The ground contact time was in considerable agreement with past findings [47,48]. It
is commonly agreed among researchers that the lower jumping heights observed in the
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vertical SQJ and CMJ tests are caused by the lower force and power outputs observed for
SAND compared to RIGID [33,35,36]. In the present study, power was significantly lower
in the upward phase. Thus, the lower jump height for SAND can be explained by the lower
power output, since power is suggested to be a determinant factor for the optimization of
DJ performance [40,48–53]. A possible reason for not achieving larger power in SAND can
be attributed to the fact that SAND is an unstable surface and inhibits the fast application
of force during jumping [29,35,54]. In addition, as depicted in Figure 4, a more rapid knee
joint flexion was at the downward phase in SAND. This finding, in combination with the
lower angular velocity of the ankle flexion, reveals a different pattern to negotiate the
deceleration of the body due to the different stiffness of the surface to execute the jump.

Unlike previous observations in SQJ [35] and CMJ [36], the time to achieve maximum
vertical GRF on SAND was not different compared to RIGID. This finding, combined
with the larger RFD during the downward phase in SAND indicates that ground contact
with the sand was highly unstable. This led the participants to make a strenuous effort
to overcome these constraints that were imposed for the execution of the jumping task.
However, the medio-lateral and anterio-posterior components of GRF were not different
between surfaces. Thus, there is an indirect indication that the balance requirements at
the initial phase of the DJ did not differ between surfaces. Nevertheless, it is suggested
that the deformation of SAND increases the requirements for dynamic stability [6,12,17,55].
Additionally, SAND comprises a demanding surface to execute explosive movements
since its surface is characterized by larger friction compared to other sport surfaces [33].
The interaction with SAND during exercise utilizing the SSC is suggested to absorb large
amounts of energy [3,10,11,29,33,34]. In addition, jumping on SAND utilizing the SSC is
proposed to lead to lower re-use of the stored elastic energy [10]. These factors eventually
result in increased work expenditure. Furthermore, recent research evidence suggests
the existence of an additional protective neuromuscular mechanism when “dealing” with
landings on harder, less “safe” surfaces, guaranteed even by visual input alone [56].

In the present study, less negative work was done in the downward phase in SAND
compared to RIGID. This could be an indirect indicator of a lower rate of energy absorption
during the downward phase in SAND [38]. Nevertheless, the lesser negative work could
be associated with smaller amounts of elastic energy stored in the series elastic elements
and eventually with the lower jumping height in SAND [10,38]. Thus, due to the observed
bias, this point has to be further investigated in future studies examining DJ on SAND.

The importance of the knee joint biomechanics as a regulator of DJ performance has
been highlighted in past research [57]. resent data revealed that the knee joint extended to
its take-off angular position earlier in SAND than RIGID. Thus, less power was generated
about the knee joint that could be a cause for the lower DJ performance found in SAND.
Power, besides suggested to be a determining factor for DJ performance, is related with
changes in vertical stiffness after plyometric training [58]. Furthermore, the mechanical
power produced during the upward phase of a DJ is maximized when an optimal leg
stiffness occurs in the downward phase [25,27]. In the present study, leg stiffness was lower
in SAND. This is not in agreement with past research reporting that equal leg stiffness
can be exhibited when performing a DJ on surfaces with different compliance [59]. Leg
stiffness is affected by the knee and ankle stiffness [60]. In the present study, both joints
showed significant differences concerning their angular kinematics. This finding could be
related with the significantly larger peak leg stiffness observed in RIGID. Nevertheless,
a notable maintenance of relatively constant values regarding leg stiffness was observed
in both RIGID and SAND, confirming past findings [44,59]. In general, lower stiffness
during landing is proposed to be related with mechanisms of long-term adaptations caused
by eccentric exercise aiming to prevent injuries [61,62]. In conclusion, larger stiffness is
related with the inability to resist large eccentric loadings [63], which seems to be the case
for RIGID.

