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Abstract: Biomechanical analysis has been one of the most used procedures when aiming to improve
performance in sports and is also very relevant and decisive in the final classification of competitive
events in sports such as gymnastics. Hence, this study sought to provide an overview of the number
of scientific literature publications related to biomechanics research in gymnastics. The document
search was completed in March 2023 and reflected a bibliometric analysis considering the published
manuscripts up to 31 December 2022. Data collection was performed on the Web of Science, following
the bibliometric analysis law, using Microsoft Excel and VosViewer Software (v1.6.19) for analysis
and data processing. A total of 325 documents related to the topic under study were located. The
results highlight that the older manuscripts date from 1980, with a growing trend of publications
from that moment until now and a very visible increase in 2015, and that Sport Science is the category
associated with more published manuscripts. A total of 30 manuscripts have 30 or more citations,
746 authors and co-authors are associated with the publications, and 58 co-authorships have published
one or more studies. Moreover, 47 countries or regions have been associated with the topic under
study, with the USA, England, and Australia being the countries with the most published articles
and citations. The study also found that the highest frequency keywords are: “gymnastics” (n = 122),
“biomechanics” (n = 73), “simulation” (1 = 27), and “performance” (n = 25), considering the average
year of publication of the documents, “balance” (n = 11), “artistic gymnastic” (n = 14) and “training”
(n = 25) are the most frequently used terms. This study reveals that the topic of biomechanics in
gymnastics has shown sustained growth and deserves the attention of the scientific community, but
at the same time, there is still much room for research development.

Keywords: bibliometric; review; acrobatics; studies; authors; citations; network; search

1. Introduction

Biomechanical analysis has been one of the variables considered when aiming to im-
prove performance in sports and is also very relevant and decisive in the final classification
of competitive events in sports such as gymnastics. In 2015, gymnastics was indicated as
a popular sport with 50 million participants worldwide [1], involving the performance
of complex dynamic exercises combined with technical precision and balance [2,3]. Eight
sports are governed by the Fédération Internationale de Gymnastique (FIG), including
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gymnastics for all, men’s and women'’s artistic gymnastics, rhythmic gymnastics, trampo-
line gymnastics (including double mini-trampoline and tumbling), acrobatic gymnastics,
aerobic gymnastics, and parkour. Although, some disciplines are not currently recognized
by the Fédération Internationale de Gymnastique, namely wheel gymnastics, aesthetic
group gymnastics, TeamGym, and Mallakhamba.

Skills in this sport are performed in a relatively stable and predictable environment,
generally categorized as closed skills [4]. For this reason and until today, coaches follow
methodologies that promote automaticity of the movement and reduce its variability [5];
nevertheless, gymnasts perform highly complex skills on diverse apparatus, each with spe-
cific characteristics and requirements [6], and international-level athletes employ complex
biomechanical and neuromuscular actions during training and competitive moments [7].

These sports have been associated with an early specialization process, with, for
example, thythmic and artistic gymnastics being associated with the engagement of girls
as young as 4 years old in regular training [8]. Considering the daily training routines,
elite-level gymnasts are exposed to intense loading, training 21-37 h per week [9] with
high-frequency landing impact loads (over 200 times a week) [10], and the peak vertical
ground reaction force (vGRF) reaching 7.1-15.8 times the athlete’s body weight (BW) [1].
Those facts were previously associated with a high rate of lower extremity injuries in
gymnasts [11,12], derived from the combination of technical skill, physical competency,
and high training loads [13,14].

Considering some particularities, artistic gymnastics, previously indicated as the most
common competitive discipline, involves gymnasts performing short routines on different
apparatus, requiring flexibility and strength [15]. The highest final score (F-score) and
consequent classification in men’s and women’s competitive events is related to the sum of
the difficulty (D-score) and the execution score (E-score) [16].

In acrobatics, the gymnasts collaborate in pairs or groups to execute balance and
dynamic elements. Motor control is extremely important in daily human tasks and a
determinant of sports performance. Particularly, differences in balance ability have been
observed between different types of sports [17], specifically in gymnastics; continuous
postural control by the gymnasts is required to achieve success [18]. As an example, in
Acrobatic Gymnastics, gymnasts perform individual static postures (held for two seconds)
and compulsory static group positions (called pyramids, held for three seconds) with the
top partner in different positions above the other gymnasts).

