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Introduction

Wearables are commonly implemented
into many aspects of human performance
and health. Likewise, the number of lit-
erature reports on these body-worn de-
vices has surged and these devices collect
a wide variety of motion-related data to
provide wearers with automated evalu-
ated biofeedback (Peake, Kerr, & Sulli-
van, 2018). Notably, the use of wearables
is also changing rapidly in the clinical
area where it has rapidly evolved from
safe settings in laboratories to applied
use in unsupervised practice (Picerno
et al., 2021). Despite this rapid progress
(including in sports), it is often unclear
whether these devices meet the criteria
of test validity, reliability, and objectivity.
For example, one review article reported
that only 5% of devices have been for-
mally validated and tested in real-world
settings. 'The authors recommend that
future research should aim to validate
wearable devices in ecological settings,
to provide and improve measurement ac-
curacy (Peake et al., 2018; Schmidt, Alt,
Nolte, & Jaitner, 2020).

In sports, the use of wearables is al-
ready common in the individual fitness
and runningsectors, and these devicesare
also finding their way into complex sports
games (Camomilla, Bergamini, Fantozzi,
& Vannozzi, 2018). As they become
more prevalent in complex game situ-
ations, these devices must fulfill greater
requirements from a measurement and
evaluation perspective, as players’ move-
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ments are often more complex and can be
influenced by teammates and opponents.

In recent years, the popularity of sand
sports has increased immensely, which
is highlighted by beach volleyball’s con-
sistent presence as an Olympic sport and
the consideration of beach handball as
another Olympic sand sport (Handball-
World.news, 2021). Regarding wear-
ables, sand surfaces place additional,
increased demands on motion detec-
tion than do solid surfaces, since sand
surfaces are uneven and changeable, i.e.
it changes it shape with every contact.
Transferring the technology used on
a solid ground to the sand is challeng-
ing, and systems that are promising
on solid ground may not necessarily
be suitable for sand without specific
adaptation.

However, sand sports, especially
beach volleyball, could greatly bene-
fit from a validated system for auto-
mated jump detection and jump height
measurement, and both are important
parameters of the load structure of beach
volleyball (Kiinkler, 2009). In men’s in-
ternational match-play, defenders com-
plete about 68 jumps and blockers 106
jumps per hour, respectively (Czimek,
2017). In addition to these times of
high load during tournaments, player
may also experience high loads when
jumping during weekly training. The
high load in beach volleyball can also
be accompanied by typical overuse in-
juries (e.g. patellar tendinitis) (Bahr &
Reeser, 2003), and in this context the

amount of jump training may be a risk
factor (Sprague, Smith, Knox, Pohlig, &
Grévare Silbernagel, 2018). Therefore,
coaches are advised to consider how
much jumping their athletes are doing
during training and play to protect them
from overuse (Bahr & Bahr, 2014).

The analysis of jumps and jump loads
in beach volleyball is usually time con-
suming and complex measurements in
the laboratory (e.g. three-dimensional
motion analysis, force plates) are often
required. Similarly, manually counting
jumps from a video-recorded match is
also time consuming, impractical and
lacks specific information like force pro-
duction and jumping heights. Thus, asys-
tem that counts and categorizes jumps
in an automated manner may help pro-
tect athletes from overuse injuries, reha-
bilitate them after injuries, and provide
validated knowledge regarding overuse
injuries (Jarning, Mok, Hansen, & Bahr,
2015). In addition, such a system would
opennew possibilities for optimizing per-
formance and for diagnostics by allowing
coaches to control athletes’ load in train-
ing and during play. A highly desirable
system would be one that can be used
for screening to prevent injury and in
rehabilitation, for performance diagnos-
tics and training control in the field, and
to also periodize training and maximize
balance between load and recovery.

