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Abstract: Although there is a wide range of validated devices to measure vertical jump height,
the degree of interchangeability among them is currently unknown. Aims: The purpose of this
study was to examine the concurrent validity and reliability of multiple devices to measure jump
height in men’s handball players. Methods: Sixteen players (age = 24.0 ± 3.7 years old) performed
three types of jumps (n= 144—squat jump (SJ), countermovement jump (CMJ) and Abalakov jump
(ABK)) on a contact platform (CHRONOJUMP®) while simultaneously being measured with two
inertial devices (WIMU® and VERT®) and recorded with a high-speed camera. Vertical jump height
was analyzed according to each type of jump. Results: The t-test showed statistically significant
differences (p = 0.001) between the contact platform (reference standard) and the rest of the tools that
tended to overestimate jump height in all jumps. SJ and CMJ proved to be the jump tests with the
most stable reliability values in all devices (ICC: 0.92–0.98), except in the comparison with VERT®.
Conclusions: Although all the analyzed devices proved to be valid and reliable in previous studies,
they are not interchangeable. Therefore, it is suggested to always use the same type of device to
evaluate vertical height jump.

Keywords: team sports; stretch-shortening cycle; inertial devices; wearable; microtechnology;
testing; reproducibility

1. Introduction

Handball is a high-intensity body contact sport that demands a high level of aerobic
and anaerobic fitness [1], also requiring speed, power, strength, agility, and endurance
during the match [2]. These attributes emerge in game actions such as jumps. Jumps
constitute one of the most determining physical–technical elements in the performance of
a handball match, both in offensive and defensive actions [3–5]. In professional handball,
the jump throw is the most common throw, representing over 70% of all throws in a game
situation [6]. In addition to throwing velocity and accuracy, vertical jump height is poten-
tially an important performance factor in a jump throw. A greater jump height affords any
player, regardless of playing position, more throwing opportunities as a function of either
position or time spent in the air [7]. Therefore, a very common training goal is to improve
jumping ability [1]. Plyometric exercises with quick and powerful multi-joint movements
(jumping, hopping, skipping, etc.) are performed for that purpose [8–10]. Vertical jump
tests are used by trainers to measure the enhancements in jump skill [11–14]. Thus, jump
height is one of the most commonly used variables to evaluate athletes’ performance be-
cause it is an indicator of lower limb muscle power [15] and neuromuscular fatigue [16,17],
with a strong negative correlation (r > −0.90) with indices of exercise exhaustion and stress
such as blood lactate [17], ammonia [17] and salivary free cortisol concentrations [18].
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Several approaches have been developed to measure jump height. High-speed cameras
have high accuracy, but are extremely time-consuming [19]. Force platforms have been
considered as the gold standard [20–23]. Then, contact platforms measure the vertical
jump through the time the athlete is in the air [24,25], being a highly valid and reliable
method too [20,25]. However, these two systems cannot be used to calculate jump height
during competition or training, but only under laboratory conditions (controlled and
standardized environment), and nowadays, accelerometers are used to calculate flight time,
and can collect jump height data in real time from training or competition. [11,20,22,26–28].
Although there is an obvious difficulty in calculating the flight time, most devices use
this variable. Due to the wide range of options, it is important to select and use them
properly according to precision, cost, reliability or duration [29], and also in terms of quick
data readiness.

Although contact platforms such as Chronojump (Boscosystem®, Barcelona, Spain)
and high-speed cameras provide a reliable and accurate assessment with higher intraclass
correlation coefficients (0.999 and 0.997, respectively) [30,31], these devices have many
limitations for measuring in real conditions (e.g., jumping during training or a match) and
providing information immediately (to prevent training overreaching, help in coaching de-
cisions, etc.). In this respect, the accelerometer is a new wearable technology that attempts
to solve this limitation. Thus, the VERT® (Mayfonk Athletic, Florida, USA) is a wearable
that records jump count and height [32,33], while another device, the WIMU® (RealTrack
Systems, Almería, Spain), has been used in sports in which horizontal movements predom-
inate, also with high intraclass correlation coefficients (0.850 and 0.970, respectively) [21,33].
Therefore, although previous research studies have evaluated jump height with these
different devices, there is a lack of knowledge in terms of the evaluation of the concurrent
validity and reliability among these devices. Although there is a wide range of validated
devices to measure vertical jump height, the degree of interchangeability among them is
currently unknown. Therefore, the aim of this study was to examine the concurrent validity
and reliability of multiple devices to measure jump height in men’s handball players by
determining the degree of interchangeability between the different measurement devices
commonly used by coaches. The results of this research could be applied to individual
or team sports in which the measurement of a vertical jump is a relevant parameter to be
taken into account.