Compared to RIGID, DJ on SAND was executed with a more extended knee joint
at the instant of impact. In addition, during the downward phase, the knee joint range
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of motion was larger, while the ankle joint flexed with a slower angular velocity. This
combination was reported in the past for DJs executed from higher compared to lower
dropping heights [38] and could be considered as a protective mechanism to avoid excessive
loading. In addition, in the present study, no differences were observed in the upward
phase between the examined surfaces for the lower limb joint angular kinematics. This is
not in alignment with past research concerning running or sprinting on SAND, where a
backward movement of the feet due to the deformation of the sand at the end of the push
off is common [1,8,10]. This might be the result of the relatively long duration of the ground
contact time, during which SAND could have been compressed at the downward phase.
This could eventually lead the sand surface to dissipate some of its absorptive qualities and
thus resemble a more rigid surface [36]. The present finding also cannot support research
evidence which suggested that performing SSC on SAND is related to the muscle action
during the propulsive phase that resulted by the compensation made in the braking phase
in terms of the degradation of elastic energy [10,13]. However, previous studies for the
CMJ on SAND reported a significant effect of surface for the knee [45] and ankle joint
kinematics [36]. The connection between the two aforementioned joints is the biarticular
gastrocnemius muscle, which can affect the ankle range of motion and can cause differences
in key biomechanical factors of DJ, such as RFD and knee angular kinematics [64]. It has
been proposed that the common adaptation of the neuromuscular system to deal with the
differences caused by the instable SAND surface is to exhibit a higher co-contraction of
the lower limb muscles, which eventually results in a less optimum flow of energy [1].
However, it was found that muscle activity and muscle–tendon unit mechanical properties
of the gastrocnemius muscle increase when jumping from a deformable surface. This led to
the conclusion that “internal regulatory mechanisms exist to compensate for differences
in surface properties” [65]. Both of the above factors should be further investigated in the
future.

Training on SAND was found to be effective for improving sprinting, jumping and
balance ability of team sport players [14,20,66–68], and that there is a significant association
between specific agility and vertical jump tests on SAND [46]. Additionally, the adaptations
of jumping, sprinting and agility were found to be transferred on RIGID [13,15,16]. One
reason is the increased motor unit recruitment after the implementation of plyometric
training on SAND [21]. In general, performing exercises on SAND is suggested to reduce
the musculoskeletal loading in training and rehabilitation programs [69,70]. SAND training
is proposed for preseason training due to the decreased muscle soreness, faster recovery
and the lower probability of overuse injuries [1,55,71]. Larger training adaptations are
expected since heavier training loads can be implemented on SAND [10,56]. However,
due to the lower stiffness of SAND, there are limited neuromuscular adaptations since
the mechanical stimuli on the musculoskeletal system are reduced. Thus, SAND is less
effective for the improvement of explosive movements [10,13,72]. The results of the present
biomechanical analysis of DJ on SAND seem to confirm the above notion.

The findings of the present study should be considered given its limitations. The
recording of muscle activation patterns during DJ could provide further insight concerning
the examination of the regulation of stiffness. Another possible limitation is the fact
that only one drop height was selected for analysis; thus, the present results cannot be
generalized to interpret DJ on SAND and should be read with caution. Nevertheless,
the present study revealed an insight regarding the biomechanics of DJ on SAND that
provides information for a widely used jumping modality in training practice and testing
environments. It is of importance that the participants in the study were top-level BV
players which had extensive training experience in DJ on both SAND and RIGID. Thus,
the comparison of DJ biomechanical parameters between the examined surfaces can be
considered to be reliable. The present findings are of interest to coaches and researchers,
particularly under the perspective of the kinetic and kinematic differences of executing the
drop jump on a rigid and on a sand surface.
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5. Conclusions

The compliance of the SAND seems to decrease the efficiency of the mechanisms
involved in optimizing the DJ performance compared to RIGID. Nevertheless, SAND
comprises an exercise surface that imposes a lesser load during the eccentric phase of the
DJ compared to RIGID. Therefore, SAND can be used in jumping programs aimed at injury
prevention or for rehabilitation programs after an injury in lower extremities. In addition,
due to the highly unstable surface of SAND, participants were found to increase knee
joint range of motion during the downward phase to fulfill the locomotor requirements
to execute the jumping task and to acquire the necessary stability to do so. Finally, due
to the higher energy expenditure required on SAND, DJs can be used in the pre- or off-
training season not only in beach volleyball, but also in other team and individual sports
that include jumping activities in their technique.

