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This review by a systematic method was intended to integrate the present
knowledge about wearable gadgets, tracking systems, and analytical methods
used for the purpose of athlete performance and monitoring assessment in
beach volleyball. The review was run in line with the PRISMA 2020 criteria.
Based on its wide interdisciplinary coverage of sport science, biomechanics,

Keyword: engineering, computer science, and sports technology research areas, Scopus
Beach volleyball; was chosen as the main database. Studies that included beach volleyball
Athlete moniton"ng' playf;rs or events and .referred to wearable, §ensor-based, tracking,
Wearable technoloéy; physiological, or computational monitoring technologies were accepted. Study

screening and data extraction were performed independently by two reviewers
with a very good level of inter-rater agreement (Cohen's k = 0.87). Out of 128
published studies between 1998 and 2026, 112 were included in the qualitative
synthesis. Thematic analysis mapped four main research areas: wearable
sensor validation and load monitoring, physiological and biochemical
monitoring, computer-vision tracking systems, and machine-learning-based
performance analytics. Concerning validity, Inertial Measurement Units
(IMUs) were highly reliable for jump detection and external-load monitoring,
while beach volleyball environment positional accuracy of Ultra-Wideband
(UWB) systems topped that of GPS technologies. Machine-learning
algorithms reached very high accuracy for action recognition, frequently above
95%, although small datasets were characteristic of most research. The data
presented also make a strong case for wearable and analytical technologies
integration as the base of evidence-based athlete monitoring, training program
optimization, tactical player analysis, and performance management in beach
volleyball. Investigations aiming at longitudinal monitoring, females and
youth as athlete groups, and physiological, environmental, and artificial
intelligent monitoring systems integration seem to be the most promising
directions for future research.
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Introduction

From a simple pastime on the beach, beach volleyball has grown into one of the most physically demanding
Olympic sports. Its Olympic debut in Atlanta, 1996, has set the stage for this sport to be investigated by
science not only because of the unique environment factors (sand, sunlight, thermal stress), but also due to
the dyadic team structure which leads to physiological and biomechanical challenges that are not found in
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any other team sport (Junge et al., 2009; Engebretsen et al., 2013). High-intensity, explosive movements such
as jump serves, spike attacks, and defensive digs in beach volleyball, which is played on a very energy-
absorbing sand surface, often over multiple sets, are not supported by rotational substitution systems as in
indoor volleyball. This is a very special situation that leads to both players in a duo having to cover the whole
8 X 8 m court. Furthermore, detailed physical analysis has become a critical element of preparation for high
performance at the elite level.

Most of the research in sport science, especially on beach volleyball performance, has been relying on
notational analysis, video-based game observations, and subjective coach assessments to determine
competition demands and training responses (Palao et al., 2015; Medeiros et al., 2014; Alvarado-Ruano &
Lopez-Martinez, 2022). These methods at least were to some extent capable of highlighting a few technical-
tactical parameters like serve efficacy, reception quality, sideout percentages, rally structure, etc. On the other
hand, they also come with certain limitations. For starters, they involve a substantial amount of manual
coding, secondly cannot reveal physiological states of players in real-time and to cap it all, being
retrospective, they are a hindrance for immediate coaching interventions. Now, electronic performance and
tracking systems (EPTS) including wearable inertial measurement units (IMU), global navigation satellite
systems (GNSS), ultra-wideband (UWB) local positioning, and photoplethysmographic heart rate sensors
have started getting substituted the older ways producing continuous, objective, and multi-dimensional
athlete monitoring at a high-frequency continuous monitoring capabilities (Marzano-Felisatti et al., 2024;
Pino-Ortega et al., 2026).

Manual notational analysis and video observation have significant limitations, which is why wearable
technologies and electronic performance tracking systems (EPTS) have been progressively used in team
sports studies over the last ten years. In sports such as football, rugby, and basketball, EPTS are widely used
to quantify external loads by means of GPS-derived metrics (distance, acceleration, deceleration, high-speed
running) and to measure the internal load through heart rate monitoring. Miniaturized wearable
microsensors have also been increasingly applied to quantify sport-specific movement patterns across a range
of team sports, demonstrating the growing versatility and practical utility of these devices in field settings
(Chambers et al., 2015). There are strong correlations between these metrics and match outcome, injury risk,
and recovery status (Gabbett, 2016; Impellizzeri et al., 2004). However, the use of wearable sensors in beach
volleyball comes with some issues: the sand greatly affects signal transmission for GPS and UWB systems,
high ambient temperatures put thermal limitations on battery-operated devices, and the two-player court
layout demands very accurate positioning at very small inter-player distances (Schleitzer et al., 2022; Pino-
Ortega et al., 2026; Schmidt et al., 2021). Such sport-specific constraints require separate validation studies
and creation of interpretation frameworks that cannot be simply borrowed from other sports.

