
  
 

 
LANDING ASYMMETRY IN BACK TUCKED SALTOS AND THE 

EFFECT OF TAKEOFF ASYMMETRY 

 

 

A Thesis Submitted to the College of  

Graduate and Postdoctoral Studies 

In Partial Fulfillment of the Requirement 

for the Degree of Master of Science  

in the College of Kinesiology  

University of Saskatchewan  

Saskatoon, SK 

 

 

 

 

 

 

By Nicolas Byron Hallgrimson 

 

 

© Copyright Nicolas B. Hallgrimson, August, 2020. All Rights Reserved 



i 
 

PERMISSION TO USE 

In presenting this thesis in partial fulfillment of the requirements for a Postgraduate degree from 

the University of Saskatchewan, I agree that the Libraries of this University may make it freely 

available for inspection. I further agree that permission for copying of this thesis in any manner, 

in whole or in part, for scholarly purposes may be granted by the professor or professors who 

supervised my thesis work or, in their absence, by the Head of the Department or the Dean of the 

College in which my thesis work was done. It is understood that any copying or publication or 

use of this thesis or parts thereof for financial gain shall not be allowed without my written 

permission. It is also understood that due recognition shall be given to me and to the University 

of Saskatchewan in any scholarly use which may be made of any material in my thesis.  

DISCLAIMER 

Reference in this thesis to any specific commercial products, process, or service by trade name, 

trademark, manufacturer, or otherwise, does not constitute or imply its endorsement, 

recommendation, or favoring by the University of Saskatchewan. The views and opinions of the 

author expressed herein do not state or reflect those of the University of Saskatchewan and shall 

not be used for advertising or product endorsement purposes. 

Requests for permission to copy or to make other use of material in this thesis in whole or part 

should be addressed to:  

 

Dean of College of Kinesiology  

University of Saskatchewan  

87 Campus Drive  

Saskatoon, Saskatchewan  

S7N 5B2  

 

OR 

 

Dean 

College of Graduate and Postdoctoral Studies 

University of Saskatchewan 

116 Thorvaldson Building, 110 Science Place 

Saskatoon, Saskatchewan S7N 5C9 

Canada  



ii 
 

ABSTRACT 

Introduction: Landing asymmetry is an injury risk factor that may have antecedents at takeoff. 

The goals of this study were to (1) characterize normal takeoff and landing asymmetry and (2) 

examine how landing asymmetry is related to takeoff asymmetry for both force and kinematic 

variables during a back tucked salto. Since a takeoff force asymmetry likely generates 

asymmetric changes in momentum, any unwanted rotation may result in corresponding 

alterations at landing. It was hypothesized that takeoff force asymmetry would elicit changes in 

takeoff and landing force, impulse, and kinematic variables, unique to each takeoff condition.  

Methods: Twelve male and four female injury free competitive gymnasts participated in this 

study. Participants completed a short questionnaire and then were tested for their maximal knee 

extension strength using a handheld dynamometer. The gymnasts completed their saltos from 30 

cm high platforms onto standard gymnastics mats. Takeoff and landing forces under each foot 

were recorded using four force platforms (AMTI, Watertown, MA) and whole body kinematics 

were recorded using inertial measurement units (XSens Awinda, Enschede, NL). The gymnasts 

completed five normal baseline trials and three trials with a 60% manipulated vertical force 

takeoff asymmetry to the right (60R), and three to the left (60L). Takeoff asymmetry was 

achieved by having the participants lean slightly, aided by visual feedback of the vertical ground 

reaction force. Kinetic outcome variables included takeoff and landing vertical force and impulse 

in the vertical, anterior/posterior (AP), and medial/lateral (ML) directions. Kinematic variables 

included hip and knee joint angles, ranges of motion (ROM), angular momentum vector 

orientation, and center of gravity (CG) height. Asymmetry was measured using a standard 

symmetry index (SI). One sample t-tests assessed baseline results to zero. Repeated measures 

correlations tested the relationship between select takeoff, flight phase, and landing variables, and 

separate repeated measures ANOVA’s were used to examine the effects of manipulated takeoff 

conditions. Significance was set at p<0.05. 

Results: Due to the COVID-19 pandemic restrictions, the number of female gymnasts assessed 

was too small to interpret in depth and their data were not combined or compared directly with 

males. Male and female baseline takeoff force and impulse SI were not significantly different 

than zero (p>0.05). Male landing baseline vertical force and impulse results indicated significant 

rightward SI (p<0.05). Male takeoff force and impulses showed expected differences between all 
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conditions (p<0.05) where 60R had a rightward SI and 60L had a leftward SI compared to 

baseline. Both takeoff vertical force SI and vertical impulse SI were significantly correlated with 

landing vertical force SI and vertical impulse SI. In females, all conditions for takeoff vertical 

force, vertical impulse, and AP impulse displayed a rightward SI. The baseline total vertical force 

at landing for males was 13.0±3.5 times body weight (BW) and 17.1±3.4 times BW for females. 

