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Abstract: Vertical jump height is a reliable measure of lower limb functionality for
countermovement jumps. Motion capture systems and force platforms are considered gold
standards to assess athletes” performance during these motions, however their use in ecological
settings is limited by high costs and lack of portability. This study aimed to evaluate the feasibility
of low-sampling rate Inertial Measurement Units as an alternative to gold standard systems. The
validity of three computational methods for IMU-based data—Numerical Double Integration, Take-
Off Velocity and Flight Time—was assessed using data from 18 healthy subjects who performed
five bilateral and ten unilateral countermovement jumps. Data were simultaneously collected from
an IMU positioned at the L5 level, a motion capture system, and two force platforms. Comparisons
revealed that the Numerical Double Integration method exhibited the highest correlation (0.87), the
lowest bias (2.5 cm) compared to gold standards, and excellent reliability (0.88). Although the Take-
Off Velocity and Flight Time methods demonstrated comparable performance for bilateral jumps,
their accuracy in unilateral jumps was reduced. Overall, low-sampling rate IMU with Numerical
Double Integration method proves to be a reliable and portable alternative for field-based CMJs
assessment, warranting future investigation across diverse populations and jump modalities.

Keywords: countermovement jump; vertical jump height; inertial measurement unit; wearable
devices; double integration; flight time; take-off velocity

1. Introduction

Vertical jumps (V]s) are a commonly assessed motor task in sport and clinical settings, providing
valuable insights into lower limb function [1]. As a reliable benchmark for performance assessment,
VJs are widely used during training to assess athletic ability [2], identify injury risks and guide
rehabilitation programs [3]. Among the various types of VJs, countermovement jumps (CMJs) are
particularly widespread due to their widely proven reliability and validity in estimating explosive
power of the lower limbs [4,5]. The simplicity of the testing protocols, repeatability, and the higher
ecological validity have made CM]Js an ideal tool for the assessment and comparison of lower limbs
performance across different sports [6-10], age groups [11-14] and sexes [15]. Furthermore, inter-
limb asymmetries in CMJ metrics have been shown to correlate with injury rates, increasing research
interest in this assessment as a valuable tool for injury prevention [16].
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CMJs are characterized by an unloading downward phase, a breaking phase, a propulsive
upward phase, a flight phase and a final landing phase [5]. Although several metrics can be calculated
for each jump phase, it has been proven that the performance variables (e.g., jump height, modified
reactive strength index) are the ones showing the highest reliability [5]. In particular, the most
effective and investigated measure of CM] performance is vertical jump height (VJH) [5,17,18].

Force platforms (FP) and motion capture systems (MCap) are considered gold standard tools for
estimating VJH from CM]J [19-21]. However, these systems are typically expensive and require a
laboratory setup, limiting their portability and use in real-world, ecological settings. As a result,
several alternative devices have been developed for use in non-laboratory environments, including
linear transducers, contact mats, photoelectric cells, camera-based smartphone applications and,
more recently, Inertial Measurement Units (IMUs) [21-23].

IMUs have gained widespread use with the development of Micro-Electro-Mechanical Systems
(MEMS) technology, which integrates accelerometers, gyroscopes and a magnetometer to measure
raw accelerations and angular velocities [24,25]. When combined with sensor fusion algorithms,
IMUs can provide kinematic and temporal data to track three-dimensional body movements [26].
Additionally, their relatively low costs, power consumption and compact size make IMUs ideal for
in-field CM]J assessment [23,25]. However, ensuring the accuracy and precision of these devices is
essential to provide practitioners with accurate and reliable information [27]. High-sampling rate
IMUs (> 100 Hz) have been validated for VJH estimation by comparing them with gold standard
reference systems [27]. However, in practical applications, low-sampling rate IMUs are preferred
because of their reduced power consumption, which extends battery life and allows data recording
over longer periods [28]. Moreover, the low-sampling rate also reduces the amount of data collected,
simplifying data processing and storage, which can be critical in field-based applications or when
multiple sensors are used simultaneously. Despite these practical advantages, lower sampling rates
may reduce the accuracy of calculated metrics, such as VJH, due to potential undersampling of the
jump’s dynamic phases [28]. Therefore, it is crucial to evaluate whether low-sampling rate IMUs can
still provide accurate and reliable estimates of VJH compared to high-sampling rate devices and gold
standard systems.

