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This scoping review aimed to map methodologies used to assess landing
biomechanics in gymnasts, focusing on muscle function and stability. Four
research questions were formed, addressing common methodological
approaches, factors affecting stability, and the relationships between muscle
function, strength, and stability during landing. The searches were conducted
across six databases and supplemented by reference and forward citation
searches. Eight studies met the inclusion criteria, encompassing 212
participants aged 8-25 years, predominantly competitive gymnasts. The
studies revealed significant variability in methods for assessing postural
stabilization and muscle function during landing. Stabilization was evaluated
using time to stabilization and center of pressure metrics, while muscle activity
was predominantly measured via surface electromyography, focusing on lower
limb muscles. Factors such as drop height, age, training level, and task-
specific demands influenced muscle activity patterns but were inconsistently
reported. Gymnasts demonstrated superior neuromuscular control compared
to untrained individuals, with distinct muscle activation patterns during landing
phases. Despite these insights, no studies examined the interplay between
muscle strength, activity, and stabilization metrics. The lack of standardized
methodologies limits direct comparisons and generalizations. This review
highlights the need for consistent protocols and further research to explore
relationships between muscle function, stability metrics, and performance
outcomes in gymnastics.
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1 Introduction

A quality landing after performing a jump, acrobatic element, acrobatic series or a
dismount is necessary to achieve high scores and ensure the safety of gymnasts (1-3).
Errors during the landing are evaluated according to the international rules (4) and
include, for example, loss of balance followed by a step of the lower limb, additional
arm movements, small foot movements, spreading of the lower limbs, landing in a deep
squat or incomplete completion of a turn (5). At the elite level, gymnasts are exposed
to intense workloads, training 21-37 h per week (6) with performing around 700-1,300
elements daily (7). Older sources provided estimates of gymnasts performing 200
landings per week (8). Marinsek (3), who examined the landing success rate of male
gymnasts at the 2004 European Championships, found that only 30% were performed
flawlessly. Most landings are performed on the floor due to routines consisting of many
acrobatic and gymnastic elements (9) as opposed to the vault where a maximum of two
jumps are performed in a competition (10).
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The continuous modernization of the equipment leads to a
constant increase in the difficulty and complexity of the
gymnastic elements and routines created from them. This in turn
translates into increased demands for stabilization of the landing,
for which a high degree of postural and neuromuscular control,
optimal muscle coactivation and efficient use of muscle strength
are important (11). The loading that gymnasts must endure
during the landing, based on measurements of the magnitude of
the vertical component of the ground reaction force, ranges from
7.1-15.8 times their body weight and varies with height,
complexity of the acrobatic element and the execution of the
landing (12). This is related to the different strategies that can be
implemented during the process of postural stabilization.
According to the maximum knee joint angle achieved, the
landing strategy can be divided into “soft” and “stiff” (3, 13, 14).
The “soft”

characterized by an angle at the knee joints of more than 63°.

landing, typical for recreational gymnasts, is
Higher level gymnasts use “stiff” landings (angle lower than 63°)
to reduce loading on the heels (15) leading to the increase of
ankle stability (3). Different landing strategies can also be seen
depending on sex. Although the rules consistently penalise the
aforementioned errors in landing related to upper body
movements or step execution, the rules differ for the position of
the lower limbs with respect to sex. For women, even a slight
spread in the landing position will result in a point deduction,
while for men it is allowed without a point loss. Straker et al.
(16) in their study also pointed out the higher range of
movement in the knee and hip joints in the execution of the
men’s landing with inter-individual differences in performance.
Female athletes tend to perform the landing tasks with a more
erect landing posture, and less knee and hip flexion (17).

Only well physically prepared male and female gymnasts are
able to perform gymnastic elements technically correctly and
with minimal risk of injury (18). Increasing the efficiency of the
stabilization of the landing can be achieved by flexion and
extension in the joints of the lower limbs and trunk (3, 19). The
muscles of the lower limbs and trunk ensure optimal absorption
of the applied forces, preventing excessive loading of the
musculoskeletal system (20-22). A balanced ratio of muscle
strength between agonist and antagonist groups is also important
for lower limb joint stability and injury prevention in the event
of overload (23). Gymnastic training not only improves muscle
functions, it also streamlines the process of postural control
(18, 24). However, the association between postural control and
muscle function has not been demonstrated in healthy subjects
(25). Consistently, the published studies (26-30) point to the fact
that postural control is task-specific and a gymnastic proficiency
may not imply a general improvement in postural stability in the
sense of a reduction in postural titubations. While previous
studies have examined stabilization in balance recovery tasks
(31), stabilization specifically during landing remains unexplored.

Biomechanical analysis of jumps and landings has been
described in several previous works in general, e.g., Ericksen
et al. (32) and Prassas et al. (33). Other studies have addressed
injury risk and prevention (19, 22, 34-40) or have provided
comprehensive summaries and analyses of relevant sources (41).
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However, none of the above studies have focused on the aspect
of stability during landing in relation to the neuromuscular
control associated with the process of stabilization during landing.