Author Contributions: Conceptualization, G.G. and I.A.K.; methodology, G.G. and I.A.K.; software,
I.A.K.; validation, G.G., V.P. and I.A.K.; formal analysis, G.G.; investigation, G.G. and V.P.; resources,
I.A.K.; data curation, G.G.; writing—original draft preparation, G.G.; writing—review and editing,
G.G and V.P.; visualization, G.G. and V.P.; supervision, I.A.K.; project administration, G.G. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted in accordance with the Decla-
ration of Helsinki, and approved by the Institutional Ethics Committee of the School of Physical
Education and Sport Science at Thessaloniki, Aristotle University of Thessaloniki, Greece (approval
No: 87/2021—11 April 2021).

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

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

Acknowledgments: The authors thank the participating beach-volleyball players for their voluntary
participation in the study.

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

References
1. Gaudino, P.; Gaudino, C.; Alberti, G.; Minetti, A.E. Biomechanics and predicted energetics of sprinting on sand: Hints for soccer

training. J. Sci. Med. Sport 2013, 16, 271–275. [CrossRef]
2. Lejeune, T.M.; Willems, P.A.; Heglund, N.C. Mechanics and energetics of human locomotion on sand. J. Exp. Biol. 1998, 201,

2071–2080. [CrossRef]
3. Pinnington, H.C.; Dawson, B. The energy cost of running on grass compared to soft dry beach sand. J. Sci. Med. Sport 2001, 4,

416–430. [CrossRef]
4. Pinnington, H.C.; Dawson, B. Running economy of elite surf iron men and male runners, on soft dry beach sand and grass. Eur. J.

Appl. Physiol. 2001, 86, 62–70. [CrossRef]
5. Zamparo, P.; Perini, R.; Orizio, C.; Sacher, M.; Ferretti, G. The energy cost of walking or running on sand. Eur. J. Appl. Physiol.

Occup. Physiol. 1992, 65, 183–187. [CrossRef]
6. Panebianco, G.P.; Bisi, M.C.; Mangia, A.L.; Fantozzi, S.; Stagni, R. Quantitative characterization of walking on sand inecological

conditions: Speed, temporal segmentation, and variability. Gait Posture 2021, 86, 211–216. [CrossRef] [PubMed]
7. Yun, S.H.; Cho, M.J.; Kwon, J.W. Comparison of forward versus backward walking on spatiotemporal and kinematic parameters

on sand: A preliminary study. J. Biomech. 2021, 130, 110876. [CrossRef] [PubMed]
8. Alcaraz, P.E.; Palao, J.M.; Elvira, J.L.L.; Linthorne, N.P. Effects of a sand running surface on the kinematics of sprinting at

maximum velocity. Biol. Sport 2011, 28, 95–100. [CrossRef]
9. Sanchez-Sanchez, J.; Martinez-Rodriguez, A.; Felipe, J.L.; Hernandez-Martin, A.; Ubago-Guisado, E.; Bangsbo, J.; Gallardo,

L.; Garcia-Unanue, J. Effect of natural turf, artificial turf, and sand surfaces on sprint performance. A systematic review and
meta-analysis. Int. J. Environ. Res. Public Health 2020, 17, 9478. [CrossRef]

10. Impellizzeri, F.M.; Rampinini, E.; Castagna, C.; Martino, F.; Fiorini, S.; Wisloff, U. Effect of plyometric training on sand versus
grass on muscle soreness and jumping and sprinting ability in soccer players. Br. J. Sports Med. 2008, 42, 42–46. [CrossRef]

11. Muramatsu, S.; Fukudome, A.; Miyama, M.; Arimoto, M.; Kijima, A. Energy expenditure in maximal jumps on sand. J. Physiol.
Anthropol. 2006, 25, 59–61. [CrossRef]

http://doi.org/10.1016/j.jsams.2012.07.003
http://doi.org/10.1242/jeb.201.13.2071
http://doi.org/10.1016/S1440-2440(01)80051-7
http://doi.org/10.1007/s004210100472
http://doi.org/10.1007/BF00705078
http://doi.org/10.1016/j.gaitpost.2021.03.019
http://www.ncbi.nlm.nih.gov/pubmed/33756411
http://doi.org/10.1016/j.jbiomech.2021.110876
http://www.ncbi.nlm.nih.gov/pubmed/34871892
http://doi.org/10.5604/942737
http://doi.org/10.3390/ijerph17249478
http://doi.org/10.1136/bjsm.2007.038497
http://doi.org/10.2114/jpa2.25.59


