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Abstract: The aim of this study was to evaluate if the inertial measurement unit (IMU) Vmaxpro is
a valid device to estimate vertical jump height (VJH) when compared to a motion capture system
(MoCAP). Thirteen highly trained female volleyball players participated in this study which consisted
of three sessions. After a familiarization session, two sessions comprised a warm-up followed by ten
countermovement jumps, resting two min between each attempt. Jump height was measured simul-
taneously by Vmaxpro using take-off velocity and MoCAP using center-of-mass vertical excursion.
Results show significant differences in jump height between devices (10.52 cm; p < 0.001; ES = 0.9),
a very strong Spearman’s correlation (s = 0.84: p < 0.001), and a weak concordance correlation
coefficient (CCC = 0.22; p = 0.861; Cj, = 0.26). Regression analysis reveals very high correlations, high
systematic error (8.46 cm), and a nonproportional random error (SEE = 1.67 cm). Bland-Altman
plots show systematic error (10.6 cm) with 97.3 % of the data being within the LoA. In conclusion,
Vmaxpro can be considered a valid device for the estimation of VJH, being a cheaper, portable, and
manageable alternative to MoCAP. However, the magnitude of systematic error discourages its use
where indistinguishable data from Vmaxpro and MoCAP are used unless the corresponding specific
fitting equation is applied.

Keywords: validation; error; countermovement jump; MoCAP; portable devices; IMU; sensitivity;
accelerometer

1. Introduction

Vertical jump height (VJH) is a common measure of athletic ability in various disci-
plines widely used for monitoring the performance of subjects [1]. The test consists of
measuring the height that an individual is able to jump vertically from a stationary position.
Different devices, such as jump mats [2,3], photoelectric cells [4], linear position transduc-
ers [5], video recordings from smartphones [6-8], or accelerometers [7,9-11], can be used
to assess VJH. However, despite the availability of these instruments, 3D motion capture
(MoCAP) is still considered the gold standard instrument for determining VJH. MoCAP
tracks a marker placed at the center of mass [1,2,7], but it requires postprocessing of the
data [12], and it is immune to errors arising from the rigid body model [13]. Nonetheless,
MoCAP remains the most accurate method for determining VJH because it allows for a
more direct determination than other systems [1,14].

Likewise, force platforms (FP) are considered reference systems in the estimation of
VJs. These instruments can use the double integration of vertical ground reaction forces
or flight time to estimate VJH [15]. Despite the availability of more manageable, portable,
and inexpensive FPs, their use is still restricted to laboratory conditions because they
remain very expensive. Furthermore, they are not error-free, and a small failure in data
capture can be multiplied drastically due to the double integration process [16]. Despite
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these limitations, FPs have been considered the main reference tools in the determination
of VJH [1,14,17].

On the other hand, the growing demand for more affordable and user-friendly moni-
toring tools for physical activity specialists has led to an increase in the number of various
devices on the market. Accelerometers, together with global position systems, are one of
these new systems. Accelerometers are often accompanied by a gyroscope and a gravimeter,
forming an inertial measurement unit (IMU), which has the advantage of being easy to use,
portable, and the ability to operate on any type of surface and condition [9,18,19].

The Vmaxpro, an IMU that was initially designed for measuring barbell speed in resis-
tance exercises, is a valid and reliable instrument for speed monitoring, is at an economical
price, and is easy to handle, especially in strength exercises involving displacements in
a single plane, such as the squat, hip thrust [20] deadlift, barbell row [21], hang clean, or
weighted jumps [22]. At the same time, the manufacturer has conducted validation studies
for squat, bench press, clean, and deadlift exercises and found this tool to be valid and
reliable when measuring maximum speed, average speed, and distance (Vmaxpro V2,
Blaumann and Meyer-Sports Technology UG, Magdeburg, Germany).

Some studies have assessed VJH using accelerometers. Although less common than
those focusing on execution velocity on strength exercises, validation studies of IMUs re-
lated to jumping tend to show acceptable validity values. For example, Push 2.0 (PUSH Inc.,
Toronto, ON, Canada) was examined by Montalvo et al. [7] who found a proportional
systematic error in VJH. Similarly, C. M. Watkins et al. [9] observed that Push was a valid
device for estimating VJH but with systematic errors of 4.4 cm for the CMJ jump. In both
studies, the device was placed on the hip and an FP was used as the criterion instrument.
On the other hand, when IMUs are compared against MoCAP systems, it is also appreciated
that those devices are valid, showing Pearson correlation values ranging from r = 0.77 to
0.82 for Catapult GPS Minimax X S4 (Catapult Innovations, Docklands, Australia) [18,19]
to r = 0.94 obtained by MMS (Motus Design Group, Victoria, BC, Canada) [10]. Once
again, the presence of significant differences between the IMU and the criterion can be
seen, indicating the presence of systematic error and highlighting the need for approach
validation studies from different perspectives, not just the possible existence of correlation.