2. Material and Methods
2.1. Participants

A professional men’s handball team comprising 16 players (age = 24.0 ± 3.7 years old;
height = 1.83 ± 0.08 cm; and body mass = 81 ± 10 kg) that participated in the Span-
ish silver league (second league) took part in the study. A total of 143 jumps were
recorded (n = 47 squat jumps (SJ), 48 countermovement jumps (CMJ), and 48 Abalakov
jumps (ABK)). There was one less SJ due to a loss in the recording process. The minimum
sample size was 44.2 jumps per test considering a factor error of 5% and a confidence
interval of 95%. Thus, the jumps recorded were enough for the established goal.

The players trained regularly (at least three times per week) and played a weekly
match. The exclusion criteria were: (a) potential medical problems or a history of ankle,
knee, or back pathology in the three months before the study, (b) medical or orthopedic
problems that compromised their participation or performance, and (c) any lower extremity
reconstructive surgery in the previous two years or unresolved musculoskeletal disorders.

All the players were informed about the risks and benefits, and all of them signed
the appropriate informed consent document before the test. The study protocol complied
with the Declaration of Helsinki for Humans and was approved by University of Murcia
Ethics Committee.
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2.2. Testing Procedure

The participants completed a standard 10 min warm-up composed of jogging, lower-
body dynamic stretches, and vertical jumps [34]. Then, each participant performed three
SJs followed by three CMJs and ABKs on a contact platform (Chronojump Boscosystem®,
Barcelona, Spain). All the jumps were video-recorded with a high-speed camera set at
1.5 m from the platform and oriented perpendicularly to the sagittal plane of the player.
Each player also wore two sensors: (a) a WIMU PROTM (Realtrack Systems, Almería, Spain)
placed on the back (inter-scapula line), and (b) a VERT® (Fort Lauderdale, FL, USA) placed
slightly under and lateral to the participant’s umbilicus [33]. The devices were positioned
as displayed in Figure 1. All participants had several years’ experience (>1 year) in jump
testing, and were instructed in performing the different type of jumps (SJ, CMJ and ABK) by
the same examiner. There were three seconds of rest between each jump, and five seconds
between types of jumps. A longer rest was not necessary because the goal was to measure
the player’s jump height at the same time for the different devices. Finally, the test was
performed three days after the last game, at the same time, and with the same sport shoes
and clothes.
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Figure 1. Study setup and locations of the tested devices. (1) WIMU PROTM (2) VERT® (3) Chrono-
jump Boscosystem® (4) high-speed camera: A GoPro® HERO9 Black HD.

2.3. Instruments

CHRONOJUMP®: a contact platform system composed of an A3-size (297 × 420 mm)
mat with two isolated pressure-dependent electrical switches in an open-circuit config-
uration that closed when the athlete stepped on the mat. A PC-based (Chronojump)
microcontroller was connected to the mat and computed flight time with 1-ms temporal
resolution (1000 Hz). The path of the center of gravity during flight (jump height h) was
computed by means of measured flight time (t) with the standardized equation h = t2·g/8.
The sensitivity threshold of the platform was set to 50 ms [18,35].

WIMU®: Several microelectromechanical sensors (four accelerometers 2x ± 16,
± 32 and ± 400 g; 3x gyroscope at 2000◦/s; and 1x magnetometer) were set at 100 Hz, as
this is the minimum sampling frequency recommended for recording in sports [36]. In
addition, this system can calculate the jump height using three different procedures based
on acceleration, flight time, or speed.

VERT®: the Vert Classic (Model #JEM, Mayfonk Athletic, Fort Lauderdale, FL, USA)
has a very high-precision 3-axis: gyroscope, accelerometer and magnetometer. The VERT®
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algorithm measures take-off velocity and landing impact with over 53 simultaneous calcula-
tions to measure the vertical displacement of the center of mass. The device was connected
via Bluetooth 4.0 to an Apple iPad mini 2 with the Vert Coach application (Version 2.0.6,
Mayfonk Athletic, Fort Lauderdale, FL, USA). Range: 100–150 feet line-of-sight [33,35].

HIGH-SPEED CAMERA: A GoPro® HERO9 Black HD at 240 frames per second was
used. To measure the flight time, two independent observers trained in video analysis
selected the first frame where both feet left the floor completely, and the first frame where
at least one foot touched the floor again. The software’s “Timer” tool was used to obtain
the final time.