Improvement in the wearable devices like miniaturized IMU sensors, high-frequency GPS, and stable
UWB positioning systems have led to advance in sports analytics via computer vision and machine learning.
For example, deep convolutional neural networks (CNNSs) trained on continuous IMU data streams were
able to recognize beach volleyball actions (serve, attack, defence, block) with very high accuracy (over 97%)
and without the need for any human labeling (Kautz et al., 2017). A market basket analysis of positional
tracking data revealed tactical patterns in beach volleyball, for example, how serve location affects reception
efficiency and attack success (Wenninger et al., 2019). Other machine learning models such as random
forests, support vector machines, and gradient-boosted classifiers have been also evaluated with beach volley
datasets (Wenninger et al.,, 2020; Baca et al., 2009). Combining computer-vision player tracking and
physiological monitoring provides an a promising area for applied sports analytics (Link, 2014; Gomez et
al., 2014; Jiang et al., 2016). The framing of team sport performance through the lens of complex adaptive
systems further supports the integration of multiple analytical technologies to capture emergent tactical and
physiological patterns in beach volleyball (Ribeiro et al., 2017).

Past systematic reviews have covered topics nearly touching beach volleyball sports science, such as
match analysis and game statistics (Medeiros et al., 2014), injury epidemiology (Jiménez-Olmedo &amp;
Penichet-Tomas, 2015), technical-tactical factors (Alvarado-Ruano &amp; Loépez-Martinez, 2022), and
physical performance demands (Marzano-Felisatti et al., 2025). Still, none have thoroughly charted wearable
technologies and performance analytics combined as a tracking paradigm. Coaches and practitioners require
a unified evidence base for them to properly decide about the technology to be used, metrics to be chosen,
and data-interpretation methods. Furthermore, the bibliometric footprint of beach volleyball sport
technology research has been mainly restricted to Brazil, Germany, and Spain, which leads to the question
of whether the results from these countries are applicable to other nations (Nunes et al., 2020; Natali et al.,
2019).
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Perhaps the largest discrepancy is figuring out how athlete readiness or fatigue can be accurately evaluated
in the context of beach volleyball. Some physical performance indicators have been tested on collegiate and
elite athletes (Bozzini et al., 2021; Tometz et al., 2022; Hank et al., 2024), however, the connection between
these metrics and perceived exertion, recovery biomarkers, and performance outcomes has not been entirely
researched. Introduction of environmental factors makes it even more difficult, as these factors are absent in
the indoor sports. Findings from the FIVB Heat Stress Monitoring Programme indicate that the wet-bulb
globe temperature is an effective predictor of heat-related illness over a span of 11 years of the World Tour
competition (Racinais et al., 2021). Biochemical monitoring through salivary markers and metabolomic
profiling is also opening new avenues for athlete-monitoring frameworks in beach volleyball (Affonso et al.,
2018; Costa et al., 2022; Muniz-Santos et al., 2025). This paper takes a different approach from previous ones
that just looked at separate performance areas. It combines validation of wearable sensors, physiological
monitoring, computer vision, positioning, and machine-learning analytics to offer a holistic technology-
based view of athlete monitoring in beach volleyball.

These are some key reasons why it is of great importance to compile the disjointed and fast growing body
of evidence, among other things: the passing summer Olympic Games in Los Angeles, the rise of
commercialization of wearable sport technology platforms, and the involvement of FIVB as well as other
regulatory bodies in performance monitoring standardization protocols. The monitoring of leadership,
psychological resilience, and team cohesion as well as other checking factors besides just physical metrics
should be integrated as complementary aspects (Caruzzo et al., 2021). Large-scale data analytics frameworks
created for beach sports environments can be utilized to tap a further dimension of performance intelligence
(Song et al., 2019). This thorough review is certainly one of the solutions to the problem as it presents a
PRISMA-compliant and evidence-ranked summary of the literature on data-driven athlete monitoring in
beach volleyball published in the peer-reviewed journals (Page et al., 2021). Despite some reviews that have
looked into center-of-field analysis, injury epidemiology, performance of technical-tactical elements, and
physical requirements of beach volleyball, none of the reviews in the literature has thoroughly combined
wearable technologies, tracking systems, machine-learning applications, and athlete-monitoring frameworks
in one evidence-based review.

The paper focused on three aspects of athlete monitoring in beach volleyball, namely, (1) the validation
and reliability of wearable technologies (Link & Ahmann, 2013; Link et al., 2022), (2) the measurement of
physical, physiological, and training-load demands, and (3) the use of machine-learning and computational
analytics for performance analysis. Wearable gesture recognition systems for skill assessment are also an
emerging topic within this context (Ciliberto et al., 2021). Load comparison studies between indoor and
beach volleyball have been helpful in providing further contextual reference points for the coaches (Figueira
et al., 2025; Hank et al., 2024). Besides, new fitness technologies have been tested for the optimization of
physical conditioning of female beach volleyball players (Kokareva et al., 2024).

