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ABSTRACT
This study aimed to compare the agreement between three-dimen-
sional motion capture and vertical ground reaction force (vGRF) in 
identifying the point of dumbbell (DB) release during 
a countermovement jump with accentuated eccentric loading 
(CMJAEL), and to examine the influence of the vGRF analysis method 
on the reliability and magnitude of CMJAEL variables. Twenty parti-
cipants (10 male, 10 female) completed five maximal effort CMJAEL 
at 20% and 30% of body mass (CMJAEL20 and CMJAEL30, respectively) 
using DBs. There was large variability between methods in both 
loading conditions, as indicated by the wide limits of agreement 
(CMJAEL20 = −0.22 to 0.07 s; CMJAEL30 = −0.29 to 0.14 s). Variables 
were calculated from the vGRF data, and compared between four 
methods (forward integration (FI), backward integration (BI), FI 
adjusted at bottom position (BP), FI adjusted at DB release point 
(DR)). Greater absolute reliability was observed for variables from 
DR (CV% ≤ 7.28) compared to BP (CV% ≤ 13.74), although relative 
reliability was superior following the BP method (ICC ≥ 0.781 vs ≥  
0.606, respectively). The vGRF method shows promise in pinpoint-
ing the DB release point when only force platforms are accessible, 
and a combination of FI and BI analyses is advised to understand 
CMJAEL dynamics.
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Introduction

The integration of accentuated eccentric loading (AEL) into vertical jump training is 
a popular method among sports scientists and strength and conditioning coaches to 
enhance lower-body force production capabilities in stretch-shortening cycle (SSC) 
exercises (Bright et al., 2023; Merrigan et al., 2022; Wagle et al., 2017). This training 
method is most commonly applied to a countermovement jump (CMJAEL) or drop jump 
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(DJAEL) and involves the use of additional mass, which is held during the counter-
movement and released immediately before the propulsion phase (Handford et al.,  
2021). Given that muscular force is greater when a concentric action is preceded by an 
eccentric action, the additional mass accrued through AEL is thought to add to the 
potentiating effect of the SSC component of a CMJ (Sheppard et al., 2007; Su et al., 2023a,  
2023b).

During a CMJ, the additional mass and loading of the hip and knee extensors will 
amplify the pre-stretch state of muscle tissue, leading to increased force production in the 
propulsion phase (Bosco et al., 1982; Finni et al., 2001; Hahn et al., 2007; Komi & 
Gollhofer, 1997). However, the precise mechanisms behind this enhancement remain 
to be fully elucidated. Past investigations have attributed AEL performance effects to 
factors such as improved elastic strain energy storage and release in the tendon and 
aponeurosis (Wiesinger et al., 2017). Nonetheless, recent evidence has challenged these 
assumptions (Su et al., 2023a, 2023b), prompting a need for a more comprehensive 
understanding of the coordination strategies and biomechanical changes induced by AEL 
during maximal CMJ performance. Addressing this requires consideration of a number 
of methodological issues.

The first is the assumption that the release of additional mass takes place at the lowest 
point of the countermovement (i.e., peak negative displacement). However, existing 
studies have not systematically quantified this point (Aboodarda et al., 2013; Harrison 
et al., 2019; Taber et al., 2023), leading to reliance on an unsubstantiated belief of current 
coaching practices being sufficient to achieve this. Understandably, assuming the addi-
tional mass is released at the bottom position is necessary to uphold the theorised 
mechanisms and coordination strategy of the jump. Premature release may result in 
under-potentiation of the aforementioned mechanisms, while a delayed release could 
lengthen the amortisation phase and disrupt an athlete’s coordination strategy during the 
transition to the propulsion phase (Frayne et al., 2021). It is therefore imperative to 
ensure that the additional mass is held throughout the countermovement and released as 
close to an athlete’s lowest position as possible. While an accurate measurement of this 
point could be achieved through three-dimensional (3D) motion capture, practical 
considerations, including cost and the difficulty of equipment setup and analysis, make 
this approach impractical for widespread use. Therefore, a method of identifying the 
release using vertical ground reaction force (vGRF) data extracted from force platforms is 
appealing for practitioners.

The second issue arises from the use of force platforms to understand AEL 
performance (Aboodarda et al., 2013; Bridgeman et al., 2016; Gross et al., 2022; 
Lloyd et al., 2022; Su et al., 2023b; Taber et al., 2023). When computing the 
whole-body centre of mass (CoM) using vGRF data, Newton’s Second Law is 
applied to determine acceleration. Subsequently, this acceleration is integrated 
once to derive CoM velocity and then again to calculate CoM displacement 
(Gard et al., 2004). The mass for these calculations is usually recorded from an 
average of the static vGRF at the start of the movement (McMahon et al., 2018; 
Street et al., 2001). However, this approach introduces potential sources of error, 
including force platform noise (i.e., sensor drift, low-frequency noise, temperature 
fluctuations, cross talk, and non-linearity due to electronic errors) and vGRF 
fluctuations resulting from slight movements by the participant (Psycharakis & 
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Miller, 2006; Quagliarella et al., 2008; Zok et al., 2004). A recent study substan-
tiated previous findings (Kibele, 1998; Street et al., 2001) by indicating that a 1 kg 
mass change identified in the weighing phase led to a 7.7 cm change in CMJ jump 
height, accompanied by significant changes in starting versus landing and final 
positions (Burnett et al., 2023). These errors, observed in investigations where the 
mass remains constant or changes by a small margin, are likely exacerbated in the 
context of a CMJAEL due to the substantial change of mass at the point of release. 
Given that computed CoM velocity and displacement are involved in determining 
outcome variables used to assess the effect of AEL on performance (Aboodarda 
et al., 2013; Harrison et al., 2019), meticulous consideration of the error magni-
tude is essential.