J. Funct. Morphol. Kinesiol. 2022, 7, 17 13 of 15

12. Smith, R. Movement in the sand: Training implications for beach volleyball. Strength Cond. J. 2006, 28, 19–21. [CrossRef]
13. Binnie, M.J.; Dawson, B.; Pinnington, H.; Landers, G.; Peeling, P. Sand training: A review of current research and practical

applications. J. Sports Sci. 2014, 32, 8–15. [CrossRef] [PubMed]
14. Ahmadi, M.; Nobari, H.; Ramirez-Campillo, R.; Pérez-Gómez, J.; Ribeiro, A.L.d.A.; Martínez-Rodríguez, A. Effects of plyometric

jump training in sand or rigid surface on jump-related biomechanical variables and physical fitness in female volleyball players.
Int. J. Environ. Res. Public Health 2021, 18, 13093. [CrossRef]

15. Balasas, D.G.; Christoulas, K.; Stefanidis, P.; Vamvakoudis, E.; Bampouras, T. The effect of beach volleyball training on muscle
performance of indoor volleyball players. J. Sports Med. Phys. Fitness 2018, 58, 1240–1246. [CrossRef]

16. Gortsila, E.; Theos, A.; Nesic, G.; Maridaki, M. Effect of training surface on agility and passing skills of prepubescent female
volleyball players. J. Sports Med. Doping Stud. 2013, 3, 1000128. [CrossRef]

17. Sebastia-Amat, S.; Ardigò, L.P.; Jimenez-Olmedo, J.M.; Pueo, B.; Penichet-Tomas, A. The effect of balance and sand training on
postural control in elite beach volleyball players. Int. J. Environ. Res. Public Health 2020, 17, 8981. [CrossRef] [PubMed]

18. Suresh, T.N.; Jayalakshmi, T.; Begu, R.; Meeran, N.; Sivakumar, V.P.R. Effect of plyometric exercise training on vertical jump
height between ground and sand surface in male volleyball players. Int. J. Pharma. Biol. Sci. 2017, 8, 163–169.

19. Trajkovic, N.; Sporis, G.; Kristicevic, T. Does training on sand during off-season improves physical performance in indoor
volleyball players? Acta Kinesiol. 2016, 10, 107–111.

20. Mirzaei, B.; Asghar Norasteh, A.; Saez de Villarreal, E.; Asadi, A. Effects of six weeks of depth jump vs. countermovement jump
training on sand on muscle soreness and performance. Kinesiology 2014, 46, 97–108.

21. Mirzaei, B.; Norasteh, A.A.; Asadi, A. Neuromuscular adaptations to plyometric training: Depth jump vs. countermovement
jump on sand. Sport Sci. Health 2013, 9, 145–149. [CrossRef]

22. Bobbert, M.F. Drop jumping as a training method for jumping ability. Sports Med. 1990, 9, 7–22. [CrossRef] [PubMed]
23. Ziv, G.; Lidor, R. Vertical jump in female and male volleyball players: A review of observational and experimental studies. Scand.

J. Med. Sci. Sports 2010, 20, 556–567. [CrossRef]
24. LaStayo, P.C.; Woolf, J.M.; Lewek, M.D.; Snyder-Macler, L.; Reich, T.E.; Lindstedt, S.L. Eccentric muscle contractions: Their

contribution to injury, prevention, rehabilitation, and sport. J. Orthop. Sports Phys. Ther. 2003, 33, 557–571. [CrossRef]
25. Pearson, S.J.; McMahon, J. Lower limb mechanical properties: Determining factors and implications for performance. Sports Med.