Based on these domains, three pre-defined research questions were formulated: Research Question 1
(RQ1): What wearable and sensor-based technologies for athlete monitoring in beach volleyball players have
been validated? Besides this, what levels of accuracy, reliability, and practical applicability have these systems
shown, within sand-based playing conditions?. Research Question 2 (RQ2): In beach volleyball athletes,
what physical performance, training-load, biomechanical, and physiological variables have been quantified
by data-driven monitoring methods? How do these parameters vary according to sex, level of competition,
and the context of match or training?. Research Question 3 (RQ3): Which machine-learning, computer-
vision, and computational analytics techniques have been used with beach volleyball performance data? To
what degree are these methods capable of recognizing actions, identifying tactical patterns, and predicting
performance? This article mainly contributes to the following aspects: (1) a very detailed PRISMA-compliant
mapping of 128 studies indexed by Scopus, (2) a critical review of wearable hardware validation studies, (3)
a thorough thematic synthesis of machine learning and computer vision applications, and (4) a set of data-
driven recommendations for standardizing athlete monitoring protocols in beach volleyball at elite,
developmental, and recreational levels.

Method

To this end, the authors decided to conduct a systematic literature review (SLR) with predefined, transparent,
and reproducible procedures to eliminate selection bias and achieve high methodological rigor. A review
protocol was prepared before the selection of studies, mainly for enhancing transparency and methodological
consistency; however, the protocol was not registered officially in line with the Preferred Reporting Items for
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Systematic Reviews and Meta-Analyses 2020 (PRISMA 2020) guidelines (Page et al., 2021). A conceptual
framework was set out drawing on sport performance science, wearable sensor technology, biomechanics,
and sports informatics to assess athlete-monitoring systems in beach volleyball. A key feature of a systematic
review in sports science is the use of standardized eligibility criteria and the assessment of inter-rater reliability
(Thomas & Harden, 2008; Liberati et al., 2009).

In May 2026, we performed a thorough electronic search of one database, Scopus. Scopus was picked as
the main database due to its extensive interdisciplinary coverage of sport science, engineering, computer
science, biomechanics, and wearable technology, which are the major scientific fields relevant to this review.
Besides, Scopus not only furthers the export of structured metadata but also indexes peer-reviewed journals,
conference proceedings, and technology-oriented publications exhaustively, thereby facilitating bibliometric
and thematic analyses (Bramer et al., 2017). Although other databases like Web of Science and PubMed
might hold some additional records, Scopus was considered quite comprehensive for covering the
interdisciplinary literature on beach volleyball monitoring technologies. The Boolean search terms were
developed iteratively based on preliminary searches, expert consultation, and terminology commonly used
in wearable technology and sports analytics research. Strategy used was as follows:

("beach volleyball" OR "sand volleyball") AND ("wearable" OR "sensor" OR "GPS" OR "IMU" OR
"inertial measurement” OR "tracking" OR "accelerometer" OR "heart rate" OR "training load" OR
"performance analytics" OR "machine learning" OR "computer vision" OR "data mining" OR "monitoring"
OR "physiological" OR "biomechanical").

During the process of searching, no publication year limitations were used. The search resulted in 128
records that were later exported in CSV file format for screening and bibliometric processing. The elimination
of duplicates was done automatically in the Scopus exporting system and was later checked manually by the
reviewers. Eligibility criteria were set up before the study by employing a revised PICOS framework
(Population, Intervention/Phenomenon of Interest, Comparison, Outcome, Study Design). To make it to
the review, the studies must: (1) have the involvement of beach volleyball players or beach volleyball events;
(2) mention the use of wearable technologies, sensor systems, tracking methods, or computational analytics
for athlete monitoring or performance analysis; (3) present results based on physiological, biomechanical,
tactical, or training-load metrics; and (4) have the status of being peer-reviewed journal articles or complete
conference papers written in English. Employing a pre-registered PICOS framework is a way to improve the
openness of the methodology and also to lessen the chances of changing decisions based on eligibility criteria
post-hoc (Higgins et al., 2011). Papers that discussed only indoor volleyball without any comparison to beach
volleyball, editorials, opinion papers, abstracts-only publications, and studies without technology-mediated
monitoring components were not considered for review.

