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ABSTRACT
Although the back handspring step out (BHS) is a foundational skill in 
balance beam routines, it can be performed using different take-off 
techniques. Back injuries are highly prevalent in the BHS due to the 
combination of high spine extension and joint loading. However, it is 
unclear which technique minimises injury risk or leads to better BHS 
performance. The purpose of the study was to identify techniques used 
for the BHS take-off and analyse the resulting BHS performance. 
Gymnasts were found to use either: Simultaneous Flexion—trunk and 
knees flex at the same time; Sequential Flexion—trunk reaches its 
maximum flexion followed by knee flexion; or Double-Bounce— 
knees and trunk both flex and then the knees extend and flex again. 
To assess performance, point deductions were calculated, and dynamic 
balance, ground reaction forces (GRFs) and relevant joint angles were 
analysed. The techniques had no differences in point deductions or 
dynamic balance, but there were differences in GRFs, spine extension 
and knee flexion. The Sequential Flexion technique had the lowest 
spine extension, which potentially reduces back injuries and the lowest 
knee flexion, which is a BHS requirement. These results support the use 
of Sequential Flexion technique when performing the BHS.
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Introduction

Despite the popularity of gymnastics (Sports and Fitness Industry Association, 2019), 
little research has examined the biomechanics of various gymnastics skills and how the 
techniques used relate to their performance (Farana et al., 2023). While gymnasts are 
judged in competition based on kinematic requirements outlined in the Code of Points 
(Fédération Internationale de Gymnastique, 2022), a gymnast can perform skills using 
different techniques while satisfying those requirements. Given the high biomechanical 
demands of various skills in gymnastics, a better understanding of the techniques used is 
crucial for coaching and targeted training routines (Farana et al., 2023).

The back handspring step out (BHS) in women’s artistic gymnastics is a foundational skill 
that occurs in balance beam routines starting as young as 10 years old through collegiate and 
Olympic competitions (Fédération Internationale de Gymnastique, 2022). Previous studies 
have investigated the differences in the kinematics of the BHS for gymnasts with and without 
back pain (Pimentel et al., 2020), because back injuries are highly prevalent in gymnastics and 
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from the BHS specifically (Goldstein et al., 1991; Hall, 1986; Jackson et al., 1976) due to the 
combination of high spine extension and joint loading (Kruse & Lemmen, 2009). Therefore, 
determining a technique that reduces the amount of spine extension could help mitigate back 
injuries, as limiting lumbar extension is a common treatment for certain back injuries 
(Standaert, 2002). Some studies have investigated a two-footed BHS on the floor, a variation 
of the BHS, by analysing impact loads on the shoulder (Davidson et al., 2005), moments at the 
elbow (Koh et al., 1992) and hand positioning (Burton et al., 2017), and have suggested that 
certain techniques could lead to a reduction in injuries (Burton et al., 2017; Koh et al., 1992). 
Others have observed unique biomechanical demands in the BHS uncommon in daily 
activities, such as high elbow valgus moments (Koh et al., 1992). Furthermore, previous 
studies in tumbling suggested that the elements of the take-off technique can affect the 
resulting performance (Brüggemann, 1988; King & Yeadon, 2003). However, few studies 
have investigated the specific kinematics and balance control of a BHS when constrained on 
the balance beam (e.g., Ede et al., 2021; Pimentel et al., 2020). The small margin of stability 
(Hof et al., 2005) on a balance beam requires more tightly controlled frontal plane balance and 
different kinematics than a two-footed BHS on the floor (Ede et al., 2021; McLaughlin et al.,  
1995), and different techniques could affect the resulting performance.