2 Objective

In an effort to bridge the evidence gap, the aim of this scoping
review was to collect and map methods used for assessment of the
biomechanics of landing in gymnasts, with a key focus on muscle
function and stability during landing. Landings after performing
jumps or acrobatics elements on the floor were considered for
the purpose of this review. Following review questions were
formed:

1. What methodological approaches are most often used for
assessment of stability during landing in gymnasts?
What factors affect the stability during landing in gymnasts?
What methodological approaches are most often used for
assessment of lower limb and trunk muscles’ function (e.g.,
strength, activity) during landing in gymnasts?

4. Which specific lower limb and trunk muscles’ strength or
activation levels are most frequently linked to landing
stability in gymnasts?

3 Methodology

The design and reporting of this scoping review follows the
Preferred Reporting Items for Systematic Reviews and Meta-
Analyses extension for scoping reviews [PRISMA-ScR, Tricco
et al, (42), see Supplementary Table 1 for a checklist]. The
protocol was registered with the Open Science Framework on
April 18, 2024 and it is accessible at https://osf.io/terb2.

3.1 Search strategy

The original search strategy was created by AG, LB, and KP
and was designed to identify experimental and observational
studies published before March 2024 in the following databases:
Cochrane Central, MEDLINE, SPORTDiscus, ProQuest, Scopus,
and Web of Science, where KP searched. Detailed search strategy
for each database is included in the study protocol (43). The key
words are representing four domains this review is focused on—
gymnastics, landing, stability, and muscle function. Because of
the low coverage of synonyms in the MeSH database, several
specific terms that increase the sensitivity of the search were
used. The ResearchRabbit application (Human Intelligence
Technologies Inc., Seattle, WA, USA) was used by LB for a
forward reference search, employing all eligible studies from the
database search as seeding articles. All reference lists of included
studies were reviewed by KP (i.e., backward reference search) to
identify more relevant studies and manual search was performed
in journals most likely related to the topic of this review.
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3.2 Inclusion and exclusion criteria

The inclusion and exclusion criteria were determined a priory
and are documented in the study protocol (43). Only studies
written in or translated to English were included in this review.
Randomised and non-randomised control trials, cohort, case-
control, and cross-sectional studies were included in this review.
Only studies including at least one group of healthy artistic
gymnasts were included. No restriction on age and sex were
enforced even though the authors were aware that considerable
differences in performance of jumps and landings related to sex
might be observed. Only studies including floor exercise without
restriction on a specific type of the motor task performed (e.g.,
drop jump, vertical jump, acrobatic elements) were considered.
Furthermore, studies that described kinematics or kinetics during
landing without special attention to muscle function or stability
in terms of a computation of time to stabilisation or other
stabilisation indexes were excluded.

3.3 Screening

The results from all searches (i.e., databases and additional
sources) were imported into the Covidence software (Veritas
Health Innovation, Melbourne, Australia). After removing the
duplicates, two reviewers (KP and LB) independently screened all
studies by title and abstract using the abovementioned criteria
that were inputted into Covidence to ensure consistency between
reviewers. Studies meeting all criteria were eligible for full-text
review. Conflicts between reviewers were resolved by a third
reviewer (MJ) when necessary, as stated in the study protocol (43).

3.4 Data extraction

Data from the eligible studies were extracted within Covidence
based on the custom data extraction form independently by two
reviewers (KP and LB). The custom form was assessed by two
reviewers (KP and LB) while extracting data from one eligible
study and after final adjustments used for data extraction. Data
extraction was focused on the aim and hypotheses of the eligible
studies, description of participants, methodological aspects of
studies and results related to the aim of this review. Once data
extraction was completed, data were transferred into the online
MS Excel (Microsoft Corporation, Redmond, WA, USA)
spreadsheet and double-checked for clarity (KP). Conflicts
between reviewers were addressed and validated by a third
reviewer (M]) when necessary.

3.5 Data synthesis

The data synthesis included a summary of the extracted data of
the eligible studies and was presented using a combination of
descriptive and narrative synthesis. The studies were divided
according to the focus of investigating (e.g., research question)
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and included an overview of the included groups of participants,
the motor tasks performed, and the data acquisition and
processing details.

4 Results

The initial search yielded 432 studies from which 185
duplicates were removed. With including studies from forward
and backward search, a total of 53 studies was eligible for a full-
text review. Forty-five studies were excluded based on the full-
text review after applying inclusion and exclusion criteria stated
above. Eight studies were deemed eligible for inclusion in this
review (Figure 1, Supplementary Table 2). Six studies focused on
muscle function alongside landing kinematics or kinetics, while
two studies examined landing stabilization in conjunction with
static balance tests. The publication dates of these studies span
20 years, from 2001-2021.

4.1 Observed groups

The eligible studies included a total of 212 participants (55%
male, 34% female). One study, comprising 24 participants, did
not specify the sex distribution. Total sample sizes across studies
ranged from 6-104, with individual group sizes ranging from
6-22 participants. Participants were either grouped into a single
cohort or divided into as many as six groups. The participants’
ages ranged from 8-25 years. Five studies exclusively included
adults, two studies examined multiple age groups, and one study
focused solely on children. In terms of health status, one study
included participants with chronic ankle instability, while the
other studies either involved healthy participants or did not
specify health status in detail. All studies included at least one
group of competitive-level gymnasts; no recreational athletes
were involved. Three studies included groups of untrained
participants, and one study incorporated swimmers for
comparative analysis with gymnasts. Although in one of the
studies swimmers were included as a control group, the demands
of the sports vary considerably. The differing demands of the
sports being compared were reflected in distinct muscular

adaptations and landing responses.