Commercial systems that count jumps
automatically and measure jump height
became available over the last few years
and have been tested on rigid surfaces
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Fig. 1 A Laboratory setup when measuring countermovement jumps in the sandbox, which was
placed on three force plates. The figure also shows the placement of the sensors on the chest (upper
left) and ankle (upper right) to detect jumps and to measure jumping height

(Benson et al, 2020; Borges et al,
2017; Charlton, Kenneally-Dabrowski,
Sheppard, & Spratford, 2017; Jarning
et al,, 2015; MacDonald, Bahr, Baltich,
Whittaker, & Meeuwisse, 2017; Skazal-
ski, Whiteley, Hansen, & Bahr, 2018).
Recently, a proprietary system devel-
oped for indoor volleyball was validated
for beach volleyball on a sand surface
(Schmidt, Meyer, & Jaitner, 2021). The
authors reported that the commercially
available system provides good validity
for jump count and jump height; how-
ever, the device had limitations as it
detected a high number of false-positive
jumps on the sand compared to a rigid
surface (Charlton et al., 2017). In ad-
dition, jump heights were found to be
inaccurate, with the direction of per-
formance being unsystematically biased.
One major problem in using proprietary
systems is that the user normally has
no access to the underlying algorithms
and signal processing procedures. In
addition, the algorithms were mainly
programmed for a rigid surface interac-
tion and the change to a sand surface
may force the system in terms of event
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identification to validly count jumps and
measures jump height. IMU systems that
are freely available and programmable
are also present on the market. With the
help of these systems, demands of beach
volleyball can specifically be addressed
and extended for future requirements.

Therefore, the first aim of the present
study was to develop and validate an IMU
system that detects jumps and measures
jump height in the sand under standard-
ized conditions. For this purpose, we
used a customized sandbox positioned
on force plates in an experimental labo-
ratory setting. The experimental group
consisted of physical education students.
A second aim of the present study was to
validate the jump detection of the IMU
system under ecologically valid condi-
tions in the field. For this purpose, we
compared jumps detected by the IMU
system with jumps detected in a synchro-
nized video. The experimental group
consisted of experienced beach volley-
ball players.

Methods

All subjects completed informed written
consent to participate in the study be-
fore measurements began, and all pro-
cedures performed were in accordance
with the Declaration of Helsinki and the
local ethics committee (ID 2021-53-EE).

In previously comprehensive inves-
tigations and pilot studies, we ensured
the measurement capability of the sys-
tem with synchronous acceleration sig-
nals from the sensors on individual test
subjects. In the present investigation,
which has two parts, we first used the
IMU to measure standardized counter-
movement jumps (CM]Js) under labo-
ratory conditions on sand surfaces and
compared the measurements with those
made from a gold standard system (force
plates). We used standardized CM]Js for
two reasons: (i) to simplify CMJs and
to reduce variability in movement ex-
ecutions due to arm swing and subse-
quently in acceleration signals of the sen-
sors, (ii) CMJs with hand on the hips
while jumping is the standardized form
when performing performance diagnos-
tics in jumping. Based on these results,
we tested the suitability of the system in
the field using complex beach volleyball-
specific jump actions. Jump height de-
tection was not performed in the field
because of a missing second measuring
system for validation under more eco-
logical conditions.

Measurements under standardized
laboratory conditions

Twenty physical education students
(5 women and 15 men; 182+10cm;
75+ 10kg) participated in the first mea-
surement. Before the tests, a warm-
up was performed in a self-instructed
Each subject completed five
CM]Js on two consecutive days. Each
subject had two trials to become familiar
with the environment and with jumping
on an unstable surface. Participants
started in a hip wide stance with fully
extended knees. Hands were placed on
hips throughout the jump. The jump was
initiated with a quick downward move-
ment up to a 90°knee angle, followed
by an immediate extension of the legs

manner.



producing the upward jump movement.
Legs were required to be in a straight
position while in the air, as well as ankle
plantarflexion during landing. Incorrect
executions were corrected immediately,
and the jump had to be repeated.

The measurements were taken in
a self-constructed sandbox (size 1.25m x
1.25mx 0.3m) supported on three dif-
ferent force plates (Type: 9287C, Kistler,
Winterthur, Switzerland). Thus, the
ground reaction forces could be recorded,
and the jump height could be calculated
in sand under laboratory conditions.
Simultaneously with the force measure-
ments, acceleration data of an IMU sys-
tem were recorded. The IMU system
consisted of two IMUs from Movesense
(Suunto Oy, Finland), which were at-
tached to participants sternum and
lateral malleolus (B Fig. 1). Data acquisi-
tion of this system was performed using
a specific software that also synchro-
nized acceleration with video data (Data
Collector, Kassa solution GmbH, Diis-
seldorf, Germany). The measurement
frequency of the force plates was 1500 Hz
and the measurement frequency from
each sensor was 52Hz (highest possible
and stable frequency when using several
sensors at the time of the study).

