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ABSTRACT

Background. Jump landing tasks are frequently employed as a non-specific tool to quantify the capabilities of the
lower extremity performance and athletes' injuries. Objectives. This study aimed to investigate the relationships
between jump height (JH) and ground contact time (CT) in countermovement jump (CMJ) and drop jump (DJ) with
assessment indicators such as reactive strength index (RSI), eccentric phase rate of force development (ERFD), peak
rate of force development (PRFD), average velocity (EV), amortization phase time (AT), peak ground reaction force
(PF), concentric phase average force (CAF), and vertical stiffness. Methods. This study was cross-sectional, with 23
participants completing CMJ and DJ tests. Ground reaction force and center of mass displacement data were captured
using a motion system and force platforms. Paired-sample t-tests were used to compare differences between CMJ and
DJ in JH, CT, ERFD, RSI, and CAF. Spearman rank correlation analysis was conducted to examine the correlation
between vertical stiffness and other variables, while Pearson product-moment correlation was used to identify
correlations among other variables. Results. JH was comparable between CMJ and DJ (p=0.14), whereas significant
differences were noted in CT (p<0.001), ERFD (p<0.001), RSI (p<0.001), and CAF (p=0.01). In CMJ, significant
positive correlations were identified between JH and RSI, PF, and CAF (RSI: r=0.44, p=0.036; PF: r=0.48, p=0.022;
CAF: r=0.55, p=0.007). Moreover, CT exhibited a significant negative correlation with RSI, ERFD, and PRFD (RSI:
r=-0.66, p=0.001; ERFD: r=-0.47, p=0.025; PRFD: r=-0.44, p=0.034) and a significant positive correlation with AT
(p>0.05). During DJ, JH was significantly positively correlated with CAF and RSI (RSI: r=0.76, p<0.001; CAF:
r=0.66, p<0.001), whereas CT was significantly negatively correlated with RSI (r=-0.48, p=0.021). Notably, increasing
the drop height altered these relationships. Conclusion. These findings collectively reveal that CMJ and DJ differ in
influencing factors, suggesting that athletes should tailor their training strategies according to the type of jump.
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INTRODUCTION

Jump landing tasks are frequently employed as
a non-specific tool to quantify the capabilities of
athletes' lower extremity neuromuscular system,
thereby assessing performance across various
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athletic endeavors (1-3) and potential risks for
lower extremity injuries (4-6). Its utilization may
be ascribed to jump-landing tasks being a
foundational movement pattern prevalent across
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multiple sports (7-9). For instance, a study
focusing on NCAA Division | female volleyball
teams reported that each player performed an
average of 45 jump actions during two matches,
with a maximum of 73 jumps (9). Another study
indicated that basketball players execute an
average of 46x12 jump landing tasks during a
match (8). The results obtained from jump-
landing tasks demonstrate satisfactory cross-
disciplinary transferability, rendering jump-
landing tasks a valuable evaluation tool.

As  typical  jump landing  tasks,
countermovement jump (CMJ) and drop jump
(DJ) are extensively employed for assessing
athletic performance (2, 7). Traditionally, jump
height (JH) and ground contact time (CT) serve as
essential parameters for measuring these
movements. Meanwhile, complex metrics such as
the reactive strength index (RSI) are used to
reflect the capabilities of the stretch-shortening
cycle (SSC) (2). At the same time, peak ground
reaction force (PF), concentric phase average
force (CAF), rate of force development (RFD),
and vertical stiffness are generally employed to
evaluate force output, explosiveness, movement
economy, and risk of muscular injury (10-12).
Additionally, amortization phase time (AT) is
commonly employed to evaluate the energy
transition efficiency from the eccentric phase to
the concentric phase (13). While these diverse
evaluation  metrics offer  comprehensive
information and training guidance, their selection
also introduces complexity. Hence, elucidating
the interrelatedness among these various metrics
is crucial to devising targeted training plans.