2.4. Jump Performance

The SJ was performed from a starting position in which the athlete bent to a 90-degree
knee angle; measurement was taken with the Halo Digital Goniometer (Halo Medical
Devices, Sydney, Australia). The participants kept their hands on their hips, avoiding
any arm swing and countermovement (pre-stretch) prior to the jump [15]. The CMJ was
performed with hands on hips, starting from a static standing position and allowing the
leg to make a counter movement before the jump. The same procedure was applied for the
ABK jump, but allowing a full arm swing [37]. In all situations, the players were required
to jump as high as possible, as well as landing at the same point on the take-off area.
Moreover, the landing was performed simultaneously with feet keeping ankle dorsiflexion
and avoiding knee bending for measurement alterations [15].

2.5. Statistical Analysis

Firstly, a descriptive analysis was performed (mean ± standard error of the mean), and
the minimum detectable change (MDC) in terms of the type of jump (SJ, CMJ or ABK) for
each athlete’s jump perform. The normality of the data was assessed with the Shapiro–Wilk
test. Then, t-tests for paired comparisons were performed between the CHRONOJUMP®

and the rest of the instruments. The effect size (Cohen’s d) was also analyzed using the
following threshold: <0.2 trivial; 0.2–0.5 small; 0.5–0.8 moderate; and >0.8 large. Moreover,
the absolute agreement (interclass correlation coefficients (ICC) with a two-way mixed
effect model) at a 95% confidence interval (CI) was calculated to assess the reproducibility
between tools. Finally, Bland–Altman plots (showing the mean and one standard deviation
above and below it) and level of agreement (R2) were graphically represented. In all tests,
the level of significance was set at p < 0.05. The graphics were created using a custom
Excel spreadsheet, and the statistical analyses were estimated in SPSS 25.0 (SPSS, Chicago,
IL, USA).

3. Results

Table 1 indicates a descriptive information about the jump height in terms of the type
of jump from all the actions recorded. A small standard error of mean was found (less than
1.5 cm), while the MDC was over two centimeters in almost all situations. The lowest MDC
values in the SJ was observed in WIMU® (acceleration and time fly) and also in the VERT®,
while the lowest MDC values in the CMJ was observed in WIMU® (speed) and the video.
The percentage of differences was less than 5% comparing CHRONOJUMP® and the video
in all types of jump. In all devices, the percentage of differences with CHRONOJUMP®

was lower as well as the more complex jump performed (CMJ and Abalakov), although the
changes ranged between 24 and 34%.

Table 2 shows the inferential analysis between CHRONOJUMP® and the rest of the
devices according to each type of jump (SJ, CMJ, and ABK). The means comparison tests
indicated statistically significant differences among instruments in all types of jumps
(p = 0.001), with large differences (between 1.06 and 2.12) in almost all tests, except in
the comparison between the video and CHRONOJUMP® (trivial changes). Regarding
reliability, the ICC showed high values in the simpler jumps (SJ and CMJ), except in the
comparison with VERT®, in which the Abalakov jump recorded an ICC = 0.98. The video
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was the most reliable instrument in all types of jump (ICC = 0.98), followed by the WIMU®

using the flight time (ICC > 0.96). In the analysis of the WIMU® device, the flight time was
the more reliable option to measure whichever type of jump (ICC > 0.96), meanwhile the
speed option was the worst (ICC < 0.84). Moreover, the more reliable ranges were found in
the ICC over 0.90 due to the range not achieving values lower than 0.80.

Table 1. Jump height calculated by mean ± standard error of the mean and (minimum
detectable change).

CHRONOJUMP® WIMU®

Acceleration
WIMU® Time

Fly WIMU® Speed Video VERT®

SJ 33.77 ± 0.93
(2.59)

42.33 ± 0.94
(2.61)

43.04 ± 1.03
(2.84)

44.17 ± 1.40
(3.87)

34.77 ± 1.11
(3.07)

47.29 ± 0.93
(2.57)

CMJ 34.84 ± 0.96
(2.67)

43.70 ± 1.14
(3.16)

44.45 ± 1.08
(2.99)

44.19 ± 1.26
(3.48)

36.25 ± 1.06
(2.94)

46.77 ± 1.20
(3.32)

Abalakov 38.64 ± 1.18
(3.28)

47.44 ± 1.21
(3.36)

48.04 ± 1.21
(3.36)

51.75 ± 1.54
(4.27)

40.48 ± 1.31
(3.63)

49.85 ± 1.26
(3.48)

Notes: Abalakov: Abalakov jump; CMJ; countermovement jump; MDC: minimum detectable change;
SJ: squat jump.