In balance elements, a considerable proportion of the final competition score is based
on the correct execution of pair/group pyramids formed by at least one gymnast in the
base of the formation, which supports the partner(s) on the top while maintaining static
postures for at least three seconds [19]. In dynamic elements, base(s) use(s) the body to
launch or impulse the top gymnast. Moreover, in disciplines such as Teamgym, the code of
points [20] allows some variability of movement without deductions in the execution score,
namely, for joint angle amplitude.

The biomechanical analysis is determinant in gymnastics, and some technical elements
such as piked body, straight arm press to handstand with legs together, or extended at the
hip from toe off in a bent body position, are required as a skill for all apparatus, except
in the vault in Men’s artistic gymnastics [21]. Additionally, hip joint moment production
as it shifted from extension to flexion from the leg horizontal position to the handstand
position is a key performance indicator in highly skilled gymnastics [22]. Due to the
previous reasons, biomechanics analysis in gymnastics is a very important factor from a
training [23,24] and a research perspective [25,26]. The analysis of the movements in some
exercises lets us know how the acceleration of some body segments directly influences the
acceleration of other body parts [27]; that is the reason why optimization of the movements
must be carried out.

Some biomechanics details were associated with injury incidence in gymnastics, with
indications that the muscle activity differs depending on the landing task, whether it
demands a full stop of the motion or a rebound in drop jumps [28]. Since landings in
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gymnastics are a crucial element that is incorporated in every routine in each artistic
gymnastic event, gymnastics should be both proper in terms of judge scores and safe for
the athlete [29]. Recently, Niespodziriski et al. [30] evaluated neuromuscular characteristics
of gymnasts’ jumps and landings at stages of sports training; the youngest participants
were characterized by an elevated activation of the rectus femoris muscle, which may be
considered a potential risk factor for anterior cruciate ligament injuries [31,32].

Moreover, details associated with variability in gymnastics were previously consid-
ered. Inter-variability (i.e., the variation in movement parameters between gymnasts when
performing the same task [33,34]) was observed during tasks such as the handstand and
handspring front somersault on vaulting [35,36]. Intra-variability (i.e., the variations in
movement parameters along repetitions of the same task performed by the same sub-
ject) [33,34] was observed for step velocity [37] duration of the approach run [38], last
step—springboard distance [39], body position during vaulting table take-off [40] and dura-
tion of contact to the vaulting table [37].

As it seems necessary to broaden the knowledge related to the study of the documents
related to biomechanics and gymnastics, an analysis of previous literature may help to
understand the evolution of research on this topic to ultimately provide an evolved vision
on how to further study the sport. A bibliometric review is a reliable and valid method to
identify the advances and the relationship between the authors, institutions, and countries
that contribute to developing the different studies selected [41], and it allows the authors
to identify future lines of investigation. Hence, the present study aimed to carry out a
bibliometric analysis related to the documents that analyze the biomechanics in gymnastics,
expecting to provide information about the evolution of the studies that analyze different
factors that influence the physical performance of the athletes.

2. Materials and Methods
2.1. Design

Taking as a reference the classification established by Montero and Leén [42], the
present study falls within the “Ex post facto retrospective” studies because bibliometric
research related to the biomechanical study in gymnastics is the focus of this study. A
bibliometric review will allow us to understand the status of a thematic line about different
factors and variables [43] and to establish future lines of research.

2.2. Data Source

The document search was completed in March 2023. For this purpose, documents
included in the Web of Science (WOS) database, specifically the WOS Core Collection,
were selected, based in different phases (please see Supplementary Materials). Only this
database was used, as it is considered to include the highest number of documents, as
well as allowing the results to be classified according to the type of document, authors,
affiliations, or the number of citations received. Only the WOS database was selected in
order to standardize the information related to this type of study [44]. Additionally, it
is estimated that between 95% and 99% of the documents indexed in the WOS database
are in the Scopus database [45]. Furthermore, it is the regular database used to carry out
bibliometric analyzes [46,47].