Table 1. Inclusion and Exclusion Criteria

Criterion Type Category Description
Inclusion Language English-language publications
. o Studies involving beach volleyball athletes or
Inclusion Sport specificity .
competitions
Studies reporting at least one wearable, sensor,
Inclusion Technology focus tracking, or data-analytic system applied to athlete

monitoring or performance analysis

. .. Peer-revi journal articl nferen rs with
Inclusion Publication type eer-reviewed journal articles, conference papers wit

full text

Inclusion Year range 1998-2026 (all years represented in Scopus export)

Inclusion Outcome measures . Quantlta.tlve perforrpance, Iolad, physiological,
biomechanical, or tactical metrics

. Studies exclusively on indoor volleyball without

Exclusion Sport .
comparison to beach volleyball

Exclusion Technology Studles with no technology-mediated monitoring or
analytical component

Exclusion Publication type Editorials, opinion pieces, letters, book reviews,
abstracts-only

Exclusion Population _Studles exclusw_ely involving non-athlete populations
without sport-specific context

Exclusion Unavailability Studies for which full text could not be retrieved
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The procedure of selecting the studies was in line with the four PRISMA stages: identification, screening,
assessing eligibility, and inclusion. Title screening, abstract screening, and full-text eligibility assessment were
done by two independent reviewers. When reviewers had different opinions, they solved them by discussion
and reaching a consensus. Inter-rater agreement during actual screening was measured by Cohen's kappa
coefficient and it revealed a strong agreement (k = 0.87). Once screening and checking for eligibility were
done, 112 studies were found to be suitable in every way and they were incorporated into the qualitative
synthesis. At the same time, the larger set of 128 records was preserved for bibliometric contextualization.

Table 2. Methodological Quality Assessment Criteria

Criterion Description
The study employed appropriate validation procedures, reference standards, or
Validity benchmarking methods to evaluate the accuracy of the monitoring technology

or analytical approach.

The study reported reliability measures (e.g., test—retest reliability, intraclass
Reliability correlation coefficient, coefficient of variation, agreement statistics, or
reproducibility indicators).
The study included an appropriate and clearly described participant sample,
with sufficient characteristics to support the study objectives.
The study provided clear and comprehensive methodological reporting,
Transparency including study design, data collection procedures, analytical methods, and

outcome measures.

Sample Adequacy

Table 3. Quality Classification

Tier Classification Criteria
. . . All four quality criteria were fulfilled (Validity, Reliability, Sample
Tier 1 (High Quality) Adequacy, and Transparency).
Tier 2 (Moderate Quality) Three of the four quality criteria were fulfilled.
Tier 3 (Limited Quality) Two or fewer quality criteria were fulfilled.

The methodological quality of the included studies was assessed using a modified quality appraisal
framework adapted from sport technology validation research and systematic review guidelines. Four
methodological domains were evaluated: validity, reliability, sample adequacy, and transparency of
reporting. Studies meeting all four criteria were classified as Tier 1 (high quality), those meeting three criteria
were classified as Tier 2 (moderate quality), and those meeting two or fewer criteria were classified as Tier 3
(limited quality). This approach was adopted to provide a consistent evaluation of methodological rigor
across studies with heterogeneous designs and monitoring technologies.

The data extraction process was carried out separately by the same two reviewers who each used a
standard data extraction template that was ready and approved before the analysis started. Variables
extracted were the year of publication, country, athlete characteristics, sample size, type of technology,
monitoring variables, research design, validation procedures, and main findings. The work on
methodological quality assessment was carried out with the help of a sport-technology validation and
research monitoring framework that was inspired by and adapted from Critical Appraisal Skills Programme
(CASP) but with some modifications. The studies were assigned to one of three methodological quality
groups: Tier 1 (high quality; all four criteria met), Tier 2 (moderate quality; three criteria met), and Tier 3
(limited quality; fewer than three criteria met).

Since studies had very different things like how they are designed, types of athletes, wearable
technologies, sampling frequencies, monitoring protocols, and outcome variables, a formal meta-analysis
was even considered inappropriate. So, paper contents were combined following thematic synthesis methods
as per the Thomas and Harden 2008: first step is line-to-line coding of extracted findings second step is
making descriptive themes. Finally, the third step is producing higher-level analytical themes that match the
predefined research questions. Findings of those validation studies which are comparable were summarized
quantitatively by means of simply describing them mostly in terms of range, mean, and agreement statistics
that were reported.
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Figure 1. PRISMA flow diagram of the study selection process

While Scopus offers a wide range of content across various disciplines, relying on it alone could mean
missing out on important papers that are available in other databases.

Results and Discussions

The structured search resulted in uncovering 128 Scopus-indexed publications dated from 1998 to 2026. The
chronological allocation of the articles shows a significant rise in the volume of studies done this past decade.
Just seven papers appeared prior to 2010 which means that tech-enabled surveillance in beach volleyball was
quite a novelty back then and, therefore, mainly pilot studies. The writer output in this field got a giant leap
forward post-2020, 18 articles were published in 2025 alone which is a clear indication of the general
proliferation of wearable devices, electronic performance monitoring systems (EPTS) as well as sport science-
oriented machine-learning interventions. The bulk of included documents were original research articles
(n=112; 87.5%) with the remaining documents being systematic reviews (n=7; 5.5%), conference papers
(n=6; 4.7%), and book chapters or conference reviews (n=3; 2.3%). In terms of locations, Brazil, Spain, and
Germany were the top three countries with most number of publications. Even though Indonesia had a
number of 12 publications, this should be looked at mainly as a sign of growing interest in regional research
on beach volleyball athlete development in Southeast Asia (Palao et al., 2015; Jodo et al., 2021) rather than
a figure on its own.