2012, 42, 929–940. [CrossRef] [PubMed]
26. Walshe, A.D.; Wilson, G.J.; Ettema, G.J. Stretch-shorten cycle compared with isometric preload: Contributions to enhanced

muscular performance. J. Appl. Physiol. 1998, 84, 97–106. [CrossRef]
27. Arampatzis, A.; Schade, F.; Walsh, M.; Bruggemann, G.P. Influence of leg stiffness and its effect on myodynamic jumping

performance. J. Electromyogr. Kinesiol. 2001, 11, 355–364. [CrossRef]
28. Bojsen-Moller, J.; Magnusson, S.P.; Rasmussen, L.R.; Kjaer, M.; Aagaard, P. Muscle performance during maximal isometric and

dynamic contractions is influenced by the stiffness of the tendinous structures. J. Appl. Physiol. 2005, 99, 986–994. [CrossRef]
29. Bishop, D.A. Comparison between land and sand-based tests for beach volleyball assessment. J. Sports Med. Phys. Fitness 2003, 43,

418–423.
30. Giatsis, G.; Pérez-Turpin, J.A.; Hatzimanouil, D. Analysis of time characteristics, jump patters and technical-tactical skills of beach

volley men’s final in Rio Olympics 2016. J. Hum. Sport Exerc. 2020, 15, S1013–S1019. [CrossRef]
31. Ricarte Batista, G.; Freire De Araujo, R.; Oliveira Guerra, R. Comparison between vertical jumps of high performance athletes on

the Brazilian men’s beach volleyball team. J. Sports Med. Phys. Fitness 2008, 48, 172–176.
32. Schmidt, M.; Meyer, E.; Jaitner, T. Quantifying jump-specific loads in beach volleyball by an inertial measurement device. Int. J.

Sports Sci. Coach. 2021, 16, 391–397. [CrossRef]
33. Bisciotti, G.N.; Ruby, A.; Jaquemod, C. Biomechanics of jumps in the volleyball and in the beach-volley. Riv. Cult. Sport. 2001, 20,

29–34.
34. Miyama, M.; Nosaka, K. Influence of surface on muscle damage and soreness induced by consecutive drop jumps. J. Strength

Cond. Res. 2004, 18, 206–211. [CrossRef]
35. Giatsis, G.; Kollias, I.; Panoutsakopoulos, V.; Papaiakovou, G. Biomechanical differences in elite beach-volleyball players in

vertical squat jump on rigid and sand surface. Sports Biomech. 2004, 3, 145–158. [CrossRef] [PubMed]
36. Giatsis, G.; Panoutsakopoulos, V.; Kollias, I.A. Biomechanical differences of arm swing countermovement jumps on sand and

rigid surface performed by elite beach volleyball players. J. Sports Sci. 2018, 36, 997–1008. [CrossRef] [PubMed]
37. Faul, F.; Erdfelder, E.; Lang, A.G.; Buchner, A. G* Power 3: A flexible statistical power analysis program for the social, behavioral,

and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef]
38. Bobbert, M.F.; Huijing, P.A.; van Ingen Schenau, G.J. Drop jumping. II. The influence of dropping height on the biomechanics of

drop jumping. Med. Sci. Sports Exerc. 1987, 19, 339–346. [CrossRef]
39. McKinley, P.; Pedotti, A. Motor strategies in landing from a jump: The role of skill in task execution. Exp. Brain Res. 1992, 90,

427–440. [CrossRef]
40. Kollias, I.; Panoutsakopoulos, V.; Papaiakovou, G. Comparing jumping ability among athletes of various sports: Vertical drop

jumping from 60 centimeters. J. Strength Cond. Res. 2004, 18, 546–550. [CrossRef]
41. Baca, A. A comparison of methods for analyzing drop jump performance. Med. Sci. Sports Exerc. 1999, 31, 437–442. [CrossRef]