2.3. Search Strategy

For the search of the documents, the keywords “biomechanic*” and “gymnastic*”
were used, using the search filter “Topic”, thus allowing a greater number of documents
to be located related to the topic selected. Additionally, using the asterisk in the terms
allows us to identify those key terms that have the same root in the words entered in the
search. No language filter was used. Firstly, the search of the documents was carried out
by two researchers (VHB and JMG) to identify the most relevant documents related to the
topic, delete the duplicate documents, and reduce the bias of the results. Afterward, any
disagreements in the search process and identification of the documents were resolved



Biomechanics 2023, 3

480

by two more researchers (ME and KL). Finally, a total of 175 documents, including the
keywords “biomechanic*” and “gymnastic*” and derived ones used in the search, were
selected. Inclusion and exclusion criteria were established at the beginning of the study to
select the most relevant studies according to the topic selected. Only original and review
articles were selected [48] and published up to 31 December 2022. Studies published in
books, book chapters, conference abstracts, and thesis were not considered and excluded
(a total of 49 documents). The articles published in 2023 were deleted due to the fact that
the year is incomplete. Figure 1 shows the search strategy and the number of documents
identified in each phase.
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Figure 1. Flow chart of the documents search.

2.4. Statistical Analysis

The bases for bibliometric analysis were established to carry out the statistical analy-
sis [49,50]. The exponential growth of the documents was determined using Price’s law [50].
To identify the authors with the highest number of documents, Lotka’s analysis [51] was
employed, and, using the H Index [52], the authors with the highest number of documents
and citations were determined [53]. Finally, Zipf’s law was used to select the key terms
most used by the authors in their studies [54].

The data was downloaded in different formats, Excel and plain text, for further analysis
using Microsoft Excel (2006 version: Microsoft Corporation, Redmond, WA, USA) and
VOSviewer (v1.6.19, Center for Science and Technology Studies, Leiden, The Netherlands)
software for the visualization of the results.
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3. Results
3.1. Anual Publication Trends

A total of 175 documents were selected. The oldest articles were: “Interpretation of
Biomechanical Data to a Gymnastics Coach” [55] and “Biomechanical Model of the Press
Handstand in Gymnastics” [25], published in 1981 and 1988, respectively. From 1981 to
1998, there is no continuity in the number of documents published.

On the contrary, 1998 is the year in which a minimum of 1 publication per year was
identified, presenting a continuity of studies up to the present, with an exponential growth
of 63.74%. The year 2021 was the year in which the greatest number of studies were
conducted (n = 22) (Figure 2).
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Figure 2. The exponential growth of annual publications.

3.2. WOS Categories

Table 1 shows the results for the Top 10 WOS categories, the number of documents
included in each category, as well as the corresponding percentage of the total number of
documents. In the same way, it is shown the journal with the highest number of documents
within each WOS category. Each journal can be included in different WOS categories due
to its topic or theme.

The “Sport Science” category (n = 120) and the journal “Sports Biomechanics” (1 = 19)
include the largest number of studies. In addition, this journal is also included in the
Engineering Biomedical category (n = 19). The second journal with the highest number of
documents is “Human Movements Science” (n = 7), which is included in “Neuroscience”,

“Psychology Experimental”, and “Psychology” WOS categories. Consequently, the number

and percentage of documents per WOS category can be higher than the total of documents
included in the bibliometric analysis because each document can be included in different
categories regarding its topic.
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Table 1. Documents classified regarding the WOS categories.

WOS Categories g umber of % Journal Name Number of
ocuments Documents
Sport Sciences 120 68.57 Sports Biomechanics 19
Engineering Biomedical 29 16.57 Sports Biomechanics 19
Orthopedics 14 8.00 American Journal of Sport Medicine 3
Neurosciences 11 6.28 Human Movements Science 7
Psychology Experimental 9 5.14 Human Movements Science 7
Hospitality Leisure Sport Tourism 8 4.57 International Journal of Sport Science 4
Psychology 8 4.57 Human Movements Science 7
Biophysics 7 4.00 Journal of Biomechanics 5
Education Educational Research 7 4.00 Science and Education 2
Multidisciplinary Sciences 5 2.85 PLoS ONE 3
3.3. H-Index

After applying the H-index to the results obtained, 41 of the selected studies presented
41 or more citations. In this way, only two of the selected documents show more than
150 quotes [56,57], with 193 and 155 citations, respectively, with an average of 64 citations
per manuscript (Figure 3).
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Figure 3. Number of citations of the documents.