Although the relationship between RSI and
RFD with JH has been extensively examined in
prior CMJ studies, the results are conflicting.
Compared to CMJ, research on DJ predominantly
focuses on the influence of different drop heights
on JH and RSI. However, less attention has been
paid to the interrelations between variables in DJ.
Given these inconsistencies and research gaps,
the present study aimed to build on existing
literature and investigate correlations between JH
and CT and other assessment metrics during CMJ
and DJ. Moreover, the impact of increasing the
drop height by 30 cm on these correlations was
examined. This study aimed to address current
inconsistencies, fill knowledge gaps, and offer
more precise references for assessing athletic
performance and formulating goal-directed
training  strategies. The  present  study

hypothesized that JH was positively correlated
with RSI, PF, and CAF in CMJ and DJ, whereas
CT was negatively correlated with RSI and EV
and positively correlated with AT. Additionally,
we presumed that elevating the drop height by 30
cm in drop height would enhance the correlations
between JH, CT, and the remaining evaluation
metrics.

MATERIALS AND METHODS

Participants. A priori power analysis was
conducted using G*Power 3.1.9.7 software to
determine the required sample size. Based on an
alpha level of 0.05 and a beta level of 0.8, our
calculation determined that a minimum of 21
participants was required. |Initially, 26
participants were recruited. All participants were
male university athletes from the same training
team, with 5-8 years of badminton training
experience (age = 22+2 years; height = 1.78+0.02
m; body mass = 70.43+2.43 kg; meantSD).
However, three participants eventually withdrew
from the study due to participation in
competitions, resulting in a final sample size of
23. These individuals maintained a training
frequency of 3-4 times per week, each lasting 2-3
hours. Before the experiment, all participants
were fully informed regarding the study
objectives, experimental procedures, and
potential risks and provided written informed
consent. Comprehensive medical records were
reviewed to exclude individuals with
neuromuscular  disorders and ensure that
participants were suitable for the study. This
study strictly adhered to the ethical guidelines of
the Declaration of Helsinki and was approved by
the Institutional Ethics Committee of the
University (JBNU2022-01-004-002).

Design and Procedures. This study employed
a cross-sectional design to examine the
relationships between JH, CT, and other key
performance parameters in CMJ and DJ activities.
Additionally, the potential impact of a 30 cm
increase in height on these relationships was
further examined. All tests were scheduled during
the pre-competition training phase to minimize
the influence of external confounders. Prior to
formal testing, multiple familiarization sessions
were undertaken by all participants to attenuate
learning effects (14). All testing procedures were
completed within a single test day. Before
performance assessments, detailed measurements
of each participant's height and weight were



recorded. Subsequently, participants completed a
15-minute warm-up session, adhering to the
RAMP (Raise, Activate, Mobilize, Potentiate)
principle (15). Following the warm-up phase,
participants underwent a 5-minute rest period to
decrease body temperature and restore oxygen
consumption to baseline levels (16). Afterward,
CMJ and DJ tests were conducted. To further
adjust for potential confounders, participants
were instructed to avoid high-intensity exercise
and alcohol consumption 48 hours before testing,
refrain from caffeine 8 hours before testing, and
fast 2 hours before the assessment.