The sand fulfilled the specifications
of the German beach volleyball fed-
eration for indoor sand (grain size:
0.1-1.0mm; grain shape: from round
edges to rounded; grain distribution:
even; CaCO;<2-3%; SiO,=95-98%)
(Borrmann et al., 2009).

For data processing, the vertical com-
ponent of the ground reaction force and
the acceleration data from the sen-
sors were processed and analysed using
MATLAB (R2019b, MathWorks Inc.,
Natick, MA, USA). For the force data,
the flight phase of the CMJ was detected
using the raw unfiltered data (force
value less than or greater than 20N).
A threshold of 20N was used to account
for oscillations in the vertical force data
due to swinging of the sandbox. For
the IMU data, synchronous video and
acceleration data were first used to sub-
divide acceleration data into portions
with relevant information. Overall, the
algorithm searched for sequences of ex-
trema in the acceleration data from the
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Abstract

Wearables are commonly used in practice
for measuring and monitoring performance
in high-level sports. That being said, they
are often designed and intended for use
during sports conducted on rigid surfaces.
As such, sports that are conducted on sand,
e.g. beach volleyball, lack equipment that can
be specifically applied in the field. Therefore,
the aim of this study was to develop and
validate an inertial measurement unit (IMU)-
based system for automatic jump detection
and jump height measurement in sand. The
system consists of two IMUs, which were
attached to different parts of the athletes’
bodies. For validation under laboratory
conditions, 20 subjects each performed five
jumps on two consecutive days in a sandbox
placed on force plates. Afterwards, five
beach volleyball athletes performed complex
combinations of beach volleyball-specific
movements and jumps wearing the IMUs
whilst being video recorded simultaneously.
This was conducted in an ecologically valid
setting to determine the validity of the
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Development and evaluation of an inertial measurement unit
(IMU) system for jump detection and jump height estimation in

IMU to correctly detect jumping actions.

The results of the laboratory tests show
excellent day-to-day reliability (intraclass
correlation coefficient [ICC]=0.937, two-
way mixed effects, single measurement,
consistency) and excellent concurrent validity
(ICC=0.946, two-way mixed effects, single
rater, absolute agreement) compared to the
gold standard (force plates). The accuracy

in jump detection of the IMU was 100 and
97.5% in the laboratory and ecologically valid
settings, respectively. Although there are

still some aspects to consider when using
such devices, the current findings provide
recommendations regarding best practice
when using such a device on a variable

and unstable surface. Collectively, such

a device could be applied in the field to
provide coaches and practitioners with direct
feedback to monitor training or match play.

Keywords
Jump detection - Sand surface - Validation -
Wearable - Diagnostics

different sensors in different directions
(BFig. 2). First, it searched for take-
offs and landings separately using each
sensor, and then time-conforming jumps
and landings of both sensors were linked
to possible jumps. Information of both
sensors were then used to classify take-
off and landings to finally calculate jump
height over the flight time using the
following formula:

. . m

jump height h = 9.81 28
where ¢ is flight time in seconds.

For statistical analysis of the labo-
ratory-based measurements, day-to-day
reliability (test-retest on two consecu-
tive days) was performed using the intr-
aclass correlation coefficient (ICC; two-
way mixed effects, single measurement,
consistency) for both the force plate and
the IMU system jump heights. In addi-
tion, the Pearson correlation coefficient
was determined. The interrater reliability
between the two measurement systems

(force plates as the gold standard) was de-
termined using the intraclass correlation
coefficient ICC (two-way mixed effects,
single rater, absolute agreement). Addi-
tional parameters (bias, limit of agree-
ments) and Bland-Altman plots were
used to represent the deviations of the
measurement systems (Bland & Altman,
1986).