3.4. Most Cited Documents

Table 2 shows the top 10 documents with the highest number of citations, as well as
their respective authors and the number of citations received per year since its publication.
It shows that the article of Farana et al. [57] is the most cited per year (77.5) because it was
published in 2022 and actually has a total of 155 citations. So, it shows that it is the most
relevant article in relation to the study of biomechanics in gymnastics.
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Table 2. Articles with a higher number of citations.

. Publication Source Total
Title Authors Year Title Citations Average per Year
Injury prevention in women’s gymnastics Sands, W.A. 2000 Sports Medicine 193 8.77
Current issues and future directions in gymnastics research: biomechanics Farana, R.; Williams, G.;
symnast : " Fujihara, T, Wyatt, HE,; 2022 Sports Biomechanics 155 77.5
motor control, and coaching interface ;
Naundorf, E; Irwin, G.
Is There a Relationship Between Workload and Occurrence of Back Pain and =~ Zemkova, E.; Kovacikova, Z.; . .
Back Injuries in Athletes? Zapletalova, L. 2020 Frontiers in Physiology 133 44.3
Biomechanical research in artistic gymnastics: A review Prasszz,nSC.{SKX?, YH; 2006 Sports Biomechanics 120 7.82
. . . . Pagnon, D.; Faity, G.;
?
What Makes Parkour Unique? A Na1jrat1ive Review Across Miscellaneous Maldonado, G.; Daout, Y.; 2022 Sports Medicine 117 585
Academic Fields
Grospretre, S.
. . . . Dugas, J.; Chronister, J.; Sports Medicine and
Ulnar Collateral Ligament in the Overhead Athlete: A Current Review Cain, E.L. Andrews, ] R. 2014 Arthroscopy Review 117 13
Biomechanical approaches t9 identify ’and c'iufmtlfy injury mechanisms and Bradshaw, E.J.; Hume, PA. 2012 Sports Biomechanics 106 9.63
risk factors in women'’s artistic gymnastics
How can video feedback be used in physical education to support novice Potdevin, E; Vors, O.; Phusical Education and Sport
learning in gymnastics? Effects on motor learning, self-assessment, Huchez, A.; Lamour, M.; 2018 Y Pedaco P 104 21
and motivation Davids, K.; Schnitzler, C. 803Y
Task and Skill Level Constraints on the Generality of the Proximal-Distal e Journal of Motor Learning and
Principle for Within-Limb Movement Coordination Newell, KM; Irwin, G. 2022 Development “ 38.5
Bercades, L.T.;
Experiential knowledge of expert coaches on the critical performance factors ~ Oldham, A.R.H.; Lorimer, A.; 2022 International Journal of Sports 7 36

of the taekwondo roundhouse kick

Lenetsky, S.; Millar, S.K.;
Sheerin, K.

Science and Coaching
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3.5. Authors and Co-Authors of the Documents

Table 3 shows the 10 authors with the highest number of documents published, as
well as their percentage of the total number of documents. The author Irwin, G. is the
author with the higher number of documents published.

Table 3. Number of published documents per author.

Authors Number of Documents %

Irwin, G. 22 12.57
Farana, R. 11 6.28
Kerwin, D.G. 10 5.71
Yeadon, M.R. 8 457
Bradshaw, E.J. 7 4.00
Newell, K.M. 7 4.00
Williams, G.K. 6 3.42
Heinen, T. 5 2.85
Jandacka, D. 5 2.85
Uchytil, J. 5 2.85

After analyzing the co-authorships found, a total of 504 authors were identified, with
a distribution between 1 and 7 authors per document. Figure 3 shows the distribution and
collaboration of the different authors, establishing a total of 54 co-authorships with two
or more studies carried out. The most predominant network is the red one, formed by a
total of eight co-authors (Figure 4). The author, Farana, R., is the most predominant author,
presenting a great connection network with the other authors.
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Figure 4. Relation of co-authors.