Several studies that have shown that the choice of the appropriate calculation method according
to the VJH definition chosen is crucial when validating technological tools [18]. In the present study,
VJH is defined as the difference between the maximum height reached by the center of mass (COM)
during the jump (Hmax) and the standing height (Ho) [18]. Therefore, VJH calculated from the MCap
system consists of tracking the vertical displacement of the COM, approximated from the positions
of the markers placed on the subject’s body [29-31]. In contrast, FP do not directly provide vertical
displacement, necessitating the use of specific calculation methods to estimate VJH from three-
dimensional force data. The numerical double integration (NDI) method has been proven to be the
one of the most reliable and accurate approaches to quantify VJH when calculated as the difference
between Hmax and Ho with a dual FP setup [18,32,33]. In addition, it has been proven that NDI method
provides VJH estimates with the most negligible difference compared to MCap [18,32,33].

While numerous studies have evaluated the validity of IMU sensors against gold standard
systems, there is still a lack of standardized method for calculating VJH from IMU-derived data [27].
When using IMU data, VJH can be computed using three main calculation methods: (a) numerical
double integration (NDI), (b) take-off velocity (TOV) method and (c) flight time (FT) method [34].
The NDI method involves double integration of vertical acceleration, assuming zero initial
acceleration and calculating VJH as the maximum vertical displacement. The TOV method assumes
the subject is only influenced by gravity during the jump, treating the body as a particle under
constant acceleration (g), with take-off velocity determined by integrating filtered acceleration data
before take-off (TO). The FT method relates VJH to FT, defined as the interval between TO and
landing (LA) [35].

Several studies have validated these methods for calculating VJH with high-sampling rate IMU
sensors. However, to date, no studies have investigated the feasibility of low-sampling rate IMUs for
this purpose [18,27]. In this study, we hypothesized that low-sampling rate IMUs could serve as a
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feasible, portable, and compact alternative to gold standard systems for estimating VJH in CM]Js. This
hypothesis was tested by using a single low-sampling frequency IMU to calculate VJH via NDI, TOV
and FT methods. Additionally, we sought to identify the most accurate method for estimating VJH
from IMU data. Finally, a test-retest paradigm was implemented to determine the reliability of such.

2. Materials and Methods

The study was conducted at the “Luigi Divieti” Posture and Movement Analysis Laboratory
(Department of Electronics, Information and Bioengineering (DEIB), Politecnico di Milano, Milano,
Italy) in accordance with the postulates of the Declaration of Helsinki and with the approval of the
Ethics Committee of the Politecnico di Milano (Protoc. No. 22/2021, 14 June 2021).

2.1. Participants

Eighteen healthy subjects (12 females and 6 males, age: 24.6 + 1.9 years, height: 169.4 + 7.5 cm,
and body mass: 56.2 + 10.4 kg) voluntarily participated in the study and provided their written
Informed Consent for the use of their data. Subjects were included according to the following criteria:
(i) age over 18 years; (ii) BMI between 18.5 kg/m? and 24.9 kg/m?; (iii) absence of neurological or
musculoskeletal impairments and (iv) absence of injury or surgery within the previous six months.

2.2. Equipment

Data were collected simultaneously from the three following systems:

e A MCap system composed of eight infrared cameras (SMART DX 100, BTS-Bioengineering,
Milan, Italy) with an accuracy of < 0.2 mm over a 2x2x2 m volume and a sampling frequency of
100 Hz.

e  Two FPs (AMTI, USA Inc. Watertown, MA) measuring 464 x 508 x 82.5 mm with an accuracy of
+0.1% of the applied load and a sampling frequency of 200 Hz.

e AnIMU (XSens DOT, Xsens Technologies B.V, Enschede, The Netherlands) with Bluetooth Low
Energy (BLE) wireless connectivity and 60 Hz sampling frequency. It provides triaxial
accelerations ([m/s?], +16g full scale), triaxial angular velocities ([//s], #2000*/s full scale) and
magnetic field measurements within the sensor’s fixed frame.