4.2 Motor tasks and effects

Participants performed jumps and either bipedal or unipedal
drop landings in six studies (1, 44-48). One study (45) involved
a combination of drop landings and acrobatic elements (tucked
forward and backward somersaults), while another study (49)
focused solely on backward somersaults. The objectives or effects
evaluated across the studies varied. Three studies (45, 48, 49)
investigated the impact of the motor task or the landing phase,
with one of these also comparing athletes from different sports
(swimmers vs. gymnasts) (48). Two studies (1, 44) assessed the
effect of varying drop heights, though the heights differed across
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studies (1.0, 1.5, 2.0 m vs. 0.2, 0.4, 0.6 m). Additionally, the
influence of training status was considered in one (50) of these
studies and was the primary focus of another. The effects of
menarcheal age and a specific exercise program were each
assessed in one study (46).

4.3 Data acquisition and processing

Only the data acquisition and processing directly pertinent to
the objectives of this review are summarized here, with further
details provided in the Supplementary Table 2. The six studies
(1, 44-46, 49, 50) that examined muscle function uniformly
employed surface electromyography systems, with sampling rates
ranging from 1 kHz-2 kHz. A total of ten muscles were investigated
across the studies, including the m. gastrocnemius, m. tibialis
anterior, m. peroneus longus, m. vastus lateralis, m. vastus medialis,
m. rectus femoris, m. biceps femoris, m. semitendinosus, m. gluteus
maximus, and m. multifidus (Figure 2).

There was no consensus across studies regarding data
processing procedures. All studies applied rectification and
filtering processes; however, the sequence and specifics of these
procedures varied. Some studies (44, 49, 50) smoothed the signal
(RMS) values,
integration or averaging techniques (1, 45, 46). Muscle activity

using root-mean-square while others used
was normalized to a maximal value within each trial, within

maximal voluntary contraction, or within the most challenging
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or the easiest task. The resultant variables ranged from various
coactivation indices to average, RMS, or integrated activity
during the entire landing, specific landing phases, or within
predefined time windows.

The two studies (47, 48) focusing on stabilization also exhibited
differences in data acquisition and processing methods. One study
(48) used ground reaction force components to assess time to
stabilization, while the other (47) analysed centre of pressure
movement characteristics (e.g., path length, area) within specified
time frames.

5 Discussion

The aim of this review was to summarize the methodological
procedures used to assess the stability and function of the lower
limb and trunk muscles during the landing in gymnasts. Six out
of eight eligible studies focused on muscle function during
landing, while two studies examined landing stabilization.

5.1 Postural stabilisation during landing

Postural control is typically evaluated using postural sway with
measures of the distance and amplitude of centre of pressure
(COP) displacement (51). A reduction in the path length and
area of COP displacement and a reduction in its velocity of
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movement indicates an improvement in the effectiveness of
postural control (52). Measuring postural stability is critical for
determining predictors of performance, assessing musculoskeletal
injuries of the lower limbs, and determining the impact of
physical training and rehabilitation techniques (53).

We identified two studies that focused on the assessment of
postural stabilization during landing, with Reis et al. (47) using a
pressure plate and Ringhof and Stein (48) using force plates. Reis
et al. (47) focused their study on assessing the effect of a
neuromuscular reeducation program on postural stabilization during
landing after anterior, lateral and medial jumps in healthy gymnasts
and gymnasts with chronic ankle instability. A study by Ringhof and
Stein (48) focused on monitoring postural stabilization during
landing from the single leg jump in female gymnasts and swimmers.
Both studies used COP path length and time to stabilisation when
assessing stabilisation. In addition, Reis et al. (47) monitored COP
area during three intervals—the first two seconds (T1); the second to
fourth seconds (T2); and the fourth to sixth seconds (T3).

Although a rigorous examination of the process of postural
stabilization during the landing in competitive gymnastics could
lead to their improvement and higher scores in competition, no
other studies addressing stabilisation during the landing were
found. Even so, from the two studies found, we can assume that
time to stabilisation might be used for this purpose. On the
other hand, we were not able to identify any other types of
assessment methods or characteristics (e.g., other indexes,
computation based on the signals from inertial sensors or others).

In addition to assessing stabilization of the landing, the study
by Ringhof and Stein (48) also looked at other methods of
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assessing postural stability in competitive gymnasts and
swimmers. They used unstable platforms and a controlled fall
test. Although they expected gymnasts to perform better than
swimmers, gymnasts demonstrated better postural stabilization
only during the landing. According to the study by Reis et al.
(47), stabilization can be influenced by specialized intervention.
Authors focused on the effect of neuromuscular training on
stability on the landing in chronic ankle joint instability in
They

improvements in COP displacement and time to stabilisation in

female gymnasts. observed  statistically significant
the experimental group. The control group that received the

same treatment also showed improvement, indicating the
possibility of using neuromuscular training as injury prevention
and performance improvement.