The reliability determinations were
carried out with different types of data
(individual measurements and average
measurements). For the individual mea-
surements, one time we considered all
measured trials without exception, and
another time we considered all measure-
ments where the coeflicient of variation
(CV) of the jump heights of one sub-
ject did not exceed the 10% mark. The
purpose of selecting the data in this way
was to exclude some unrealistic outliers
that arose because of the measurement
changeability of the sand and the uneven
sand surface after take-oft and before
landing and algorithm’s inadequacies.
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Fig. 2 A Operating principles of the Matlab algorithm for jump detection

For the average measurements, the reli-
ability analysis was determined one time
with the mean of all 5 trials and one
time with the mean of the 3 middle trials
(without the maximum and minimum
trials).
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Field measurements

Five subjects (3 women and 2 men;
177 +4cm; 68+ 4kg) with comprehen-
sive beach volleyball experience (tourna-
ment experience at the highest regional
level) participated in the ecologically

valid measurements on an outdoor beach
field. Prior to testing, subjects warmed
up independently, and subsequently the
IMU system was attached to partici-
pants’ sternum and lateral malleolus and
connected to an iPad (6th generation,
AppleInc., CA, USA). Subjects then per-
formed 32 different trials consisting of
attack jumps, block jumps, jump serves,
as well as dives or beach volleyball-
typical combinations. For example, one
complex exercise consisted of serving,
sprinting to the net, and then perform-
ing a blocking action. The last four
trials of each subject were performed
individually, i.e. subjects performed self-
invented beach volleyball specific rallies,
leading to a different number of jump
action for each player. The complex
movement sequences were stored on
the iPad together with the synchronous
video recordings previously described.
The videos were used to categorize the
movements and clearly assign them to
the important sections of the acceleration
signals measured by the IMU system.
The measuring frequency of the IMU
systems was also 52 Hz and the sand also
fulfilled the specifications of the German
beach volleyball federation for indoor
sand like mentioned in part one of the
study.

For data processing, the aforemen-
tioned algorithm was used, further de-
veloped and optimized using pilot data
from the field to identify and count jumps
in the field.

For statistical analysis of the ecologi-
cally valid measurements, the jumps rec-
ognized by the IMU were compared to
the video recorded jumps. According
to Charlton et al. (2017) the jumps we
categorized as true positive (TP; a jump
detected on video and by the IMU sys-
tem), false positive (FP; a jump detected
by the IMU system, but not on video)
and false negative (FN; a jump detected
on video, but not on the IMU system).
These values were used to represent TP,
FP and FN proportionately as percent-
ages according to Skazalski et al. (2018).



Table 1

Day-to-day reliability of jumping height on sand surface

1CC (3,1) Consistency [CI]

0.866 [0.817-0.902]
0.866 [0.817-0.902]
0.934[0.872-0.971]
0.939[0.872-0.971]

0.767 [0.690-0.827]
0.827[0.766-0.873]
0.9220.839-0.963]

Pearson [Cl], p-value

0.866
0.866
0.940
0.940

0.807-0.908], p < 0.001
0.807-0.908], p < 0.001
0.851-0.976], p < 0.001
0.860-0.976], p < 0.001

0.774[0.681-0.842], p < 0.001
0.831[0.753-0.887], p < 0.001
0.932[0.832-0.973], p< 0.001

Jump height Bland-Altman parame- Correlation
ters

Day 1 Day 2 Bias LoA- LoA+
Force plate measurements
All trials (n=100) 28755 302+57 -144 -7.17 429
All trials without CV>10% (n=100) 28.7+55 30.2+57 -144 -7.17 429
Mean of all 5 trials (n = 20) 287+54 302+57 -144 -526 237
Mean of 3 middle trials (n = 20) 287+54 302+57 -144 -526 237
IMU system measurements
All trials (n=100) 30.7£57 309+66 -0.14 -844 8.5
All trials without CV>10% (n=88) 30.8+57 30.8%+6.0 0.16 -6.62 6.95
Mean of all 5 trials (n=20) 30.7£53 309+63 -0.14 -473 444
Mean of 3 middle trials (n = 20) 30.7+54 306+62 0.04 -4.09 418

0.937[0.868-0.970]

0.942[0.857-0.977], p < 0.001

Please note that all 100 jumps on each day were analysed in the row “all trials” Some trials analysed with the inertial measurement unit (IMU) system showed
unrealistic deviations from the remaining 4 trials (coefficient of variation > 10%) that did not derive from variations within the jumping performance but from
unrealistic outliers. These trials were excluded in the row “all trials without CV > 10%!. The mean of all 5 trials or the mean of the 3 middle trials (without mini-
mum and maximum values) were used for test-retest reliability analysis of subjects” mean values
LoA- lower limit of agreement resp. lower limit of the 95% confidence interval, LoA+ upper limit of agreement resp. upper limit of the 95% confidence inter-
val, ICC Intraclass correlation coefficient, CV Coefficient of variation, C/ Confidence interval