To synchronize data across all the systems, signals were resampled to the lowest common
sampling rate (i.e., IMU sampling frequency at 60 Hz).

2.3. Procedure

Participants were informed of the purpose of the study and their height and body mass were
recorded prior to testing. Before the experimental session, subjects completed a standard warm-up
consisting of 4 minutes of jogging on a treadmill at self-selected pace, followed by 3 minutes of
submaximal vertical jumps to familiarize themselves with the testing environment.

Subsequently, subjects were instrumented with three passive spherical markers placed on the
sacrum and bilaterally over the anterior superior iliac spine. The IMU was mounted at the level of
L5, identified by palpation as the midpoint between the posterior superior iliac spines. To minimize
the effects of skin motion artifacts during jumps, the IMU was secured with a non-invasive elastic
band. Participants were briefed on the proper execution of the CMJ, which involved an initial
downward movement followed by a rapid upward jump without arm swing, ensuring minimal
posture change to reduce potential effects on VJH. The depth of the countermovement was not
controlled. Participants were then instructed to place each foot on a FP and 5-second static data were
recorded from the three systems prior to CM] execution.

Each participant performed double-leg CMJs (DL-CM]J), right-leg CMJs (R-CM]J) and left-leg
CMJs (L-CM]J), with at least 30 seconds of rest between each jump and 3 minutes of rest between each
jump category, until 5 correct jumps were performed for each task. Therefore, motion data for a total
of 90 jumps from MCap, IMU and FP for each jump modality were collected.

d0i:10.20944/preprints202410.1153.v1
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2.4. Data Processing

Motion data were analyzed in MATLAB (v.2023a, MathWorks, Natick, MA, USA) through
customized algorithms. The VJH was computed for each system through a different calculation
method.

2.4.1. MCap Data

The vertical trajectories of the three passive markers were averaged to approximate the vertical
displacement of the pelvis COM [31]. The VJH was calculated using the following equation:

VIHMCap = HmaleO, (1)

where Hmax is maximum height reached by the pelvis COM, calculated as the absolute maximum of
the vertical trajectory, and Ho is the height of the COM in the resting position obtained by during the
5-second static recording.

2.4.2. FP Data

Vertical acceleration (ab%,;, [m/s?]) was calculated by dividing the vertical force signal (F-, [N])

by the subject’s mass, according to Newton's second law of motion, and subtracting the contribution
of gravitational acceleration (g, [m/s?]), as in (2). The F: signal was obtained as the average of the F.
signal from both platforms. The subject’s mass was derived by dividing the vertical force during the
5-second static recording (Foz, [N]) by g. This process is summarized by the following equation:

Fy
Foz — & )

g

Abere =

A low-pass Butterworth filter (order = 4, cut-off frequency = 10 Hz) was applied to the aff,.,

signal, and then double-integrated via the trapezoidal rule from the onset of movement until landing

to obtain the vertical displacement signal, according to the NDI method [18,33]. The VJHrr was
determined as the maximum value of the vertical displacement.

2.4.3. IMU Data

Vertical acceleration was transformed from the IMU’s local reference frame (S) to a fixed global
reference frame (G) using quaternion-based rotation to account for potential misalignment during
manual sensor placement on the participant’s trunk [36]. This transformation ensured that the
acceleration data could be analyzed in a consistent global context, unaffected by variations in sensor
placement or body orientation. In S, the x-axis was aligned with gravity pointing upwards, the z-axis
was aligned with the forward direction relative to the participant’s sagittal plane and y-axis
orthogonal to the resulting XZ plane. In G, the z-axis was aligned with gravity, the x-axis laid within
the global horizontal plane, corresponding to the participant’s forward direction when standing
upright, and the y-axis was orthogonal to the ZX plane, completing the right-handed coordinate
system.