It is worth noting that the validity of the Vmaxpro has only been examined in studies
that have assessed velocity in barbell-weighted jumps, and therefore the IMU is located in
the barbell, further from the center of mass. In this sense, Olovsson Stahl and Ohrner [23]
carried out a validation of Vmaxpro against a linear position transducer using loads of 25,
50, and 75% of 1RM (one-repetition maximum) in the squat to perform a loaded jump with
a countermovement. They found strong correlations between the two devices (r = 0.92-0.96)
when studying the peak velocity from which the vertical height can be estimated. At
the same time, all the data obtained were between the LoA in the Bland-Altman plots.
However, a systematic error was shown in the plots (—0.12 m/s), and significant differences
were observed when performing a paired samples f-test (p < 0.001). In a similar study
performing countermovement jumps with a 50% 1RM squat load, Fritschi et al. [22] once
again found strong correlation coefficients (r = 0.92-0.99) and SEE values of 0.11 m/s when
compared to MoCAP.

Despite the manufacturer’s claims that the Vmaxpro can be used to estimate jump
height [24], no validation studies have been identified that assess the accuracy of this device
when used to measure countermovement jump (CM]J) or any other type of VJH using an
accelerometer placed at the hip, as is common in sports science research. Additionally,
no studies have examined the device’s accuracy in measuring jumps performed without
additional load, which is how most jumps related to technical actions in sports or daily life
are performed. The lack of load in these jumps allows for a higher take-off velocity, making
it suitable to validate the instrument within that speed range.

Therefore, this study aimed to quantify the concurrent validity of the Vmaxpro IMU
compared to a 3D motion capture instrument considered a gold standard when estimating
the VJH in CM]J execution.
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2. Materials and Methods
2.1. Participants

Thirteen highly trained [25] female volleyball players from the Spanish Superliga
2 league participated voluntarily in this validation study (Table 1). Before implementation
of the intervention, the participants read and signed an informed consent document in
which they were informed of the characteristics of the study and the strictly scientific
use of the data obtained as specified in the Declaration of Helsinki of the World Medical
Association (WMA); Ethical Principles for Medical Research Involving Human Subjects of
1975 (revised in Fortaleza, Brazil in 2013). This study has also been approved by the ethics
committee of the University of Alicante (UA-2018-11-17).

Table 1. Descriptive statistics of study participants.

Mean SD

Age (years) 22.23 3.26
Height (m) 1.72 0.06

Body mass (kg) 64.12 7.33

Fat mass percentage (%) 16.49 2.50
BMI (kg/m?) 21.64 2.14
Experience (years) 8.77 2.01

SD = standard deviation; BMI = body mass index; Experience = years practicing volleyball.

The following criteria were applied to select participants:

e  Inclusion criteria: being female, over 18 years of age, with at least 3 years of experience in
the practice of high-level volleyball, and being familiar with the countermovement jump.

o  Exclusion criteria: presenting a current or previous pathology that entailed a medical
contraindication for physical activity, presenting a previous musculoskeletal injury or
one acquired during the development of the experimental phase, not participating in
all the interventions included in the study, and ingesting alcohol or drugs in the 48 h
before the performance of the tests.

2.2. Study Design

This was an observational study designed to determine concurrent validity for which
jump tests were scheduled using a design of repeated measures design of intrasession
VJH. The data were collected from two different devices simultaneously to compare the
results of the estimation of the jump obtained by the IMU (Vmaxpro) with the values of
the criterion instrument based on direct estimation (MoCAP)). For a statistical power of
80%, a minimum of 250 jumps (« = 0.1, two-tailed) was determined using G*Power (v3.1.9.7,
Heinrich-Heine-Universitat Diisseldorf, Diisseldorf, Germany). To accomplish this number
of jumps without inducing fatigue, the 13 participants performed 10 CM] resting 2 min
between attempts in two sessions separated by 7 days [9,26], resulting in 260 valid jumps.