Multiple variations in technique can lead to a successful BHS on a balance beam, but they 
remain largely understudied in terms of performance or injury risk (e.g., Burton et al., 2017; 
Ede et al., 2021). The Code of Points defines a successful BHS as one that minimises point 
deductions related to maintaining balance, body alignment, precision and height of the skill 
as well as minimising knee or elbow joint flexion after take-off, among other faults 
(Fédération Internationale de Gymnastique, 2022). While some studies have assessed the 
technical merits and injury risks of different hand position techniques (Burton et al., 2017; 
Richter & Boucher, 2017) and elbow flexion at hand contact (Koh et al., 1992) in a BHS, 
fewer studies have investigated the take-off techniques used in a BHS. The specific demands 
of the countermovement during take-off require the gymnast to produce vertical, backward 
and angular momentum, with multiple techniques capable of successfully generating all three 
(Fédération Internationale de Gymnastique, 2022). However, these take-off techniques have 
not been previously identified nor characterised in terms of performance or back injury risk. 
Therefore, the purpose of this study was to identify the techniques used for the BHS take-off 
and analyse the resulting BHS performance. To assess performance, point deductions were 
calculated, and dynamic balance, ground reaction forces (GRFs) and relevant joint angles 
were analysed. We hypothesise that one technique will maximise the BHS performance and 
minimise back injury risk relative to the others.

Materials and methods

Data collection

Twenty-five female gymnasts between 10 and 25 years old were recruited from the local 
community (Table 1) to ensure the data captured a wide variety of techniques and had 
statistical power of at least 0.8. All subjects provided informed consent to participate in 
this protocol approved by the Institutional Review Board. All participants were free from 
any musculoskeletal and neuromuscular injuries that would affect their performance of 
a BHS on a balance beam. Three-dimensional full-body kinematic data were collected at 
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120 Hz using 61 reflective markers with a 12-camera motion capture system (Vicon, 
Oxford, UK). Three-dimensional ground reaction force (GRF) data were collected at 960  
Hz from six force plates mounted in the ground (Bertec, Ohio, USA). A 2.7 m long and 
0.1 m wide floor balance beam made of high-density foam (Springee, USA) was placed on 
top of the force plates.

Participants were given as much time as needed to warm up in order to 
perform the BHS. They then completed three BHSs on the balance beam with 
the instruction to perform as if you were on a high-beam in a competition. Each 
trial was repeated if the participant fell off the beam (n = 9 of the 75 trials). 
Following the protocol, a brief survey was given to assess their opinions of the 
balance beam and their BHS performance.

Data processing and analysis

Marker and force plate data were low-pass filtered at 6 Hz and 15 Hz, respectively, using 
a fourth-order Butterworth filter. A 15-segment inverse dynamics model was created for each 
subject using Visual3D (C-Motion, Germantown, MD, USA), including the feet, shanks, 
thighs, pelvis, thorax, abdomen, upper- and fore-arms and hands. GRFs were normalised by 
body mass, and the maximum peak and impulse of the mediolateral (ML), anterior-posterior 
(AP) and vertical GRFs were calculated during the take-off phase. The GRFs were time 
normalised to 100% of the take-off, where 0% and 100% represented the start and end of the 
take-off phase, respectively. The take-off phase was defined as the start of the skill (i.e., when 
centre of mass (CoM) velocity begins to increase) until the toes leave the ground (i.e., when 
the vertical GRF = 0). Hand contact was defined as when the hands touched the beam (i.e., 
the vertical GRF > 0). The BHS trials ended when the magnitude of the CoM velocity came to 
zero at the end of the skill. After all the kinematics of all the joints were analysed from 
preliminary data, the knee and trunk flexion had the highest variability in the timing of the 
peak joint flexion (standard deviation = 10.1% of the BHS) across subjects, and therefore were 
the focus for determining the different techniques. Three different preferred BHS take-off 
techniques were identified across the gymnasts (Figure 1). Technique 1 (Simultaneous 
Flexion) was characterised by the trunk and knees flexing at the same time during take-off. 
Technique 2 (Sequential Flexion) was characterised by the trunk reaching its maximum 
flexion followed by knee flexion at take-off. Technique 3 (Double-Bounce) was characterised 
by the gymnast performing a ‘double-bounce’ (i.e., knees and trunk flexing at the same time 
and then the knees extending and flexing again to produce a second countermovement). 
Specifically, the gymnasts were categorised into Technique 2 (Sequential Flexion) if the knee 
flexion angle did not change when the trunk flexed at the beginning of the take-off, they were 

Table 1. Subject demographics (mean ± standard deviation). The skill level was determined by the 
level (1–10) the gymnast competed in their previous gymnastics season.