To describe the transformation required to rotate the acceleration vector from S to G, quaternion
data.obtained as output from the IMU sensor as in (3).were used to derive a rotation matrix (R7)
for each time sample, defined as in (4):

q= 19w 9% 9y, 9:] , 3)

1-2(q; +a2)  2(4xqy — 9:0w)  2(qx9, + qyqw
RE =|2(qx0y + @290 1-2(a%+a2) 2(ayq, — 9xqw)| , 4)
2(0x9, — 4yqw) 2(qyq, + axqw) 1-—2(q% +q;)

The three-dimensional global acceleration vector was obtained by multiplying the acceleration

vector in the local reference frame (a5) by R¢. The absolute vertical acceleration ali} was extracted
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as the third component (z-axis) of the global acceleration vector and subtracting the contribution of
g, asin (5):

apert = [RE X (@)1} —g , )

The absolute vertical acceleration allf¥ was then filtered with a low-pass Butterworth filter

(order = 4, cut-off frequency = 10 Hz) and used to calculate the VJH through the FT, TOV and NDI
methods, as described below:

e The FT method is based on the identification of TO and LA events from the a!Y. TO is defined

as the instant when a!¥ crosses the zero-acceleration threshold, while LA is identified as the

last observation of a/MY less than 0. VJHE, is then obtained as in (6) [35]:

(LA-TO)?x g

VIHiy = 5

(6)

e The TOV considers the subject as only affected by gravity during the jump and neglecting the
air resistance. VJH{\QY is calculated from (7), where TOV is takeoff velocity determined by

integration of al¥f} measured before the TO instant defined as in the FT method [37]:

(TOV)?

VIHMY =

@)

e The NDI consists in the double-integration of the aliY via the trapezoidal rule to obtain the

vertical displacement [37]. The VJHNR} was calculated as the maximum value of the vertical

displacement [37].
The main steps applied to the signals obtained from the different systems are summarized in
Figure 1.
data acquisition S )Cessir ~—— VJH calculation —
MCap al i
fc = 100 Hz vertical ~ Equation (1)
Resample e b ;
at 60 HZ vertical acc caiculation dlsp‘ :
FP 11 Equation (2) I calculation ||~ maximum
fc =200 Hz ; vertical disp
Filter
order = 4 FT method
IMU : fc = 10ks TO and LA B
I | =
fc = 60 Hz Equation (5) codiiiony || Eaate (6)
S
J,I TOV method
vertical velocity __, Takeoff velocity | | :
calculation identification Equation (7)
|
vertical disp. NDI method maximum
calculation vertical disp

Figure 1. Main steps to obtain VJH from raw data of the three systems.

2.5. Statistical Analysis

The statistical analysis was performed using JASP (JASP Team 2023, Version 0.17.3) and
MATLAB (v.2023a, MathWorks, Natick, MA, USA).

The normality of the VJH estimates from the different systems and IMU-based calculation
methods was assessed using the Shapiro-Wilk test. The test indicated a non-normal distribution (p <
0.05), leading to the use of non-parametric statistical methods [38]. Descriptive statistics for each
calculation method are presented as median and Interquartile Range (IQR).

The agreement between the two gold standard systems (MCap and FP) was evaluated using
Spearman’s rank correlation coefficients (ps). The strength of the correlation was classified as follows:
lps| <04, weak; 0.4 < | ps| <0.6, moderate; 0.6 < | ps| < 0.8, strong; and || > 0.8, very strong [39].
Additionally, the Bland-Altman analysis was performed to calculate the systematic bias and the
limits of agreement (LoA, systematic bias + 1.96 standard deviations of the differences) for each
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jumping modality [40]. A single gold standard value (VJHcsv) was computed by averaging the
estimates from the two gold standard systems, due to the high level of agreement observed.

The Friedman test was applied to identify significant differences between the VJHcsv and the
three IMU-based methods across the different jump modalities (DL-CMJ, R-CM]J, and L-CM]J). The
effect size estimation was based on Kendall’s W coefficient of concordance [41]. Post-hoc pairwise
comparisons were conducted using the Conover test with Bonferroni correction to control for
multiple comparisons. Bland-Altman analysis was also used to quantify the systematic bias and LoA
between the VJHacsv and each IMU method, as well as among the IMU methods themselves.