2.3. Instruments
2.3.1. Motion Capture System Optitrack

The direct determination of the VJH was performed using a MoCAP system (Optitrack
motive, Corvallis, OR, USA) which consists of 6 Optitrack Flex 3 cameras (Optitrack motive,
OR, USA). This device allows the 3D tracking of a marker, consisting of a reflective sphere
capable of reflecting infrared light in the same direction in which it is received. The marker
is placed between the L4 and L5 vertebrae, in the same place as the IMU, near the center
of mass [27,28]. The infrared light is emitted by the 26 LEDs surrounding the camera lens
(IR 850 nm) in a ring configuration synchronized with the capture shutter. Furthermore, the
6 cameras operate at 100 Hz with a shutter speed of 20 us, achieving an overall resolution
of 0.001 m. The height of the VJH was determined from the data obtained, calculating the
difference in the position on the vertical axis of the marker before the execution of the jump,
during the rest phase, and at the highest point recorded in the flight phase.
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The signal was transmitted via a USB cable connection to a laptop where it was stored
and analyzed using the Motive Tracker 2 software (Optitrack motive, OR, USA). In addition,
this software synchronizes and calibrates the image collection systems as well as exporting
the data obtained in text format separated by commas (CSV) for subsequent analysis in a
spreadsheet and thus determining the VJH through the difference in positions.

2.3.2. Inertial Measurement Unit Vmaxpro

The IMU Vmaxpro (Blaumann and Meyer-Sports Technology UG, Magdeburg, Germany)
consists of a triaxial accelerometer, a gyroscope, and a magnetometer (16 g, 4.5 x 2.7 x 1.2 cm).
It has a sampling rate of 1000 Hz [20] and can be attached to metal surfaces with magnets
or placed elsewhere with an elastic strap. This IMU can record acceleration data in all three
axes and is primarily designed for velocity-based resistance training. From the integration
of the accelerations, the device can estimate other related variables such as peak velocity,
average velocity, peak eccentric velocity, average eccentric velocity, percentage of force
development, percentage of eccentric force development, average propulsive velocity,
distance, and duration. Therefore, if the vertical peak velocity data is known, the VJH
can be assessed as this corresponds to the take-off velocity [29]. The integration of the
acceleration signal is performed internally by the Vmaxpro device and sent instantly via
Bluetooth wireless connection (65 Hz) to a smartphone or tablet device with the Vmaxpro app
previously installed (Blaumann and Meyer-Sports Technology UG, Magdeburg, Germany).
This application allows the user to view the data instantly and export it to a spreadsheet
in CSV format. Before each measurement, the device must be calibrated on all its axes by
placing it on a completely flat surface on each of the six faces of the octahedron for enough
time for the software to recognize them and set the local three-dimensional coordinates
of the IMU. Once calibrated, the instrument was placed on an elastic band to be as close
as possible to the center of mass, at the subject’s hip, according to the manufacturer’s
specifications [24]. The maximum velocity data obtained were transformed into VJH
data according to the equation VJH = v,2/(2g) [29], where v, is considered as the take-off
velocity registered as the maximum velocity recorded by Vmaxpro, and g is the gravitational
constant (9.8 m/s?).

2.4. Experimental Procedure

The procedure was carried out in three sessions separated by seven days each in the
sports science laboratory of the University of Alicante, as shown in Figure 1. All participants
performed the tests at the same time of day to avoid possible effects associated with
circadian rhythms. In the first session, participants were familiarized with the experimental
protocols and anthropometric measurements were carried out (Table 1). In the second
and third sessions, participants performed a standardized warm-up consisting of five
minutes of continuous running followed by three minutes of dynamic range-of-motion
exercises. Next, they executed two minutes of familiarization jumps in which the subjects
were instructed in the initial and final positions of VJH. The warm-up was followed by four
minutes of rest during which the inertial device was placed, and the jumping protocols
were reviewed. Finally, subjects performed 10 CMJ jumps with two minutes between each
attempt to avoid the effects of fatigue [30].

To avoid displacements in the transverse and frontal plane, jumps were performed
ona 29.2 cm X 42 cm bounded surface so that both the take-off and landing phases were
executed completely within the boundaries. CMJs were performed with a rapid descent
from a self-selected depth by each participant [31,32] followed by a quick ascent to achieve
take-off. All tests were performed with the hands placed on the iliac crests in the Akimbo
position [33] to avoid the variability generated by the action of the arms.

