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Abstract: The inability to control the body center of mass (BCM) initial conditions, when executing
plyometric exercises, comprises a restrictive factor to accurately compare jumps executed vertically
and horizontally. The purpose of the study was to present a methodological approach for the
examination of BCM initial conditions during vertical drop jumps (VDJ) and plyometric rebound
jumps performed with a pendulum swing (HPRJ). A system consisting of two force plates was used
for the evaluation of VDJ. A bifilar pendulum, equipped with a goniometer and accelerometer, was
constructed for the evaluation of the HPRJ. Kinematic parameters from both jump modalities were
obtained by means of videography (100 Hz). Thirty-eight physically active young males executed
VDJ and HPRJ with identical BCM kinetic energy at the instant of impact (KEI). Results revealed that
participants produced higher power and lower force outputs at HPRJ (p < 0.01). The rate of force
development was larger in VDJ, while hip movement was less in HPRJ. The use of the presented
methodology provided the means to reliably determine the exact BCM release height during the
execution of the examined jumps. This provided an accurate determination of the amount of KEI,
being the main parameter of calculating load during plyometric exercise.

Keywords: drop jump; pendulum exercise; plyometric exercise; stretch-shortening cycle; kinetic
energy; joint angular kinematics; range of motion; power output; kinetics; accelerometry

1. Introduction

Drop jumps (DJ) are the most recognized and commonly used method of plyometric
training [1–5]. When executing a DJ, athletes drop from a raised surface and perform a
maximal vertical jump after landing on the ground in the shortest possible ground contact
time. Storage and utilization of muscle elastic energy are characteristic in DJ. During the
eccentric (downward) phase, gravity forces the body to move downwards and energy is
stored in the elastic components of the stretched muscles. This stored energy is utilized
and summed to the energy produced during the concentric (upward) phase, e.g., when the
body moves upwards [6].

Vertical ground reaction force (vGRF) and power output are suggested to distinguish
the level of ability in terms of DJ performance [7]. Power production is a very important
factor that affects drop jumping, which is essential for performance in individual and team
sports [8,9]. During DJ, the stretch-shortening cycle of muscle function (SSC) is evident [10],
since the impact to the ground forces the activated lower limb muscles to lengthen by acting
eccentrically during the braking phase, followed by a concentric (shortening) action during
the propulsion. The above mechanism results in enhanced jumping ability.

DJ performance is suggested to be characterized by high reliability and low variabil-
ity [7,9,11–13]. Nevertheless, the kinetic energy at the instant of impact (KEI) is one of
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the most relevant parameters for the load definition in SSC [14]. However, the inaccurate
determination of the initial conditions of the drop, namely the actual dropping height and
the vertical body center of mass (BCM) velocity at touchdown, could result in erroneous cal-
culations of DJ performance and its kinetic determinants. Under this perspective, Baca [15]
detected the causes of invalid computation of actual dropping height, highlighting the
spatiotemporal (flight time and the position of the BCM at the take-off in comparison to
landing) and kinematic parameters (limited degrees of freedom of motion analysis meth-
ods) that have an effect and should be monitored. Furthermore, the comparison of different
methods for the determination of variables concerning DJ performance led to the conclusion
that the method using two force plates (one located under the drop platform) should be
used as a reference method [16]. In addition, video-based methods were evaluated as the
best alternatives as reported by the same researcher [16].

The quest for load specificity during plyometric jumps [17] and the requirement of
avoiding injuries during their execution [18], has led to the introduction of alternative
devices such as the sledge ergometer [19–21] and the pendulum swing [22]. The latter was
developed by Kusnetsov [23] and was widely used in Eastern Europe, in order to simulate
DJ training [24]. It is suggested that the benefit of the usage of those devices was the lack of
the necessity for postural control during execution, since the latter elaborates the athlete to
utilize all the energy produced in order to perform the jump [25].

Past research examined the application of the pendulum swing as a research tool to
study its effectiveness as a plyometric training device [26–30]. Furthermore, it has been
used for the evaluation of parameters determining lower extremity plyometric function and
force generation capability [24,31–33]. In previous research, the similarity between DJ (DJs
from 28 cm) and pendulum jumps (10 consecutive pendulum swings) was examined [28].
Greater ground reaction forces were observed for the DJ, while ankle joint range of motion
was larger and hip joint angle was smaller at the instant of first contact and takeoff at the
pendulum exercises. Furthermore, during the eccentric phase, smaller ankle and knee joint
values were observed in the pendulum swings. However, a similar coordination strategy
between the two exercises was observed [28]. In agreement, it was suggested that the
neuromuscular system has the ability to provide consistent movement coordination as a
response to the plyometric exercise of pendulum rebound jumps, even when the chair of
the pendulum is set at different settings [34,35].