The third issue involves the analysis techniques used to determine outcome 
variables. For example, in situations where the initial weighing phase at the start 
of a jump is missing, as seen in drop jumps, researchers have utilised a technique 
known as backward integration (BI) (Grozier et al., 2021; Wade et al., 2022; Wank 
& Coenning, 2019). This technique mirrors forward integration (FI), but with 
a notable distinction: rather than integrating from the initial standing period and 
across the countermovement and propulsion phases, the process initiates from the 
standing period after the landing phase. Given that a jump begins and concludes 
in a state of quiet standing, with all the energy generated to elevate the CoM 
needing to be dissipated upon landing, this method enables calculation of jump 
height and other performance metrics. Recent work has found this method to be 
valid for calculating both maximal and submaximal CMJ heights, albeit contingent 
on the assumption that athletes quickly return to an upright and still position 
upon landing (Wade et al., 2022). In the context of a CMJAEL, exclusively employ-
ing FI without accounting for the change in mass will likely introduce significant 
errors in CoM velocity, displacement and any further calculations made (i.e., 
jump height and countermovement depth), particuarly given the lack of data on 
when the additional mass is actually released and whether this is consistent. 
Similarly, reliance on BI alone is inadequate if the objective is to accurately 
understand the entire movement. Hence, a synergistic application of both FI 
and BI methods appears optimal for CMJAEL analyses.

Ensuring the reliable measurement of CMJAEL through vGRF data alone is 
important, given the widespread use of force platforms in research and practice. 
Therefore, the aims of the study were to (1) find a method of quantifying 
dumbbell (DB) release without the need for advanced data acquisition devices 
(i.e., 3D motion capture) and (2) determine a method through which information 
can be reliabily extracted and analysed during a CMJAEL from force-time data 
alone. To validate these considerations, we hypothesised that the agreement 
between motion capture and vGRF methods of identifying the dumbbell release 
point would meet acceptable standards for CMJAEL20 and CMJAEL30 (additional 
DB load at 20% and 30% of body mass, respectively). Additionally, it was 
hypothesised that force-time variables extracted from CMJAEL20 and CMJAEL30 
using FI and BI analysis techniques would display significant differences.

SPORTS BIOMECHANICS 3



Materials and methods

Participants

Twenty participants (10 men and 10 women; age: 23.5 ± 4.2 years; height: 1.7 ± 0.1 m; 
body mass: 74.2 ± 16.5 kg) volunteered to participate in this study. All participants were 
classified as recreationally active according to their participation in recreational sports 
and exercise involving the CMJ (≥ two times per week) for at least six months prior to 
participation. All were free from any previous musculoskeletal injuries within the 
last year and from any neuromuscular disorders that would affect their ability to 
complete data collection. Written informed consent was obtained prior to the study 
commencing. Ethical approval was granted by the institutional ethics committee at the 
site of data collection in accordance with the declaration of Helsinki.

Testing procedures

Participants were invited into the biomechanics laboratory on one occasion for data 
collection. Age, height, body mass and sex were recorded, and a demonstration of the 
testing protocol was provided. Before jump testing, participants performed 
a standardised dynamic warm-up and familiarisation. This began with 5 min of station-
ary cycling at a self-selected pace followed by 10 body weight squats, 10 jump squats, and 
20 forward step walking lunges. Participants then performed up to five CMJAEL trials that 
were progressed in perceived intensity from moderate to maximum effort and inter-
spersed by approximately 30 s of rest. The research team visually inspected jumps to 
ensure correct technical execution.

Following completion of the warm-up, participants underwent two experimental 
conditions in a randomised order: a) five trials of CMJAEL with DBs at 20% of body 
mass (CMJAEL20, a DB of 10% of body mass in each hand) and b) five trials of CMJAEL 
with at 30% of body mass (CMJAEL30, a DB of 15% of body mass in each hand). The 
CMJAEL loads selected were based on previous investigations (Aboodarda et al., 2013,  
2014; Bridgeman et al., 2016; Gross et al., 2022; Su et al., 2023b). Participants were 
provided with the following instructions: ‘perform the countermovement at your max-
imum comfortable speed, release the dumbbells at your lowest position before moving 
upward and continue to jump as fast and as high as possible’. These instructions were 
chosen to prevent participants from purposefully releasing the DBs before or after their 
lowest position and subsequently altering the fluidity of the movement. After releasing 
the DBs, participants were cued to return their arms to the akimbo position for the 
remainder of the jump and landing. One-minute rest was allocated between each trial, 
with 3 min of rest between conditions.