The participants were instructed to jump as high as possible on each attempt and
to land on the tips of their toes, imitating the position adopted by the ankle joint in the
take-off phase to minimize the error produced by variations in the angle of ankle flexion in
the landing phase [13]. Jumps were always supervised by an instructor to avoid any errors



Appl. Sci. 2023, 13,959

50f13

Session 1

- CM] Familiarization
-Anthropometric measures

in execution. Attempts were considered invalid if the subjects did not land within the
established limits, did not land on their toes, or separated their hands from the iliac crests
in any phase of the jump. All records were collected simultaneously by both measuring
instruments, IMU Vmaxpro and MOCAP Optitrack system.

Session 2 Session 3

Warm-Up 10 x CMJ/2’ 10 x CMJ/2’ :
- 5: CMJ » | Capture with Capture with Da(;a pr?ce.ssmg
-2" ADM | MoCAP and MoCAP and and analysis
7days | _3 plyometrics | 2MiN | Vigxpro 7days | yiaxpro

Figure 1. Experimental design: CM] = countermovement jumping; ADM, the amplitude of movement
exercises; MOCAP = 3D motion capture system; Vmaxpro = inertial measurement unit.

2.5. Statistical Analysis

Descriptive data are shown as mean and standard deviation. The normality of the data
was verified using the Kolmogorov-Smirnov test, resulting in a non-normal sample for
MoCAP (p = 0.011). To assess the degree of agreement and the presence of systematic error
between the two instruments, Lin’s concordance coefficient (CCC) was calculated. This
statistic is expressed as p. = p x Cp, providing information on how close the pairing data in
both devices are (p, precision) for V] and how close to ideality this line is (Cp, accuracy),
where ideal fit is represented by a straight-line x = y [34]. The results obtained are classified
as <0.9 (poor), 0.90-0.95 (moderate), 0.95-0.99 (substantial), and >0.99 (near perfect) [35].
In addition, a correlational analysis was performed by determining Spearman’s bivariate
correlation coefficient (rs) since the size and non-normal nature of the sample [36] discour-
age the use of Pearson’s coefficient. For interpretation, the following criteria were used:
<0.1 (trivial), 0.1-0.3 (low), 0.3-0.5 (moderate), 0.5-0.7 (high), 0.7-0.9 (very high), and
>0.9 (almost perfect) [37,38].

The Passing and Bablok regression [39] for nonparametric samples was used for the
regression analysis to determine the existence of a linear relationship between the paired
data from both instruments. The relationship between two variables can be described using
the equation y = ax + b, which allows for the prediction of the values of the dependent
variable y based on the values of the independent variable x. The parameter a represents the
slope, which ideally should be 1, and provides information on the proportional differences
between the two methods. On the other hand, b is the cut-off point with the x-axis (intercept)
which, in its ideal value, would be 0 and represents the systematic differences between the
two devices in a quantitative approach. The standard error of the estimated (SEE) was also
calculated; the lower the SEE values, the closer the points are to the regression line and
therefore the lower the error in the estimation. To check the applicability of Passing and
Bablok regression, the Cusum test resulting in a p-value less than 0.05 indicates no linear
relationship between the Mocap and Vmaxpro.

To analyze the existence of systematic error, significant differences in the values of
the Vmaxpro and the criterion instrument were calculated using a Wilcoxon test for paired
samples, and the effect size (ES) was determined as bias corrected Hedges ES [40]. The
differences expressed as g were interpreted according to W. G. Hopkins et al. [40] as trivial
(<0.2), small (0.2-0.6), moderate (0.6-1.2), and large (>1.2). In the same way, the existence
of significant differences between sessions 1 and 2 was studied using the Wilcoxon test
(intradevice and between sessions), interpreting that the nonexistence of these differences
(p > 0.05) indicates that both sessions are equivalent, and therefore, the data can be used in
a summative way in the determination of the validity of the Vmaxpro.
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The level of agreement between the VJH data of the two matched devices was assessed
using Bland—-Altman plots, which allows for the determination of the systematic error
and its limits of agreement for 95% (LoA = 1.965D). The maximum allowable differences
between devices were calculated from the coefficients of variation (CV) of each method
according to the expression (CV? Vimaxpro + CV2yiocap)/? [41]. If the 95% confidence limits
of the upper LoA are below the maximum allowable difference and the lower LoA is above
the maximum allowable difference, the methods do not disagree [42]. At the same time, the
presence of proportional error was identified if the Pearson product-moment correlation
coefficient (r2) of the differences was greater than 0.1 [43,44].