Although loading in DJ can be defined by the height of the drop and thus its biome-
chanics can be examined in relation to the load imposed by the task, this was not established
in the past research concerning pendulum jumps. The comparisons of the pendulum jump
biomechanics against DJ biomechanics were performed by analyzing a trial that was se-
lected based on the largest amplitude of the pendulum [28] or the flight time between two
consecutive pendulum rebound jumps [34]. The lack of monitoring of the BCM initial
conditions (height during take-off from the raised platform and kinetic energy at the instant
of impact) during the execution of vertical drop jumps (VDJ) and the plyometric jumps
performed with a pendulum swing (HPRJ), comprises a restrictive factor to accurately
compare those jumping modalities. Another issue is the variability observed for the above-
mentioned criterion, as it was found that the amplitude of the pendulum swing in a series
of HRPJ is more stable after the first five rebounds [36]. Thus, it is necessary to improve the
experimental setup of HPRJ research, so that BCM initial conditions could be accurately
defined, in order to accomplish a more valid and reliable execution of the single repetition
HPRJ exercise.

The aim of the present study was to present a methodological approach for comparing
VDJ and HPRJ when the same initial loading conditions are applied, as this could provide
detailed insights into the comparison of HPRJ and VDJ biomechanics. It was hypothesized
that, due to the added mass and the equality of kinetic energy at impact, the reaction forces
and the power output would be larger in the HPRJ than in the VDJ. In addition, it was also
hypothesized that the requirement to overcome the increased loading will result in a larger
joint angle range of motion (ROM) in the HPRJ compared to the VDJ.
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2. Materials and Methods
2.1. Design of the Study

At first, the validity of the methods to evaluate HPRJ performance was tested. Then,
the VDJs were performed to define the target KEI to be set for the execution of the respective
HPRJ. Finally, the HPRJs were performed with the same KEI and their parameters were
compared to those of the VDJs.

2.2. Participants

Thirty-eight physically active young males (n = 38, age: 22.4 ± 4.0 years, height:
1.85 ± 0.05 m, body mass: 81.8 ± 8.2 kg) volunteered to participate in the study. Par-
ticipants were informed about the purposes of the study and gave their signed consent.
All participants were in good physical condition, and were physically active for at least
6 h/week, with no apparent or reported injury or disability. All participants provided
a signed informed consent. The study was conducted following the guidelines of the
Declaration of Helsinki and of the Institution’s Research Committee Ethics Code.

2.3. Instruments
2.3.1. Vertical Drop Jumps

For the evaluation of the VDJ, a system consisting of two force plates was used. A
one-dimensional force-plate (1-Dynami, ©: Biomechanics Lab AUTh, Thessaloniki, Greece)
was used to record the vGRF during the step-off [37] from the raised platform. It was used
to calculate the exact BCM dropping height, using the vGRF data and the duration of the
impulse. An AMTI Mod. OR6-5-1 (AMTI, Newton, MA, USA) force-plate was used to
record the vGRF during contact with the ground. This setup is depicted in Figure 1a and
was used to determine VDJ performance variables as described elsewhere [7].
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Figure 1. Depiction of the experimental procedure: (a) execution of the vertical drop jump (VDJ);
(b) execution of the horizontal plyometric rebound jump (HPRJ).

2.3.2. Horizontal Pendulum Rebound Jumps

For the evaluation of the HPRJs, a bifilar pendulum was constructed, which allowed
participants to swing toward a dynamometer attached to the wall (Figure 1b). The benefit
of using the bifilar pendulum, in comparison to the simple pendulum apparatus used in
the previous related literature, is that, when the pendulum is rotated from its two solid
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axes of rotation, the level that is determined by the lower ends of its arms is constant
and parallel to the horizontal. Thus, the motion of the pendulum’s seat is always parallel
to the ground and the execution of the HPRJs can be conducted perpendicularly to the
dynamometer mounted to the wall. Another advantage is that its arms can be constructed
in any desired length, without any effects from its mass [38]. The bifilar pendulum was
comprised of a seat suspended by four parallel 250 × 6 × 3 cm aluminum arms. The back
of the seat had a 145◦ inclination. The total mass of the seat and the bifilar pendulum was
42.5 kg. Additional details of the mechanical properties of the pendulum are presented in
Appendix A.

The pendulum arms were rotated round two parallel bars attached to a fixation plate
on the ceiling. The fixation plate was adjustable in order to allow subjects with different
body heights to have contact with the wall dynamometer with fully extended legs, while the
seat was at the lowest position of its trajectory. A custom-made dynamometer (2-Dynami, ©:
Biomechanics Lab AUTh, Thessaloniki, Greece) was mounted on the wall and was used
to record the horizontal wall reaction forces (hWRF). The procedure to calibrate the wall
dynamometer and its validity are presented in Appendix B.

For the purpose of monitoring the kinetics of the pendulum and the seated subject,
the following instruments were attached to the pendulum:

1. A pendulous foothold with a shock absorbing system connected to a Kistler 932-1B
force-transducer (FTD; Kistler Instrumente AG, Winterthur, Switzerland). It was used
to guide subjects’ lower extremities to the wall dynamometer; it was also used to
calculate any contribution of the lower extremity in the vertical component.