Table 2. Inferential data (p value, d Cohen, ICC and R2) after the comparison between Chronojump®

and the rest of devices.

CHRONOJUMP® and WIMU® Acceleration p Value d Cohen ICC (95% CI) R2

SJ 0.001 −1.33 0.92 (0.86–0.96) 0.736
CMJ 0.001 −1.12 0.94 (0.86–0.96) 0.793

Abalakov 0.001 −1.06 0.87 (0.76–0.92) 0.581

CHRONOJUMP® and
WIMU® Time fly

SJ 0.001 −1.38 0.97 (0.95–0.98) 0.894
CMJ 0.001 −1.36 0.97 (0.94–0.98) 0.894

Abalakov 0.001 −1.14 0.96 (0.92–0.98) 0.834

CHRONOJUMP® and
WIMU® Speed

SJ 0.001 −1.28 0.84 (0.72–0.91) 0.618
CMJ 0.001 −1.20 0.79 (0.62–0.88) 0.450

Abalakov 0.001 −1.38 0.79 (0.63–0.88) 0.458

CHRONOJUMP® and
Video

SJ 0.001 −0.14 0.98 (0.97–0.99) 0.956
CMJ 0.001 −0.20 0.98 (0.96–0.99) 0.931

Abalakov 0.001 −0.20 0.98 (0.96–0.99) 0.930

CHRONOJUMP® and
VERT®

SJ 0.001 −2.12 0.82 (0.68–0.90) 0.489
CMJ 0.001 −1.58 0.83 (0.70–0.91) 0.527

Abalakov 0.001 −1.33 0.98 (0.96–0.99) 0.918

Notes: Abalakov: Abalakov jump; CMJ; countermovement jump; ICC: intraclass correlation coefficient;
MDC: minimum detectable change; R2: coefficient of determination; SJ: squat jump.

Concerning the level of agreement (R2), the higher values appeared with the use
of video in all type of jumps (R2 > 0.93). The VERT® device showed a higher level
of agreement only for the Abalakov jump (R2 > 0.93) (Figure 2). The WIMU® device
recorded the higher agreement values when the flight time was set, especially in SJ and
CMJ (R2 = 0.894) (Figure 3).

Analyzing the bias among instruments, the Bland–Altman plot (Figure 4) showed
a systematic error related to an overestimation in jump height in all devices compared
to the CHRONOJUMP®. Compared to the video, the systematic error was less than two
centimeters in the SJ and CMJ. However, the comparison with the WIMU® (based on the
flight time option) showed a difference of over nine centimeters for the SJ and CMJ. Finally,
the error with VERT® in the Abalakov jump was over 11 cm. This error remained constant
regardless of the jump height.
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4. Discussion

The aim of this study was to examine the concurrent validity and reliability of multiple
devices to measure jump height in men’s handball players. Commensurate with a proper
monitoring process, especially in jumps, it is necessary to analyze the outcomes from
different devices in terms of an accurate and effective recording of training load. Overall,
the instruments used had a lower minimum detectable change, especially in more simple
executions (SJ and CMJ). Furthermore, there were statistically significant differences among
devices, although higher concordance values were found between CHRONOJUMP® with
video and WIMU® (flight time), especially in the SJ and CMJ. Moreover, the overestimation
observed in all the devices remained constant independently of jump height.

Comparing with the CHRONOJUMP® mat and based on the ICC values, the video
appears to be the best device to measure jump height regardless of the type of jump.
Following it, the WIMU® device, specifically flight time, is considered a suitable tool,
better than the acceleration or speed option. These differences may be related to the
mathematical operations from the device. The indirect processes could be responsible
for this variation [38,39]. Finally, although the VERT® system also showed lower ICC
values, this result changed in the Abalakov jump, perhaps influenced by the position of the
device on the body, and the jump movement patterns [14,15]. Therefore, although the video
recording system seems to be the most accurate and reliable option for the measurement of
jump height, the calculation of said variable through the time of flight measured with the
WIMU device can solidly fulfill this task, simplifying both the logistics and the environment
in which this type of jumping experiment can be carried out.