3.6. Publications in Function of the Countries

Within the different countries that have carried out research related to the study
of biomechanics in gymnastics, 40 countries or regions have been identified. There are
18 countries or regions with four or more documents and 11 with six or more. Figure 5
shows the co-authorship of the documents according to the countries or regions where
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they have been produced, for which a minimum of four documents per country has been
established, with 17 items included in the analysis. The USA is the most productive country
with a total of 46 documents (26.2%), followed by England with 25 studies, Wales (1 = 23)
and Australia (n = 14).
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6‘%5 VOSviewer

Figure 5. Co-authorship of the countries/regions regarding the documents published.

In terms of the number of citations (Figure 6), the USA stood out from the others, with
1217 citations, followed by England (n = 294), Australia (n = 167), and Spain (n = 161).
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Figure 6. Co-authorship of the countries/regions regarding the citations.



Biomechanics 2023, 3 486

In terms of the average year of publication, Singapore and Australia are the countries
or regions with a relatively old average. Portugal and Slovakia are the countries with the
highest number of current publications (Figure 7).
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Figure 7. Co-authorship of the countries/regions by the average year publication.

3.7. Author’s Keywords
A total of 474 keywords established by the authors were identified. After applying
Zipf’s law to the frequency of keyword analysis, terms with an occurrence of six or more
(the first value equal to or less than 21, as this is the square root of 474) should be selected.
The terms with the highest frequency are: “gymnastics” (n = 58), “biomechanics” (n = 58),
and “artistic gymnastic” (n = 10) (Figure 8).
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Figure 8. Author’s keywords.
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Analyzing the terms according to the average year of publication of the documents,

“training”, “balance”, “motor control”, and “accelerometer” are the most frequently used
terms (Figure 9).
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Figure 9. Author’s keywords by average year of publication.

4. Discussion

This research aimed to perform a bibliometric review considering the biomechanics in
gymnastics. The main findings were: (1) 175 documents have been published related to
the study of biomechanics in gymnastics; (2) The oldest manuscript date from 1980 [23],
without continuity in the publications until 1998, with an exponential growth of 63.74%
until now, with 2021 being the year with the greatest number of documents published
(n = 22); (3) Sport Science is the category associated with more published manuscripts
(n = 120), and the journal “Sports Biomechanics” includes the largest number of studies
(n =19); (4) An H-Index of 41 was identified; (5) Irwin, G. is the author with the high-
est number of documents related to biomechanics in gymnastics (1 = 22); (6) A total of
504 authors and co-authors are associated with the publications; (7) 40 countries have been
associated with the topic under study and 18 countries have a minimum of 4 documents
published; (8) USA, England and Wales are the countries with the most published articles;
(9) Portugal and Slovakia are the countries with the highest number of current publications
and; (10) The highest frequency keywords are: “gymnastics” (n = 58), “biomechanics”
(n =58), and “artistic gymnastic” (n = 10).

The oldest articles found were: “Interpretation of Biomechanical Data to a Gymnas-
tics Coach” [55] and “Biomechanical Model of the Press Handstand in Gymnastics” [25],
published in 1981 and 1988, respectively. From 1981 to 1998, there is no continuity in the
number of documents published. Moreover, 1998 was the year in which a minimum of
2 publications per year were identified, presenting a continuity of studies up to the
present, with an exponential growth of 63.74%. From 1998 to 2010 a total of 33 docu-
ments were published. On the other hand, from 2010 until now, the number of pub-
lished documents increased to 133, with an average of 10 documents published per
year. This evidence shows that in recent years, importance has been given to the anal-
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ysis and study of biomechanics in gymnastics, which highlights the importance of this
bibliometric review.