The test-retest reliability of the VJH estimates for each method was evaluated using the Intraclass
Correlation Coefficient with a two-way mixed-effects model (ICC(2,1)), which assesses both the
consistency and absolute agreement of repeated measurements [42]. ICC values were interpreted as:
< 0.5 poor reliability; 0.5 < ICC < 0.75 moderate reliability; 0.75 < ICC < 0.9 good reliability; and ICC >
0.9 excellent reliability.

All statistical tests were performed with a significance level set at a=0.05.

3. Results
3.1. Agreement between Gold Standard Systems

Table 1 reports the Spearman’s correlation coefficients revealing significant and strong
correlations between the two gold standard systems across all modalities (o ranging from 0.88 to 0.9,
p <0.001), indicating a high level of agreement. Bland-Altman analysis (Table 1 and Figure 2) showed
a systematic bias close to zero for the DL-CM] and relatively narrow LoA range (-2.9 to 4.4 cm).
However, R-CM] and L-CM] showed larger biases (-1.7 cm and -2.5 cm, respectively) and wider
upper and lower LoA range for the SL-CMJ (8.5 cm and 11.1 cm for R-CM]J and L-CM]J, respectively),
indicating greater variability in the estimates for these modalities.

Due to the high agreement and the relatively low systematic bias between the MCap and FP, a
single reference value was computed by averaging the estimates from MCap and FP and used for
further comparisons with the IMU (gold standard value, VJHcsv).

Table 1. Median (IQR), Spearman’s coefficients (ps) and systematic bias with LoA from gold standard

methods.
Modality VJHmcap (cm) VJHzrr (cm) Ps Systematic bias (LoA) (cm)
DL-CM]J 26.2 (5.4) 25.6 (5.5) 0.97% 0.6 (-2.0 to 3.2)
R-CM]J 20.2 (4.7) 21.5 (5.2) 0.94* -1.3(-4.3t01.7)
L-CM]J 19.5 (4.4) 21.1 (5.0) 0.93* -1.6 (-5.1 to 1.8)

* Significant correlation (p < 0.001). DL-CMJ = double-leg countermovement jump; R- = right; L- = left; VJH =
Vertical Jump Height; MCap = Motion Capture systems; FP = Force Platform; ps = Spearman’s rank correlation

coefficient; LoA = Level of Agreement.

40
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Figure 2. Bland-Altman Plots for VJHwmcap and VJHrr. (a) DL-CMJ; (b) R-CMJ; (¢) L-CM]J. The centre
lines represent the systematic bias between systems and the Upper and Lower LoA [n = 90].

3.2. Agreement between V]Hcsv and IMU Calculation Methods

Table 2. Median (IQR) for the VJHcsv and the three IMU-based VJH computations: NDI, FT and TOV
and different jumping modalities. The two columns on the right-hand side displayed the Friedman
test results in terms of x? and Kendall’'s W.

Modality | VJHcsv(cm) VJHN (cm)  VJHjugy (cm)  VJHEY (cm) X2(3) W
DL-CMJ 24.6 (9.0) 21.1 (6.8) 21.1 (9.0) 21.2(9.1) 23.87* 0.44
R-CM]J 20.0 (8.6) 19.1 (7.5) 13.3 (5.9) 13.3 (6.7) 44.53* 0.83
L-CM]J 21.6 (7.6) 19.0 (7.8) 13.8 (5.6) 13.9 (8.1) 49.20% 0.91

* Significant p-values (p < 0.05); DL-CM] = double-leg countermovement jump; R- =right; L- =left; VJH = Vertical
Jump Height; GSV = gold standard values; IMU = Inertial Measurement Unit; NDI = Numerical Double
Integration; FT = Flight Time; TOV = Take-off Velocity.

For all jumping modalities, the IMU-based methods systematically underestimated VJH
compared to the VJHasv (Table 2). In particular, VIH\R} showed closer agreement with VJHasv across
all modalities with respect to FT and TOV methods, while VJHf{fy and VJH{\QY exhibited larger
deviations especially in the R- and L-CM]J conditions. Nevertheless, the results from the Friedman
test revealed significant differences among the methods for all the jumping conditions (p-values <
0.001).