[PubMed]

http://doi.org/10.1519/00126548-200610000-00002
http://doi.org/10.1080/02640414.2013.805239
http://www.ncbi.nlm.nih.gov/pubmed/23968257
http://doi.org/10.3390/ijerph182413093
http://doi.org/10.23736/S0022-4707.17.07162-6
http://doi.org/10.4172/2161-0673.1000128
http://doi.org/10.3390/ijerph17238981
http://www.ncbi.nlm.nih.gov/pubmed/33276623
http://doi.org/10.1007/s11332-013-0161-x
http://doi.org/10.2165/00007256-199009010-00002
http://www.ncbi.nlm.nih.gov/pubmed/2408119
http://doi.org/10.1111/j.1600-0838.2009.01083.x
http://doi.org/10.2519/jospt.2003.33.10.557
http://doi.org/10.1007/BF03262304
http://www.ncbi.nlm.nih.gov/pubmed/23009192
http://doi.org/10.1152/jappl.1998.84.1.97
http://doi.org/10.1016/S1050-6411(01)00009-8
http://doi.org/10.1152/japplphysiol.01305.2004
http://doi.org/10.14198/jhse.2020.15.Proc4.03
http://doi.org/10.1177/1747954120973101
http://doi.org/10.1519/R-13353.1
http://doi.org/10.1080/14763140408522835
http://www.ncbi.nlm.nih.gov/pubmed/15079993
http://doi.org/10.1080/02640414.2017.1348614
http://www.ncbi.nlm.nih.gov/pubmed/28673119
http://doi.org/10.3758/BF03193146
http://doi.org/10.1249/00005768-198708000-00004
http://doi.org/10.1007/BF00227257
http://doi.org/10.1519/1533-4287(2004)182.0.CO;2
http://doi.org/10.1097/00005768-199903000-00013
http://www.ncbi.nlm.nih.gov/pubmed/10188749


J. Funct. Morphol. Kinesiol. 2022, 7, 17 14 of 15

42. Brughelli, M.; Cronin, J. A review of research on the mechanical stiffness in running and jumping: Methodology and implications.
Scand. J. Med. Sci. Sports 2008, 18, 417–426. [CrossRef]

43. Cohen, J. Statistical Power Analysis for the Behavioral Sciences, 2nd ed.; Lawrence Erlbaum Associates Publishers: Hillsdale, NJ,
USA, 1988.

44. Struzik, A.; Zawadzki, J. Application of force-length curve for determination of leg stiffness during a vertical jump. Acta Bioeng.
Biomech. 2016, 18, 163–170. [CrossRef] [PubMed]

45. Arianasab, H.; Mohammadipour, F.; Amiri-Khorasani, M. Comparison of knee joint kinematics during a countermovement jump
among different sports surfaces in male soccer players. Sci. Med. Footb. 2017, 1, 74–79. [CrossRef]

46. Buscà, B.; Alique, D.; Salas, C.; Hileno, R.; Pena, J.; Morales, J.; Bantulà, J. Relationship between agility and jump ability in
amateur beach volleyball male players. Int. J. Perform. Anal. Sport 2015, 15, 1102–1113. [CrossRef]

47. Laffaye, G.; Bardy, B.; Taiar, R. Upper-limb motion and drop jump: Effect of expertise. J. Sports Med. Phys. Fitness 2006, 46,
536–543.

48. Laffaye, G.; Choukou, M.A. Gender bias in the effect of dropping height on jumping performance in volleyball players. J. Strength
Cond. Res. 2010, 24, 2143–2148. [CrossRef]

49. Ferreira, L.C.; Weiss, L.W.; Hammond, K.G.; Schilling, B.K. Structural and functional predictors of drop vertical jump. J. Strength
Cond. Res. 2010, 24, 2456–2467. [CrossRef]

50. Pietraszewski, B.; Rutkowska-Kucharska, A. Relative power of lower limbs in drop jump. Acta Bioeng. Biomech. 2011, 13, 13–18.
51. Viitasalo, J.T.; Salo, A.; Lahtinen, J. Neuromuscular functioning of athletes and non-athletes in the drop jump. Eur. J. Appl. Physiol.