Taken together, identified studies confirmed that specific
training can influence the stabilisation during landing, however,
other influencing factors were not found. Studies reporting age
(46) or drop landing height (44) affecting lower limb kinematics
and muscle function were also found, however, no direct

implications to stability indexes were found.

5.2 Muscle function of the lower limbs and
trunk during landing

Six eligible studies incorporated muscle activity assessment
during landing into their data acquisition protocols. All studies
evaluated lower limb muscles, with one (50) also including trunk
muscles, such as the m. multifidus. A range of techniques was
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used in data processing, with rectification and filtering (or
smoothing via RMS) consistently applied across all studies.
Integrated activity, averaged activity, or RMS values were
analysed during specific landing phases or within short time
intervals (e.g., 20 ms) in the pre-landing and landing periods.
Additionally, activation ratios and coactivation indexes were
employed in several studies (1, 46, 49) to provide further insights
into neuromuscular control mechanisms during landing.

Numerous factors influence muscle activity during landing,
including drop height, skill level, age, and task-specific demands.
For instance, studies by Arampatzis et al. (44) and
Christoforidou et al. (1) investigated the effect of drop height,
revealing increased pre-activation and braking-phase muscle
activity with greater heights. The former highlighted that
gymnasts exhibit earlier muscle activation compared to untrained
individuals, suggesting enhanced neuromuscular preparation.
Furthermore, gymnasts displayed higher m. gastrocnemius
lateralis and lower m. tibialis anterior activity, reflecting
optimized joint stabilization strategies. Similarly, Niespodziniski
et al. (50) found that training adaptations, such as superior
muscle coordination and joint stability, were present among
gymnasts compared to untrained participants. These variations
underscore the influence of neuromuscular control strategies
shaped by individual. Among trunk muscles, m. multifidus
activity was significantly lower in gymnasts compared to
untrained individuals, potentially due to differences in core
stabilization strategies (50).

Age-related differences were explored by Niespodzinski et al.
(50), who found higher muscle activity in younger individuals.
Children aged 8-10 years showed higher muscle activity
compared to participants aged 12-14 and 18-25 years, which in
this study is justified by the fact that muscle activity decreases
from childhood through adolescence and into adulthood during
specific tasks. Here, the reduction in muscle activity is associated
with maturation of the nervous system and therefore improved
neuromuscular control. Adult gymnasts modulate their overall
body stiffness in response to the landing surface (45), young
gymnasts are not yet able to effectively modulate landing strategy
like their older peers. Therefore, the scoring system is adapted by
individual countries according to their competition categories,
taking into account factors such as the use of extra landing mats
in younger groups. Kim and Lim (46) reported that post-
menarcheal gymnasts demonstrated an increased hamstring-to-
quadriceps
menarcheal counterparts. However, hamstring recruitment itself

muscle activity ratio compared to their pre-
was higher in the pre-menarche group, indicating that relative
changes in muscle coordination patterns may occur following
menarche. Enhanced quadriceps activation during landing
preparation may contribute to greater knee loading especially
when not counterbalanced by sufficient hamstring co-activation.
The co-contraction of the hamstrings and quadriceps remains
essential for knee joint stability.

In task-specific analyses, variations in landing kinematics, such
as trunk position, also influenced muscle activity. A more
horizontal trunk position increased m. gluteus medius activity

while reducing biceps femoris activity (45). Similarly, joint
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stabilization during complex landings was linked to coordinated
hamstring-quadriceps activity to counteract excessive knee
movement (46).

Distinct patterns of muscle activity emerged during different
landing phases. Pre-landing activity, critical for joint stabilization,
was pronounced in the m. gastrocnemius medialis (44), while
post-landing activity peaked in muscles such as the m. tibialis
anterior and m. peroneus longus around 150 ms after ground
contact. The hamstrings reached peak activation just before
landing, contrasting with the m. vastus lateralis, which was active
earlier (80-90 ms pre-landing).

Despite all the abovementioned findings, no consensus on the
methodology for muscle activity assessment during landing has
emerged. However, given the observed patterns of muscle
preactivation and the duration of the braking phase, standard
protocols typically involve assessing muscle activity within a
300 ms window before and after initial contact with the ground.
Notably, none of the reviewed studies conducted correlation
analyses between stabilization indexes and muscle activity or
coactivation indexes. Furthermore, no study was identified that
examined stabilization indexes during landing in relation to
lower limb or trunk muscle strength.

6 Limitations

This scoping review is subject to several limitations that
First,
the registered protocol and this manuscript, primarily concerning

warrant  consideration. discrepancies exist between

the type of landings involved. Specifically, the focus was
This
adjustment was necessitated by the challenges in directly

narrowed to floor exercises of artistic gymnastics.
comparing muscle activity during landings from diverse types of
jumps, such as ballet/acrobatics jump (as seen in rhythmic
gymnastics), bipedal and unipedal drop jumps, and drop
landings. The biomechanical differences inherent in these tasks
limited the feasibility of drawing meaningful comparisons across
varied landing contexts.

Second, a slight reformulation of research question 3 was made
during the review process to refine the focus specifically on muscle
function during landing rather than more broadly. This
modification was intended to align the question more precisely
with  the objectives

misinterpretation. While this adjustment enhances clarity, it

review’s and prevent potential
represents a minor deviation from the initially registered
protocol. Research question 4 was also reformulated to ensure
clarity, without the deviation of the meaning from the
original formulation.