Concerning the type of jump, better values of ICC were found in less complex jumps
(SJ and CMJ), except in the comparison between CHRONOJUMP® and VERT® in the ABK
jump. These results could be explained by the device location and the absence (SJ and CMJ)
or implication (ABK) of the arms. In this respect, the location of the WIMU® device in
the interscapular area allows the recording of the jump due to the arm movement earlier
than the VERT®, that locates the device on the hip [33], a joint away from trunk flexion
and vertical acceleration [37]. It has been shown that the location of the device relative to
the center of mass can alter the time-of-flight data and thus the jump height results, so the
results appear to be consistent with this statement [40]. Based on the level of agreement
(R2), the video also showed the best concordance in all types of jumps, and the WIMU®

device recorded the higher values when the flight time was set, especially in SJ and CMJ.
As a consequence, for the calculation of the jump height, the execution of jumps with low
technical complexity such as the SJ and the CMJ is recommended, reducing inter- and
intra-subject variability for greater objectivity of the results obtained.

Regarding the graphical representations (Bland–Altman plots), a general and constant
overestimation was found between CHRONOJUMP® and the rest of the devices. In this
respect, the video showed a minimum overestimation of less than two centimeters in all
types of jumps. This difference may be due to the fact that the CHRONOJUMP® contact
platform has a very high sampling frequency (recording one datum every millisecond),
while the video only records at 240 frames per second. In that vein, the WIMU® showed
another overestimation of slightly over nine centimeters in all jumps. The WIMU® estimates
vertical jump height using the time difference between the positive (propulsive phase of
the jump) and negative (landing) peaks of vertical velocity. However, the maximal positive
velocity is normally achieved shortly before the takeoff, and the maximal negative velocity
shortly after landing, which inevitably causes the flight time recorded by WIMU® to be
longer than the effective flight time. Finally, the VERT® device showed an overestimation of
over 11 cm in ABK compared to CHRONOJUMP®. Therefore, both the sampling frequency
and the data collection method of each of the devices must be previously known in order to
be able to analyze the results obtained taking into account the error biases of each of them.

Despite these findings, some limitations and proposals for future research should be
taken into account. Mainly, based on physical performance tests, these results (jump height)
cannot be extrapolated to real game situations due to the absence of data concerning the
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horizontal vector, the common skills performed during the game (jumping with one leg),
or the interactions with the opponent, etc. Therefore, future studies should be developed
to show specific data in real conditions, both in training and competitions. On the other
hand, previous studies have identified a jump height overestimation from the flight time
calculation, so much caution should be taken into consideration to establish a performance
profile related to the jump height. Finally, the concurrent validity and reliability of these
devices in a sample of female or in power-based athletes are unknown. In addition, the
position of the devices needs further investigation, especially in jumping actions.

5. Conclusions and Practical Applications

Coaches and trainers should be cautious when selecting the measuring instrument
to assess and monitor athletes’ jump performance. The risk of collecting confusing data
leads to misinterpretations that can affect the quality of training, and therefore the athletes’
health and performance. In this study, the usefulness of some devices was evaluated, also
in terms of jump height measures. The jumping test used, the coaching environment, and
the performance goals can influence the device selection. Moreover, the differences in
jump height are perfectly calculated, so any coach can use the most appropriate device and
calculate the real jump height derived by knowing the differences among instruments.
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Plyometric Training on Physical Performance in Male Handball Players. J. Hum. Kinet. 2018, 63, 137–148. [CrossRef] [PubMed]
2. Michalsik, L.; Aagaard, P.; Madsen, K. Locomotion Characteristics and Match-Induced Impairments in Physical Performance in

Male Elite Team Handball Players. Int. J. Sports Med. 2012, 34, 590–599. [CrossRef]
3. Ortega-Becerra, M.; Belloso-Vergara, A.; Pareja-Blanco, F. Physical and Physiological Demands During Handball Matches in Male

Adolescent Players. J. Hum. Kinet. 2020, 72, 253–263. [CrossRef] [PubMed]
4. Kniubaite, A.; Skarbalius, A.; Clemente, F.M.; Conte, D. Quantification of external and internal match loads in elite female team

handball. Biol Sport 2019, 36, 311–316. [CrossRef] [PubMed]
5. Chelly, M.S.; Hermassi, S.; Aouadi, R.; Khalifa, R.; Van den Tillaar, R.; Chamari, K.; Shephard, R.J. Match analysis of elite

adolescent team handball players. J. Strength Cond. Res. 2011, 25, 2410–2417. [CrossRef]
6. Wagner, H.; Kainrath, S.; Müller, E. Coordinative and Tactical Parameters in the Handball Throw and Their Influence to the

Level of Performance. Available online: https://uni-salzburg.elsevierpure.com/de/publications/coordinative-and-tactical-
parameters-in-the-handball-throw-and-th (accessed on 16 November 2022).