Occup. Physiol. 1998, 78, 432–440. [CrossRef]
52. Walsh, M.; Arampatzis, A.; Schade, F.; Brüggemann, G.P. The effect of drop jump starting height and contact time on power, work

performed, and moment of force. J. Strength Cond. Res. 2004, 18, 561–566. [CrossRef] [PubMed]
53. Young, W.B.; Wilson, C.J.; Byrne, C. A comparison of drop jump training methods: Effects on leg extensor strength qualities and

jumping performance. Int. J. Sports Med. 1999, 20, 295–303. [CrossRef] [PubMed]
54. Dal Bello, F.; Aedo Muñoz, E.; Gomes Moreira, D.; Brito, C.J.; Miarka, B.; Navarro Cabello, E. Beach and indoor volleyball athletes

present similar muscular activation of lower limbs during the countermovement jump. Hum. Mov. 2019, 21, 43–50. [CrossRef]
55. Binnie, M.J.; Dawson, B.; Pinnington, H.; Landers, G.; Peeling, P. Part 2: Effect of training surface on acute physiological responses

after sport-specific training. J. Strength Cond. Res. 2013, 27, 1057–1066. [CrossRef] [PubMed]
56. De Sire, A.; Marotta, N.; Demeco, A.; Moggio, L.; Paola, P.; Marotta, M.; Iona, T.; Invernizzi, M.; Leigheb, M.; Ammendolia, A.

Electromyographic assessment of anterior cruciate ligament injury risk in male tennis players: Which role for visual input? A
proof-of-concept study. Diagnostics 2021, 11, 997. [CrossRef]

57. Horita, T.; Komi, P.; Nicol, C.; Kyrolainen, H. Interaction between pre-landing activities and stiffness regulation of the knee joint
musculoskeletal system in the drop jump: Implications to performance. Eur. J. Appl. Physiol. 2002, 88, 76–84. [CrossRef]

58. Rojano Ortega, D.; Berral-Aguilar, A.J.; Berral de la Rosa, F.J. Kinetics and vertical stiffness of female volleyball players: Effect of
low-intensity plyometric training. Res. Q. Exerc. Sport 2021. (accepted and published on-line). [CrossRef]

59. Arampatzis, A.; Stafilidis, S.; Morey-Klapsing, G.; Brüggemann, G.P. Interaction of the human body and surfaces of different
stiffness during drop jumps. Med. Sci. Sports Exerc. 2004, 36, 451–459. [CrossRef]

60. Arampatzis, A.; Bruggemann, G.P.; Morey-Klapsing, G.M. Leg stiffness and mechanical energetic processes during jumping on a
sprung surface. Med. Sci. Sports Exerc. 2001, 33, 923–931. [CrossRef]

61. Butler, R.J.; Crowell III, H.P.; Davis, I.M. Lower extremity stiffness: Implications for performance and injury. Clin. Biomech. 2003,
18, 511–517. [CrossRef]

62. Hewett, T.E.; Lindenfeld, T.N.; Riccobene, J.V.; Noyes, F.R. The effect of neuromuscular training on the incidence of knee injury in
female athletes. Am. J. Sports Med. 1999, 27, 699–706. [CrossRef]

63. Walshe, A.D.; Wilson, G.J. The influence of musculotendinous stiffness on drop jump performance. Can. J. Appl. Physiol. 1997, 22,
117–132. [CrossRef] [PubMed]

64. Papaiakovou, G.; Katsikas, F.; Nikodelis, T.; Panoutsakopoulos, V.; Kollias, I. Influence of the ankle joint dorsiflexion on the
execution of vertical jumps. In Proceedings of the XXIV International Symposium on Biomechanics in Sports, Salzburg, Austria,
14–18 July 2006; Schwameder, H., Strutzenberger, G., Fastenbauer, V., Lindinger, S., Muller, E., Eds.; University of Salzburg:
Salzburg, Austria, 2006; Volume 1, pp. 448–451.

65. Hollville, E.; Rabita, G.; Guilhem, G.; Lecompte, J.; Nordez, A. Effects of surface properties on gastrocnemius medialis and vastus
lateralis fascicle mechanics during maximal countermovement jumping. Front. Physiol. 2020, 11, 917. [CrossRef]

66. Bonavolontà, V.; Carvutto, R.; Di Gioia, A.; De Candia, M. Plyometric training on sand versus grass: Effects on sprinting, jumping,
agility and balance in soccer players. J. Hum. Sport Exerc. 2021, 16, S1104–S1113. [CrossRef]