2. A Lucas R60D (Lucas Control Systems Products, Hampton, VA, USA) electronic
goniometer, which was used to monitor the temporal angular position of the bifilar
pendulum. It was attached at the front-up parallel bar.

3. A Kyowa AS-20GB (Kyowa Electronic Instruments Co., Japan) accelerometer, which
was used to monitor the instant velocity of the bifilar pendulum.

Signals from the wall dynamometer and the accelerometer were amplified using
Kyowa DPM-601B (Kyowa Electronic Instruments Co., Chofu, Tokyo, Japan) amplifiers.
Signals from the force-transducer were amplified using a Kistler 5037A-1211 (Kistler Instru-
mente AG, Winterthur, Switzerland) amplifier. All signals were simultaneously recorded
and stored in a Pentium II PC, using a 12-bit analog-to-digital converter (PC-LabCard
PCL-812, Advantech Co., Ltd., Taipei, Taiwan) A/D card. Sampling frequency was set to
500 Hz. Signals were digitally smoothed using a 4th-order low-pass Butterworth filter, with
cut-off frequency set at 15 Hz.

2.3.3. Video Recording

Both VDJs and HPRJs were filmed using a JVC GR-DVL 9600 EG (Victor Company of
Japan Ltd., Yokohama, Japan) digital video camera, operating with a sampling frequency
of 100 fps. The camera was placed 5 m perpendicular to the plane of motion and was
based on a fixed tripod at a height of 1.2 m. A 2.5 m × 1.25 m calibration frame with
12 markers was also recorded to conduct a 2D-DLT analysis for the calculation of the lower
limb joints’ kinematics.

2.4. Experimental Procedure

The warm-up and familiarization procedure has been described in detail previously [7].
At first, the VDJs were performed and the participants were informed about the execution
of the step-off from the drop platform and to keep the arms akimbo during the execution.
The instruction was to “jump as high as you can with the minimum ground contact time”.
Each participant performed, bare-footed, three VDJs from 40 cm. A minimum 60 s interval,
in order to avoid fatigue, was allowed between trials. The raised platform dynamometer
was adjusted to permit subjects to land at the center of the ground force plate. Such an
arrangement contributed to a safe execution and an accurate evaluation of the jumps.
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Fifteen minutes after the completion of the last VDJ, the participants were adjusted
on the pendulum seat with a five-point fixing belt. The pendulum was fixed in a position
so that participants could touch the wall force dynamometer with the joints of their lower
extremities fully extended when the pendulum was at its lowest position of its trajectory.
Identical KEI to the wall dynamometer was accomplished by elevating the bifilar pendu-
lum to the proper release height (HR) using a Kabit SHZ-500 (Kabit Deutschland GmbH,
Ismaning, Germany) electrical hoist. Participants were instructed to execute the HPRJs
utilizing a “jump as far as you can with the minimum wall contact time” pattern. All three
HPRJ trials were executed bare-footed, while upper extremities were held crossed on the
torso. A minimum 60 s interval between trials was also provided.

2.5. Data Analysis
2.5.1. Kinematic and Kinetic Parameters Derived from the Force Recordings

The analysis of the recorded time curves provided the following parameters [7,36,39,40]
using the modules of the K-Dynami (©: Iraklis A. Kollias) software:

• Spatial parameters: jump height (HJUMP); actual drop take-off height (hDROP); height
of release (HR) of the pendulum; BCM vertical displacement during the braking (SBR)
and propulsion (SPR) phases.

• Temporal parameters: total ground contact time (tC); braking phase duration (tBR);
time to achieve maximum vGRF/hWRF (tFMAX); time to achieve peak power during
the propulsion phase (tPMAX).

• Kinematic parameters: BCM velocity at the instants of touchdown (VTD) and take-off (VTO).
• Kinetic parameters: peak force output (F); peak rate of force development (RFD);

power in the propulsion phase (P); vertical stiffness (KVERT); leg stiffness (KLEG).

2.5.2. Definition of the KEI for the Horizontal Pendulum Rebound Jumps

HPRJ performance was calculated based on initial BCM conditions after push-off
phase, which was verified by the signals from the electronic goniometer, the accelerometer,
and from the video analysis [40]. During the rest period between the jumping modalities,
the analysis of the best VDJ (criterion: HJUMP) provided the exact KEI that was used as
input to set the HR for the HPRJ. The bifilar pendulum was set to be released from a HR
that would allow identical KEI compared to VDJ as shown in Equation (1):

HR =
mS · hDROP
mS + mP

(1)

where HR is the BCM release height for HPRJ condition, mS is the participant’s body mass,
mP is the mass of the bifilar pendulum, and hDROP is the BCM drop height for the VDJ
condition. The best HPRJ attempt, defined by the criterion of maximal HJUMP calculated
from VTO, was selected for further analysis, namely the comparison with the VDJ.