Total Average
Simultaneous Flexion 

Technique
Sequential Flexion 

Technique
Double-Bounce 

Technique

Age (years) 16.1 ± 3.9 17.7 ± 4.8 15.0 ± 2.9 15.1 ± 2.7
Height (cm) 154.7 ± 7.3 155.8 ± 7.7 151.0 ± 10.7 155.3 ± 4.5
Mass (kg) 50.2 ± 8.9 50.1 ± 7.2 46.9 ± 9.3 52.7 ± 9.3
Skill Level in Gymnastics (1–10) 8.3 ± 1.2 8.1 ± 1.2 8.6 ± 1.7 8.1 ± 1.1
Leading Leg (Left/Right) 8 Left/17 Right 4 Left/6 Right 1 Left/4 Right 3 Left/7 Right
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categorised into Technique 3 (Double-Bounce) if the knees extended more than 10% of the 
total knee flexion during the take-off phase (which delineated the initiation of the second 
bounce), and they were categorised as Technique 1 otherwise.

Dynamic balance was quantified using whole-body angular momentum (H), which was 
calculated by summing the angular momentum of each body segment about the whole- 
body CoM. H was normalised by subject mass and height. The range of H (HR) was 
calculated in both the frontal and sagittal plane, which was defined as the difference 
between the peaks of H over each BHS, where lower HR indicates more tightly controlled 
balance (Herr & Popovic, 2008; Neptune & Vistamehr, 2019). The joint angles analysed 
included spine extension at hand contact, peak knee flexion after take-off, peak hip flexion 
after take-off, wrist flexion at hand contact, elbow flexion at hand contact and shoulder 
flexion at hand contact. To determine spine extension angle, the angle between the thorax 
and abdomen segments was calculated. Trunk flexion was defined as the thorax and 
abdomen segments going into flexion (i.e., the trunk moving towards the legs).

To determine the height of the skill, both the maximum peak vertical CoM and the 
maximum pelvis height were examined. The maximum pelvis height was chosen in 
addition because the CoM can be highly variable in a BHS and dependent on other 
kinematic variables, such as arm and leg positions or the spine extension angle.

Any trial where the gymnast wobbled such that their peak joint angles were more than 
three standard deviations from the group mean value were excluded. To quantify the 
BHS point deductions, each BHS was evaluated by a trained expert using the Code of 
Points (Fédération Internationale de Gymnastique, 2022), and total point deductions 
were calculated for each trial. The BHS kinematics were time normalised to 100% of the 
skill, where 0% and 100% represented the start and end of the skill, respectively.

Statistics

One-way analyses of variance (ANOVA) were used to assess differences in the 
outcome measures for the BHS (GRF peak and impulse, maximum vertical peak 
CoM and pelvis height, frontal and sagittal plane HR, spine extension at hand 

Figure 1. Schematic of the three different techniques for the back handspring step out (BHS). The top 
plots represent knee flexion across the skill, and the dotted line shows where the trunk reaches its 
maximum flexion.
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contact, peak knee flexion after take-off, peak hip flexion after take-off, wrist 
flexion at hand contact, elbow flexion at hand contact, shoulder flexion at hand 
contact and point deductions) across the techniques. If the ANOVA revealed 
significant effects, Tukey HSD post-hoc tests were performed to identify pairwise 
differences between techniques and to correct for errors due to multiple comparisons. 
Differences in timing in continuous variables (ML, AP and vertical CoM and CoM 
velocity) between techniques were assessed using statistical parametric mapping parallel 
of a t-test (Pataky, 2012), which identified normalised time points where the techni
ques differed significantly. Significance levels were set at p < 0.05.

Results

Take-off techniques

Subject demographics, gymnastics skill level and their preferred BHS technique can be 
found in Table 1. Ten participants preferred the Simultaneous Flexion Technique, five 
preferred the Sequential Flexion Technique and ten preferred the Double-Bounce 
Technique. Other spatiotemporal results can be found in Table 2.