The Bland-Altman analysis (Table 3) performed on all the computation methods revealed a
systematic bias within 4 cm for DL-CM] across the different IMU-based calculation methods.
However, the R-CMJ and L-CM] conditions demonstrated larger systematic biases and wider LoA
with respect to DL-CM]J, particularly for the VJHfL, and VJHLQY methods, indicating reduced
agreement with the VJHcsv. This suggests that IMU-based methods may offer reasonable accuracy
for DL-CM]J, but their performance declines in SL-CM]J.

Table 3. Systematic bias, LoA and p-values after Bonferroni correction obtained from the Bland-
Altman analysis and Conover test.

Comparison Modality Systematic bias (LoA) (cm) Pront
DL-CM] 4.0 (-0.9 to 8.8) <0.001*
VJHcsvVIHND R-CM] 1.5 (-3.9 to 6.9) 1.000
L-CM]J 19(-32t07.1) 0.151
DL-CM]J 3.0 (-0.3 to 6.4) 0.080
VIHcsV[BVIHEL, R-CM] 7.8 (-0.3 to 15.9) <0.001*
L-CM]J 7.1 (0.4 to 13.8) <0.001*
V]Hcsv.V]HITN([’[Y DL-CM] 3.4 (-3.7t0 10.4) 0.004*
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R-CM]J 7.7 (1.2 to 14.1) <0.001*

L-CMJ 7.1 (0.5 to 13.7) <0.001*
DL-CM] -0.9 (-39 to 2.1) 0.273
viHAD VIHES,  R-CM] 6.3 (-2.6 to 15.2) 0.002*
L-CM] 5.1-2.8 to 13.1) 0.020*
DL-CM] -0.6 (-9.2t0 8.1) 1.000

VIHNP VIHTSY R-CMJ 6.2 (-0.1to 12.4) <0.001*
L-CM] 5.2 (-0.9 to 11.2) 0.002*
DL-CM] 0.4 (-6.8 to 7.5) 1.000
vIHED VIHESY R-CM]J -0.1(-9.3t09.1) 1.000
L-CMJ 0.1 (-8.5 to 8.6) 1.000

* Significant p-values (p < 0.05). DL-CM] = double-leg countermovement jump; R- =right; L- =left; VJH = Vertical
Jump Height; GSV = gold standard values; IMU = Inertial Measurement Unit; NDI = Numerical Double
Integration; FP = Force Platform; TOV = Take-off Velocity.

The Conover post-hoc test performed on DL-CM]J revealed that both the NDI and the TOV
methods significantly underestimated VJH compared to the VJHasv (p < 0.001 after Bonferroni
correction), while the FT method exhibited a non-significant difference (p = 0.080). Comparisons
among the IMU methods showed no significant differences, with the FT and TOV methods yielding
particularly similar results (p = 1.000) in all jump modalities. In case of SL-CM], the NDI method
showed no significant difference compared to the VJHcsv for both the R-CM] (p = 1.000) and L-CM]J
(p=0.151), while FT and TOV methods exhibited significant differences in both R-CMJ and L-CM]J (p
<0.001).

Spearman’s rank correlation coefficients between the VJHcsv and the IMU-based methods were
calculated to evaluate their association in the different jump modalities.

The Spearman’s coefficients indicated a strong correlation between the VJHcsv and the IMU-
based methods (Table 4), with all correlations being significant (p < 0.05). Notably, the NDI method
showed the highest correlation with the VJHasv (ps> 0.85 for all the jump modalities). Very strong
correlations (ps 2 0.89) are shown between all the IMU-based methods and VJHcsv in the DL-CM]J
condition. However, the correlations were slightly lower for R-CM]J and L-CM]J, particularly for the
FT (s = 0.74 and o = 0.83) and TOV methods (s = 0.80 and ps = 0.80), suggesting variability in the
consistency of these methods across different jump modalities.

Table 4. Spearman’s rank correlation coefficients between VJHcsv and IMU-based methods.