Measures. CMJ and DJ tests were performed
on a force platform (Advanced Mechanical
Technology, Inc., Watertown, MA, USA). Prior
to the CMJ test, participants were instructed to
stand with their feet parallel. Concerning the DJ
test, the initial position was set on a 30 cm high
plastic platform. This height was selected based
on observations from previous research indicating
that a 30 cm drop height could effectively
enhance joint stability and mitigate the risk of
injury through co-contraction (17). In each type
of jump test (CMJ and DJ), participants initially
completed 1-2 maximal effort attempts, followed
by three valid official attempts. Rest periods
between CMJ repetitions were set at 1 minute,
while those between DJ repetitions were 1.5
minutes apart. A 3-minute recovery period was
allocated between the two types of tests to limit
fatigue accumulation (18). Throughout the tests,
participants were directed to place their hands on
their hips to eliminate the potential influence of
arm swings on jumping performance (19). All
jumping actions were continuously executed
without mid-jump pauses, and participants were
allowed to choose their countermovement depth.
This design was based on prior research that
suggested self-selected depth enables a more
accurate assessment of jump performance than
fixed depths (20). Participants were instructed to
exert maximal effort to achieve the highest jump
height while maintaining an upright posture for
all jump tests. If the research team or athlete
deemed any jump did not meet the criteria for
maximal effort, that particular attempt was
invalidated and repeated.

Data collection. To ensure highly accurate
data acquisition, the OptiTrack optical motion
capture system (Natural Point, Inc., Corvallis,
OR, USA), equipped with 13 Prime 17W infrared
cameras for recording the test movements, was
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employed in this study. The sampling rate was set
at 100Hz. A total of 20 reflective markers
measuring 14 mm each were placed on the
anatomical landmarks of the lower extremities.
Concurrently, the OR6-6-2000 force platform
(Advanced Mechanical Technology, Inc.,
Watertown, MA, USA) was utilized at 1000Hz
for measuring various force metrics. Motive 2.2.0
software (OptiTrack, Natural Point, Inc.,
Corvallis, OR, USA) was used for data
integration to synchronize the two systems.

Data Processing. Ground reaction forces
and center of mass (COM) displacement data
were extracted using Visual3D Setup x64
v2022.9.1 software (C-Motion, Inc.,
Germantown, MD, USA). The initiation and
termination of movements were determined based
on the flight phase force's five standard deviations
and a 20N force threshold (21). The force-time
curve underwent a 17 Hz bidirectional fourth-
order Butterworth low-pass filter, while the
displacement-time curve was smoothed with a 6
Hz filter of the same type (21, 22). The reliability
of the three individually collected sets of force-
time data was assessed to ensure data reliability.
Two sets with the highest intraclass correlation
coefficients exceeding 0.8 were selected for
subsequent analysis (23).

Based on the COM displacement-time data,
the jumping action was categorized into three
distinct phases: 1) Eccentric Phase: extending
from the instant of minimum ground reaction
forces to the moment when the COM reaches its
lowest position; 2) Concentric Phase: from when
the COM is at its lowest position to take-off; 3)
Amortization Phase: the duration where the COM
maintains its lowest position (24). The following
parameters were extracted from the force-time
data: minimum and maximum ground reaction
forces during the eccentric phase (MinF and
MaxF), time taken from MinF to MaxF (EMT),
and total time of this phase (ET), AT, CT, CAF,
PF, and the time to reach PF (PFT).

Additionally, based on the displacement-time
data, standing phase COM height (SH), lowest
COM point height (MH), and COM height
corresponding to PF (PFH), as well as the
maximum COM height reached during the jump
(PH), were determined. Using these parameters,
the following metrics were calculated: Eccentric
Phase rate of force development (ERFD = (MaxF-
MinF)/EMT), peak rate of force development
(PRFD = PF/PFT), jump height (JH = PH-SH),
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vertical  stiffness  (PF/(SH-PFH)), reactive
strength index (RSI JH/CT), and average
velocity during the Eccentric Phase (EV = (SH-
MH)/ET). The mean of the metrics calculated
from the two tests was used for analysis. All
relevant parameter calculations were performed
in the Microsoft Excel 2019 version (Microsoft
Corp., Redmond, WA, USA).