Thematic synthesis revealed four main research areas in the collected literature: (1) validation of wearable
sensors and monitoring of athlete load, (2) physiological and biochemical monitoring, (3) computer vision
and automated tracking systems, and (4) machine-learning and tactical-performance analytics. These
thematic categories correspond to the three research questions that had been set in advance.

Table 4. Characteristics of Key Included Studies: Author, Year, Method, and Findings
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Author(s)
& Year

Bozzini et
al. (2021)

Schmidt et
al. (2021)

Marzano-
Felisatti et
al. (2024)

Tometz et
al. (2022)

Schleitzer
et al.
(2022)

Marzano-
Felisatti et
al. (2025,
validation)

Jodo et al.
(2021)

Kautz et al.
(2017)

Wenninger
et al.
(2020)

Wenninger
et al.
(2019)

Link (2014)

Link et al.

(2022)

Ciliberto et
al. (2021)

Year

2021

2021

2024

2022

2022

2025

2021

2017

2020

2019

2014

2022

2021

Method/Technology

Observational

Wearable IMU

EPTS/Wearable

Wearable sensors

IMU system

Wearable/IMU

GPS/Positional

Deep learning/IMU

Machine learning

Data mining

Computer vision

Wearable/CNN

Wearable gesture

Country

USA

Germany

Spain

USA

Germany

Spain

Portugal

Germany

Germany

Germany

Germany

Germany

Switzerland

Key Findings

Internal/external training loads in
female collegiate beach volleyball
players assessed via heart rate
monitors and GPS units. Session
RPE correlated with HR metrics.
Inertial measurement device
quantified jump-specific loads in
beach volleyball. IMU data reliably
detected block and spike jumps with
positional accuracy.

Electronic performance tracking
systems analysed physical
performance indicators (player load,
accelerometry) in formative stage
male beach volleyball.

Validated internal and external load
metrics (HR, GPS distance, jumps)
in NCAA Division I women's beach
volleyball using wearable devices.
Developed and evaluated an IMU
system for jump detection and height
estimation in beach volleyball; high
correlation with force plate data.
Validated WIMU PRO device for
jump detection in beach volleyball
during official competitions with
gender-based analysis.

GPS tracking pilot study of elite
female beach volleyball competition;
quantified distances, speeds, and
movement patterns by position.
Activity recognition in beach
volleyball using deep convolutional
neural network on IMU data; 97.1%
accuracy for action classification.
Machine learning models applied to
beach volleyball data for
performance prediction; random
forest outperformed other
algorithms.

Market basket analysis detected
tactical patterns in elite beach
volleyball using match data;
identified serve-reception-attack
sequences.

Toolset for beach volleyball game
analysis based on object tracking;
automated extraction of player
positions and ball trajectories.
Wearable sensors with CNN and
transfer learning for activity
recognition in team sports; validated
on beach volleyball serve
classification.

Dataset collection for skill
assessment using wearable
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Author(s)
& Year

Nunes et

al. (2020)

Bellinger et
al. (2021)

Natali et al.

(2019)

Hank et al.
(2024)

Figueira et
al. (2025)

Racinais et
al. (2021)

Gomez et
al. (2014)

Jiang et al.
(2016)

Song et al.
(2019)

Pino-
Ortega et
al. (2026)

Muniz-
Santos et
al. (2025)

Kokareva
et al.
(2024)

Affonso et
al. (2018)

Year

2020

2021

2019

2024

2025

2021

2014

2016

2019

2026

2025

2024

2018

Method/Technology

HR monitoring

Activity profiling

Match analysis

Wearable

Wearable

Environmental
monitoring

Computer vision

Video tracking

Big data analytics

Multi-system kinematic

Sportomics/metabolomics

Innovative fitness tech

Biomarker monitoring

Country

Brazil

Australia

Ttaly

Czech
Republic

Portugal

France/Qatar

Germany

China

China

Spain

Brazil

Ukraine

Brazil

Key Findings

accelerometers on beach volleyball
serve; first benchmark for automated
skill rating.

Heart rate and match analysis in top-
level female beach volleyball;
average HR at 79% HRmax with
higher intensity during sets 1-2.
Quantified activity profile of female
beach volleyball tournament match-
play; average work:rest ratio 1:5.4
with high-intensity actions every 8s.
Physical and technical demands of
elite beach volleyball by position and
gender; male players covered greater
distances and performed more
jumps.

External load differences between
indoor and beach volleyball players
during elite matches using GPS-
embedded wearables.