Equipment

Data from each trial were captured using two parallel force platforms 
(OPT464508; Advanced Mechanical Technology, Inc., Watertown, MA, USA) 
embedded in the laboratory floor and a 12-camera 3D motion capture system 
(Vantage v5 cameras; Vicon Motion Systems, Ltd., Oxford, UK) synchronously 
sampled at 2000 Hz and 200 Hz, respectively. Spherical 14 mm retro-reflective 
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markers were placed bilaterally over the following anatomical locations: acromion 
process, C7 vertebrae, sternum-clavicular notch, xiphoid process, 10th thoracic 
vertebrae, iliac crest, anterior superior iliac spine, posterior superior iliac spine, 
sacrum, greater trochanter, medial and lateral femoral epicondyles, medial and 
lateral tibial condyles, medial and lateral malleoli, calcaneus, and the first and fifth 
metatarsal heads. In addition, four markers were secured on the medial and lateral 
sides of each end of the DBs to form a rectangular-shaped segment (Figure 1). 
Data were collected using Vicon Nexus software (v2.14; Vicon Motion Systems, 
Ltd., Oxford, UK).

Data analysis

Visual3D biomechanical software (HAS-Motion, Inc., Germantown, MD) was used for 
data processing. Raw vGRF signals from the two force platforms were summed to 
represent the vGRF acting at the whole-body CoM. The raw marker trajectories were 
used to create a model that included trunk and pelvis segments in addition to thigh, leg, 
foot, and DB segments bilaterally. The total vGRF signal and marker trajectories were 
then smoothed using a fourth-order, bidirectional, low-pass Butterworth digital filter 
with cut-off frequencies of 10 Hz and 50 Hz, respectively. These cut-off frequencies were 
determined by collecting pilot data and transforming the raw kinematic and kinetic data 
from the time domain to the frequency domain (Fast Fourier Transform). The trans-
formed data was subsequently visually inspected to identify the frequency range where 
the majority of the signal was situated (Harry et al., 2022). The vGRF and DB position 

Figure 1. Locations of the 28 single reflective markers that were adhered on the participants body and 
8 single reflective markers that were placed on the dumbbells.
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data were processed to create time-histories for the following variables: summed vGRF, 
Model CoM, and DB CoM, which were exported to MATLAB for further analysis (R 
2022b; The Mathworks, Inc., Natick, MA, USA) and downsampled to match the sam-
pling frequency of the motion capture system (200 Hz). This enabled detailed analyses of 
the vGRF and motion curves to locate the exact point of DB release, which required FI 
and BI processes due to the changes of system weight that compromises the accuracy of 
the integrations after the DBs’ release.

Forward integration

System weight, representing bodyweight + DB, was obtained by averaging one second of 
the vGRF signal at the start of the jump (weighing period) as the participants stood 
motionless while awaiting the command to jump (i.e., ‘3,2,1, jump!’). The weighing 
period was used to ensure an initial velocity of zero and to identify the vGRF maximum, 
minimum and standard deviation (SD) during this phase. The start of the movement was 
then defined as the first occurrence in which the maximum force during the weighing 
period exceeded system weight + five times the SD during this phase (pre-load strategy), 
or it dropped below the minimum—five SD (unload strategy). Net vGRF (vGRF—system 
weight) was divided by system mass to calculate CoM acceleration. The CoM acceleration 
was integrated using the trapezoidal rule to obtain CoM velocity, which was then 
integrated to calculate CoM displacement (Figure 2) (Owen et al., 2014). Integration 
began at the start of the weighing period, with data subsequently cropped to begin at this 
point.

The braking phase began one sample after the lowest countermovement CoM velocity 
occurred and ended one sample after the first occurrence of a CoM velocity of 0 m/s 

Figure 2. Force-time signal for a countermovement jump with accentuated eccentric loading. 
Velocity-time signals, derived from forward integration (FI; dash-dot black line) and backward 
integration (BI; dashed black line), are also presented and the start of movement, dumbbell release, 
braking, propulsion, and take-off points highlighted.
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(McMahon et al., 2018). This also coincided with the beginning of the propulsion phase, 
which ended at take-off (identified using a 10 N threshold). Likewise, ground contact was 
defined using a 10 N threshold.

The following variables were extracted using the FI data: jump height (JH), derived 
from velocity at take-off; reactive strength index modified (RSImod), calculated as JH 
divided by time to take-off (TTO), countermovement depth, defined as the change in 
displacement between the start of movement and the end of the braking phase and the 
time duration, mean force and velocities during the braking and propulsion phases.

Backward integration

The vGRF signal was flipped using MATLABs ‘flipud’ function such that the first 
recorded data point became the last data point in the time-history. Then, bodyweight 
was calculated from approximately one second of the post-landing period where parti-
cipants were instructed to return to an upright and motionless position as quickly as 
possible (Wade et al., 2022). The post-landing period was used to ensure an initial 
velocity of zero and to identify the vGRF maximum, minimum and SD. The end of 
landing was then defined as the first occurrence in which bodyweight exceeded either the 
maximum vGRF + five SD or the minimum vGRF—five SD. The FI methods were then 
repeated by calculating CoM acceleration, performing integration to obtain CoM velocity 
and once more to get CoM displacement (Owen et al., 2014). Finally, the CoM accelera-
tion, velocity and displacement signals were flipped to match the original direction of the 
vGRF signal (Figure 2).

The change of mass as a result of DB release is not likely to impact the vGRF signal; 
therefore, take-off and ground contact locations remained unchanged. However, the end 
of the braking phase was re-calculated using the CoM velocity obtained through BI. This 
was done as the authors’ have found that the CoM velocity will be accurate through FI up 
until the point that DBs are released and equally, CoM velocity through BI will be accurate 
until the point in which DBs contact the hands (working backwards through the move-
ment). The same variables calculated in the FI section were repeated using the BI data.