Statistical analysis was carried out using MedCalc Statistical Software version 20.100
(MedCalc Software Ltd., Ostend, Belgium).

3. Results
Validation of Vmaxpro

No statistically significant differences were found between sessions two and three in
either instrument (p = 0.684 for Vmaxpro and p = 0.549 for MoCAP). Therefore, both sessions
can be considered equivalent in terms of the total number of recorded jumps.

Table 2 shows the values of Spearman’s correlation coefficient, Lin’s concordance
correlation coefficient, and Wilcoxon’s test results for paired samples between the Vmaxpro
and the MoCAP criterion instrument, showing a strong correlation value for Spearman’s
correlation and CCC values, indicating weak concordance correlation. There are also
statistically significant differences between the paired data for the heights of the two
instruments (p < 0.001), with a mean difference between the two of 10.58 cm and an ES of
large (g = 2.4) [45].

Table 2. Mean, mean difference, significant differences between means and Spearman correlations
and Vmaxpro and MoCAP concordance.

Hvinaxpro (cm) Hppocap (cm) Diff. (cm) ES (9) Ts CCcC
Mean 28.37 38.95 —10.58 * 2.39 0.844 * 0.219
95% CI (27.78-28.63) (38.39-39.49) (—10.87-—10.30) (2.17-2.62) (0.810-0.878) (0.186-0.252)

H = mean height; s = Spearman’s correlation coefficient; CCC = Lin’s concordance correlation coefficient;
CI = confidence intervals; p = significant at 95%. * Statistically significant differences (p < 0.001), ES = Effect size
bias corrected (Hedges).

The Passing and Bablok regression analysis (Figure 2) shows a fit equation expressed
as Huvocap = 8463 + 1.067 Hypaxpro (cm). This equation describes the association between
the two devices, showing the existence of a linear relationship between MoCAP and
Vmaxpro that is very good since the slope is almost no different from unity. Therefore, both
instruments behave similarly when they measure the same sample; in other words, the
precision of Vmaxpro is similar to that of the reference system. However, the intercept is
very large, which shows a systematic error, indicating that Vmaxpro underestimates VJH
when compared to MoCAP. Spearman’s correlation coefficient was calculated rs = 0.847
(p < 0.001), implying a very strong correlation. Likewise, a SEE of 1.67 cm was obtained,
indicating that the regression model can fit the data. Furthermore, the analysis of the
residual plot reveals no appreciable trends and shows no significant difference with the
linearity condition in the Cusum test (p = 0.17) [39].

The Bland—-Altman plots (Figure 3) show systematic error values of 10.6 cm (95% CI
10.29-10.86 cm), meaning that the Vimaxpro IMU provides estimations 10.6 cm less than
the MoCAP reference system. Furthermore, the LoAs are 15.2 cm (95% CI 14.73-15.71 cm)
for the upper limit and 5.96 cm (95% CI 5.47-6.45 cm) for the lower limit with 97.3%
of the points falling within the LoA, so the agreement between devices is high given
that the dispersion of differences is low. The fit line, Difference = 8.849 + 0.0518-Mean,
refers to the existence of proportional bias in which a steep slope indicates the absence of
heteroscedasticity of the error. In this case, a slightly increasing slope (0.0518) is found, but
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according to the bivariate Pearson product-moment correlation of 7> = 0.009, the Vmaxpro
does not add proportional error to the measure (12 = <0.2). The maximum allowable
differences were determined as +19.1 cm with both LoAs falling within this range, i.e., all
the data included in the LoA are within the predefined limit of clinical agreement.

50 -
45—
40
35+
30

254 Y=8.463 + 1.067 x
- SEE =1.67 cm
204 r,=0.847; p<0.001

15 20 25 30 35 40 45 50

Jump heights with MoCAP (cm)

MoCAP - F()

0 50 100 150 200 250 300
(b) Rank (x,y)

Figure 2. Correlation analysis between MoCAP system and Vmaxpro IMU through Passing and
Bablok regression (a): the continuous line represents the regression line; the shaded area represents
the confidence intervals for 95% of the regression line; the grey line is the x = y line; 7; represents
Spearman’s correlation coefficient; SEE standard error of the estimate. (b) Residuals plot: No trend is
shown, so linearity is assumed.