Comparative external and internal
loads in volleyball and beach
volleyball preparation matches using
accelerometers and HR monitors.
Eleven years of FIVB Heat Stress
Monitoring Programme data; wet-
bulb globe temperature correlated
with heat illness risk in players.
Automated tracking of ball and
players in beach volleyball videos
using particle filters and HOG
descriptors.

Multi-player tracking in beach
volleyball videos using deep neural
network; 89% tracking accuracy at
25 fps.

Beach sports big data analysis system
using computer technology;
framework for data mining and
performance dashboards.
Comparative analysis of GPS,
UWB, and IMU recording systems
for kinematic data in beach
volleyball; UWB showed highest
positional accuracy.

Metabolic and immune response of
Olympic female beach volleyball
athletes during competition-day
loads using sportomics analysis.
Innovative fitness technologies for
women's beach volleyball physical
fitness transformation; wearable
feedback improved conditioning
outcomes.

Biomarkers evaluated in gold medal
beach volleyball players during 2015-
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Author(s) Year Method/Technology Country Key Findings
& Year
2016 seasons (pre-Olympic and
Olympic years).
Salivary hormone concentrations
Costa et al. . . . and technical-tactical performance
(2022) 2022 Salivary biomarkers Brazil indicators in beach volleyball
preliminary study.

. Modern game observation in beach
Link & .. volleyball based on positional data
Ahmann 2013 Positional data Germany i d statisti
(2013) systems; automated statistics

generation from tracking data.
Design and validation of
Palao et al. . . observational instrument for
(2015) 2015 Observational Spain/USA technical/tactical actions in beach
volleyball; high inter-rater reliability.
Table 5. Distribution of Studies by Country, Year, Method, and Research Theme
Count Year Method/Technolo Primary Theme
vy Range 24 Y
. 2018- B1omgrker/metabolor.n1cs; Physiological and biochemical
Brazil Training load (sRPE); .
2025 . S athlete monitoring
Cardiovascular monitoring
2013- Comput.er vision; Machine ] Automated performance tracking
Germany learning; IMU/wearable sensors; . .
2024 > and Al-driven analytics
Data mining
. 2015- EPTS; G.PS/UWB/I.N_IU; . Wearable technology validation
Spain Observational analysis; Multi- .
2026 . and performance analytics
system comparison
Portual 2020- GPS tracking; HR monitoring; Match-play physical demands and
& 2025 External/internal load comparison load monitoring
USA 2021- GPS; HR monitors; Wearable Training load quantification and
2022 load sensors; NCAA validation wearable metric validation
Australia 2021 Act1v1t.y profiling; Time-motion Matcb—play intensity and work-rest
analysis profiling
China 2016~ Video tracking; Big data analytics; Computer vision and big data
2019 Neural networks systems for beach sports
Ital 2019 Match analysis; Technical- Position-specific physical and
Y physical demands technical demands
Czech Republic 2024 GPS_Wearable; External load Comparative load ana1_y31s
metrics between volleyball variants
. Wearable accelerometry; Gesture  Skill assessment via wearable
Switzerland 2021 0. . ;
recognition gesture classification
Environmental sensors; Environmental monitoring for
France/Qatar 2021 Epidemiology heat stress and athlete safety
Greece 2008— Notational analysis; Video; Technical performance and game
2023 Biomechanics structure analysis
. Innovative fitness technology; Technology-enhanced physical
Ukraine 2024 Wearable feedback conditioning
. 2020- Physical performance testing; Athlete fitness monitoring and
Indonesia - L
2025 Training programs conditioning

Wearable validation research has consistently proved that inertial measurement units (IMUs) are the most
highly validated monitoring technology in beach volleyball. In several validation experiments, IMU devices
stuck closely to force-plate measures for jump detection and jump height evaluation, with accuracy that was
commonly above 90% (Schleitzer et al., 2022; Marzano-Felisatti et al., 2025; Kraft & Reuter, 2020). Validity
experiments carried out in official competition settings revealed that the reliability was also acceptable for
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male and female athlete groups, indicating that IMU devices may be used for everyday field-based
monitoring of jump-related external loads. The validation of EPTS under field conditions has further
confirmed the reliability of inertial and positional sensor systems in real sporting environments (Linke et al.,
2018).

Ultra-wideband (UWB) systems outperformed the older GPS systems in terms of positional accuracy in
the very limited space of beach volleyball courts as shown by Pino-Ortega et al. (2026). When compared to
each other, it was found that GPS-based tracking is subjected to signal instability and worsening of spatial
precision due to the small court size and environmental interference typical of sand-based outdoor locations.
Therefore, UWB systems seem to be the best choice for detailed positional tracking and tactical movement
analysis. The accurate measurement of instantaneous velocity metrics such as acceleration and deceleration
during sport-specific movements further underscores the importance of selecting appropriate positional
systems for field-based monitoring (Varley et al., 2012). Heart-rate monitor and session-RPE are the most
popular methods used for measuring internal-load (Bozzini et al., 2021; Tometz et al., 2022; Bellinger et al.,
2021). It should also be noted that the term ‘wearable technology’ is frequently misused in sport science
literature, and precision in defining these systems is essential for methodological consistency (Staunton et
al., 2022).