Third, studies that described kinematics or kinetics of landing
without addressing stabilization or muscle activity during landing
were not considered. Although this decision could be viewed as a
limitation, the review intentionally prioritized studies that
directly examined stabilization or muscle function during
landing. This focus aligns with the author’s aim of understanding
control rather than

neuromuscular solely describing the

movement patterns of landings.
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Finally, we were unable to address the fourth research question
—Which specific lower limb and trunk muscles’ strength or
activation levels are most frequently linked to landing stability in
identified that
assessments of muscle strength and activity with stabilization

gymnasts?—as no studies were combined
metrics. This gap in the literature highlights a significant area for
future research to explore the interplay between muscle strength,

activity, and stabilization during landing in gymnasts.

7 Conclusion

This scoping review mapped methods used to assess the
biomechanics of landing in gymnasts, with a focus on muscle
function and stability. The findings indicate significant variability
in methodological approaches across studies, highlighting the
lack of standardization in assessing postural stabilization and
muscle activity. Only a limited number of studies have explored
postural stabilization during landing, with time to stabilization
and COP metrics being the primary measures. Although
evidence suggests that neuromuscular training can improve
stabilisation during landing, comprehensive insights into other
influencing factors, such as age, sex, or landing height,
remain limited.

Similarly, the analysis of muscle function revealed diverse
protocols for data acquisition and processing, but no consensus
best

neuromuscular control compared to untrained individuals, with

on practices.  Gymnasts  demonstrate  enhanced
distinct patterns of muscle activity across landing phases. Factors
such as skill level, drop height, and task-specific demands
influence muscle activity; however, these effects are inconsistently
reported. Importantly, the relationship between muscle activity
patterns and stabilization indexes, as well as the role of muscle
strength  during landing, remains unexplored in the
reviewed literature.

Overall, while the reviewed studies provide valuable insights
into the biomechanics of landing in gymnasts, future research
should prioritize methodological standardization and explore the
interplay between muscle function, stability metrics, and achieved
score to advance both scientific understanding and practical

applications in gymnastics.

Author contributions

KP: Writing
Investigation,

draft,
Conceptualization,

administration,
LB:
Methodology, Conceptualization, Investigation, Writing — review
& editing. AG: Methodology, Validation, Writing - review &
RF: Validation,

- original Project

Funding acquisition.

editing. Writing review & editing,

Frontiers in Sports and Active Living

07

10.3389/fspor.2025.1602058

Methodology. MJ: Writing - review & editing, Supervision,
Methodology.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by Palacky University Olomouc [IGA_FTK_2024_007].

Acknowledgements

This work was supported by Palacky University Olomouc
[IGA_FTK_2024_007].

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that Generative AI was used in the
creation of this manuscript. During the preparation of this work
the authors used ChatGPT (v. 40) in order to perform language
editing and formulate Abstract and Conclusions, all to ensure
clarity of the manuscript. After using this tool, the authors
full

reviewed and edited the content as needed and take

responsibility for the content of the publication.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fspor.2025.
1602058/full#supplementary-material

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fspor.2025.1602058/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fspor.2025.1602058/full#supplementary-material
https://doi.org/10.3389/fspor.2025.1602058
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Pavlasova et al.

References

1. Christoforidou A, Patikas D, Bassa E, Paraschos I, Lazaridis S, Christoforidis C,
et al. Landing from different heights: biomechanical and neuromuscular strategies
in trained gymnasts and untrained prepubescent girls. ] Electromyogr Kinesiol.
(2017) 32:1-8. doi: 10.1016/j.jelekin.2016.11.003

2. Glynn B, Laird J, Herrington L, Rushton A, Heneghan NR. Analysis of landing
performance and ankle injury in elite British artistic gymnastics using a modified
drop land task: a longitudinal observational study. Phys Ther Sport. (2022) 55:61-9.
doi: 10.1016/j.ptsp.2022.01.006

3. Marindek M. Landing characteristics in men’s floor exercise on European
championships 2004. Sci Gymnast J. (2009) 1(1):31-9. doi: 10.52165/sgj.1.1.31-39

4. Féderation Intemationale De Gymnastique. Women’s/Men’s Technical Committee,
2021 Code of Points—women’s/Men’s Artistic Gymnastics. Lausanne: FIG (2021).

5. Cuk I, Maringek M. Landing quality in artistic gymnastics is related to landing.
Biol Sport. (2013) 30(1):29-33. doi: 10.5604/20831862.1029818

6. Edouard P, Steffen K, Junge A, Leglise M, Soligard T, Engebretsen L. Gymnastics
injury incidence during the 2008, 2012 and 2016 olympic games: analysis of
prospectively collected surveillance data from 963 registered gymnasts during
olympic games. Br J Sports Med. (2018) 52(7):475-81. doi: 10.1136/bjsports-2017-
097972

7. Sands WA. Injury prevention in womens gymnastics. Sports Med. (2000)
30(5):359-73. doi: 10.2165/00007256-200030050-00004

8. Ozgiiven HN, Berme N. An experimental and analytical study of impact forces
during human jumping. J Biomech. (1988) 21(12):1061-6. doi: 10.1016/0021-9290
(88)90252-7