2.5.3. Kinematic Parameters Derived from the Video Analysis

The anatomical points that were manually digitized at each field using the K-Motion
(K-Invent, Montpellier, France) software and that were used for the kinematic analysis
were the following: head of the 5th metacarpal, ulna-styloid process, lateral epicondyle of
the humerus, acromion, top of the head, 7th cervical vertebra, greater trochanter, lateral
epicondyle of the femur, posterior surface of the calcaneus, lateral malleolus, tuberosity of
the 5th metatarsal, and proximal medial phalanx. In the case of the HPRJs, pairs of markers
on each of the pendulum’s arms were also digitized. The coordinates of the center of mass
were calculated for every field using the method of segments [41], as follows (Equation (2)):

CBCM =
n

∑
i=1

[Pi − (Pi − Di) · qi] · mi (2)
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where CBCM is the coordinates of BCM, Pi is the coordinates of the proximal point of the ith
segment, Di is the coordinates of the distal point of the ith segment, Qi is the distance of
the center of mass of the ith segment from its distal point, mi is the relative mass of the ith
segment compared to whole body mass, and n is the number of body segments (n = 14).

Temporal position of the center of mass of the system pendulum + participant was
calculated using Equation (3):

CΣ =
CBCM · mS + CPCM · mP

mS + mP
(3)

where CΣ is the coordinates of the center of mass of the system, CBCM is the coordinates
of subject’s BCM, CPCM is the coordinates of the bifilar pendulum’s center of mass, mS is
participant’s body mass, and mP is the mass of the bifilar pendulum (=42.5 kg).

A 2nd order low-pass Butterworth filter, with a cut-off frequency ranging from 4
to 6.5 Hz, depending on the noise calculated with residual analysis [42], was used for
smoothing the data. The examined angular kinematic parameters were the ankle (ANK),
knee (KNEE), and hip (HIP) angle (θ) at the instance of touchdown (td), maximum BCM
displacement during contact with the force-plates (low), and take-off (to). In addition, the
peak angular velocity (ω) and range of motion (ROM) of the lower limb joints during the
braking and propulsion phases were calculated. Furthermore, for the calculation of KLEG,
the leg length was extracted as the perpendicular displacement of the greater trochanter
relative to the lateral malleolus.

2.5.4. Signal Synchronization

The synchronization of the kinematic and kinetic data was accomplished with La-
grange interpolation, using the K-Motion (K-Invent, Montpellier, France) software. The
time instants of take-off, achievement of maximal BCM velocity, and achievement of peak
BCM acceleration from both signals, as extracted from both the force and video recordings,
were used for reference.

2.6. Statistical Analysis

The collected data were checked for normality in their distribution using the Kolmogorov–
Smirnov test (p > 0.05). Intra-test reliability was tested using the two-way random with
absolute agreement intraclass correlation coefficient (ICC) for both VDJ and HPRJ on the
values using the three trials for each jumping task. Inter-instrument reliability of the
HPRJ assessment was also tested using the same ICC test correlating the mean values
for each participant among the three instruments (wall dynamometer, accelerometer, and
goniometer). For all cases, the single measure ICC values were used, with confidence
intervals set at 95%. ICCs of <0.40, 0.40–0.75, and >0.75 were interpreted as poor, fair to
good, and excellent reliability, respectively [43].

For the comparison of the kinetic and kinematic characteristics of VDJ and HPRJ,
paired samples t-test was used. Cohen’s d was calculated for every comparison to investi-
gate the effect size, with values of ≤0.49, 0.50–0.79, and, ≥0.80 being interpreted as small,
medium, and large effect sizes, respectively [44].

The level of significance for all analyses was set at a = 0.05. All statistical procedures
were performed using the IBM SPSS Statistics v.27.0.1.0 software (International Business
Machines Corp., Armonk, NY, USA).

3. Results
3.1. Reliability Measures

Excellent inter-instrument reliability of the calculation of HPRJ performance was
revealed based on the extracted ICC (=0.835, 95% confidence interval = 0.773–0.884).
Fair/good to excellent intra-test reliability scores were revealed for the performance of
VDJ and HPRJ (ICC = 0.823, 95% confidence interval = 0.640–0.921, and ICC = 0.870, 95%
confidence interval = 0.743–0.939, respectively).
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3.2. Comparison between VDJ and HPRJ
3.2.1. Spatiotemporal, Kinetic, and Kinematic Parameters

For the VDJ, hDROP was 30.1 ± 4.5 cm instead of the nominal hDROP of 40.0 cm. On
the other hand, the monitored bifilar pendulum allowed the initiation of the HPRJ at a
HR of 20.0 ± 0.1 cm. Thus, KEI was almost identical between the two jumping modalities
(Table 1). Table 1 presents the comparison of the spatiotemporal and kinematic parameters
of the VDJ and the HPRJ.

Table 1. Mean ± standard deviation of the comparison for the spatiotemporal and kinematic pa-
rameters between the vertical drop jump (VDJ) and the horizontal plyometric rebound jump (HPRJ)
test (n = 38).