Table 2 Reliability between measuring systems—force plates (the gold standard) and the IMU system—for jumping height on a sand surface (day 2)
Correlation

Jump height
Reliability between systems Force

plates
All trials (n=100) 30.2+5.7
All trials without CV>10% (n=93) 30.2+5.7
Mean of all 5 trials (n= 20) 30.2+5.7
Mean of 3 middle trials (n = 20) 30.2+5.7

Bland-Altman parame-

ters
IMU Bias LoA- LoA+
system [Cl]
309+6.6 -071 -7.06 5.64
308+6.0 -044 -513 426
309+63 -071 -466 324
306+6.2 -047 -428 333

0.859[0.807-0.897]
0.916 [0.885-0.939]
0.939[0.873-0.972]
0.946 [0.888-0.975]

ICC (2,1) Abs. Agreement Pearson [Cl], p-value

0.872[0.815-0.912], p< 0.001
0.918[0.879-0.945], p < 0.001
0.948 [0.870-0.980], p < 0.001
0.950[0.875-0.980], p < 0.001

Please note that all 100 jumps on each day were analysed in the row “all trials” Some trials analysed with the inertial measurement unit (IMU) system showed
unrealistic deviations from the remaining 4 trials (coefficient of variation > 10%) that did not derive from variations within the jumping performance but from
unrealistic outliers. These trials were excluded in the row “all trials without CV > 10%!. The mean of all 5 trials or the mean of 3 middle trials (without minimum
and maximum value) were used for test—retest reliability analysis of subjects’ mean values
LoA- lower limit of agreement resp. lower limit of the 95% confidence interval, LoA+ upper limit of agreement resp. upper limit of the 95% confidence inter-
val, ICC Intraclass correlation coefficient, CV Coefficient of variation, C/ Confidence interval

Results

Day-to-day reliability on sand
surfaces in the lab

The results of the reliability measure-
ments in the laboratory for both indi-
vidual and mean jump height values of
physical education students are shown in
O Table 1.

Results for the force plate measure-
ments show good to excellent correlation
coeflicients for analyses of both the indi-
vidual values and the average. Reliability
improved when moving from single to
mean values. The range in the Bland-Alt-
man parameters decreased when aver-
ages were used instead of individual tests.

Aninfluence on the offset cannot be seen
overall.

Results for the IMU system show good
day-to-day reliability for individual val-
ues and excellent day-to-day reliability
for averages. Reliability improved when
moving from individual to mean values.
The IMU results had larger variability;
however, this was reduced when values
greater than 10% of the coefficient of vari-
ation were removed. Using the mean val-
ues, we also observed an increase in the
day-to-day reliability when only the three
middle trials were used instead of all five
individual trials per subject (such that
maximum and minimum trials were ex-
cluded). The range for the Bland-Altman
parameters decreased when the meanval-

ues were used instead of the individual
trials.

Concurrent validity

O Figure 3 shows the Bland-Altman plot
of all jumps measured with both measur-
ing systems on day 2 (day 2 was chosen,
due to higher familiarization of the sub-
ject with the sand). The limits of agree-
ment defined a tolerance interval from
-7.06 to 5.64cm (range 12.7cm). The
bias between the measurement systems
is about 0.58 cm (the IMU system over-
estimates the results of the force plate).
Overall, unrealistic outliers occur with
the IMU system (values outside the tol-
erance range).

German Journal of Exercise and Sport Research
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Fig. 3 A Bland-Altman plot showing the association and limits of agreement between jumping
heights measured with force plates and inertial measurement unit (IMU) system. The horizontal black
line indicates the bias, and the shaded lines delimit the 95% confidence interval (limits of agreement)

ICCs for concurrent validity show
good to excellent correlation coefficients
for individual values and excellent con-
current validity for the averages. Con-
current validity improved when moving
from individual to mean values. When
using the mean values, we also observed
an increase in concurrent validity when
only the three middle trials were used
instead of all five individual trials per
subject (such that maximum and min-
imum trials were excluded). The range
of the Bland-Altman parameters was
reduced when mean values were used
instead of single values. Overall, this
did not recognizably influence the bias
(B Table 2).