Ground reaction forces

The Simultaneous Flexion technique had lower peak AP and vertical GRFs (p <  
0.04) and impulses (p < 0.007) (Figure 2 and Appendices A and B) during the take- 
off compared to the other techniques. There were no differences in the peak ML 
GRF or impulse (p > 0.05).

Table 2. Spatiotemporal results of the back handspring across the three techniques.
Simultaneous Flexion Technique Sequential Flexion Technique Double-Bounce Technique

Skill Duration (s) 2.60 ± 0.31 3.05 ± 0.47 2.90 ± 0.47
Distance Traveled (m) 1.5 ± 0.19 1.4 ± 0.14 1.5 ± 0.11

Figure 2. Ground reaction force (GRF) impulse (a) and maximum peak (b) during take-off across the 
three different techniques (tech 1 = Simultaneous Flexion, tech 2 = Sequential Flexion, tech 3 = 
Double-Bounce) in the mediolateral, anterior-posterior and vertical directions. GRFs were normalised 
by body mass. A “*” indicates a significant difference of p < 0.05.
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Balance control

There were no differences in frontal (p = 0.588) (Figure 3(a) and Appendix B) or sagittal 
(p = 0.666) (Figure 3(b) and Appendix B) plane HR across the different techniques.

Kinematic differences

There were no differences in peak CoM position across the techniques (p = 0.692), but there 
were differences in the timing of the peak AP and peak vertical CoM (p < 0.01) and CoM 
velocity (p < 0.03) (Figure 4 and Appendix B) and between the Simultaneous and Sequential 
Flexion techniques’ maximum pelvis height (p = 0.026) (Figure 5 and Appendix B).

The Simultaneous Flexion had a higher spine extension angle at hand contact 
(p < 0.004) (Figure 6 and Appendix B) as well as higher peak knee flexion after the 
take-off (p < 0.012) than the Sequential Flexion or the Double-Bounce techniques 
(Figure 7 and Appendix B). There were no differences across techniques in the point 
deductions (p = 0.124) (Figure 8 and Appendix B). Finally, there were no differences 
across techniques in peak hip flexion after take-off or in shoulder, wrist or elbow 
flexion at hand contact (p > 0.05).

Figure 3. Peak-to-peak frontal (a) and sagittal (b) plane whole-body angular momentum (HR, normal
ised by height and mass) across the three different techniques (tech 1 = SimultaneousFlexion, tech 2 = 
Sequential Flexion, tech 3 = Double-Bounce).
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Figure 4. Centre of mass position (a–c) and velocity (d–f) of the back handspring in the anterior- 
posterior (a, d), mediolateral (b, e) and vertical (c, f) direction across the skill, normalised to 100% of 
the skill. The color represents the technique with red = technique 1, green = technique 2 and blue = 
technique 3. A “*” indicates a significant difference between techniques 1 and 2, a “+” indicates 
a significant differences between techniques 1 and 3 and a “∙” indicates a significant difference 
between techniques 2 and 3 of p < 0.05 determined by statistical parametric mapping (technique 1 = 
Simultaneous Flexion, technique 2 = Sequential Flexion, technique 3 = Double-Bounce).

Figure 5. The differences in the maximum vertical pelvis height across the three techniques (tech 1 = 
Simultaneous Flexion, tech 2 = Sequential Flexion, tech 3 = Double-Bounce). A “*” indicates 
a significant difference of p < 0.05.
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Figure 6. Differences in spine extension angle at hand contact across the three techniques (tech 1 = 
Simultaneous Flexion, tech 2 = Sequential Flexion, tech 3 = Double-Bounce). A “*” indicates 
a significant difference of p < 0.05.