7. McGhie, D.; Østerås, S.; Ettema, G.; Paulsen, G.; Sandbakk, Ø. Strength Determinants of Jump Height in the Jump Throw
Movement in Women Handball Players. J. Strength Cond. Res. 2020, 34, 2937–2946. [CrossRef]

8. Chtara, M.; Rouissi, M.; Haddad, M.; Chtara, H.; Chaalali, A.; Owen, A.; Chamari, K. Specific physical trainability in elite young
soccer players: Efficiency over 6 weeks’ in-season training. Biol. Sport 2017, 2, 137–148. [CrossRef]

http://doi.org/10.2478/hukin-2018-0014
http://www.ncbi.nlm.nih.gov/pubmed/30279949
http://doi.org/10.1055/s-0032-1329989
http://doi.org/10.2478/hukin-2019-0111
http://www.ncbi.nlm.nih.gov/pubmed/32269666
http://doi.org/10.5114/biolsport.2019.88753
http://www.ncbi.nlm.nih.gov/pubmed/31938001
http://doi.org/10.1519/JSC.0b013e3182030e43
https://uni-salzburg.elsevierpure.com/de/publications/coordinative-and-tactical-parameters-in-the-handball-throw-and-th
https://uni-salzburg.elsevierpure.com/de/publications/coordinative-and-tactical-parameters-in-the-handball-throw-and-th
http://doi.org/10.1519/JSC.0000000000002684
http://doi.org/10.5114/biolsport.2017.64587


Sensors 2022, 22, 9070 12 of 13

9. Chaabene, H.; Negra, Y.; Moran, J.; Prieske, O.; Sammoud, S.; Ramirez, R.; Granacher, U. Plyometric Training Improves Not Only
Measures of Linear Speed, Power, and Change-of-Direction Speed But Also Repeated Sprint Ability in Female Young Handball
Players. J. Strength Cond. Res. 2019, 35, 2230–2235. [CrossRef]

10. Hammami, M.; Negra, Y.; Aouadi, R.; Shephard, R.J.; Chelly, M.S. Effects of an In-season Plyometric Training Program on
Repeated Change of Direction and Sprint Performance in the Junior Soccer Player. J. Strength Cond. Res. 2016, 30, 3312–3320.
[CrossRef]

11. Bosco, C.; Luhtanen, P.; Komi, P.V. A simple method for measurement of mechanical power in jumping. Europ. J. Appl. Physiol.
1983, 50, 273–282. [CrossRef]

12. Sáez Sáez de Villarreal, E.; Izquierdo, M.; Gonzalez-Badillo, J.J. Enhancing Jump Performance After Combined vs. Maximal
Power, Heavy-Resistance, and Plyometric Training Alone. J. Strength Cond. Res. 2011, 25, 3274–3281. [CrossRef]

13. Rodacki, A.L.F.; Fowler, N.E.; Bennett, S.J. Vertical jump coordination: Fatigue effects. Med. Sci. Sport. Exerc. 2002, 34, 105–116.
[CrossRef] [PubMed]

14. Häkkinen, K.; Komi, P.; Kauhanen, H. Electromyographic and Force Production Characteristics of Leg Extensor Muscles of Elite
Weight Lifters During Isometric, Concentric, and Various Stretch-Shortening Cycle Exercises. Int. J. Sports Med. 1986, 07, 144–151.
[CrossRef] [PubMed]

15. Markovic, G.; Dizdar, D.; Jukic, I.; Cardinale, M. Reliability and factorial validity of squat and countermovement jump tests.
J. Strength Cond. Res. 2004, 18, 551–555. [PubMed]

16. Buchheit, M.; Spencer, M.; Ahmaidi, S. Reliability, Usefulness, and Validity of a Repeated Sprint and Jump Ability Test. Int. J.
Sport. Physiol. Perform. 2010, 5, 3–17. [CrossRef]

17. Sánchez-Medina, L.; González-Badillo, J.J. Velocity Loss as an Indicator of Neuromuscular Fatigue during Resistance Training.
Med. Sci. Sport. Exerc. 2011, 43, 1725–1734. [CrossRef]