9. Rohleder J, Vogt T. Changes in floor exercise characteristics in world elite male
gymnasts. ] Hum Kinet. (2019) 67(1):291-300. doi: 10.2478/hukin-2018-0083

10. Fernandes SMB, Carrara P, Serrio JC, Amadio AC, Mochizuki L. Kinematic
variables of table vault on artistic gymnastics. Rev Bras Educ Fis Esporte. (2016)
30(1):97-107. doi: 10.1590/1807-55092016000100097

11. Hewett TE, Myer GD. The mechanistic connection between the trunk, hip, knee,
and anterior cruciate ligament injury. Exerc Sport Sci Rev. (2011) 39(4):161-6. doi: 10.
1097/jes.0b013e3182297439

12. Slater A, Campbell A, Smith A, Straker L. Greater lower limb flexion in
gymnastic landings is associated with reduced landing force: a repeated measures
study. Sports Biomech. (2015) 14(1):45-56. doi: 10.1080/14763141.2015.1029514

13. Devita P, Skelly WA. Effect of landing stiffness on joint kinetics and energetics in
the lower extremity. Med Sci Sports Exercise. (1992) 24(1):108-15. doi: 10.1249/
00005768-199201000-00018

14. Zatsiorsky VM, Prilutsky BI. Soft and stiff landing. In: Jonsson B, editor.
Biomechanics X-B. Champaign, IL: Human Kinetics (1987). p. 739-43.

15. Nigg BM, Herzog W. Biomechanics of the Musculo—skeletal System. 2nd edn
Chichester: Wiley (1998).

16. Straker R, Exell TA, Farana R, Hamill ], Irwin G. Biomechanical responses to
landing strategies of female artistic gymnasts. Eur ] Sport Sci. (2022) 22:1678-85.
doi: 10.1080/17461391.2021.1976842

17. Wang I, Wang S, Wang L. Sex differences in lower extremity stiffness and
kinematics alterations during double-legged drop landings with changes in drop
height. Sports Biomech. (2015) 14(4):404-12. doi: 10.1080/14763141.2015.1062129

18. Aleksi¢-Veljkovi¢ A, Madi¢ D, Velickovi¢ S, Herodek K, Popovi¢ B. Balance in
young gymnasts: age-group differences. Facta Univ Se Phys Educ Sport. (2014)
12(3):289-96.

19. Xu D, Zhou H, Quan W, Ma X, Chon T, Fernandez J, et al. New insights
optimize landing strategies to reduce lower limb injury risk. Cyborg Bionic Syst.
(2024) 5:0126. doi: 10.34133/cbsystems.0126

20. Hewett TE, Myer GD, Kiefer AW, Ford KR. Longitudinal increases in knee
abduction moments in females during adolescent growth. Med Sci Sports Exerc.
(2015) 47(12):2579-85. doi: 10.1249/MSS.0000000000000700

21. Kyselovicovd O, Zemkova E, Péliovd K, Matejova L. Isokinetic leg muscle
strength relationship to dynamic balance reflects gymnast-specific differences in
adolescent females. Front Physiol. (2023) 13:1084019. doi: 10.3389/fphys.2022.1084019

22. Xu D, Zhou H, Quan W, Gusztav F, Wang M, Baker JS, et al. Accurately and
effectively predict the ACL force: utilizing biomechanical landing pattern before and
after-fatigue. Comput Methods Programs Biomed. (2023) 241:107761. doi: 10.1016/j.
cmpb.2023.107761

23. Arai A, Ishikawa M, Ito A. Agonist-antagonist muscle activation during drop
jumps. Eur J Sport Sci. (2013) 13(5):490-8. doi: 10.1080/17461391.2013.764930

24. Omorczyk J, Wrzesniewski K, Staszkiewicz R, Puszczalowska-Lizis E. Postural
stability at different heights as well as in natural standing position and during
tandem stance in female athletes who practice artistic gymnastics. Acta Bioeng
Biomech. (2021) 23(3):155-62. doi: 10.37190/abb-01869-2021-03

Frontiers in Sports and Active Living

10.3389/fspor.2025.1602058

25. Muehlbauer T, Gollhofer A, Granacher U. Associations between measures of
balance and lower-extremity muscle strength/power in healthy individuals across
the lifespan: a systematic review and meta-analysis. Sports Med. (2015)
45(12):1671-92. doi: 10.1007/s40279-015-0390-z

26. Asseman F, Caron O, Crémieux J. Is there a transfer of postural ability from
specific to unspecific postures in elite gymnasts? Neurosci Lett. (2004) 358(2):83-6.
doi: 10.1016/j.neulet.2003.12.102

27. Asseman F, Caron O, Crémieux J. Effects of the removal of vision on body sway
during different postures in elite gymnasts. Int J Sports Med. (2005) 26(2):116-9.
doi: 10.1055/s-2004-830529

28. Asseman FB, Caron O, Crémieux ]. Are there specific conditions for which
expertise in gymnastics could have an effect on postural control and performance?
Gait Posture. (2008) 27(1):76-81. doi: 10.1016/j.gaitpost.2007.01.004