Dumbbell release point

The DB release point was identified through 3D motion capture and vGRF data. First, the 
right DB segment position data was differentiated to obtain DB velocity and then 
acceleration. The difference between this signal and the CoM acceleration (FI) was 
then calculated as DB acceleration—CoM acceleration. The DB release point was identi-
fied as the first value in this signal that exceeded a value of 2 m/s2 (Figure 3). This was 
selected based on prior observations in Vicon Nexus Software and Visual 3D, and pilot 
studies indicating that this threshold reliably corresponds to the onset of the release as the 
hands begin to open.

Using the vGRF data, the DB release point was located as the instance in which FI and 
BI CoM velocity intersected. This was chosen as it represents the instant at which the two 
masses (i.e., system mass and body mass) became equal as they transition to take each 
other’s magnitude. Visual inspection of the data in Visual 3D also confirmed this 
assumption.

SPORTS BIOMECHANICS 7



Adjusting forward integration

To facilitate comparisons with previous investigations (Harrison et al., 2019; Taber et al.,  
2023), we also calculated CoM velocity and displacement signals whereby system mass 
was changed to body mass at the braking end point (BP) and DB release point (DR). This 
involved calculating CoM acceleration until the BP and DR using system mass before 
manually changing to body mass thereafter. The braking and propulsion start points 
were subsequently calculated using the methods outlined above. Take-off and ground 
contact locations were taken from the data calculated previously.

JH, RSImod and countermovement depth calculations were repeated for BP and DR 
methods. Because FI and BP variables would be identical for data extracted from the 
braking and propulsion phase, only DR was used to obtain braking and propulsion times, 
mean force and velocity for comparisons.

Statistical analysis

Agreement between the 3D motion capture and vGRF approaches to identify the DB 
release point was examined using repeated measures Limits of Agreement analysis to 
ensure that the SD’s were not underestimated (Bland & Altman, 2007). For each 
timepoint, this method calculates the SD, and subsequently the upper and lower 
limits of agreement (LOA), using total variance across all data points from a one- 
way analysis of variances (ANOVA) (participant and residual mean square scores). To 
account for uncertainty in the estimates and provide the precision of the estimated 
agreement between the two approaches, 95% confidence intervals (CI95) were com-
puted for the mean bias and upper and lower LOA (Hamilton & Stamey, 2007). 

Figure 3. Centre of mass acceleration (solid black line) and dumbbell acceleration (dashed black line) 
signals plotted to highlight the dumbbell release point as occurring at the location in which these 
signals differ by ≥2 m/s (vertical solid black line).
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A detailed guide and rationale for the repeated measures Limits of Agreement 
analysis was recently reported (Wade et al., 2023). We could not determine an 
a priori literature-based criterion for adequate agreement (i.e., bias) because of 
a lack of similar investigations. Therefore, we defined agreement using a bias thresh-
old of ± 0.05 s, which was based upon adjusting the mass at different time points and 
examining the subsequent magnitude of error in the CoM velocity and displacement 
data. It is also worth noting that this threshold is within the time delay (±0.08 s) 
experienced between the participants’ lowest position and the release of additional 
mass in a recent study (Su et al., 2023b).

A two-way repeated measures ANOVA (method [FI, BI, BP, DR] x load [CMJAEL20, 
CMJAEL30]) was conducted to compare the differences between dependent variables. The 
Greenhouse–Geisser correction was used when the Mauchly’s sphericity test was violated 
and pairwise differences were identified using Bonferroni post-hoc corrections. Effect sizes 
were calculated using Hedges’ g method, providing a measure of the magnitude of the 
differences in each variable noted between time points, and were interpreted as trivial 
(≤0.19), small (0.20 to 0.49), moderate (0.50 to 0.79) or large (≥0.80) (Cohen, 2009).

A two-way random effects model (absolute agreement, average measures) intraclass 
correlation coefficient (ICC), along with upper and lower CI95, were used to determine 
the relative reliability. Based on the lower CI95 of the ICC estimate, values were inter-
preted as: <0.5, poor; 0.5 to 0.75, moderate, 0.75 to 0.90, good and >0.90, excellent (Koo & 
Li, 2016). Absolute reliability was assessed using the coefficient of variation (CV%), 
which was calculated via the root mean square approach (Hyslop & White, 2009). To 
provide a qualitative scale in line with the ICC estimates, CV% thresholds of <5%, 5% to 
10%, 10% to 15% and >15% (based on the upper CI95) were considered to represent 
excellent, good, moderate and poor reliability, respectively.

The ICC estimates, two-way repeated measures and one-way ANOVA were per-
formed in SPSS (version 28.0; SPSS Inc., Chicago, IL, USA), and statistical significance 
was accepted at p ≤ 0.05. All other analyses were performed in Microsoft Excel (version 
2311, Microsoft Corp., Redmond, WA, USA).

Results

Three participants’ data were omitted from the final analysis due to issues surrounding 
the weighing and/or post-landing period. Therefore, the final sample consisted of 17 
participants (nine men and eight women; age: 23.1 ± 2.7 years; height: 1.7 ± 0.1 m; body 
mass: 75.1 ± 17.4 kg).

Agreement

Figure 4 and 5 present the agreement between the motion capture and vGRF methods 
used to identify the DB release point location for CMJAEL20 and CMJAEL30, respectively. 
Table 1 provides the bias, SD of bias, upper and lower LOA and CI95 for both conditions. 
The agreement between methods was unacceptable in both loading conditions, as 
evidenced by the large LOA (CMJAEL20 = −0.22 to 0.07 s; CMJAEL30 = −0.29 to 0.14 s).