Figure 7. Averaged left and right peak knee flexion angle after the take-off across the three techniques 
(tech 1 = Simultaneous Flexion, tech 2 = Sequential Flexion, tech 3 = Double-Bounce). A knee flexion 
angle of 0 degrees is considered the correct technique and results in no point deductions (Fédération 
Internationale de Gymnastique, 2022). A “*” indicates a significant difference of p < 0.05.
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Discussion

This study identified three preferred take-off techniques for a BHS on the balance beam 
(Simultaneous Flexion, Sequential Flexion and Double-Bounce) and then determined if 
the take-off technique used influenced the BHS performance. We hypothesised that one 
technique would maximise the performance of the BHS and minimise back injury risk 
relative to the others, which was partially supported by differences in GRFs and some 
kinematic data but not in balance control or point deductions. The results of this study 
support using the Sequential Flexion technique over the Simultaneous Flexion or the 
Double-Bounce technique.

Previous work in other gymnastics skills found that gymnasts can use a variety of 
techniques, such as differences in hand positioning or joint angles (e.g., Burton et al.,  
2017; King & Yeadon, 2003) and that slightly changing the technique can be an important 
factor in injury reduction (Koh et al., 1992). While the different BHS techniques did not 
result in differences in point deductions (Figure 8), there were important biomechanical 
differences between techniques. The Simultaneous Flexion technique had lower peak and 

Figure 8. Point deductions calculated for the BHS across the three techniques (tech 1 = Simultaneous 
Flexion, tech 2 = Sequential Flexion, tech 3 = Double-Bounce). Deductions were taken as described in 
the Code of Points (Fédération Internationale de Gymnastique, 2022), where 0 represents a perfect 
skill and 1 point in deductions is taken for a fall off of the balance beam.
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impulse AP and vertical GRFs than the Sequential Flexion or Double-Bounce techniques, 
and the Double-Bounce technique trended towards higher AP and vertical GRFs than the 
Simultaneous Flexion but lower than the Sequential Flexion technique (Figure 2). These 
differences in GRF peaks and impulses suggest that the Simultaneous Flexion technique 
requires less muscle demand and the gymnasts likely experience lower joint loading 
during the take-off than the other two techniques (Kopper et al., 2013), which should be 
confirmed in future modelling and simulation work.

These changes in GRFs corresponded with specific kinematic differences throughout 
the BHS. The techniques did not have statistical differences in peak vertical CoM height 
(Figure 4) due to the high variability in the CoM peak across subjects during the BHS 
from differences from the rotational motion (i.e., differences in arm and leg position and 
spine extension angle that affected the CoM location). This lack of a statistical difference 
in CoM height is consistent with others who found no differences in CoM height between 
a BHS and two-footed BHS (Ede et al., 2021), and the variability is comparable with other 
studies on the BHS (e.g., Pimentel et al., 2020). However, these results found that the 
Sequential Flexion technique had the highest pelvis height (Figure 5), the body segment 
that reached the highest point during the flight phase of the BHS, consistent with its 
higher vertical GRF. The techniques also had differences in timing and velocity of the 
CoM, with the Simultaneous Flexion technique having an earlier peak and faster motion 
in the AP direction (Figure 4). Because the Simultaneous Flexion technique had a smaller 
impulse (Figure 2), gymnasts using this technique spent less time on the beam generating 
force, and thus a faster change in CoM position occurred earlier in the skill (Barker et al.,  
2018).

The Simultaneous Flexion technique also had the highest spine extension angle at 
hand contact (Figure 6) out of the three techniques. This spine extension angle coupled 
with the lower GRFs suggests that the Simultaneous Flexion technique relies more on the 
spine extension to produce the flipping motion. In contrast, the Sequential Flexion 
technique had higher GRFs and lower spine extension, suggesting it uses a propulsive 
technique that relies more on push-off from the ground to produce the flipping motion. 
The Double-Bounce technique was in between the Simultaneous Flexion and Sequential 
Flexion techniques. Overall, these results highlight that differing take-off techniques lead 
to differences in spine extension at hand contact. High repetitive spine extension can lead 
to back pain and injuries (Kruse & Lemmen, 2009), and the BHS is a common cause of 
spine injuries in gymnasts (Hart et al., 2018). Thus, using the Sequential Flexion 
technique may be beneficial for reducing lower back pain and injury risk compared to 
the other two techniques.