Parameter VDJ HPRJ t p d

KEI (J) 240.6 ± 39.5 243.9 ± 16.0 0.541 0.592 0.11
HJUMP (m) 0.323 ± 0.072 0.302 ± 0.072 1.399 0.170 0.28
SBR (m) −0.301 ± 0.087 −0.241 ± 0.060 4.699 <0.001 * 0.80
SPR (m) 0.370 ± 0.105 0.454 ± 0.110 0.319 0.754 0.78
tC (ms) 408.8 ± 123.0 426.7 ± 92.8 0.819 0.418 0.16
tBR (ms) 192.5 ± 60.3 185.6 ± 51.1 0.647 0.522 0.12
tFMAX (ms) 131.4 ± 65.3 269.1 ± 101.1 7.682 <0.001 * 1.62
tPMAX (ms) 322.0 ± 117.0 346.7 ± 94.3 1.133 0.265 0.23
VTD (m/s) −2.58 ± 0.15 −1.90 ± 0.10 21.416 <0.001 * 5.33
VTO (m/s) 2.51 ± 0.29 2.73 ± 0.35 3.262 0.002 * 0.69

*: p < 0.05; KEI: body center of mass (BCM) kinetic energy at the instant of impact; HJUMP: jump height; SBR: BCM
vertical displacement during the braking phase; SPR: BCM vertical displacement during the propulsion phase; tC:
total contact time; tBR: duration of the braking phase; tFMAX: time to achieve peak vertical ground/horizontal
wall reaction force for the VDJ and HPRJ, respectively; tPMAX: time to achieve peak power during the propulsion
phase; VTD: BCM velocity at the instant of touchdown; VTO: BCM velocity at the instant of take-off.

Performance (HJUMP) was not different (p > 0.05) between the two jumping tests. Data
analysis revealed significant (p < 0.05) differences between VDJ and HPRJ for SBR, tFMAX,
VTO, and VTD.

Table 2 depicts the comparison of the kinetic parameters between VDJ and HPRJ. F
was significantly (p < 0.05) larger at VDJ compared to HPRJ. However, F relative to body
mass was significantly (p < 0.05) larger in HPRJ. In addition, P was significantly (p < 0.05)
larger in HPRJ. However, when P was expressed relative to body mass, no differences
(p > 0.05) were observed between the two jumping tests. Concerning the examined stiffness
parameters, only KVERT differed significantly (p < 0.05) between VDJ and HPRJ.

Table 2. Mean ± standard deviation of the comparison for the kinetic parameters between the vertical
drop jump (VDJ) and the horizontal plyometric rebound jump (HPRJ) test (n = 38).

Parameter VDJ HPRJ t p d

F (kN) 2.15 ± 0.91 2.74 ± 1.49 2.168 0.037 * 0.48
F (N/kg) 3.68 ± 1.15 3.07 ± 0.98 2.942 0.006 * 0.57
RFD (kN/s) 47.1 ± 23.8 33.7 ± 24.3 2.885 0.006 * 0.56
P (kW) 2.93 ± 1.11 4.88 ± 0.92 9.188 <0.001 * 1.91
P (W/kg) 35.9 ± 13.7 38.8 ± 7.3 1.216 0.232 0.26
KVERT
(kN/m) 14.84 ± 9.35 9.92 ± 6.93 2.502 0.017 * 0.60

KLEG
(kN/m) 4.23 ± 2.58 3.69 ± 1.64 0.628 0.534 0.25

*: p < 0.05; F: peak force output; P: peak power output during the propulsion phase; KVERT: vertical stiffness, KLEG:
leg stiffness.
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The above-mentioned differences are also observed in the mean (n = 38) time curves
of the examined parameters (Figure 2). Although similarly progressed during the contact
phase, the lower F and SBR resulted in lower KVERT in HPRJ compared to VDJ.
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and horizontal plyometric rebound jump (HPRJ; thin green line) kinetic and kinematic parameters:
(a) force output; (b) rate of force development; (c) work; (d) power; (e) body center of mass (BCM)
velocity; (f) BCM displacement (0 = BCM position at the instant of touchdown); (g) vertical stiffness;
(h) vertical stiffness depicted by plotting the BCM displacement vs. the force output. Abbreviations:
F: force output; RFD: rate of force development; W: work; P: power; tC: contact time. NOTE: all
curves are normalized with respect to tC; the curves in Figure 2g are depicted for the time period
from touchdown to the maximum BCM displacement during the contact with the surface.



Biomechanics 2023, 3 212

3.2.2. Joint Angular Kinematic Parameters

Table 3 presents the comparison of the joint angular kinematic parameters of the VDJ
and the HPRJ. With the exception of the θKNEE and θHIP at the maximum BCM displacement
during the braking phase, all other examined angles were significantly (p < 0.05) different.
At the same instant, θANK was significantly (p < 0.05) more extended in the HPRJ than the
VDJ. All examined lower extremity joints were significantly (p < 0.05) more extended in
the VDJ compared to the HPRJ at the instances of touchdown and take-off. In addition,
significantly (p < 0.05) larger ROM was observed in the VDJ for both the braking and
propulsion phases. With the exception of ωHIP, no differences (p > 0.05) were observed
between the jumping tests for the peak joint angular velocity.