Regarding the WOS categories, this review underlines that “Sport Science” is the
category with the highest number of studies (n = 120), and considering the journal, “Sports
Biomechanics” is at the top with 19 studies. Likewise, this journal is included in the
“Engineering Biomedical” WOS category (29 studies). As a result of the application of the
H-index, we observed that 41 of the selected studies have 41 or more citations. Only two of
the selected documents show more than 150 citations [56,57], with 193 and 155, respectively.
It shows the interest of the scientific community in those studies because they analyze the
importance of injury prevention in women’s gymnastics [56] and establish future directions
in this sport discipline, considering the biomechanical, motor control and the importance of
the coach interface with the athletes [57]. Identifying future lines of research will provide
the scientific community, coaching staff, and athletes with important information related to
the sport.

A total of 11 authors were involved in 6 or more publications related to biome-
chanics in gymnastics, with special emphasis on Irwin, G. and Farana, R., with 22 and
11 documents published, being 18% of the total documents identified and included in
the bibliometric analyzes. Identifying the most prolific authors considering this topic is
important for researchers to understand who are the authors with the highest number of
studies and to identify the most relevant documents. Moreover, it presents a big picture
of the literature and the existing co-authorships [58]. This information highlights that
there is still plenty of room for the development of research in this area of study and
that new interest groups are needed to add specific knowledge regarding biomechanics
in gymnastics. It is recommended to carry out new studies that analyze the importance
of different factors in the performance of gymnastics, such as motor control, balance,
or accelerometry.

This study identified 40 countries where studies related to biomechanics in gymnastics
have been performed, which reveals a high interest in this specific theme in gymnastics,
with 18 countries with four or more documents and 11 with six or more. The USA is the
most productive country, with a total of 46 documents (26.2%), followed by England with
25 studies, Wales (n = 23), and Australia (n = 14). In terms of the number of citations
(Figure 5), the USA stood out from the others, with 1217 citations, followed by England
(n = 294), Australia (n = 167), and Spain (1 = 161). Additionally, the USA is the most prolific
country in different scientific topics, such as endodontics [59], robotics [60], or physical
activity and healthy habits [47]. For future scientific topics, it is recommended to carry
out studies related to innovation to improve and increase the knowledge according to
a topic.

Regarding the author’s keywords used, it is observed that “gymnastics” (n = 58),
“biomechanics” (1 = 58), and “artistic gymnastic” (n = 10) are the most used keywords. This
finding is supported by the study of Bradley et al. [61], which indicated that little focus had
been afforded to acrobatic gymnastics kinematics, especially in comparison to tumbling
and artistic disciplines. It is important to analyze the kinematics of the movements because
accelerations of corporal parts can directly influence the acceleration of other body parts [27].
For future studies, it is suggested to consider the possibility of carrying out individualized
analysis of each gymnastic modality and deepen the specific knowledge of performance
according to variables such as age category and gender. It is also recommended to analyze
the external and internal load of the gymnastics in different disciplines, to personalize the
training sessions, and to avoid injuries in the athletes.

We should indicate a limitation in this study related to the search methodology, namely
choosing only two keywords, which led to the fact that some few identified studies in
WOS are not specifically related to the sport gymnastics and probably some studies related
to biomechanics for gymnasts may not have been selected because they do not have
these two keywords. Nevertheless, this study shows the main relationships between the
authors, countries, and institutions with the greatest scientific production in the topic under
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study, as well as journals with more published research and the most used keywords,
which are important information. Future studies in this area are needed to shed more
light regarding biomechanics and gymnastics. We suggest that the search methodology
consider the possibility of only selecting articles specifically developed in gymnastics and
exploring the prospect of deepening knowledge about specific disciplines in the sport, such
as acrobatic or artistic, and potential factors influencing sports performance, such as age
and gender.

5. Conclusions

This bibliometric review reveals that the topic of biomechanics in gymnastics has
shown sustained growth and deserves the attention of the scientific community. Provides
important information regarding the years of publication, the authors, the networks around
the countries, the most used keywords, and at the same time, that there is still much room
for research development. It is important to analyze which factors directly influence the
athlete’s performance and how they can be improved.

Factors such as balance, motor control, accelerometry, and control of body parts
in movements are variables that should be developed in training sessions to improve
performance in competitions. The coaches must pay attention to some factors related to the
variability to improve the development of the different tasks.
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