SPORTS BIOMECHANICS 9



Figure 4. Bland-Altman plot for motion capture and vGRF method of identifying dumbbell release 
point in CMJAEL20. The centre line (solid black line) represents the mean bias and the upper (solid black 
line) and lower (solid black line) limits of agreement are also highlighted. The dashed lines represent 
upper and lower CI95. Mean, SD and CV% (CI95) values for the motion capture method were 3.03 s, 0.86 
s and 5.32 (3.96-8.11), respectively; mean, SD and CV% (CI95) values for the vGRF method were 3.10 s, 
0.88 s and 5.27 (3.92-8.03), respectively; mean, SD and CV% (CI95) values for the bottom position were 
3.20 s, 0.89 s and 5.22 (3.88-7.95), respectively.

Figure 5. Bland-Altman plot for motion capture and vGRF method of identifying dumbbell release 
point in CMJAEL30. The centre line (solid black line) represents the mean bias and the upper (solid black 
line) and lower (solid black line) limits of agreement are also highlighted. The dashed lines represent 
upper and lower CI95. Mean, SD and CV% (CI95) values for the motion capture method were 2.96 s, 0.75 
s and 4.73 (3.52-7.21), respectively; mean, SD and CV% (CI95) values for the vGRF method were 3.94 s, 
0.77 s and 4.76 (3.54-7.25), respectively; mean, SD and CV% (CI95) values for the bottom position were 
3.13 s, 0.77 s and 4.58 (3.41-6.98), respectively.
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Reliability

Tables 2 and 3 present the reliability data for CMJAEL20 and CMJAEL30, respectively. 
System weight and bodyweight were found to have excellent reliability across loading 
conditions (CV% <0.10; ICC = 1.000). The DR method elicited moderate-excellent relia-
bility in CMJAEL20 (CV% ≤ 7.28; ICC ≥ 0.606) and CMJAEL30 (CV% ≤ 5.21; ICC ≥ 0.797). 
Moderate-excellent reliability was also observed for the BP method in CMJAEL20 
(CV% ≤ 12.10; ICC ≥ 0.781) and CMJAEL30 (CV% ≤ 13.74; ICC ≥ 0.791).

CMJAEL variables

The two-way repeated measures ANOVA revealed significant interaction effects (‘meth-
od*load’) across all variables (F ≥ 10.246; p < 0.001), with the exception of braking force 
(F = 0.366; p = 0.561) and braking velocity (F = 0.134; p = 0.741). For braking force, the 
main effect of ‘method’ and ‘load’ were significant (F = 60.808; p < 0.001 and F = 12.110; 
p = 0.003, respectively). Similarly, for braking velocity, the main effect of ‘method’ and 
‘load’ were significant (F = 14.927; p < 0.001 and F = 4.479; p = 0.05, respectively). The 
pairwise comparisons and effect sizes are depicted in Tables 4 and 5.

Table 1. Repeated measures Bland-Altman analysis and reliability statistics for motion capture and 
vGRF methods of identifying the dumbbell release point, in CMJAEL20 and CMJAEL30.

Condition
Mean 

Bias (s)
SD of 

Bias (s) LOA (s)
Mean 

Bias ± CI95

Lower 
LOA ± CI95

Upper 
LOA ± CI95 CV% (±CI95) ICC (±CI95)

CMJAEL20 −0.07 0.07 −0.22, 0.07 −0.09, −0.06 −0.28, −0.16 0.01, 0.13 17.77 
(13.14, 27.53)

0.274 
(−0.506, 0.707)

CMJAEL30 −0.08 0.11 −0.29, 0.14 −0.10, −0.05 −0.38, −0.20 0.05, 0.23 13.96 
(10.35, 21.48)

0.742 
(0.481, 0.894)

SD, standard deviation; LOA, limits of agreement; CI95, 95% confidence intervals; CV%, coefficient of variation percentage; 
ICC, intraclass correlation coefficient; CMJAEL20, countermovement jump with accentuated eccentric loading at 20% of 
body mass; CMJAEL30, countermovement jump with accentuated eccentric loading at 30% of body mass.

Table 2. Reliability statistics per variable and analysis method for CMJAEL20.
Variables Method CV% Lower CI95 Upper CI95 ICC Lower CI95 Upper CI95

System Weight 0.04 0.03 0.05 1.000 1.000 1.000
Body Weight 0.06 0.04 0.09 1.000 1.000 1.000

Jump Height (m) BP 8.04 6.03 12.10 0.965 0.930 0.986
DR 1.18 0.88 1.76 0.997 0.993 0.999

RSImod BP 7.90 5.92 11.88 0.963 0.926 0.985
DR 3.38 2.54 5.08 0.953 0.906 0.981

Displacement (m) BP 5.24 3.93 7.86 0.891 0.781 0.955
DR 4.85 3.64 7.28 0.889 0.779 0.954

Force at Zero Velocity (N) DR 0.88 0.66 1.32 0.997 0.994 0.999
Braking Time (s) DR 2.50 1.88 3.76 0.952 0.904 0.980
Propulsion Time (s) DR 3.93 2.95 5.90 0.805 0.606 0.920
Braking Force (N) DR 0.86 0.65 1.29 0.995 0.991 0.998
Propulsion Force (N) DR 0.90 0.68 1.35 0.998 0.997 0.999
Braking Mean Velocity (m/s) BP 2.63 1.98 3.95 0.967 0.932 0.986