Table 3. Mean ± standard deviation of the comparison for the joint angular kinematic parame-
ters between the vertical drop jump (VDJ) and the horizontal plyometric rebound jump (HPRJ)
test (n = 38).

Parameter VDJ HPRJ t p d

θANK-td (deg) 100.9 ± 7.9 92.1 ± 9.3 5.300 <0.001 * 1.02
θANK-low (deg) 66.4 ± 6.2 73.9 ± 10.3 4.356 <0.001 * 0.88
θANK-to (deg) 136.2 ± 6.8 127.0 ± 7.7 5.153 <0.001 * 1.27
ROMANK-BR (deg) −34.4 ± 8.8 −18.2 ± 10.5 7.862 <0.001 * 1.67
ROMANK-PR (deg) 69.8 ± 9.4 53.1 ± 11.0 7.106 <0.001 * 1.63
ωANK (rad/s) 12.2 ± 2.2 11.5 ± 2.5 1.217 0.232 0.30
θKNEE-td (deg) 140.1 ± 8.6 121.2 ± 16.7 6.532 <0.001 * 1.42
θKNEE-low (deg) 95.8 ± 14.4 96.0 ± 21.3 0.052 0.959 0.01
θKNEE-to (deg) 175.2 ± 4.4 165.4 ± 7.5 6.698 <0.001 * 1.59
ROMKNEE-BR (deg) −44.3 ± 17.1 −25.1 ± 14.7 5.612 <0.001 * 1.20
ROMKNEE-PR (deg) 79.3 ± 15.2 69.4 ± 19.0 2.814 0.008 * 0.58
ωKNEE (rad/s) 11.4 ± 2.0 12.4 ± 2.9 1.754 0.089 0.40
θHIP-td (deg) 135.9 ± 11.2 121.0 ± 8.3 6.581 <0.001 * 1.51
θHIP-low (deg) 106.9 ± 22.5 111.8 ± 9.7 1.243 0.223 0.28
θHIP-to (deg) 176.8 ± 4.8 140.4 ± 5.9 30.456 <0.001 * 6.77
ROMHIP-BR (deg) −29.0 ± 22.0 −9.2 ± 5.1 5.466 <0.001 * 1.24
ROMHIP-PR (deg) 69.9 ± 22.8 28.5 ± 8.6 11.206 <0.001 * 2.40
ωHIP (rad/s) 8.6 ± 1.5 5.1 ± 1.4 11.604 <0.001 * 2.41

*: p < 0.05; θ: angle; ω: angular velocity; ROM: range of motion; ANK: ankle joint; KNEE: knee joint; HIP: hip
joint; td: instant of touchdown; low: instant of maximum body center of mass displacement during the contact
phase; to: instant of take-off; BR: braking phase; PR: propulsion phase; NOTE: negative and positive ROM values
indicate joint flexion and extension, respectively.

The mean (n = 38) time curves of the examined joint angular kinematic parameters are
presented in Figure 3. It was observed that at the HPRJ, the ankle and hip joints remain
at their maximum flexion point for a relatively longer period compared to the VDJ. In
addition, it seems that the knee joint was rapidly extended during the last third of the
support phase of the HPRJ.

The time history of lower extremity joints’ angular velocity revealed the existence
of a similar progression pattern throughout the contact phase in both jumping tests
(Figure 3b,d,f). Although larger leg length values were recorded during the VDJ, a similar
progression pattern was also present (Figure 3g).
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Figure 3. Mean (n = 38) time–history curves for the examined vertical drop jump (VDJ; thick blue line)
and horizontal plyometric rebound jump (HPRJ; thin green line) kinetic and kinematic parameters:
(a) ankle joint angle; (b) ankle joint angular velocity; (c) knee joint angle; (d) knee joint angular velocity;
(e) hip joint angle; (f) hip joint angular velocity; (g) leg length; (h) leg stiffness. Abbreviations: θ:
angle;ω: angular velocity; ANK: ankle joint; KNEE: knee joint; HIP: hip joint; tC: contact time. NOTE:
all curves are normalized with respect to tC.

4. Discussion

The purpose of the present study was to examine the reliability of a novel pendulum
swing apparatus for the execution of HPRJ that could subject participants to an identical
KEI as in the VDJ in order to allow the comparison of HPRJ and VDJ biomechanics when
performed with the same initial loading conditions. The present findings suggest that the
execution of HPRJ using a bifilar pendulum was highly reliable. Given the fact that the
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same initial conditions were applied, jumping height and relative power output were not
different, while the relative force output and the lower limb joints’ ROM were larger in the
VDJ compared to the HPRJ.