Statistical Analysis. Statistical analysis was
conducted using R software, version 4.3.1
(Foundation for Statistical Computing, Vienna,
Austria). All variables were expressed as
Mean£SD. Prior to statistical analysis, the
normality of all datasets was confirmed via the
Shapiro-Wilk test. The paired-sample T-test was
used to compare variables JH, CT, ERFD, RSI,
and CAF between CMJ and DJ. Additionally,
Cohen's d-effect size was employed to quantify
the magnitude of these differences (25).
Spearman rank correlation analysis was
employed to examine correlations between

vertical stiffness and other variables, while
Pearson product-moment correlation was used to
identify correlations among other variables.
Throughout the correlation analyses, Hopkins'
interpretive guidelines were adopted to assess the
strength of the correlation coefficients: trivial (0-
0.1), small (0.1-0.3), moderate (0.3-0.5), large
(0.5-0.7), or very large (0.7-0.9) (7). The
threshold for statistical significance was set at
r=0.25, with a required p-value of less than 0.05.

RESULTS

Tables 1 and 2 present the mean and standard
deviation of performance metrics for CMJ and
DJ. No significant difference was observed in JH
between CMJ and DJ (p=0.143, d=0.32).
However, significant differences were noted in
CT, ERFD, RSI, and CAF (CT: p<0.001, d=2.63;
ERFD: p<0.001, d=1.06; RSI: p<0.001, d=1.91;
CAF: p=0.011, d=0.58) (see Table 1).

Table 1. Differences in variables related to CMJ and DJ (n=23)

Mean+SD 95% Confidence limits

Variable CMJ DJ p d
JH (m) 0.48+0.61 0.48+0.05 0.14 0.32
CT (s) 0.88+0.12 0.6+0.09 0.000* 2.63
ERFD (KN/s) 4.32+1.31 11+5.6 0.000* 1.06
RSI (m/s) 0.55+0.83 0.82+0.19 0.000* 1.91
CAF(KN) 1.27+0.11 1.3+0.1 0.01* 0.58

JH: Jump Height; CT: Ground Contact Time; ERFD: Eccentric Phase Rate of Force Development; RSI: Reactive
Strength Index; CAF: Average Force during the Concentric Phase.

*: Significant at p<0.05; p: p-value; d: Effect Size.

Table 2. Mean and Standard Deviation of Variables (n=23)

Variable CMJ DJ
EV (m/s) 0.66+0.14 1.28+0.27
AT (ms) 16+8.8 15.4+7.69
PRFD (KN/S) 1.49+0.43 8.29+4.18
PF (N) 1.61+0.17 1.68+0.22
Vertical stiffness (KN/m) 24.93+26.85 27.37450.42

EV: Average Velocity; AT: Amortization Time; PRFD: Peak Rate of Force Development; PF: Peak Ground Reaction

Force.

Additionally, during CMJ, significant positive
correlations were detected between JH and RSI,
PF, and CAF (RSI: r=0.44, p=0.036; PF: r=0.48,
p=0.022; CAF: r=0.55, p=0.007). Importantly,
CT was significantly and negatively correlated
with RSI, ERFD, and PRFD (RSI: r=-0.66,
p=0.001; ERFD: r=-0.47, p=0.025; PRFD: r=-

0.44, p=0.034) and positively correlated with AT
(r=0.48, p=0.021) (see Table 3). Meanwhile,
significant positive correlations were observed
between JH, RSI, and CAF during DJ (RSI:
r=0.76, p<0.001; CAF: r=0.66, p<0.001). Lastly,
CT was significantly negatively correlated with
RSI (r=-0.84, p<0.001) (see Table 4).
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Table 3. Interrelationships Among Variables in CMJ

JH CT PRFD vertical RSI PF AT EV ERFD CAF
stiffness
JH 1
CT 0.35 1
PRFD 0.17 -0.44* 1
vertical
stiffness -0.32 -0.08 -0.54+ 1
RSI 0.44* -0.66+ 0.56F -0.26 1
PF 0.48* 0.2 0.61F -0.27 0.18 1
AT -0.07 0.48* -0.39 0.25 -0.46* -0.02 1
EV -0.16 -0.28 0.39 -0.52* 0.11 0.01 -0.45* 1
ERFD 0.16 -0.47* 0.85F -0.45* 0.51* 0.59% -0.45* 0.4 1
CAF 0.55% 0.18 0.31 -0.23 0.2 0.81F -0.02 -0.17 0.51* 1