DR 2.21 1.66 3.32 0.965 0.928 0.986
Propulsion Mean Velocity (m/s) BP 2.97 2.22 4.45 0.989 0.977 0.995

DR 4.13 3.10 6.20 0.974 0.947 0.989

Note: CV%, coefficient of variation percentage; 95% confidence intervals; ICC, intraclass correlation coefficient; BP, 
forward integration adjusted at dumbbell release; DR, forward integration adjusted at dumbbell release; RSImod, 
reactive strength index modified. Bold numbers indicate unacceptable reliability (Upper CI95 of CV% > 10; lower CI95 

of ICC < 0.75).
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Table 3. Reliability statistics per variable and analysis method for CMJAEL30.
Variables Method CV% Lower CI95 Upper CI95 ICC Lower CI95 Upper CI95

System Weight 0.04 0.03 0.07 1.000 1.000 1.000
Body Weight 0.06 0.05 0.10 1.000 1.000 1.000

Jump Height (m) BP 8.99 6.70 13.74 0.896 0.791 0.957
DR 1.16 0.86 1.77 0.997 0.994 0.999

RSImod BP 8.88 6.62 13.57 0.955 0.910 0.982
DR 1.81 1.35 2.75 0.994 0.988 0.998

Displacement (m) BP 4.25 3.16 6.47 0.924 0.848 0.969
DR 3.42 2.55 5.21 0.944 0.887 0.977

Force at Zero Velocity (N) DR 0.89 0.66 1.36 0.997 0.994 0.999
Braking Time (s) DR 3.08 2.30 4.69 0.908 0.815 0.962
Propulsion Time (s) DR 2.95 2.20 4.49 0.899 0.797 0.958
Braking Force (N) DR 1.10 0.82 1.67 0.994 0.989 0.998
Propulsion Force (N) DR 0.78 0.58 1.19 0.998 0.997 0.999
Braking Mean Velocity (m/s) BP 2.93 2.18 4.46 0.963 0.925 0.985

DR 2.90 2.16 4.41 0.958 0.915 0.983
Propulsion Mean Velocity (m/s) BP 3.78 2.82 5.76 0.971 0.941 0.988

DR 3.81 2.84 5.80 0.974 0.948 0.989

Note: CV%, coefficient of variation percentage; 95% confidence intervals; ICC, intraclass correlation coefficient; BP, 
forward integration adjusted at dumbbell release; DR, forward integration adjusted at dumbbell release; RSImod, 
reactive strength index modified. Bold numbers indicate unacceptable reliability (Upper CI95 of CV% > 10; lower CI95 

of ICC < 0.75).

Table 4. Descriptive statistics and effect sizes with 95% confidence intervals for CMJAEL20.

Variables Method

Hedges g (CI95)

Mean SD BI vs FI BI vs BP BI vs DR

Jump Height (m) BI 0.29 0.11 −2.56† 

(−3.48, −1.64)
−0.99† 

(−1.70, −0.27)
0.00 

(−0.67, 0.67)FI 0.07 0.05
BP 0.19 0.10
DR 0.29 0.11

RSImod BI 0.36 0.14 −2.48† 

(−3.39, −1.58)
−0.99† 

(−1.70, −0.27)
0.00 

(−0.67, 0.67)FI 0.09 0.06
BP 0.23 0.12
DR 0.36 0.14

Displacement (m) BI −0.32 0.09 0.17 
(−0.50, 0.84)

0.17 
(−0.50, 0.84)

0.47† 

(−0.21, 1.15)FI −0.30 0.08
BP −0.30 0.08
DR −0.28 0.08

Force at Zero Velocity (N) BI 1770.06 492.74 −0.16* 
(−0.83, 0.51)

0.00 
(−0.67, 0.67)FI 1688.30 497.46

DR 1771.28 489.31
Braking Time (s) BI 0.15 0.04 0.91† 

(0.20, 1.61)
0.10* 

(−0.57, 0.77)FI 0.20 0.05
DR 0.15 0.04

Propulsion Time (s) BI 0.28 0.06 −0.67† 

(−1.36, 0.02)
−0.07* 

(−0.74, 0.61)FI 0.24 0.07
DR 0.28 0.07

Braking Force (N) BI 1398.48 352.58 0.17† 

(−0.50, 0.85)
0.03† 

(−0.64, 0.71)FI 1463.18 373.71
DR 1411.09 357.81

Propulsion Force (N) BI 1395.79 417.18 −0.14† 

(−0.82, 0.53)
−0.02† 

(−0.69, 0.66)FI 1335.12 415.92
DR 1388.66 415.10

Braking Mean Velocity (m/s-1) BI −0.73 0.16 0.55† 

(−0.13, 1.24)
0.56† 

(−0.13, 1.24)
0.52† 

(−0.16, 1.21)FI −0.65 0.14
BP −0.65 0.14
DR −0.65 0.14

Propulsion Mean Velocity (m/s-1) BI 1.51 0.31 −2.35† 

(−3.24, −1.47)
−0.87† 

(−1.58, −0.17)
0.09† 

(−0.58, 0.76)FI 0.82 0.27
BP 1.24 0.31
DR 1.54 0.31

†significant difference (p < 0.001); *significant difference (p < 0.05).
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Discussion and implications