The results of the present study concerning the VDJ biomechanical parameters are
in logical agreement with those reported in previous studies [7,16,45–48]. Differences
between the nominal drop height and hDROP have been also found in the past [7,46,49,50].
However, the hDROP values reported for VDJ from 40 cm in previous research [16,48,51]
ranged from 35 to 45 cm are not in agreement with the hDROP measured in the present
study (30.1 ± 4.5 cm), which is closer to the findings of Geraldo et al. [52].

Comparing the present results with previous studies examining HPRJ, it is concluded
that tC is almost identical with what was reported in the past [28]. Reduced relative F
and RFD in HPRJ compared to VDJ was also reported [27,28]. The present findings are in
agreement with these findings. In addition, larger P values in the propulsive phase of the
HPRJ than the VDJ have been reported as well [26,32]. Nevertheless, it is not evident that
KEI was controlled in previous studies. The ankle and knee joint angles at the maximum
BCM displacement during the contact phase are similar to those reported by Fowler and
Lees [28]. With respect to the findings of the same study, although ωANK was similar,
different trends concerning the differences inωKNEE andωHIP patterns between VDJ and
HPRJ were observed in the present research. This finding seems to be connected with the
higher mass of the participant + pendulum system during the execution of the HPRJ while
keeping the same kinetic energy at initial contact as in the VDJ.

The lower relative F, SBR, and SPR values during HPRJ can be attributed to the im-
mobilization of the torso because of the fixing on the chair and the consequent lack of
contribution of the hip extensors to optimally respond to the required prerequisites for the
execution of the SSC. This could also explain the decreased lower extremity joints’ ROM
during the HPRJ. The changes observed concerning the lower extremity joints’ angular
displacement between VDJ and HPRJ may have caused alterations to the force–length
relationships of lower extremity muscles, leading to differences in the force and power
production capabilities, as it has been suggested that the muscle-tendon length of the biar-
ticular muscles spanning the knee and hip joints were altered during different pendulum
seat arrangements [34,35].

Force and power outputs are considered to define VDJ performance [7,9]. The in-
creased loading imposed in the SSC during the braking phase of the VDJ leads to larger
power output compared to the squat and countermovement vertical jumps [46,53,54]. In
the case of the HPRJ, the larger power output with lesser force output can be interpreted
as an absence of the necessity to prevail over the body mass. The fact that applied force is
efficiently utilized to enhance jumping ability because of the lack of postural control during
contact has been also used to interpret jumping performance when using a sledge ergome-
ter [25]. The latter is also evident during the VDJ propulsion phase, when someone has to
produce additional force in the vertical axis in order to overcome the gravitational forces
applied to his/her body mass. Contrarily, during the HPRJ, the absence of the influence of
the gravitational forces does not require an additional force output, since the movement is
entirely executed horizontally. This results in the fact that body mass times acceleration of
gravity equals zero and, consequently, the applied force is efficiently utilized to enhance
the jumping ability because of the lack of postural control during the contact phase [36].
However, in the case of the HPRJ, the participants had to conduct the plyometric task and
to negotiate, besides their body mass, the mass of the pendulum as well. When the stretch
load is increased, force output is increased and tFMAX is decreased in the VDJs [46,55,56].
This was also observed during collisions using a human pendulum device [57]. In the
present study, relative F was lower and tFMAX was higher in the HPRJ than in the VDJs.
Further research should be conducted examining HPRJs with different loading conditions.
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A larger knee flexion and a larger shortening velocity induced by the higher stretch
loads are factors that enhance the effectiveness of the SSC [10]. It has been suggested that
the knee joint angular kinematics is the regulating factor of HPRJ performance [35,36].
Alterations in the knee joint angular kinematics due to the increment of the stretch load
were observed in previous impact [57] and SSC studies [25,49,58]. However, in the present
study, the maximum knee flexion joint angle and velocity were not different between
the two jumping modalities. In addition, the execution of a plyometric exercise in the
horizontal plane was found to alter the muscle activation characteristics [49]. Thus, future
research in HPRJ should examine its electromyographic characteristics.

Stiffness, although its optimal regulation enhances performance and power output [59–61],
was not found to be a determining feature for VDJ performance [7,62]. Nevertheless,
KVERT was significantly higher in the VDJ than in the HPRJ. This can be related to the
increased BCM velocity at the instant of impact in the VDJ. This possibly resulted in higher
stimulation of the neuromuscular system during the breaking phase to optimally regulate
the power output and stiffness in the VDJ [45,63,64] compared to the HPRJ.

The findings of the present study should be interpreted taking into account its limita-
tions. At first, the comparison of VDJ and HPRJ was conducted by taking as reference only
one dropping height. However, this selection was based on the fact that most of the DJ
research has been conducted using VDJs with drop heights up to 40 cm [65] and on previous
recommendations [46]. Furthermore, SSC effectiveness during a DJ is affected by both the
direction of the movement, referred to the gravitational acceleration, and the duration of
preactivation [66]. Thus, as mentioned above, recording the electromyographic parameters
in the HPRJ test could provide additional information about the neuromuscular function
and the mechanisms involved when executing a controlled SSC at the horizontal level.