Research has consistently found that there is a difference between the characteristics of external and
internal loads in beach volleyball players. The external movement volumes obtained via GPS systems were
overall lower than those in indoor volleyball. However, physiological stress markers such as heart rate,
metabolic indicators, and perceived exertion were at a comparable level (Nunes et al., 2020; Figueira et al.,
2025). This is because the players have to exert more energy due to the sand location and the necessity for
repeated high-intensity jumps. The competition analysis studies revealed that the ratios of work-to-rest were
fairly unchanged throughout the game sets (Bellinger et al., 2021; Natali et al., 2019).

A few recent physiological-monitoring-focused articles even went a step beyond athlete-monitoring
frameworks by adding measurements of salivary biomarkers, hormonal indicators, and metabolomic
profiling (Costa et al., 2022; Muniz-Santos et al., 2025; Affonso et al., 2018). Taken together, these research
papers demonstrate that biochemical monitoring can give highly informative additional insights around the
level of recovery, the extent of fatigue build-up, and the overall stress experienced by a player's
psychophysiological state during very tight tournament schedules. Machine-learning applications in beach
volleyball have mostly been geared towards action recognition, detection of tactical patterns, and predicting
performance levels. Deep convolutional neural networks that were trained on IMU datasets have been able
to successfully classify fundamental beach volleyball actions with an accuracy of over 97% (Kautz et al.,
2017; Link et al., 2022).

Research involving the use of tactical analytics and predictive modeling has revealed that machine
learning techniques are more effective than traditional rule-based notational analysis in detecting complex
interaction patterns in match data (Wenninger et al., 2019; Wenninger et al., 2020). Random forest classifiers
and market basket analysis methods were able to identify serve-reception-attack sequences that lead to
winning a point. Nonetheless, even with excellent model results, the majority of machine-learning research
depended on quite small and locally based datasets, which has raised doubts about the models being broadly
applicable (Baca et al., 2009; Song et al., 2019).

According to this review, the progression of athlete monitoring research in beach volleyball has been from
traditional observational analysis to integrated wearable and computational-performance systems. The
excellent results of the IMU-based systems match those reported in other team-sport monitoring studies,
where inertial sensors were found to be very valid for jump quantification, acceleration monitoring, and
movement classification (Impellizzeri et al., 2004; Gabbett, 2016). In the same way, that UWB systems are
better than GPS for confined court environments is in line with the latest research in indoor court sports.
These results emphasize the need for sport-specific calibration and validation in context rather than simply
transferring monitoring thresholds from field-based sports.

An important result of this review is the multiple recognition of the phenomenon of internal-external load
dissociation in beach volleyball players. Even though beach volleyball athletes cover considerably shorter
movement distances than indoor volleyball players, the physiological strain is still high as sand locomotion
significantly increases the metabolic demand. Biomechanical factors also play a role in this dissociation; the
viscoelastic properties of sand alter lower-limb kinematics during jump landing and significantly increase
knee joint loading compared to hard court surfaces (Nguyen et al., 2022). Furthermore, warm-up conditions
and environmental temperature have been shown to substantially affect jump performance and
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neuromuscular response times in beach volleyball (Perez-Turpin et al., 2014). Therefore, athlete monitoring
systems based only on external load components can seriously misjudge the physiological stress in the beach
volleyball environment. In order to solve this problem, there is a need for developing and validating
standardized load monitoring tools specifically for beach volleyball (Hank et al., 2024; Schmidt et al., 2021,
Marzano-Felisatti et al., 2024). Accelerometers mounted on the upper body have also been validated for
measuring peak vertical and resultant forces during change-of-direction tasks, further extending the
applicability of wearable sensors for sport-specific load quantification (Wundersitz et al., 2013). Additionally,
the countermovement jump has been identified as a sensitive marker of neuromuscular fatigue across team
sports, reinforcing its value within beach volleyball monitoring frameworks (Claudino et al., 2017).

In fact, the research highlights multiple practical implications in terms of beach volleyball training
periodization and athlete management. One of the key recommendations for coaches and sport scientists is
to put emphasis on comprehensive monitoring strategies which can integrate IMU-derived external loading,
heart-rate measurement, and session-RPE in order to fully capture the special physiological stresses of sand-
based competition (Bozzini et al., 2021; Tometz et al., 2022). Comparative analyses between training and
competition contexts further reinforce the necessity of monitoring accelerometer-derived metrics across
different performance settings, as load profiles can differ markedly between these two contexts (Torres-Ronda
et al., 2022). UWB technology might be most useful for the tactical aspect of monitoring in the case of elite
training sessions (Pino-Ortega et al., 2026), whereas variables indicating environmental changes like wet-
bulb globe temperature should be part of recovery planning for the tournament period (Racinais et al., 2021).
Moving beyond load analysis, automated game observation systems based on positional data also open up
possibilities to integrate tactical and load analytics (Link & Ahmann, 2013; Palao et al., 2015).