29. Omorczyk J, Bujas P, Puszczalowska-Lizis E, Biskup L. Balance in handstand
and postural stability in standing position in athletes practicing gymnastics.
PubMed. (2018) 20(2):139-47. doi: 10.5277/ABB-01110-2018-02

30. Omorczyk J, Staszkiewicz R, Wrzesniewski K, Puszczalowska-Lizis E. Static
balance in female artistic gymnasts and non-training girls. Appl Sci. (2022)
12(23):12454. doi: 10.3390/app122312454

31. Gautier G, Thouvarecq R, Larue J. Influence of experience on postural control:
effect of expertise in gymnastics. ] Mot Behav. (2008) 40(5):400-8. doi: 10.3200/jmbr.
40.5.400-408

32. Ericksen HM, Gribble PA, Pfile KR, Pietrosimone BG. Different modes of
feedback and peak vertical ground reaction force during jump landing: a systematic
review. J Athl Train. (2013) 48(5):685-95. doi: 10.4085/1062-6050-48.3.02

33. Prassas S, Kwon Y-H, Sands WA. Biomechanical research in artistic gymnastics:
a review. Sports Biomech. (2006) 5(2):261-91. doi: 10.1080/14763140608522878

34. Bradshaw EJ, Hume PA. Biomechanical approaches to identify and quantify
injury mechanisms and risk factors in women’s artistic gymnastics. Sports Biomech.
(2012) 11(3):324-41. doi: 10.1080/14763141.2011.650186

35. Gittoes M Jr, Irwin G. Biomechanical approaches to understanding the
potentially injurious demands of gymnastic-style impact landings. Sports Med
Arthrosc Rehabil Ther Technol. (2012) 4(1):4. doi: 10.1186/1758-2555-4-4

36. Hart E, Meehan WP 3rd, Bae DS, d’Hemecourt P, Stracciolini A. The young
injured gymnast: a literature review and discussion. Curr Sports Med Rep. (2018)
17(11):366-75. doi: 10.1249/JSR.0000000000000536

37. Hume PA, Bradshaw EJ, Brueggemann G-P. Biomechanics: injury mechanisms
and risk factors. In: Caine DJ, Russell K, Lim L, editors. Gymnastics. Chichester: John
Wiley & Sons (2013). p. 75-84.

38. Lopes TJA, Simic M, Myer GD, Ford KR, Hewett TE, Pappas E. The effects of
injury prevention programs on the biomechanics of landing tasks: a systematic review
with meta-analysis. Am ] Sports Med. (2018) 46(6):1492-9. doi: 10.1177/
0363546517716930

39. Pedley JS, Lloyd RS, Read PJ, Moore IS, De Ste Croix M, Myer GD, et al. Utility of
kinetic and kinematic jumping and landing variables as predictors of injury risk: a
systematic review. J Sci Sport Exerc. (2020) 2:287-304. doi: 10.1007/s42978-020-00090-1

40. Thomas RE, Thomas BC. A systematic review of injuries in gymnastics. Phys
Sportsmed. (2019) 47(1):96-121. doi: 10.1080/00913847.2018.1527646

41. Armstrong R, Relph N. Screening tools as a predictor of injury in gymnastics:
systematic literature review. Sports Med Open. (2021) 7:73. doi: 10.1186/s40798-021-
00361-3

42. Tricco AC, Lillie E, Zarin W, O’Brien KK, Colquhoun H, Levac D, et al. PRISMA
extension for scoping reviews (PRISMA-SCR): checklist and explanation. Ann Intern
Med. (2018) 169(7):467-73. doi: 10.7326/m18-0850

43. Pavlasové K, Bizovskd L, Gdba A, Farana R, Janura M. Biomechanics of landing
in gymnasts: a scoping review. Open Sci Framework. (2024). doi: 10.17605/OSF.10/
TERB2

44. Arampatzis A, Morey-Klapsing G, Briiggemann G. The effect of falling height on
muscle activity and foot motion during landings. J Electromyogr Kinesiol. (2003)
13(6):533-44. doi: 10.1016/s1050-6411(03)00059-2

45. McNitt-Gray J, Hester D, Mathiyakom W, Munkasy B. Mechanical demand and
multijoint control during landing depend on orientation of the body segments relative
to the reaction force. ] Biomech. (2001) 34(11):1471-82. doi: 10.1016/s0021-9290(01)
00110-5

46. Kim K, Lim B. Effects of menarcheal age on the anterior cruciate ligament
injury risk factors during single-legged drop landing in female artistic elite
gymnasts. Arch Orthop Trauma Surg. (2014) 134(11):1565-71. doi: 10.1007/s00402-
014-2055-z