Method Modality VJHasv VJH)R VIH Ny VIHY
DL-CM] -
VJHosv R-CMJ -
L-CMJ -
DL-CM] 0.90* -
VIHNDS R-CM] 0.85* -
L-CM] 0.85* -
DL-CM]J 0.93* 0.95* -
VIH Y R-CM]J 0.74* 0.63* -
L-CMJ 0.83* 0.68* -
DL-CM]J 0.89* 0.83* 0.89* -
VIHRY R-CMJ 0.80* 0.77* 0.61* -
L-CMJ 0.80* 0.84* 0.67* -

* Significant correlation (p < 0.001). DL-CM] = double-leg countermovement jump; R- = right; L- = left; VJH =
Vertical Jump Height; GSV = gold standard values; IMU = Inertial Measurement Unit; NDI = Numerical Double
Integration; FP = Force Platform; TOV = Take-off Velocity.


https://doi.org/10.20944/preprints202410.1153.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2024 d0i:10.20944/preprints202410.1153.v1

9

The results obtained indicate that, although all IMU-based methods tend to underestimate VJH
relative to the VJHasv, the NDI seems to demonstrate the most consistent performance among the
three IMU-based methods across the different jump modalities.

3.3. Test-Retest Reliability

The test-retest reliability of the VJHcsv and of the three IMU-based calculation methods was
assessed using the Intraclass Correlation Coefficient (ICC) with a two-way mixed-effects model (ICC
(2,1)). Table 5 provides the ICC values for each method across the three different jump modalities.

Table 5. Intraclass correlation coefficients of the calculation methods.

Modality VJHasv VJHNR VJHEL, VIHRY
DL-CMJ] 0.97 0.92 0.94 0.92
R-CM] 0.89 0.85 0.74 0.72
ICC (2,1
@1 L-CM]J 0.94 0.86 0.81 0.73
Average 0.93 0.88 0.83 0.79

The VJHcsv showed excellent reliability across all modalities, with ICC values above 0.89 (Table
5), indicating high consistency in VJH measurements between trials. Among the IMU-based methods,
the NDI demonstrated the highest average ICC (0.87), suggesting strong reliability across all jump
modalities. Specifically, the NDI method showed an excellent reliability in DL-CMJ (ICC = 0.92), and
good reliability in R-CM] and L-CM]J (ICC = 0.85 and 0.86, respectively). The FT method exhibited
moderate to high reliability depending on the jumping modality, with an average ICC of 0.83. The
TOV method showed the lowest reliability among the IMU methods, with an average ICC of 0.79.
Although it demonstrated good reliability in DL-CM] (ICC = 0.92), its reliability was substantially
lower for R-CMJ (ICC = 0.72) and L-CM] (ICC = 0.73) with respect to other methods.

Excellent reliability was observed for DL-CM]J across all calculation methods, whereas SL-CM]J
generally showed lower reliability, possibly due to increased variability in single-leg jumps.

4. Discussion

VJH is recognized as a reliable metric for assessing CM] performance [5,17,18]. MCap systems
and FP are recognized as the gold standards for VJH assessment, but their substantial cost and lack
of portability limit their use, particularly in ecological environments [19-21]. This study investigated
whether a low sampling rate IMU could serve as a portable and compact alternative to gold standard
systems for estimating VJH in CM]Js. The accuracy and reliability of three computational methods
(NDI, TOV, and FT) for calculating VJH from a low-sampling rate IMU was evaluated against MCap
and FP systems.

The results demonstrated that the MCap and FP systems showed strong agreement and minimal
systematic bias, confirming their reliability as gold standards. These results are consistent with
previous studies that have demonstrated the reliability of MCap and FP for VJH measurements
[23,27,30,34,36]. Furthermore, the present study confirmed that the NDI method is a robust approach
to calculating VJH using dual FP systems, with minimal differences compared to MCap systems
[18,32,33]. Among the IMU-based methods, NDI method yielded the highest accuracy, exhibiting the
strongest correlation with the gold standards and the lowest systematic bias. This is consistent with
earlier studies suggesting that NDI is the most accurate method for estimating VJH from IMUs [34].
However, the present study extends these findings by demonstrating that even at a low sampling
rate, NDI retains strong performance, which is notable given the typical reliance on high-frequency
data in previous research [18,27].