67. Hammami, M.; Bragazzi, N.L.; Hermassi, S.; Gaamouri, N.; Aouadi, R.; Shephard, R.J.; Chelly, M.S. The effect of a sand surface on
physical performance responses of junior male handball players to plyometric training. BMC Sports Sci. Med. Rehab. 2020, 12, 26.
[CrossRef] [PubMed]

68. Pereira, L.A.; Freitas, T.T.; Marín-Cascales, E.; Bishop, C.; McGuigan, M.R.; Loturco, I. Effects of training on sand or hard surfaces
on sprint and jump performance of team-sport players: A systematic review with meta-analysis. Strength Cond. J. 2021, 43, 56–66.
[CrossRef]

http://doi.org/10.1111/j.1600-0838.2008.00769.x
http://doi.org/10.5277/ABB-00401-2015-02
http://www.ncbi.nlm.nih.gov/pubmed/27406469
http://doi.org/10.1080/02640414.2016.1254811
http://doi.org/10.1080/24748668.2015.11868854
http://doi.org/10.1519/JSC.0b013e3181aeb140
http://doi.org/10.1519/JSC.0b013e3181e3484b
http://doi.org/10.1007/s004210050442
http://doi.org/10.1519/1533-4287(2004)182.0.CO;2
http://www.ncbi.nlm.nih.gov/pubmed/15320658
http://doi.org/10.1055/s-2007-971134
http://www.ncbi.nlm.nih.gov/pubmed/10452226
http://doi.org/10.5114/hm.2020.89913
http://doi.org/10.1519/JSC.0b013e3182651d63
http://www.ncbi.nlm.nih.gov/pubmed/22843041
http://doi.org/10.3390/diagnostics11060997
http://doi.org/10.1007/s00421-002-0673-6
http://doi.org/10.1080/02701367.2021.1915946
http://doi.org/10.1249/01.MSS.0000117166.87736.0A
http://doi.org/10.1097/00005768-200106000-00011
http://doi.org/10.1016/S0268-0033(03)00071-8
http://doi.org/10.1177/03635465990270060301
http://doi.org/10.1139/h97-010
http://www.ncbi.nlm.nih.gov/pubmed/9140666
http://doi.org/10.3389/fphys.2020.00917
http://doi.org/10.14198/jhse.2021.16.Proc3.27
http://doi.org/10.1186/s13102-020-00176-x
http://www.ncbi.nlm.nih.gov/pubmed/32351699
http://doi.org/10.1519/SSC.0000000000000634


J. Funct. Morphol. Kinesiol. 2022, 7, 17 15 of 15

69. Brown, H.; Dawson, B.; Binnie, M.J.; Pinnington, H.; Sim, M.; Clemons, T.D.; Peeling, P. Sand training: Exercise-induced muscle
damage and inflammatory responses to matched-intensity exercise. Eur. J. Sport Sci. 2017, 17, 741–747. [CrossRef]

70. Richardson, M.C.; Murphy, S.; Macpherson, T.; English, B.; Spears, I.; Chesterton, P. Effect of sand on knee load during a single-leg
jump task: Implications for injury prevention and rehabilitation programs. J. Strength Cond. Res. 2020, 34, 3164–3172. [CrossRef]

71. Binnie, M.J.; Dawson, B.; Arnot, M.A.; Pinnington, H.; Landers, G.; Peeling, P. Effect of sand versus grass training surfaces during
an 8-week pre-season conditioning programme in team sport athletes. J. Sports Sci. 2014, 32, 1001–1012. [CrossRef]

72. Binnie, M.J.; Dawson, B.; Pinnington, H.; Landers, G.; Peeling, P. Effect of surface-specific training on 20 m sprint performance on
sand and grass surfaces. J. Strength Cond. Res. 2013, 27, 3515–3520. [CrossRef]

http://doi.org/10.1080/17461391.2017.1304998
http://doi.org/10.1519/JSC.0000000000002623
http://doi.org/10.1080/02640414.2013.879333
http://doi.org/10.1519/JSC.0b013e31828f043f

	Introduction 
	Materials and Methods 
	Participants 
	Procedure 
	Data Acquisition and Analysis 
	Statistical Analyses 

	Results 
	Discussion 
	Conclusions 
	References