Jump detection in the laboratory
and in the field

Jump detection of CM] in the labora-
tory and different jump types in the field
are presented in @Table 3. The results
show that all CM]Js in the laboratory
were correctly identified as jumps. In the
field, a total of 95.9% (306) of the 319
jumps were correctly identified as jumps.
A large proportion of the nonrecognized
jumps (false negatives) occurred during
serves.

‘ German Journal of Exercise and Sport Research

O Table 4 shows the jump detection re-
sults in the field divided by subject. The
rate of detected jumps in the field for
each subject ranged from 91.8 to 100%.
In addition to the detected jumps, the
system classified an additional 14 jumps
as jumps that were not classified as jumps
in the video (false positives). A ma-
jority (71%) of all false positives were
performed by subject 3. The rest were
distributed among all other test subjects.

Discussion

The aim of the present study was to de-
velop and validate an IMU system that
detects jumps and measures jump height
in the sand under standardized condi-
tions and detects jumps in the field under
real conditions. The results show good to
excellent day-to-day reliability and con-
current validity for jumping height, an
excellent 100 and 96% true positive de-
tection rate and a low 0 and 4% false pos-
itive detection rate in the laboratory and
the field, respectively. Therefore, the sys-
tem is highly suitable for performance di-
agnostics under standardized conditions
and in detecting jumps in the field on
a sand surface.

Jump detection

Jump detection in indoor sports have
long been in use and jump detection
rate ranges from 95 to 99.8% (Charlton
et al., 2017; Gageler, Wearing, & James,
2015; Skazalski et al., 2018), mainly us-
ing the commercially available VERT™
system (VERT™, Fort Lauderdale, FL,
USA) on a rigid indoor surface. False
positive detection rate in the field var-
ied from 2.3% (Skazalski et al., 2018)
to 12.1% (Charlton et al., 2017) in in-
door volleyball. A recent investigation
reported a jump detection (true posi-
tive) and a false positive rate of 97.5 and
10.7% with the VERT™ on a sand sur-
face, respectively (Schmidt et al., 2021).
Given these ranges, the jump detection
of 95.9 and 4.4% of our IMU system ap-
pears to be excellent in detecting true and
false positive jumps on a sand surface and
is within the range or better than com-
mercially available systems. The low false
positive detection rate of the IMU system
used in the current study in comparison
to the VERT™ may be due to the num-
ber of sensors used within both systems.
The VERT™ system consists of one IMU
that is attached to an elastic waistband
directly below the navel, whereas our sys-
tem consists of two sensors attached to
the sternum and the ankle. The com-
bination of these two signals allows to
differentiate between acceleration of the
leg and the upper body and thus to sepa-
rate sprints or changes of direction from
jumps.

Despite the high success in jump de-
tection rate, jump type and individual
results (@ Tables 3 and 4) also play an im-
portant role in that context. One draw-
back is that during serving, a lesser per-
centage of jumps were detected (82.6%)
and 17.4% of the serves were not de-
tected (in contrast, the technique of attack
jump is always executed from the same
sequence of steps and the recognition
rate is around 96.9%). However, it is im-
portant to note that 71% of misclassified
jump actions originated from one sub-
ject. This could potentially be due to in-
dividual techniques of performing jump-
ing actions. For example, the difficulty
in detecting the jump serve arose from
the many ways participants can execute



Table 3 Identification of jumps during laboratory and in-field measurements

Jump type Video

True positives (n, %)

False negatives (n, %)

Laboratory ~ CMJ 200 200 (100.0%) 0(0.0%)

Field Block 137 133 (97.1%) 4 (2.9%)
Attack 159 159 (96.9%) 5(3.1%)
Serve 23 19 (82.6%) 4(17.4%)

Total 519 506 (97.5%) 13 (2.5%)

Please note that the number of jump serves is lower than block or attack jumps due to the specific
structure of the complex exercises, where one trial contained only one serve but several block or attack

jumps
CMJ countermovement jumps

Table 4 Identification of jumps during in-field measurements separated by subjects

Video True positives (n, %)

False negatives (n, %)

False positives (n, %)

Subjects

1 55 55(100.0%) 0 (0.0%) 1(1.8%)

2 60 58 (96.7%) 2 (3.3%) 1(1.7%)

3 73 67 (91.8%) 6 (8.2%) 10 (13.0%)
4 66 62 (93.9%) 4 (6.1%) 0(0.0%)