The current investigation had two primary aims: (1) to facilitate the quantification of the 
DBs’ release without the need for advanced data acquisition devices (i.e., 3D motion 
capture) and (2) to provide researchers and practitioners with a method through which 
they can reliability extract, analyse and interpret force-time variables during a CMJAEL. It 
was hypothesised that the 3D motion capture and vGRF methods used to locate the DB 
release point would agree; however, the agreement between methods was limited by the 
presence of wide LOA in both loading conditions (CMJAEL20 = −0.22 to 0.07 s; CMJAEL30  
= −0.29 to 0.14 s, respectively). In agreement with our second hypothesis, the analysis 
method (FI, BI, BP and DR) influences both the reliability and magnitude of numerous 
performance variables during CMJAEL20 and CMJAEL30. Therefore, depending on which 
method is deemed to be the criterion method, previous investigations must be inter-
preted with caution, as fundamental methodological issues may confound the results.

The current consensus on the performance enhancing effects of CMJAEL are mixed, with 
studies finding positive (Aboodarda et al., 2013; Sheppard et al., 2007) or negligible and no 

Table 5. Descriptive statistics and effect sizes with 95% confidence intervals for CMJAEL30..

Variables Method

Hedges g (CI95)

Mean SD BI vs FI BI vs BP BI vs DR

Jump Height (m) BI 0.29 0.11 −3.12† 

(−4.14, −2.10)
−1.34† 

(−2.09, −0.59)
0.00 

(−0.67, 0.67)FI 0.03 0.03
BP 0.13 0.12
DR 0.29 0.11

RSImod BI 0.35 0.15 −2.83† 

(−3.80, −1.86)
−1.42† 

(−2.18, −0.67)
0.00 

(−0.67, 0.67)FI 0.04 0.04
BP 0.16 0.12
DR 0.35 0.15

Displacement (m) BI −0.30 0.11 −0.21 
(−0.89, 0.46)

−0.21 
(−0.89, 0.46)

0.26* 
(−0.42, 0.93)FI −0.33 0.10

BP −0.33 0.10
DR −0.28 0.08

Force at Zero Velocity (N) BI 1757.58 528.11 −0.27* 
(−0.95, 0.40)

0.02 
(−0.65, 0.69)FI 1614.31 503.71

DR 1767.45 510.91
Braking Time (s) BI 0.14 0.05 1.37† 

(0.62, 2.12)
0.00 

(−0.68, 0.67)FI 0.22 0.06
DR 0.14 0.04

Propulsion Time (s) BI 0.29 0.10 −0.62† 

(−1.31, 0.07)
0.00 

(−0.67, 0.67)FI 0.21 0.14
DR 0.29 0.13

Braking Force (N) BI 1452.71 389.94 0.16† 

(−0.51, 0.83)
0.03† 

(−0.65, 0.70)FI 1518.82 417.38
DR 1462.90 395.25

Propulsion Force (N) BI 1385.69 421.19 −0.27† 

(−0.95, 0.40)
−0.01 

(−0.69, 0.66)FI 1268.24 418.89
DR 1380.22 416.99

Braking Mean Velocity (m/s-1) BI −0.71 0.20 0.51 
(−0.18, 1.19)

0.51 
(−0.17, 1.19)

0.49 
(−0.20, 1.17)FI −0.62 0.15

BP −0.62 0.15
DR −0.62 0.16

Propulsion Mean Velocity (m/s-1) BI 1.48 0.36 −2.89† 

(−3.87, −1.91)
−1.26† 

(−2.00, −0.52)
0.08† 

(−0.60, 0.75)FI 0.53 0.28
BP 1.01 0.37
DR 1.51 0.36

†significant difference (p < 0.001); *significant difference (p < 0.05).
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effects (Harrison et al., 2019; Taber et al., 2023). Furthermore, our understanding of the 
mechanisms underpinning CMJAEL are largely speculative. It is believed that the additional 
mass and loading of the hip and knee extensors will enhance the ability to store and return 
elastic strain energy (Bosco et al., 1982; Finni et al., 2001; Hahn et al., 2007; Komi & Gollhofer,  
1997), though recent results question this theory (Su et al., 2023a, 2023b). While it is possible 
that AEL will alter the coordination strategy (i.e., countermovement depth, position of the 
CoM relative the joints) of a CMJ, any speculated mechanisms that may cause a positive effect 
rely on the assumption that the additional mass is held throughout the entire counter-
movement. If this is not the case, it is possible that the hip and knee extensors will be loaded 
insufficiently, and that the coordination strategy could be affected negatively. It is therefore 
important that we consider a method by which we can reliably extract the DBs’ release point. 
With this information, researchers and practitioners can make accurate decisions regarding 
the acute and chronic affects of a CMJAEL training intervention. For example, if JH decreases, 
this may be because the athlete is releasing at an inappropriate time in the movement (i.e., too 
early or too late) and therefore needs more time to familiarise.