Finally, there were no differences in the point deductions across techniques (Figure 8), 
which was likely due to the multitude of variables that goes into calculating point deductions 
(Fédération Internationale de Gymnastique, 2022). Given the wide range of skill level in the 
present study and the inclusion of high level gymnasts executing all three techniques 
(Table 1), it was unsurprising that no technique was significantly lower scoring than the 
others. However, there were significant differences in knee flexion during the skill (Figure 7), 
which contributes to point deductions (no knee flexion = 0 point deductions but large knee 
flexion = 0.5 point deductions). Lower knee flexion after take-off during the skill is preferable 
(Fédération Internationale de Gymnastique, 2022), and the Sequential Flexion technique had 
significantly lower knee flexion angles (Figure 7), further supporting the use of the Sequential 
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Flexion technique. These results are consistent with the idea that the Sequential Flexion 
technique relies more on push-off from the ground and in turn leads to a full extension of the 
knees and higher pelvis height (Figure 5). However, there were no differences in the arm 
kinematics (e.g., shoulder, wrist or elbow angles) or balance control (Figure 3) between 
techniques, which also contributes to point deductions (Fédération Internationale de 
Gymnastique, 2022). Despite these benefits of the Sequential Flexion technique, the 
Simultaneous Flexion technique may be popular due to its similarities to how a two-footed 
BHS on the floor is performed (Fédération Internationale de Gymnastique, 2022). Given the 
similarities in point deductions between the techniques, gymnasts may naturally transfer this 
technique to the BHS on the balance beam without consideration of future injury risk.

Limitations

A potential limitation of this study was the use of a balance beam on the floor. 
A competition balance beam is 1.25 m high and made out of different material than 
the beam used in this experiment, which might alter the elasticity of the beam and the 
resulting kinematics. However, the softer floor beam was used to ensure the safety of the 
gymnasts. In addition, the brief survey following each subject’s participation revealed on 
average the beam did not affect their performance (18 gymnasts said the beam did not 
affect their performance, 3 said the beam felt slippery and soft and 4 said the beam felt 
hard). Furthermore, due to safety reasons, each gymnast only performed their preferred 
technique, and thus within-subject comparisons were not possible. However, each 
technique contained a similar spread of skill level and subject demographics, and each 
gymnast was able to complete a BHS on the high beam confidently to minimise any 
differences due to skill level. Finally, the point deductions were determined by a trained 
expert, and thus included some subjectivity. However, all gymnasts underwent the same 
evaluation, and these subjective measures were confirmed with the kinematics and joint 
angles of each BHS.

Conclusion

Given the importance of the BHS as a foundational skill on the balance beam, a better 
understanding of the underlying BHS biomechanics is crucial. While there were no differ
ences in overall point deductions between the three take-off techniques, there are important 
considerations that gymnasts should consider. Variations in the take-off of the BHS led to 
differences in the GRFs, spine extension at hand contact and knee flexion during the skill. 
Future modelling work should also consider differences in muscle demand and joint loading 
across the three techniques given the differences in GRFs. Reducing spine extension, especially 
in a skill that is repeated as frequently as the BHS, is an important step in reducing injury risk. 
Even though the Sequential Flexion technique had higher GRFs, it had the lowest spine 
extension at hand contact, which can help mitigate back injuries. The Sequential Flexion 
technique also had the lowest knee flexion, which is beneficial for point deductions. Both of 
these results support using the Sequential Flexion technique over the other two techniques in 
a BHS on a balance beam to mitigate back injuries as well as improve performance. These 
results also emphasise that gymnasts who already use the Simultaneous Flexion or Double- 
Bounce techniques should focus on achieving full extension of the knees after take-off to 
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improve performance. These results provide further insight into the coordination necessary to 
perform a BHS and guidelines for training regimens to improve the performance of the BHS 
while minimising injury risk.

Acknowledgments

This work was supported in part by the National Science Foundation Graduate Research 
Fellowship Program. The authors would like to thank Stephanie Molitor and Kristen Stewart for 
their help with data collection and comments on the manuscript. The authors would also like to 
thank all of the gymnasts who participated in this study.