5 65 64 (98.5%) 1(1.5%) 2 (3.0%)
Total 319 306 (95.9%) 13 (4.1%) 14 (4.4%)

the serve (different ways of approaching
the serve, throwing the ball, and then
hitting it with float/rotation). As such,
for one individual who performed jump
serves, the IMU system had the lowest
recognition rate and the highest num-
ber of false positives due to this individ-
ual’s technique; specifically, “false posi-
tives” were triggered by this individual’s
particularly strong sidestep movement.
To improve the robustness of the algo-
rithm, jump types and individual techni-
cal ranges should be considered. Within
the sample, this individual also had the
lowest overall performance level. This
suggests that the algorithm may more
easily detect complex movements when
performed at higher expertise levels but
in general, algorithms must be adapted to
individual performance characteristics at
all levels of play. Schmidt et al. (2021)
also reported different level of recall for
jump types and increased limits of agree-
ment for individual participants showing
that this is a general problem to capture
complex movements with IMU systems.

Day-to-day reliability

The overall day-to-day reliability of sand
measurements in a sandbox on force
plates and the IMU system can be rated

as good or excellent (Koo & Li, 2016),
depending on which data (individual val-
ues or mean values) is used (B Table 3).
In test-retest analyses in the literature,
both approaches can be found (Stanton,
Wintour, & Kean, 2017), and test-retest
reliability improves when mean values
are used instead of individual values.
Whether single or mean scores should
be used to test reliability also depends,
among other factors, on the research
question. In the present study, reliability
measurements were therefore performed
with different types of data (individual
and mean values) to describe the changes
and to provide the user with a basis for
decision-making.  Overall, when in-
terpreting the reliability parameters, it
must also be considered that the jumping
analyses did not take place on a solid
surface but on a sand surface, which
increases the variability in the jumping
performance and, thus, influences the
quality of the reliability.

Although the results of the individ-
ual measurements on the force plate and
with the IMU system (@ Table 3) are con-
sidered good regarding reliability (Koo &
Li, 2016), the confidence intervals ranges
drop to 0.82 for the force plates and un-
der 0.75 for the IMU system indicating
only moderate reliability. This is some-

how surprising, since the force plates
were considered as gold standard. Dur-
ing the measurements, we ensured that
factors influencing variance were mini-
mized (same surface, same investigators,
same instructions, same time of the mea-
surements, subjects did not perform any
training between the two tests). There-
fore, this slightly reduced reliability on
sand compared to solid ground may be at-
tributed to the changeability of the sand
surface. Assuming this influence, one
has to find strategies to cope with this
increased variation to ensure meaningful
statements about jumping performance
of sand surfaces.

It is still debated whether to use the
best or mean values for performance di-
agnostics or when monitoring changes
over time (e.g. Al Haddad, Simpson, &
Buchheit, 2015). However, on a sand
surface, we believe that mean values in-
stead of best values are more suitable to
describe the performance level of ath-
letes because the changeability and in-
consistency of the sand surface increases
variation in the data. This is shown by
alarge range oflimits of agreement within
Bland-Altman plots in the present study
but also in the literature (Schmidt et al.,
2021). To illustrate this influence, imag-
ine a situation where one subject per-
forms nearly two identical jumps with
different landing locations (e.g. 10cm
apart). This is not of interest on a rigid
surface, but on a sand surface subjects
compress the sand under their feet for
several centimetres during take-off and
may land on a different level leading to
a decreased flight time and thus a de-
creased jumping height. One strategy
to reduce this effect is the exclusion of
unrealistic values or using mean values
like described above. The results clearly
show that this strategy increases day-to-
day reliability and concurrent validity to
an excellent level. Another reason to use
mean instead of best values in beach vol-
leyball is that it is more important to
jump high consistently instead particu-
larly high once.