In the present study, the usage of two dynamometers for the execution of VDJ provided
the opportunity to define hDROP and, thus, HR accurately. This assisted in the calculation of
the exact amount of KEI for the HPRJ, which has been reported to be the main parameter
of evaluating loading during plyometric exercise [67]. It has been reported that the HR
deviation compared to the nominal release height for the plyometric jumps performed
with a sledge ergometer is ±3 cm [49]. The lower HR deviation (±0.1 cm), compared to
the nominal HR set for the HPRJ condition, allows the constructed bifilar pendulum to
be classified as a valid and reliable device for executing controlled pendulum rebound
exercises. In addition, the excellent intra-test reliability scores for HPRJ performance veri-
fied past findings [68]. This can be attributed to the fact that the trunk was constrained by
the bifilar pendulum’s seat. This results in a reduced number of degrees of freedom that
leads to a higher consistency of the execution of the pendulum plyometric rebound exer-
cise [34]. Furthermore, the utilization of four different methods (dynamometry, goniometry,
accelerometry, and video kinematic analysis) for monitoring and accurately measuring
HPRJ performance parameters, provides a strong methodological tool for further insight
regarding the examination of different modalities of plyometric exercise.

In conclusion, further research should examine the responses of the neuromuscular
system and the coordination patterns of the HPRJ in different KEI conditions. Insights
into the optimization of the lower limbs’ mechanical efficiency in the HPRJ could provide
further information concerning the possible improvement in the training process to provoke
adaptations in mechanical power production.

5. Conclusions

The use of two force plates is suggested as a requisite for examining VDJ or landing
experiments, as proposed in earlier literature [16]. Furthermore, HPRJs are favorable to be
executed with a bifilar pendulum, since their mechanical properties allow the execution
of plyometric movement on the horizontal plane. The instrumented bifilar pendulum
used in the present study had excellent inter-instrument reliability for the calculation
of HPRJ performance. Furthermore, based on the findings of the present study, HPRJs
performed with the examined bifilar pendulum apparatus were characterized by excellent
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intra-test reliability scores. The latter enhances the comparison of plyometric exercise in
the vertical and horizontal directions since the initial BCM conditions can be accurately
defined. Such an arrangement allows an athlete’s KEI to be defined when executing a VDJ
or a HPRJ. This results in the fact that a practitioner can define the desired level of loading
when executing a plyometric jump, whatever the jumping modality (vertical or horizontal).
Furthermore, the lower extremity joints’ function and range of motion can be selected, so
that the execution of the jump can fulfill the principle of specificity and, thus, meet the
sport-specific plyometric training requirements. Finally, it is concluded that future research
should take into consideration the initial BCM conditions for the accurate determination of
the parameters of a plyometric jump.
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Appendix A

Table A1 depicts the mechanical properties of the pendulum used for the HPRJs.

Table A1. The mechanical properties of the pendulum.

Mass
(kg)

Amplitude
Period

(s)

Center of
Mass
(m)

Moment of
Inertia
(kg·m2)

Radius of
Inertia

(m)

Center of
Percussion

(m)

42.5 3.0 1.54 146 1.85 2.24

Appendix B

The 2-Dynami dynamometer (©: Biomechanics Lab AUTh, Thessaloniki, Greece) was
constructed using ST42 steel, on which pairs of Kyowa KL-10-A4 (Kyowa Electronic Instru-
ments Co., Chofu, Tokyo, Japan) strain- gauges were attached. Signals were amplified using
Kyowa DPM-601B (Kyowa Electronic Instruments Co., Chofu, Tokyo, Japan) amplifiers
and were simultaneously stored in a Pentium II PC, after being converted to digital using
a PC-LabCard PCL-812PG (Advantech Co. Ltd., Taipei, Taiwan) 12-bit analog-to-digital
converter. were calibrated statically and dynamically, using an AMTI Mod. OR6-5-1 (AMTI,
Newton, MA, USA) force plate. To check the dynamometer’s concurrent validity, free
weights of known mass (commercial plates used in weightlifting) were used. The weight
plates were weighed with a Delmac PS400L scale (Delmac Scales PC, Athens, Greece) prior
to their use for the calibration procedure. The dynamometer was fixed on the ground and a
series of combinations among the known weights, ranging from 1.25 to 194.5 kg, was placed
on the middle of the dynamometer plates. In total, 170 different combinations of weights
were placed. For each weight, the equivalent measure from the dynamometer was stored
(Figure A1). The calibration procedure and the subsequent linear regression analysis (enter
method) revealed that the constructed dynamometer was linear (Y = 3.586 + 0.642 × X;
F = 9261,467, p < 0.001, R2 = 0.999) and valid (average error = 0.084 ± 0.330 N).
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