47. Reis M, Oliveira R, Melo F. Effects of a neuromuscular reeducation program on
the postural control in gymnasts with chronic ankle instability. Int Congr Sports Sci Res
Technol Support. (2013) 2:56-63. doi: 10.5220/0004618000560063

frontiersin.org


https://doi.org/10.1016/j.jelekin.2016.11.003
https://doi.org/10.1016/j.ptsp.2022.01.006
https://doi.org/10.52165/sgj.1.1.31-39
https://doi.org/10.5604/20831862.1029818
https://doi.org/10.1136/bjsports-2017-097972
https://doi.org/10.1136/bjsports-2017-097972
https://doi.org/10.2165/00007256-200030050-00004
https://doi.org/10.1016/0021-9290(88)90252-7
https://doi.org/10.1016/0021-9290(88)90252-7
https://doi.org/10.2478/hukin-2018-0083
https://doi.org/10.1590/1807-55092016000100097
https://doi.org/10.1097/jes.0b013e3182297439
https://doi.org/10.1097/jes.0b013e3182297439
https://doi.org/10.1080/14763141.2015.1029514
https://doi.org/10.1249/00005768-199201000-00018
https://doi.org/10.1249/00005768-199201000-00018
https://doi.org/10.1080/17461391.2021.1976842
https://doi.org/10.1080/14763141.2015.1062129
https://doi.org/10.34133/cbsystems.0126
https://doi.org/10.1249/MSS.0000000000000700
https://doi.org/10.3389/fphys.2022.1084019
https://doi.org/10.1016/j.cmpb.2023.107761
https://doi.org/10.1016/j.cmpb.2023.107761
https://doi.org/10.1080/17461391.2013.764930
https://doi.org/10.37190/abb-01869-2021-03
https://doi.org/10.1007/s40279-015-0390-z
https://doi.org/10.1016/j.neulet.2003.12.102
https://doi.org/10.1055/s-2004-830529
https://doi.org/10.1016/j.gaitpost.2007.01.004
https://doi.org/10.5277/ABB-01110-2018-02
https://doi.org/10.3390/app122312454
https://doi.org/10.3200/jmbr.40.5.400-408
https://doi.org/10.3200/jmbr.40.5.400-408
https://doi.org/10.4085/1062-6050-48.3.02
https://doi.org/10.1080/14763140608522878
https://doi.org/10.1080/14763141.2011.650186
https://doi.org/10.1186/1758-2555-4-4
https://doi.org/10.1249/JSR.0000000000000536
https://doi.org/10.1177/0363546517716930
https://doi.org/10.1177/0363546517716930
https://doi.org/10.1007/s42978-020-00090-1
https://doi.org/10.1080/00913847.2018.1527646
https://doi.org/10.1186/s40798-021-00361-3
https://doi.org/10.1186/s40798-021-00361-3
https://doi.org/10.7326/m18-0850
https://doi.org/10.17605/OSF.IO/TERB2
https://doi.org/10.17605/OSF.IO/TERB2
https://doi.org/10.1016/s1050-6411(03)00059-2
https://doi.org/10.1016/s0021-9290(01)00110-5
https://doi.org/10.1016/s0021-9290(01)00110-5
https://doi.org/10.1007/s00402-014-2055-z
https://doi.org/10.1007/s00402-014-2055-z
https://doi.org/10.5220/0004618000560063
https://doi.org/10.3389/fspor.2025.1602058
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Pavlasova et al.

48. Ringhof S, Stein T. Biomechanical assessment of dynamic balance: specificity of
different balance tests. Hum Mov Sci. (2018) 58:140-7. doi: 10.1016/j.humov.2018.02.004

49. Wu C, Hao W, Mei Q, Xiao X, Li X, Sun W. Strategies of elite Chinese gymnasts
in coping with landing impact from backward somersault. Peer]. (2019) 7:€7914.
doi: 10.7717/peerj.7914

50. Niespodzinski B, Grad R, Kochanowicz A, Mieszkowski ], Marina M, Zasada M,

et al. The neuromuscular characteristics of gymnasts’ jumps and landings at particular
stages of sports training. ] Hum Kinet. (2021) 78:15-28. doi: 10.2478/hukin-2021-0027

Frontiers in Sports and Active Living

10.3389/fspor.2025.1602058

51. Mattacola CG, Dwyer MK. Rehabilitation of the ankle after acute sprain or
chronic instability. J Athl Train. (2002) 37(4):413-29.

52. Sefton JM, Hicks-Little CA, Hubbard TJ, Clemens MG, Yengo CM, Koceja DM,
et al. Sensorimotor function as a predictor of chronic ankle instability. Clin Biomech.
(2009) 24:451-8. doi: 10.1016/j.clinbiomech.2009.03.003

53. Sell TC. An examination, correlation, and comparison of static and dynamic
measures of postural stability in healthy, physically active adults. Phys Ther Sport.
(2012) 13(2):80-6. doi: 10.1016/j.ptsp.2011.06.006

09 frontiersin.org


https://doi.org/10.1016/j.humov.2018.02.004
https://doi.org/10.7717/peerj.7914
https://doi.org/10.2478/hukin-2021-0027
https://doi.org/10.1016/j.clinbiomech.2009.03.003
https://doi.org/10.1016/j.ptsp.2011.06.006
https://doi.org/10.3389/fspor.2025.1602058
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Biomechanics of landing in gymnasts: a scoping review
	Introduction
	Objective
	Methodology
	Search strategy
	Inclusion and exclusion criteria
	Screening
	Data extraction
	Data synthesis

	Results
	Observed groups
	Motor tasks and effects
	Data acquisition and processing

	Discussion
	Postural stabilisation during landing
	Muscle function of the lower limbs and trunk during landing

	Limitations
	Conclusion
	Author contributions
	Funding
	Acknowledgements
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