The criterion method used to identify the DB release point in this study was 3D 
motion capture. The DBs were modelled as a rigid segment and their CoM accelerations 
were calculated and compared with whole body CoM acceleration derived from vGRF 
(Figure 3). The release point was defined as the first location in which the acceleration of 
the DB and CoM differed by ≥2 m/s2. This was based on a careful consideration of the 
study objectives, alongside prior piloting, and the desire to identify a point in the motion 
where a meaningful deviation between the DB and whole-body CoM acceleration could 
be reliably detected. This was compared with a vGRF method, which used FI and BI to 
locate the point in which these signals intersected. The agreement between these methods 
was unacceptable in both loading conditions; however, it is important to report some 
additional thoughts. Firstly, the bias threshold used (±0.05 s) was chosen in absence of 
established standards in the literature. While it provided a useful benchmark for evaluat-
ing agreement, it is important to recognise that it is somewhat arbitrarily designated. 
Therefore, future research should aim to establish a more definitive threshold. The SD 
and LOA for CMJAEL20 and CMJAEL30 were large (Figures 4 and 5), suggesting that the 
difference between methods varied substantially between and within participants (Bland 
& Altman, 2007). Alongside the poor reliability (Table 1), it could be reasonable to 
suggest that the vGRF method should not be adopted in future research or practice. 
However, a deeper examination of the data reveals a different perspective. The motion 
capture method appears to locate the initiation of the release (i.e., the hand begins to 
open and the DB acceleration reduces in preparation for release). In contrast, the vGRF 
method identifies the point at which the DB release is completed, as indicated by the 
momentary interaction of the FI (system mass) and BI (body mass) signals before they 
transition to assume ech other’s magnitude. Considering the need for further analysis of 
the reliability of the DB release point and potential modifications through coaching (i.e., 
instructional cues), we propose that the vGRF method could be a viable alternative when 
3D motion capture is not feasible. This approach could be particularly beneficial for 
practititioners already utilising force plate technology to assess their athletes. Given the 
distinction between these two points and the likely variability in DB release character-
istics between particiapnts, it would also be advantageous to model the release as a time 
period rather than a singular point.
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Four separate methods have been presented to calculate CoM acceleration, velocity 
and displacement (FI, BI, BP and DR). To the best of the authors’ knowledge, previous 
studies have utilised FI (Aboodarda et al., 2013) or BP (Harrison et al., 2019; Taber et al.,  
2023). A fundamental assumption of FI is that mass remains constant throughout the 
movement (Street et al., 2001). In CMJAEL, system mass decreases significantly upon 
releasing the DBs, rendering FI valid only until this point. To overcome this, researchers 
have adopted the BP approach, whereby the location of zero velocity (i.e., lowest posi-
tion) is identified and system mass (body + DB mass) is manually changed to body mass 
(body mass only) for the remainder of the jump. As mentioned previously, this assumes 
that the participant releases the additional mass precisely upon reaching their lowest 
position, something we did not observe in any of our trials. As long as the participant is 
upright and stands still post-landing, BI, as recently validated (Wade et al., 2022; Wank & 
Coenning, 2019), can be confidently used to understand performance after the release 
point of additional mass. Furthermore, once the release point is identified, the FI velocity 
signal could be more accurately adjusted for the change of mass (i.e., the DR method).

A CMJ is typically de-constructed into phases, defined as the unweighting, braking and 
propulsion phases (McMahon et al., 2018) or as unloading, eccentric yielding, eccentric 
braking, and concentric (Harry et al., 2020). Regardless of the phase deconstruction approach, 
variables based on force, time and velocity are used to describe the performance of each of 
these phases in relation to the outcome of the jump (i.e., JH). Our findings suggest that 
variables, with the exception of displacement, extracted from FI are significantly different to 
those extracted from BI during CMJAEL20 and CMJAEL30 (Tables 4 and 5). Similar compar-
isons were observed between BI and BP, suggesting that neither FI or BP can be used to 
extract accurate information beyond the release point. When adjusting mass at a more 
appropriate location (i.e., DR method), we found the differences to be much less, although 
still significant for several variables in both loading conditions (Tables 4 and 5). Although 
comparable reliability was observed between BP and DR methods (Tables 2 and 3), the 
disparity between BP and BI was considerably larger than that between DR and BI across 
loading conditions (g = −1.42 to 0.56 vs −0.07 to 0.52, respectively). Given this finding, we 
recommend the use of the DR method over BP; however, optimal methodology involves 
combining both FI and BI signals instead of relying on manual adjustments, as the process of 
manual adjustment necessary for locating the release point is inherently included.

While the results of this study provide some important information regarding the 
issues with analysing vGRF data from CMJAEL, it is not without its limitations. For 
example, the DB release point identified using 3D motion capture was done so via 
analysis of the CoM and DB segment acceleration data. It is likely that more accurate 
information could be gathered if markers were placed on the DB and hand; however, this 
approach was difficult to follow given our experimental set up. Previous work has also 
explored the use of alternative equipment (i.e., barbells and trap bars) and VJ exercises 
(i.e., DJ). Future studies should therefore investigate a variety of exercises and equipment 
to truly understand the utility of AEL during VJ tasks in practice.

Conclusion

The 3D motion capture method and vGRF method should not be used interchangeably to 
quantify the DB release point during CMJAEL, as they represent different components 
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(i.e., initiation of the release and separation, respectively). However, the vGRF method 
appears to have the potential to locate the point of release when researchers or practi-
tioners only have access to force platforms. A number of studies have reported conflicting 
findings following CMJAEL; however, based upon the methods proposed and findings in 
the current study, the authors discourage the use of FI, BP and DR methods. It is 
important to note that the aim of the present study was not to discredit previous research 
but, rather, to build on it with the aim of developing a robust and standardised method of 
measuring CMJAEL performance. Therefore, it is proposed that the FI method and BI 
method are used together, as described in the method section and as showin in Figure 3, 
to understand performance prior to and after the DBs release, respectively.
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