18
16
14-
12-
10
8_-
-
47 y-8.8489+0.05179x
24 *=0.009
04

Difference MoCAP - Vmaxpro heighs (cm)

T T T T T T T
20 25 30 35 40 45 50

Mean of MoCAP and Vmaxpro (cm)

Figure 3. The solid black line indicates the mean of the differences (systematic error); dotted lines in-
dicate the upper and lower LoA; dashed line represents the line of perfect agreement (null difference).
The dotted and dashed line represents the regression line of the differences; shaded areas = area of
the LoAs; CI of 95% indicated between parentheses.
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4. Discussion

This study aimed to analyze the concurrent validity of the IMU Vmaxpro when
compared to a criterion instrument based on a motion capture system for the estimation of
VJH in the CM] in high-level female volleyball athletes.

The main results show a positive linear dependence between both instruments, with
correlations that can be interpreted as very high (r; = 0.847), similar to those obtained
in other studies. In this research, the accelerometer was placed between L4 and L5, in
the same position as the reflective marker used by the MoCAP system to detect position,
in order to be as close as possible to the hypothetical center of mass. Comparing our
results with studies that used an equivalent arrangement on the body (IMU on the hip),
Forza and Edmundson [11] obtained similar results for the correlation between IMU and
MoCAP with very high Pearson correlation coefficients (r = 0.89). These values are slightly
lower than those obtained by Grainger et al. [10], which found almost perfect correlations
(r > 0.90). On the other hand, placing the accelerometer on the torso does not show very
different correlations when compared to our study, with values of r ranging from 0.72
to 0.95 [18,19,46].

In the same way, very high correlations are obtained when comparing IMUs against FP.
In general, the results obtained are closer to perfect correlation (r = 1) than those obtained
against MoCAP, with values ranging from r = 0.70 to r = 0.95 [38,46—48]. Therefore, the
correlation values are in line with other studies and can be considered acceptable in terms of
validation. However, Pearson’s correlations or their nonparametric equivalent (Spearman),
although often used in validation studies, are not the most appropriate tool to assess the
dependence between two devices since they do not provide information about the nature
of the correlation and do not distinguish between data pairings. In contrast, Lin’'s CCC
does make this distinction, and for the relationship between Vimaxpro and MoCAP, values
of pc = 0.22 are obtained, indicating a low correlation. The precision value is p = 0.861 (very
high), while the accuracy value is C; = 0.2611 (low). Consequently, the factor inherent to
precision is the most important factor in the low final value observed for CCC, indicating
that the pairs are far from the perfect x = y line, which raises suspicions of systematic error
even though the precision seems high.

The Passing-Bablok regression plot (Figure 3) can help to better interpret this cor-
relation. The intercept has a value of 8.463 cm, thus indicating that the systematic error
is high, which confirms what was observed for CCC. However, the slope does not differ
much from the value of 1 (1.067), indicating that the correlation is high, as discussed in the
previous paragraph (rs = 0.847). Furthermore, the results of the regression analysis led to
an equation Hyocap = 8.463 + 1.067 Hyypxpro, which allows for predicting the mean height
values of MoCAP (considered as a gold standard) from the mean height values of Vmaxpro.
Therefore, the observed high systematic error can be corrected, allowing for valid data
by simply applying the fitting equation [2]. On the other hand, the random error can be
quantified by the values of the standard error of the estimated (SEE), which, in this study,
shows a value of 1.67 cm. The random error is quantified as moderate (standardized SEE
of 0.36) [49], in agreement with the study by Brooks et al. [47] who compared the results
of the Vert accelerometer when estimating the VJH in CM] jumps with arm mobilization
(Abalakov) and found standardized SEE values of 0.32 (moderate). On the other hand, if
the IMU is placed on the forefoot, larger random errors are observed (2.70 cm) than those
observed in our study [50]. Similarly, Montoro-Bombdi et al. [51] found values with larger
errors placing the IMU in the forefoot (SEE = 4.5 cm). Accordingly, the SEE values are also
in agreement with those observed in other studies.