Concurrent validity

When focusing on concurrent validity
of the IMU system in comparison to the
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VERT™ system (Schmidt et al., 2021),
both systems show a high concurrent
validity in jump height when compared
to a gold standard. Schmidt et al. (2021)
compared the jump height results of
the VERT™ system with the results of
a marker-based motion analysis and
reported a bias of 2.6cm for the block
jump and 7.7cm for the spike jump
between both systems. The limits of
agreements were for both jump types
around 15cm. In the actual study, flight
times derived from the force plates were
compared to flight times determined us-
ing the acceleration signals of the IMUs.
The results show a much smaller bias
of -0.7cm and a reduced but similar
range of limit of agreements of 12.5cm.
Larger biases (3.6-4.3cm) have also
been reported indoors by Charlton et al.
(2017), indicating that this is probably
not a surface-based effect. It may be
an effect of the evaluation method of
the jumping height since this differs
between the two mentioned studies and
the actual investigation. We compared
calculated flight time data within both
systems, whereas Schmidt et al. (2021)
and Charlton et al. (2017) compared
flight-time-based acceleration data with
motion analysis-based estimated jump
height. The latter overestimates the jump
height that is detected via flight time and
increases the difference between jump
heights thus increasing the bias between
systems. In consensus with Schmidt
et al. (2021), high range of limits of
agreement of all trials is based on the
varying results within some single sub-
jects, indicating that strategies to reduce
this variation (e.g. exclusion of unrealis-
tic values, using mean values) may help
to increase validity of the IMU system.
It is also obvious that individual large
variation in jump height is not related
to performance level of the subjects as
presented in B Fig. 3.

Limitations

The IMU system can measure at differ-
ent frequencies (52, 104, 208 and 416 Hz),
but in pilot studies we found that mea-
surement frequencies above 52Hz led
to increased transmission errors. For
newer versions of IMUs and with the
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changeover to Bluetooth 5.0, it may be
possible to increase sample frequency to
104 Hz or even 208 Hz without issues. In
principle, this would allow more accurate
detection of the jump and the landing,
so that the differences in the jump height
compared to the force plate can be re-
duced even further.

A more accurate detection of flight
times is also possible when accelerome-
ters are placed closer to the ground, as
this can improve the quality of the de-
tected signals with respect to the jump
height. Yet, we highlight two factors to
consider: First, extreme uncoordinated,
sometimes single leg jumps, or landings
lead to inaccurate jump height measure-
ments because acceleration is only mea-
sured on one leg; second, different angles
in the ankle joint at the time of landing
affect the quality of the signals in sand
and, thus, the jump height calculation.
Applying an additional sensor to the sec-
ond foot and changing the location of the
sensors from the ankle joint to the dorsal
surface of the foot would diminish both
problems and improve the quality of the
acceleration signals when landing. How-
ever, this would also increase the impact
on the athletes.

The decreased concurrent validity on
the first day compared to the second day
could suggest that the subjects were not
yet properly acclimated to the sand con-
dition. As such, a longer habituation
period should be provided in future in-
vestigations. Instead of using only two
familiarization jumps as we did in this
study, an additional two to three jumps
are recommended.

Practical applications

Monitor training and control athlete
load on a sand surface. Complex match-
specific actions, such as sprints, fast
changes of direction pose an extreme
challenge when attempting to disentan-
gle the signal from the noise of many
different acceleration signals, which were
measured within the current study. Thus,
the high success rates our sensor system
achieved under these conditions indi-
cate that this jump detection system can
already be used in practice, for example,
to monitor training and control athlete

load. It is also a time efficient alternative
to video analyses to count jumps.

Suitable for standardized performance
diagnostics on a sand surface. The sys-
tem is highly suitable for performance
diagnostics using CMJs under standard-
ized conditions on a sand surface.

Freely available and adjustable sys-
tem. The used IMU system is freely
available and programmable. The big
advantage of open systems compared to
proprietary systems is that one can adapt
the underlying algorithms and signal pro-
cessing procedures to the demands of
the sport, different performance level or
individual techniques. It is also possible
to use up to 5 different sensors within
the system.

Conclusions

An inertial measurement unit (IMU)-
based system for detection of jumps and
jump height in beach volleyball on a sand
surface was successfully developed. The
device demonstrates excellent detection
rates of jump types (block, attack, serve)
and excellent concurrent validity for
jump height detection (standardized
countermovement jumps). Results can
be used to for screening to prevent injury
and in rehabilitation, for performance
diagnostics and training control in the
field, and to also periodize training and
maximize balance between load and
recovery. In future studies, it would
be advantageous to evaluate the system
with a greater number of athletes during
training and within competition to deter-
mine the ecological validity of the IMU
system. Here, including artificial intel-
ligence seems advantageous to enable
continuous automated improvements.
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