For males at landing, 60R had greater rightward SI than 60L for vertical force and vertical 

impulse. Male gymnasts’ right limbs were significantly stronger than their left (t=3.066, 

p=0.011). Male flight phase frontal plane angular momentum angle was significantly different 

between all conditions where 60R and 60L showed a right and left angle deviation from baseline 

(p<0.05). Frontal plane angular momentum angle was also significantly correlated with takeoff 

and landing vertical force SI and vertical impulse SI. 

Conclusion: Takeoff vertical force asymmetry is related to both force and kinematic factors of 

the takeoff, flight phase, and landing of a back tucked salto. Rightward landing asymmetry was 

present at baseline which may indicate a right limb dominance which is supported by the 

extensor strength data. Landing asymmetry levels were altered based on takeoff conditions. It is 

possible that certain kinematic variables could help coaches identify force asymmetries at 

landing, but the evidence found in this study was inconclusive. The female gymnasts’ data 

showed greater peak forces and more prevalent rightward SIs providing motivation for further 

investigation into landing asymmetry in female gymnasts. Although it is possible that landing 

asymmetry could cause injury, it is more likely that asymmetry may exacerbate injury risk 

through other injury mechanisms and could be the reason no empirical evidence on incidence of 

asymmetry injury exists currently.   
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GLOSSARY OF TERMS 

Men’s Artistic Gymnastics Code of Points (MAG COP): The document used worldwide that 

outlines the rules and regulations for the participation in competitive men’s artistic gymnastics 

[1]. This document is used a guide to coaches for proper routine construction as well as directs 

gymnastics officials on how to judge and score routines appropriately and accurately. 

Women’s Artistic Gymnastics Code of Points (WAG COP): The document used worldwide 

that outlines the rules and regulations for the participation in competitive women’s artistic 

gymnastics [2]. This document is used a guide to coaches for proper routine construction as well 

as directs gymnastics officials on how to judge and score routines appropriately and accurately. 

Salto: A rotation about the transverse axis. Technical gymnastics term for a “flip”. 

Back Tucked Salto: A backward rotation about the transverse axis with legs bent in a tucked 

position. 

Twist: Longitudinal rotation while performing salto. 

Tumbling Pass: A series of gymnastics skills performed on floor exercise in a row. 

Lead up skill: Broad term for gymnastics skills used to initiate a tumbling pass on floor exercise. 

Round-off: Common gymnastics lead up skill used to start a backwards tumbling pass. Similar 

to a “cartwheel” except the gymnasts completes a round-off with both feet landing beside each 

other simultaneously.  

Back Handspring: A common gymnastics skill on floor exercise and beam where the gymnast 

rotates backwards, lands on their hands, and propels themselves back to their feet. 

Angular Momentum: The product of a system’s rotational inertia and angular velocity resulting 

in the quantity of angular motion [3]. 

Center of Gravity (CG): The point at which the body’s mass is equally distributed and where 

the body rotates free in space where the three primary axes intersect. 

Range of Motion (ROM): The measurement of the amount of angular movement about a 

specific joint, measured in degrees. 
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Kinematics: Motion without reference to the forces causing that motion. This includes joint 

angles, ROM, angular momentum, etc.
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CHAPTER 1:  INTRODUCTION 

 Many sports contain elements that require landing on the feet from a jump or drop from a 

height. The ability to safely and effectively absorb forces at impact during these landing events 

has been studied in many different contexts [4–14]. Reducing the peak magnitude of load and 

also evenly or symmetrically distributing that load between limbs have been identified as 

important biomechanical factors for mitigating acute and long term injury [4–6,9].  

Landing asymmetry is defined as uneven lower limb loading patterns caused by someone 

landing more on one leg than the other [6–8]. Landing asymmetries have potential implications 

for both injury risk and performance [4,5,9,15,16]. While a considerable amount of research has 

been completed on landing asymmetry [4,5,7–11,15–18], this previous work tends to focus on 

isolated drop landings and few studies have examined gymnastics-specific movements. In 

addition, most landing asymmetry research does not examine how takeoff factors may affect the 

landing, which is important for understanding how to change athlete’s movement patterns to 

reduce injury risk. 

The takeoff mechanics during a gymnastics movement, especially one that involves an 

airborne rotation, should influence the momentum and kinematics of the airborne phase which, 

in turn, should influence the landing [16]. The typical levels of landing asymmetry in 

experienced gymnasts performing actual gymnastics movements have not been well 

characterized and the effects of any asymmetry at takeoff are also unknown. 