At the same time, in addition to the intercept and Cy, the existence of a high systematic
bias can be confirmed through the study of the difference in the means and the analysis of
the Bland—Altman plots. The simple observation of the mean of the differences is already
an indicator of this error, which is further consolidated by the existence of statistically
significant differences between the two methods of 10.54 cm and a moderate ES in the
Wilcoxon paired sample test.
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The systematic error detected in the Bland—Altman analysis (10.58 cm) shows similar
numbers to those obtained in the mean difference and regression results (8.46 cm), implying
that the Vmaxpro device performs measurements that underestimate the results by approxi-
mately 10 cm when compared to a MoCAP-based gold standard. This difference is three
times greater than those found by Spangler et al. [18] in their analysis of the differences
between a MoCAP system and the accelerometer Catapult system in real conditions, where
they found differences for maximum jumps of —3.70 cm. Surprisingly, better results were
obtained in this study in terms of validity even though the jumps were less controlled,
as they were part of a fitness circuit, which suggests greater variability than in our study.
In addition, the accelerometer was placed on the upper back, which indicates that the
error would be greater. However, since this study was not carried out in a laboratory, this
increase in variability should mainly affect the magnitude of the random error and, to a
lesser extent, the systematic error. In any case, the difference between Catapult and MoCAP
results is still significant in the same way as in our study.

Similar results were found by Grainger et al. [10] who observed systematically lower
measurements (—8.89 cm) when studying the IMU MMS (Motus Design Group) and
comparing it to a 3D MoCAP system. These authors placed the accelerometer between L4
and L5, close to the center of mass, which is similar to the experimental procedure used
in our study where the IMU was placed above the hip and showed lower measurements
in absolute terms. In contrast, Toft Nielsen et al. [52] found differences of 5.7 cm for the
MicroStrain IMU (Inertia-Link-3DM-GX2) placed at the hip in the CM]J. In this case, unlike
our study, the IMU tends to overestimate the measurement. Similarly, J. Lake et al. [37]
found slight differences due to the overestimation of the Push band 2.0 IMU when analyzing
peak velocities. These results translate into an overestimation of the jump (0.32 cm) and, in
addition, a proportional error. Such heteroscedasticity is not present in the case of Vmaxpro,
as reflected in the scatter plot (Figure 2b), showing no clustering trend in the data. The
latter is reinforced by the Cusum test for which no significant differences are seen with the
linearity condition. On the other hand, the IMU position represents the position concerning
a reference system and not the body center of mass position which depends on the postures
adopted by the body [10,52], which may lead to measurement errors.

When comparing the systematic error found in this work with other studies that use
force platforms as a criterion instrument, it is observed that the differences are smaller
than those found for MoCAP systems and are even below one cm [47,48,50,53]. However,
when analyzing the validity of Push Band 2.0, which represents an IMU with very similar
characteristics to Vmaxpro, C. M. Watkins, Maunder, and Tillaar et al. [9] found systematic
overestimation errors of 4.4 cm in the CM]. These values, although lower in absolute value
than those found for Vmaxpro, are closer to the latter but opposite in sign, as was the case
when compared to a motion capture system. Similarly, Wee et al. [54] found even higher
overestimation values for Push Band 2.0 (14.4 cm). These data coincide with those obtained
with other accelerometers where overestimation error is observed when compared to a
force platform. These results agree with other studies that use Push Band [55,56] or other
accelerometers [57]. For example, Rantalainen et al. [19], which places the IMU Catapult
System on the torso, found differences of 9.4 cm using take-off velocity as a variable for
height estimation. This error is larger than others found, although the authors indicated
that the location of the IMU on the torso is a factor that can increase the systematic error.
However, in this same study, the bias is reduced by half, 4.3 cm, when they used flight
time as the calculation variable. Similarly, MacDonald et al. [58] found differences of 4.1 cm
when comparing a MoCAP system versus the IMU Vert for maximum jumps in competition.
Therefore, the reference instrument used may affect the magnitude of the systematic error
found and affect the validity of its accuracy.

On the other hand, when analyzing the jump values obtained using flight time, double
integration, and take-off speed versus MoCAP, it is appreciated that the greatest difference
is found for the calculation of VJH from take-off velocity. Toft Nielsen et al. [52] found
that while for double integration and flight time, the difference was around 1.3 cm, it was
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around 5.7 cm for the take-off velocity method, values closer to those obtained in this
study. Consequently, the differences between the two instruments could be explained as a
function of the calculation variables used to estimate the jump. In the case of Vmaxpro, VIH
has been estimated from the take-off velocity, taken as the maximum speed recorded, which
is not entirely true since the maximum speed was reached about 27 ms after take-off [37].
This delay implies a variation in take-off velocity detection of 0.162 m/s, which, translated
to jumping, may imply increments of 1 cm to 4 cm [59,60]. Such increments may explain
the overestimation of measurements when compared to force platforms but not in our case,
as significantly lower values are obtained.