18. Balsalobre-Fernández, C.; Ma Tejero-González, C.; del Campo-Vecino, J. Hormonal and Neuromuscular Responses to High-Level
Middle- and Long-Distance Competition. Int. J. Sport. Physiol. Perform. 2014, 9, 839–844. [CrossRef]

19. Bahr, M.A.; Bahr, R. Jump frequency may contribute to risk of jumper’s knee: A study of interindividual and sex differences
in a total of 11 943 jumps video recorded during training and matches in young elite volleyball players. Br. J. Sports Med. 2014,
48, 1322–1326. [CrossRef]

20. Glatthorn, J.F.; Gouge, S.; Nussbaumer, S.; Stauffacher, S.; Impellizzeri, F.M.; Maffiuletti, N.A. Validity and Reliability of Optojump
Photoelectric Cells for Estimating Vertical Jump Height. J. Strength Cond. Res. 2011, 25, 556–560. [CrossRef]

21. Pino-Ortega, J.; García-Rubio, J.; Ibáñez, S.J. Validity and reliability of the WIMU inertial device for the assessment of the vertical
jump. PeerJ 2018, 6, e4709. [CrossRef]

22. Requena, B.; García, I.; Requena, F.; Saez-Saez de Villarreal, E.; Pääsuke, M. Reliability and Validity of a Wireless Microelec-
tromechanicals Based System (KeimoveTM) for Measuring Vertical Jumping Performance. J. Sports Sci. Med. 2012, 11, 115–122.
[PubMed]

23. Sayers, S.P.; Harackiewicz, D.V.; Harman, E.A.; Frykman, P.N.; Rosenstein, M.T. Cross-validation of three jump power equations.
Med. Sci. Sports Exerc. 1999, 31, 572–577. [CrossRef] [PubMed]

24. Kibele, A. Possibilities and Limitations in the Biomechanical Analysis of Countermovement Jumps: A Methodological Study.
J. Appl. Biomech. 1998, 14, 105–117. [CrossRef]

25. Moir, G.L. Three Different Methods of Calculating Vertical Jump Height from Force Platform Data in Men and Women. Meas.
Phys. Educ. Exerc. Sci. 2008, 12, 207–218. [CrossRef]

26. Balsalobre-Fernández, C.; Glaister, M.; Lockey, R.A. The validity and reliability of an iPhone app for measuring vertical jump
performance. J. Sport. Sci. 2015, 33, 1574–1579. [CrossRef] [PubMed]

27. Casartelli, N.; Müller, R.; Maffiuletti, N.A. Validity and Reliability of the Myotest Accelerometric System for the Assessment of
Vertical Jump Height. J. Strength Cond. Res. 2010, 24, 3186–3193. [CrossRef] [PubMed]

28. de Blas, X.; Padullés, J.M.; López del Amo, J.L.; Guerra-Balic, M. Creation and Validation of Chronojump-Boscosystem: A Free
Tool to Measure Vertical Jumps. (Creación y validación de Chronojump-Boscosystem: Un instrumento libre para la medición de
saltos verticales). Rev. Int. Cienc. Deporte 2012, 8, 334–356. [CrossRef]

29. Bui, H.T.; Farinas, M.-I.; Fortin, A.-M.; Comtois, A.-S.; Leone, M. Comparison and analysis of three different methods to evaluate
vertical jump height. Clin. Physiol. Funct. Imaging 2015, 35, 203–209. [CrossRef]

30. Balsalobre-Fernández, C.; Tejero-González, C.M.; del Campo-Vecino, J.; Bavaresco, N. The Concurrent Validity and Reliability of
a Low-Cost, High-Speed Camera-Based Method for Measuring the Flight Time of Vertical Jumps. J. Strength Cond. Res. 2014,
28, 528–533. [CrossRef]

31. Pueo, B.; Penichet-Tomas, A.; Jimenez-Olmedo, J. Reliability and validity of the Chronojump open-sourcejump mat system. Biol.
Sport 2020, 37, 255–259. [CrossRef]

32. Charlton, P.C.; Kenneally-Dabrowski, C.; Sheppard, J.; Spratford, W. A simple method for quantifying jump loads in volleyball
athletes. J. Sci. Med. Sport 2017, 20, 241–245. [CrossRef] [PubMed]