Disclosure statement

No potential conflict of interest was reported by the author(s).

Funding

The author(s) reported that there is no funding associated with the work featured in this article.

References

Barker, L. A., Harry, J. R., & Mercer, J. A. (2018). Relationships between countermovement jump 
ground reaction forces and jump height, reactive strength index, and jump time. The Journal of 
Strength & Conditioning Research, 32(1), 248–254. https://doi.org/10.1519/JSC.0000000000002160  

Brüggemann, G.-P. (1988). Biomechanics in gymnastics. In B. van Gheluwe & J. Atha (Eds.), Current 
Research in Sports Biomechanics Sel Top (pp. 142–176). Karger. https://doi.org/10.1159/000414402 

Burton, S., Needham, L., Exell, T., Farana, R., & Irwin, G. (2017). Wrist-elbow coordination in 
technique selection: Influence of hand position during the back handspring. ISBS Proceedings 
Archive, 35(1), 39.

Davidson, P. L., Mahar, B., Chalmers, D. J., & Wilson, B. D. (2005). Impact modeling of gymnastic 
back-handsprings and dive-rolls in children. Journal of Applied Biomechanics, 21(2), 115–128.  
https://doi.org/10.1123/jab.21.2.115  

Ede, C. J., Yeadon, M. R., & Hiley, M. J. (2021). A kinetic and kinematic comparison of the 
two-footed and step-out back handsprings on the balance beam. Sport Biomech, 23(3), 301–313.  
https://doi.org/10.1080/14763141.2020.1849379  

Farana, R., Williams, G., Fujihara, T., Wyatt, H. E., Naundorf, F., & Irwin, G. (2023). Current 
issues and future directions in gymnastics research: Biomechanics, motor control and coaching 
interface. Sport Biomech, 22(2), 161–185. https://doi.org/10.1080/14763141.2021.2016928  

Fédération Internationale de Gymnastique. (2022). Fédération Internationale de Gymnastique 
Code of Points. FIG Executive Committee.

Goldstein, J. D., Berger, P. E., Windler, G. E., & Jackson, D. W. (1991). Spine injuries in gymnasts 
and swimmers. An epidemiologic investigation. The American Journal of Sports Medicine, 19(5), 
463–468. https://doi.org/10.1177/036354659101900507  

Hall, S. J. (1986). Mechanical contribution to lumbar stress injuries in female gymnasts. Medicine 
Science in Sports Exercise, 18, 599–602. https://doi.org/10.1249/00005768-198612000-00001  

Hart, E., Meehan, W. P., Bae, D. S., d’Hemecourt, P., & Stracciolini, A. (2018). The young injured 
gymnast: A literature review and discussion. Current Sports Medicine Reports, 17(11), 366–375.  
https://doi.org/10.1249/JSR.0000000000000536  

Herr, H., & Popovic, M. (2008). Angular momentum in human walking. Journal of Experimental 
Biology, 211(4), 467–481. https://doi.org/10.1242/jeb.008573  

12 G. H. SMALL AND R. R. NEPTUNE

https://doi.org/10.1519/JSC.0000000000002160
https://doi.org/10.1159/000414402
https://doi.org/10.1123/jab.21.2.115
https://doi.org/10.1123/jab.21.2.115
https://doi.org/10.1080/14763141.2020.1849379
https://doi.org/10.1080/14763141.2020.1849379
https://doi.org/10.1080/14763141.2021.2016928
https://doi.org/10.1177/036354659101900507
https://doi.org/10.1249/00005768-198612000-00001
https://doi.org/10.1249/JSR.0000000000000536
https://doi.org/10.1249/JSR.0000000000000536
https://doi.org/10.1242/jeb.008573


Hof, A. L., Gazendam, M. G. J., & Sinke, W. E. (2005). The condition for dynamic stability. Journal 
of Biomechanics, 38(1), 1–8. https://doi.org/10.1016/j.jbiomech.2004.03.025  