The sampling frequency may also influence the ability of the IMU to detect the precise
instant of take-off [10] or, in the case of Vmaxpro, the exact moment at which the maximum
velocity is reached. However, the 1000 Hz sampling rate advertised by the manufacturer
seems sufficient to minimize the error, as it would imply a 0.2 cm error in the jump
but fail to explain the nearly 10 cm error between the two instruments. Even so, the
Bluetooth technology of the device transmits at a significantly lower frequency of 65 Hz, and
depending on whether the data are transmitted continuously to the software or temporarily
stored and then sent to the software in data packets, the error will be greater or lesser in
magnitude. In addition, the ability of the device to detect the exact moment of take-off may
also be affected by variability due to the way the device is positioned on the body segment.
In this study, the IMU was attached above the hip using an elastic device supplied by the
manufacturer, which in turn was anchored to a belt. This fixation system can generate
vibrations in the instrument given its elastic characteristics and cause an error in the IMU
measurement [11,61]. In this sense, fixing the accelerometer with adhesive tape on the same
body segment (above the hip) showed lower absolute error values (4.0 cm), although the
correlations were somewhat lower compared to a force platform (r = 0.74) [62].

Consequently, the criterion instrument against which the IMU is compared, the body
segment on which the measuring instrument is placed, the resolution of the instrument, the
attachment to the body segment, and the way height is estimated may affect the validity of
the Vmaxpro IMU [18] when compared with a MoCAP system. As a result, these factors
mainly affect the appearance of a systematic error that generates an underestimation of the
measurement. However, the existence of a random error similar to that of other previously
validated accelerometers and the existence of a correlation between both devices suggests
that the IMU has acceptable levels of validity as long as the error due to underestimation of
Vmaxpro is taken into account and comparisons are not made by exchanging data obtained
by other systems.

The estimation error of an IMU used to measure jump height can impact the accuracy
of athletic ability monitoring in a few ways. Firstly, if the error is too high, it can make
it difficult to accurately evaluate absolute performance and compare it to benchmarks or
standards. Secondly, even if the error is relatively low, it can still affect the accuracy of
tracking trends and improvement over a long training period. This is because small errors
can accumulate and potentially mask or exaggerate true trends in performance. Therefore,
it is important to consider and minimize estimation errors in order to accurately monitor
and analyze athletic abilities.

In any case, the characteristics of Vmaxpro make it possible to obtain data from large
groups and a multitude of VJHs, such as Abalakov jumps, squat jumps, drop jumps,
multiple jumps, loaded jumps, and a long variety of sports-specific jumps, with slight mod-
ifications in the configuration of the software used by Vmaxpro. This versatility contrasts
with laboratory instruments, such as force platforms or systems based on photogrammetry,
which require greater logistics and also imply a more laborious pre- and postintervention
treatment or a high cost to perform analysis of equivalent magnitude.

Finally, to the authors’ knowledge, this is the only study that addresses the validity
of a sample composed only of high-level female athletes, and therefore the possible effect
that the gender variable may have on biological variability has not been studied before as a
possible source of error enhancement or attenuation that could affect the validity of the
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instrument. Therefore, more research is needed in the future comparing validity values for
the same apparatus and protocol between sexes.

5. Conclusions

This study shows that the Vmaxpro IMU provides strong correlations and a random
error rate comparable to other jump measurement devices already validated against a
motion capture system. Therefore, the results suggest that Vmaxpro can be considered a
valid device for the estimation of vertical jump in female volleyball players, being a cheaper
alternative and of greater ecological value than motion capture.

Although the magnitude of the observed systematic error could lead to discouraging
the use of Vmaxpro for the estimation of vertical jump, the main source of error is of a sys-
tematic nature. With the aim of the proposed adjustment, Hyocap = 8.463 + 1.067 Hymaxpro,
users can predict the jump height of the motion capture system from the Vimaxpro measures,
and therefore, data from both devices can be used interchangeably.
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