33. Skazalski, C.; Whiteley, R.; Hansen, C.; Bahr, R. A valid and reliable method to measure jump-specific training and competition
load in elite volleyball players. Scand. J. Med. Sci. Sports 2018, 28, 1578–1585. [CrossRef] [PubMed]

http://doi.org/10.1519/JSC.0000000000003128
http://doi.org/10.1519/JSC.0000000000001470
http://doi.org/10.1007/BF00422166
http://doi.org/10.1519/JSC.0b013e3182163085
http://doi.org/10.1097/00005768-200201000-00017
http://www.ncbi.nlm.nih.gov/pubmed/11782655
http://doi.org/10.1055/s-2008-1025752
http://www.ncbi.nlm.nih.gov/pubmed/2942500
http://www.ncbi.nlm.nih.gov/pubmed/15320660
http://doi.org/10.1123/ijspp.5.1.3
http://doi.org/10.1249/MSS.0b013e318213f880
http://doi.org/10.1123/ijspp.2013-0539
http://doi.org/10.1136/bjsports-2014-093593
http://doi.org/10.1519/JSC.0b013e3181ccb18d
http://doi.org/10.7717/peerj.4709
http://www.ncbi.nlm.nih.gov/pubmed/24137067
http://doi.org/10.1097/00005768-199904000-00013
http://www.ncbi.nlm.nih.gov/pubmed/10211854
http://doi.org/10.1123/jab.14.1.105
http://doi.org/10.1080/10913670802349766
http://doi.org/10.1080/02640414.2014.996184
http://www.ncbi.nlm.nih.gov/pubmed/25555023
http://doi.org/10.1519/JSC.0b013e3181d8595c
http://www.ncbi.nlm.nih.gov/pubmed/20940642
http://doi.org/10.5232/ricyde2012.03004
http://doi.org/10.1111/cpf.12148
http://doi.org/10.1519/JSC.0b013e318299a52e
http://doi.org/10.5114/biolsport.2020.95636
http://doi.org/10.1016/j.jsams.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27566896
http://doi.org/10.1111/sms.13052
http://www.ncbi.nlm.nih.gov/pubmed/29315832


Sensors 2022, 22, 9070 13 of 13

34. Andrade, D.C.; Henriquez-Olguin, C.; Beltran, A.R.; Ramirez, M.A.; Labarca, C.; Cornejo, M.; Alvarez, C.; Ramirez-Campillo, R.
Effects of general, specific and combined warm-up on explosive muscular performance. Biol. Sport 2015, 32, 123–128. [CrossRef]
[PubMed]

35. MacDonald, K.; Bahr, R.; Baltich, J.; Whittaker, J.L.; Meeuwisse, W.H. Validation of an inertial measurement unit for the
measurement of jump count and height. Phys. Ther. Sport 2017, 25, 15–19. [CrossRef]

36. Gómez-Carmona, C.D.; Bastida-Castillo, A.; Ibáñez, S.J.; Pino-Ortega, J. Accelerometry as a method for external workload
monitoring in invasion team sports. A systematic review. PLoS ONE 2020, 15, e0236643. [CrossRef]

37. Rodríguez-Rosell, D.; Mora-Custodio, R.; Franco-Márquez, F.; Yáñez-García, J.M.; González-Badillo, J.J. Traditional vs. Sport-
Specific Vertical Jump Tests: Reliability, Validity, and Relationship With the Legs Strength and Sprint Performance in Adult and
Teen Soccer and Basketball Players. J. Strength Cond. Res. 2017, 31, 196–206. [CrossRef]

38. Hori, N.; Newton, R.U.; Andrews, W.A.; Kawamori, N.; Mcguigan, M.R.; Nosaka, K. Comparison of four different methods
to measure power output during the hang power clean and the weighted jump squat. J Strength Cond Res 2007, 21, 314–320.
[CrossRef]

39. Linthorne, N.P. Analysis of standing vertical jumps using a force platform. Am. J. Phys. 2001, 69, 1198–1204. [CrossRef]
40. Baca, A. A comparison of methods for analyzing drop jump performance. Med. Sci. Sports Exerc. 1999, 31, 437–442. [CrossRef]

http://doi.org/10.5604/20831862.1140426
http://www.ncbi.nlm.nih.gov/pubmed/26060335
http://doi.org/10.1016/j.ptsp.2016.12.001
http://doi.org/10.1371/journal.pone.0236643
http://doi.org/10.1519/JSC.0000000000001476
http://doi.org/10.1519/R-22896.1
http://doi.org/10.1119/1.1397460
http://doi.org/10.1097/00005768-199903000-00013

	Introduction 
	Material and Methods 
	Participants 
	Testing Procedure 
	Instruments 
	Jump Performance 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions and Practical Applications 
	References