A systematic bias of approximately 4.0 cm was observed when comparing the NDI method to
the gold standard systems for DL-CM]Js. This bias could be attributed to the different approximation
of the COM in different systems. The IMU, positioned at the L5 vertebra, estimated the COM based
on a single point [36], whereas the MCap system used multiple markers on the pelvis, potentially


https://doi.org/10.20944/preprints202410.1153.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 October 2024 d0i:10.20944/preprints202410.1153.v1

10

introducing discrepancies, as identified in the Bland-Altman analysis (Table 3). For single-leg CM]Js
(SL-CMyJs), the bias was more pronounced due to the increased difficulty of estimating the COM in a
unilateral stance. This could be improved by directly placing a marker on the IMU sensor, as
suggested by [36]. Despite these challenges, the NDI method demonstrated a high level of agreement
and reliability with the gold standards, corroborating findings from prior research [34,36].
Nevertheless, the results should be interpreted with caution due to the small sample size of this study.

In DL-CMJs, the FT and TOV methods performed comparably to the NDI method, exhibiting
similar systematic bias and correlation coefficients relative to the gold standards. However, their
performance declined significantly in SL-CM]Js, likely due to the increased difficulty in maintaining
consistent posture at take-off and landing, which is a critical assumption for the FT method [34,36].
Additionally, the identification of these events is even more critical when considering the relatively
low sampling frequency of the IMU compared to FP and MCap systems, as well as that of the IMUs
used in other similar studies [18]. Lastly, the identification of these events is particularly sensitive to
sensor noise and soft tissue artifact which can introduce errors, as reported in previous studies [43].
While the NDI method is also affected by these issues, its sensitivity to such disturbances is generally
lower [34]. Similar limitations have been noted in studies using higher-sampling rate IMUs, but our
study suggests that even at reduced sampling rates, these effects can still influence performance,
warranting further research [18,27]. Nevertheless, future research should investigate strategies to
reduce these fluctuations, potentially improving the precision of IMU-based methods for estimating
VJH.

An important implication of the present study is having obtained reliable and accurate VJH
estimates using a low-sampling rate IMU, advantageous for applications requiring low power
consumption, portability, and fast data processing, such as in-field performance testing,
rehabilitation monitoring, and sports analytics. This is particularly relevant for industries exploring
the integration of IMUs with TinyML (machine learning on microcontrollers) and edge computing,
where real-time analysis and long duration batteries are crucial. Our findings suggest that the NDI
method could be integrated into these platforms to provide reliable VJH estimates during sport
practice, offering a feasible alternative to traditional systems that are less adaptable to real-world,
ecological environments.

Future research should focus on further optimizing the NDI method for low-power applications
by improving algorithms to handle sensor noise and soft tissue artifacts. In addition, strategies should
be developed to improve the detection of take-off and landing events, particularly for SL-CM]Js.
Moreover, expanding this analysis to other jump types, such as squat jumps or drop jumps, could
broaden the applicability of low-sampling rate IMUs. This would enable their use in a wide range of
sports, including volleyball, basketball, and football, where vertical jump performance is a key
indicator of athletic ability.

5. Conclusions

This study demonstrates that the NDI method provides the highest accuracy and agreement
with gold standard systems for estimating VJH from low-sampling frequency IMUs. The TOV and
FT methods, while adequate for DL-CM], showed reduced accuracy in SL-CM], likely due to
challenges in measuring take-off velocity and flight time precisely. These findings support the use of
IMU sensors with the NDI method as a viable alternative for field-based assessments, particularly
where portability and ease of use are crucial.

Despite the promising results, some limitations must be acknowledged. The sample size, though
sufficient for statistical power analysis, was relatively small and homogeneous. Future studies should
include a broader range of participants, encompassing athletes from various sports and performance
levels, to enhance the generalizability of these findings. Additionally, different jump modalities and
conditions may impact the performance of IMU-based methods, necessitating further investigation.
Future research should focus on validating the robustness and reliability of the NDI method across
diverse populations and CM] variations to solidify its application in both clinical and sport settings.
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