Jackson, D. W., Wiltse, L. L., & Cirincoine, R. J. (1976). Spondylolysis in the female gymnast. 
Clinical Orthopaedics and Related Research, 117, 68–73. https://doi.org/10.1097/00003086- 
197606000-00008  

King, M. A., & Yeadon, M. R. (2003). Coping with perturbations to a layout somersault in tumbling. 
Journal of Biomechanics, 36(7), 921–927. https://doi.org/10.1016/S0021-9290(03)00077-0  

Koh, T. J., Grabiner, M. D., & Weiker, G. G. (1992). Technique and ground reaction forces in the 
back handspring. The American Journal of Sports Medicine, 20(1), 61–66. https://doi.org/10. 
1177/036354659202000115  

Kopper, B., Csende, Z., Sáfár, S., Hortobágyi, T., & Tihanyi, J. (2013). Muscle activation history at 
different vertical jumps and its influence on vertical velocity. Journal of Electromyography and 
Kinesiology, 23(1), 132–139. https://doi.org/10.1016/j.jelekin.2012.09.005  

Kruse, D., & Lemmen, B. (2009). Spine injuries in the sport of gymnastics. Current Sports Medicine 
Reports, 8(1), 20–28. https://doi.org/10.1249/JSR.0b013e3181967ca6  

McLaughlin, P. A., Geiblinger, H., & Geiblinger, H. (1995). Take-off kinematics of beam 
dismounts. In ISBS Proceedings Archive, Ontario, Canada (pp. 155–159).

Neptune, R. R., & Vistamehr, A. (2019). Dynamic balance during human movement: 
Measurement and control mechanisms. Journal of Biomechanical Engineering, 141(7). https:// 
doi.org/10.1115/1.4042170  

Pataky, T. C. (2012). One-dimensional statistical parametric mapping in Python. Computer 
Methods in Biomechanics and Biomedical Engineering, 15(3), 295–301. https://doi.org/10. 
1080/10255842.2010.527837  

Pimentel, R., Potter, M. N., Carollo, J. J., Howell, D. R., & Sweeney, E. A. (2020). Peak sagittal plane 
spine kinematics in female gymnasts with and without a history of low back pain. Clinical 
Biomechanics (Bristol, Avon), 76, 105019. https://doi.org/10.1016/j.clinbiomech.2020.105019  

Richter, S. R., & Boucher, L. C. (2017). Role of hand placement at initial contact on peak ground 
reaction force during a back handspring on balance beam. Journal of Athletic Training (Allen 
Press), 52, 1920.

Sports and Fitness Industry Association. (2019). 2019 gymnastics participation report.
Standaert, C. J. (2002). New strategies in the management of low back injuries in gymnasts. 

Current Sports Medicine Reports, 1(5), 293–300. https://doi.org/10.1249/00149619-200210000- 
00007

SPORTS BIOMECHANICS 13

https://doi.org/10.1016/j.jbiomech.2004.03.025
https://doi.org/10.1097/00003086-197606000-00008
https://doi.org/10.1097/00003086-197606000-00008
https://doi.org/10.1016/S0021-9290(03)00077-0
https://doi.org/10.1177/036354659202000115
https://doi.org/10.1177/036354659202000115
https://doi.org/10.1016/j.jelekin.2012.09.005
https://doi.org/10.1249/JSR.0b013e3181967ca6
https://doi.org/10.1115/1.4042170
https://doi.org/10.1115/1.4042170
https://doi.org/10.1080/10255842.2010.527837
https://doi.org/10.1080/10255842.2010.527837
https://doi.org/10.1016/j.clinbiomech.2020.105019
https://doi.org/10.1249/00149619-200210000-00007
https://doi.org/10.1249/00149619-200210000-00007

	Abstract
	Introduction
	Materials and methods
	Data collection
	Data processing and analysis
	Statistics

	Results
	Take-off techniques
	Ground reaction forces
	Balance control
	Kinematic differences

	Discussion
	Limitations

	Conclusion
	Acknowledgments
	Disclosure statement
	Funding
	References