JH: Jump Height; CT: Ground Contact Time; PRFD: Peak Rate of Force Development; RSI: Reactive Strength Index; PF: Peak
Ground Reaction Force; AT: Amortization Time; EV: Average Velocity; ERFD: Eccentric Phase Rate of Force Development; CAF:
Average Force during the Concentric Phase.

*: Significant at p<<0.05.

+: Significant at p<0.01.

Table 4. Interrelationships Among Variables in DJ

JH CT PRFD vertical RSI PF AT EV ERFD CAF
stiffness
JH 1
CT -0.29 1
PRFD 0.18 -0.03 1
vertical =547 017 027 1
stiffness
RSI 0.767 -0.84+ 0.1 0.13 1
PF 0.39 -0.19 0.08 -0.27 0.36 1
AT -0.34 0.11 -0.05 0.37 -0.24 -0.33 1
EV 0.21 -0.17 -0.32 -0.717 0.24 0.51* -0.26 1
ERFD 0.04 0.00 0.817 0.571 0.03 0.1 0.07 -0.56 1
CAF 0.667 -0.38 0.05 -0.3 0.66*  0.82Ff -0.24 0.37 0.11 1

JH: Jump Height; CT: Ground Contact Time; PRFD: peak rate of force development; RSI: Reactive Strength Index; PF: peak ground
reaction force; AT: Amortization time; EV: Average Velocity; ERFD: Eccentric Phase Rate of Force Development; CAF: Average
Force during the Concentric Phase.

*: Significant at p<<0.05.

+: Significant at p<0.01.

DISCUSSION Of note, a previous study compared different

The primary findings of this study are as follows:
1) An increase in drop height by 30 cm did not
significantly increase JH but notably shortened CT
while also elevating RSI, ERFD, and CAF. 2)
During CMJ, the highest correlation coefficient was
identified between JH and CAF, followed by PF and
RSI. CT showed the closest relationship with RSI,
followed by AT, ERFD, and PRFD. In DJ, the
strongest correlation with JH was observed with
RSI, closely followed by CAF. CT was significantly
correlated with RSI. 3) Adding 30 cm to the drop
height altered variables related to JH and CT.
Specifically, this modification  strengthened
correlations with RSI and CAF while diminishing
those with other performance metrics.

drop heights and their effects on jump performance
to identify the impact of a 30 cm increase in drop
height on JH, CT, RSI, ERFD, and CAF. The
findings exposed that a 30 c¢cm increase in drop
height did not significantly alter JH but markedly
reduced CT and increased RSl (26). These
observations are consistent with our study
observations. This outcome may be ascribed to
biomechanical factors: compared to CMJ, the
eccentric phase is shortened upon ground contact in
DJ, reducing the time window for force generation.
However, the force output during the concentric
phase is enhanced. These biomechanical shifts may
account for the comparable JH and lower CT upon
adding 30 cm to the drop height.
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Considering that RSl is calculated based on JH
and CT, these factors conjointly led to a
corresponding increase in RSI. This explanation
aligns with the trend of these indices in our study.
However, it is worthwhile to emphasize that
previous research relied on flight time to calculate
JH, the accuracy of which may be limited by the
moments selected for take-off and landing.