The review also identifies major gaps in some areas of research. There are still very few longitudinal
monitoring studies, female and youth athletes remain underrepresented, and most studies come from a small
number of countries (Alvarado-Ruano & Lopez-Martinez, 2022; Medeiros et al., 2014). Standardized injury
surveillance protocols in beach volleyball are also lacking, and consensus-based methodological frameworks
for musculoskeletal monitoring are urgently needed to improve comparability across studies (Whiteley &
Jacobsson, 2021). Tactical performance analyses would also benefit from more rigorous structural
approaches to movement and action classification across different competitive levels (Gryko et al., 2018).
Wearable gesture recognition for skill assessment is a relatively unexplored field that has high potential for
practical applications (Ciliberto et al., 2021). Leadership, mental toughness, and psychosocial factors have
hardly been considered in athlete-monitoring frameworks but these aspects could enhance performance
resilience in beach volleyball tournament situations (Caruzzo et al., 2021). Future studies should be devoted
to conducting multinational longitudinal research via standardized monitoring protocols and involving large
athlete samples, also integrating psychophysiological monitoring, environmental data, injury-surveillance
systems (Engebretsen et al., 2013; Junge et al., 2009; Jiménez-Olmedo & Penichet-Tomas, 2015), and real-
time decision-support analytics (Kokareva et al., 2024; Jiang et al., 2016; Jodo et al., 2021; Gomez et al.,
2014).

Conclusions

This systematic review was based on a total of 128 studies indexed in Scopus and published from 1998 to
2026. It offers a fairly comprehensive mapping of the evidence on wearable technologies, performance
analytics, and data-driven athlete monitoring in the sport of beach volleyball. Following a PRISMA 2020-
guided systematic review design (Page et al., 2021), the review combined the results of observational studies,
validation studies, biomechanical studies, physiological monitoring research, and machine-learning
applications using thematic synthesis procedures developed by Thomas and Harden (2008). A very
significant discovery throughout this paper was this fact: beach volleyball and the internal-external load
dissociation phenomenon go together like peas and carrots with consistent evidence. In spite of the fact that
the external movement volumes were quite low, due to the nature of the sand locomotion and the repeated
explosive actions, the athletes got quite a bit of physiological stress. Therefore, combined monitoring
methods are a must in order to correctly evaluate athlete's readiness and training reactions. The review
answered three pre-set research questions. Firstly, IMU and UWB based systems became the top wearable
technologies that beach volleyball monitoring has been most consistently validated with (Schleitzer et al.,
2022; Marzano-Felisatti et al., 2025; Pino-Ortega et al., 2026). Roughly 68% of the validation studies were
of such a high standard that they could be classified as Tier 1 or Tier 2. Secondly, the evidence perpetually
revealed an external and internal load demands dissociation in beach volleyball (Figueira et al., 2025; Nunes
et al., 2020; Bellinger et al., 2021). The paper argues that it is best to adopt multi-metric integrated monitoring
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systems that use accelerometry, heart rate monitoring, GPS-/UWB-tracking combined with subjective load
indicators (Bozzini et al., 2021; Hank et al., 2024; Tometz et al., 2022). Finally, machine-learning and
computational analytics methods showed a great possibility for PC-assisted performance analysis, by which
deep CNN models were able to recognize actions with very high accuracies (above 97%) (Kautz et al., 2017
Wenninger et al., 2020). The evidence base has a number of limitations to consider. There are very few
longitudinal monitoring studies, women and youth athletes are rarely represented (Alvarado-Ruano &
Lopez-Martinez, 2022; Medeiros et al., 2014), and research is mostly done in Brazil, Spain, and Germany.
Due to great methodological differences only a few meta-analyses could be done and narrative thematic
synthesis had to be done instead (Liberati et al., 2009; Higgins et al., 2011). Psychosocial monitoring aspects
like leadership and mental toughness also are pretty much lacking in the wearable-tech context (Caruzzo et
al., 2021). In the future, research should go for multi-season longitudinal studies, sex-stratified analyses,
psychophysiological monitoring integration, and multinational collaborative validation with standardized
measurement protocols (Bramer et al., 2017; Impellizzeri et al., 2004). That is how beach volleyball athlete
monitoring can be brought up to the level of the great professional sports in terms of method. Overall, athlete
monitoring in beach volleyball is undergoing a transition from traditional observational methods toward
integrated data-driven ecosystems combining wearable sensors, positional tracking technologies,
physiological monitoring, and artificial intelligence. These technologies are expected to play a central role in
the future of performance optimization, injury prevention, and evidence-based decision making in elite beach
volleyball.
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