In contrast, this study employed an optical
motion capture system, providing higher
measurement accuracy. Prior investigations
primarily addressed ERFD and CAF in the
context of CMJ. These studies generally focused
on two aspects: 1) comparing ERFD and CAF
among different populations (27); 2) exploring
correlations between ERFD and CAF as
independent variables and other performance
parameters (28). Nevertheless, research on these
parameters as dependent variables in comparative
studies between CMJ and DJ is relatively sparse.
This may be because past research emphasized
overall performance without investigating
differences in performance metrics across various
phases in CMJ and DJ. Herein, ERFD and CAF
were significantly elevated, possibly due to the
body possessing initial momentum just before
landing during DJ, which increased the speed and
load of lower limb muscle contractions, not only
improving ERFD but also potentially facilitating
the storage of elastic potential energy and
enhancing the stretch reflex (29), thereby
elevating CAF during the concentric phase.

In terms of JH-related variables, previous
research has yielded contradictory results. For
instance, an earlier study discovered a
relationship between JH and RSI but found no
significant correlation with ground reaction
forces at various phases (7). Another study
identified a correlation between JH, PF, and
PRFD (28). Our study results agree with prior
findings regarding the correlation between PF,
RSI, and JH but offer novel evidence divergent
from the existing literature on PRFD. Such
discrepancies may be attributed to the variance in
the populations studied.

On the one hand, subjects in the first prior
study were mainly soccer players, whereas those
in the second were untrained in explosive
movements and resistance exercises. On the other
hand, our study involved systematically trained
badminton athletes who excel in SSC activities
(30). Regarding CT-associated variables, our
findings were generally consistent with the

observations of prior research. Specifically, CT
was negatively correlated with RSI and ERFD
and positively correlated with AT (7, 28, 31).
However, one distinguishing factor is that
previous studies either employed relatively short
intra-group rest intervals (10-15 s) or did not
adjust for arm movement.

Conversely, our study used longer intra- and
inter-group rest intervals to mitigate fatigue
effects (18) and explicitly adjusted for arm
motion to eliminate data bias due to arm-swing
techniques (19). The underlying mechanisms for
these observations could be linked to the nature of
JH and CT. In other words, the magnitude of JH
is principally influenced by the applied force and
its duration (i.e., impulse) (32), while that of CT
is affected by the speed of the action. Therefore,
our findings indicated a stronger correlation
between JH and ground reaction forces, whereas
CT was closely correlated with RSI and ERFD,
reflecting SSC capability and explosiveness,
respectively (2, 11).

Concerning the pronounced correlation
between JH and CT with RSI and CAF as the drop
height was extended by 30 cm, a possible
explanation is that as the drop height attained
30cm, the contribution of SSC to jumping
performance became increasingly significant (3),
which in turn, amplified the correlation between
JH and CT with RSl and CAF. This finding fills a
gap in existing research, which chiefly focused on
the effects of different drop heights and types of
jumps on RSI (3) and the relationship between
CAF and jumping performance in CMJ (33) while
relatively overlooking correlations between these
variables and jumping performance under varying
conditions.

CONCLUSION

This study found that ground reaction force
and SSC capacity are crucial in influencing JH,
while SSC capacity and explosiveness
significantly impact CT. Additionally, as the drop
height increased to 30 cm, the importance of SSC
capacity on jump performance incrementally
increased.

The current study has some limitations that
warrant further exploration and acknowledgment.
Our findings' generalizability is constrained
because the sample is limited to professional
badminton athletes. This implied that our results
may not apply to other types of athletes or the
general population. Future research could consider



including a more diverse array of athletes or
participants of various ages and genders to enhance
the universality and comparability of the findings.
Secondly, our study employed a cross-sectional
design and mainly used correlational analysis
methods. While this framework aids in exploring
relationships between variables, it does not
establish explicit causal relationships. Therefore,
despite our findings filling specific gaps in the
existing literature, further longitudinal studies are
necessitated to validate and support these preliminary
results.

APPLICABLE REMARKS

o Forathletes primarily engaged in countermovement
actions at ground level, if the goal is to
improve JH, the focus should be more on
strength training, followed by SSC capacity.

o |f the priority is enhancing movement speed,
SSC capacity should be prioritized first,
followed by explosiveness.
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