It has been shown that female athletes can experience higher rates of certain injuries (e.g. 

non-contact anterior cruciate ligament [4,5,9,19]) compared to males and these injuries have 

been linked to biomechanical factors [4,5,9]. Both are also true in gymnastics [20]; however, 

biomechanical differences between male and female athletes performing gymnastics movements 

has not been well studied and differences in takeoff and landing mechanics between males and 

females has not been examined.    

This study compared athletes that compete in men’s and women’s artistic gymnastics 

because of known sex differences found at landing [4,5,9,10]. Although artistic gymnastics 
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divides athletes using gender terminology (i.e. men and women), competition groups were 

assumed to represent sexes in this study.  

This study attempted to address gaps in the research by examining how takeoff 

mechanics affected landing mechanics in a common gymnastics movement that involves an 

airborne rotation. In particular, this study examined the relationship between takeoff and landing 

asymmetry with respect to forces and kinematics.  

Please note that this study also hoped to compare male and female gymnasts. 

Unfortunately, due to restrictions imposed by the COVID-19 pandemic, data collection was 

suspended before the study was fully complete. While some data for females were collected, the 

sample size was not sufficient for direct comparisons.   

1.1 Landing Asymmetry  

Drop landings and drop vertical jumps are used widely in sport research when examining 

landing asymmetry [4,5,10,11,18,21]. The results of these drop landing studies are very 

applicable to sports where simple drop landings are common, such as in volleyball or basketball 

[4,5,11,18]. In recreational volleyball players it was found that when significant asymmetry was 

observed during drop and forward landing tasks, the preferred leg experienced greater loads than 

the non-preferred leg [11]. These asymmetries may suggest that the preferred leg will be more 

exposed to impact regardless of landing technique [11]. In basketball players the dominant leg 

was shown to exhibit significantly greater maximum knee valgus angle at landing [5]. It was said 

that this asymmetry may put the athletes at risk of non-contact ACL injuries, potentially during 

common basketball skills like lay-ups or rebounding [5]. Countermovement and drop jumps have 

been analyzed in the Brazilian national volleyball team and every athlete showed both kinematic 

and kinetic asymmetries during both types of jumps where the location and severity of these 

asymmetries coincided with the athlete’s injury complaints [18]. The researchers concluded that 

the results of this study could be used to evaluate the athlete’s performance and aid in prescribing 

a training plan to minimize the present asymmetries and joint overload [18].  

 Asymmetrical landings affect both sexes, but there is evidence that female athletes 

present greater kinetic and kinematic landing asymmetries [4,5,10]. Landing valgus knee angle 

has been shown to be greater and more asymmetrical in female high school basketball players 
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compared to their male counterparts [5]. A similar result for knee valgus angle at landing was 

found for recreational athletes [10].  

This disparity in asymmetric loading between sexes may occur in gymnasts as well and 

may be exacerbated by the predominance of sport-imposed right limb loading in female 

gymnasts compared to male. An example of this would be on the beam exercise, an event unique 

to women’s artistic gymnastics [22]. It has been hypothesized that the unilateral distribution of 

load may be associated with the predominance of unilateral injuries and that this is most likely 

due to the required structure of the balance beam routines defined by the Women’s Artistic 

Gymnastics Code of Points [2,22]. In the Code of Points there is a vast number of skills that 

require the gymnast to takeoff or land on one leg causing excessive load through a single limb 

while detraining the other [22]. In addition, on the floor exercise, an event shared by both sexes, 

female gymnasts are required to perform choreographed dance elements in their floor routines 

which include unilateral leaps and landings that male gymnasts are not required to do in their 

floor routines [2]. By repeating asymmetrically loaded physical activities in female gymnasts, 

bilateral differences between limbs and bones are expected to enlarge with time [22].  

Drop landings and drop vertical jumps have been used to evaluate landing asymmetry in 

gymnasts as well, although not extensively. Between several studies it has been found that 

gymnasts land with 14-18% landing asymmetry and displayed right limb dominance [7,8]. 

However, these drop landings are less applicable to this sport as they occur infrequently in 

practice and competition compared to other types of landings, like that of a salto (flip) [7,8]. 

Studies examining asymmetry using actual gymnastics movements are rare. One such 

study used front and backward salto skills with twists to examine the relationship between 

kinematic symmetry and the quality of landing assessing temporal and dynamic variables. The 

results had performance implications as they were compared to the deductions defined by the 

Code of Points [16]. They found that the greater the biomechanical asymmetry, the larger the 

error in the landing score [16]. This type of kinematic analysis is important because the ultimate 

goal in a gymnastics competition is to complete a routine and perform skills that will give you 

the highest score possible. 

If landing asymmetrically is correlated to a lower score of the performed skill, then it is 

important for the athlete’s success to correct that asymmetry. Since it is known that as landing 
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asymmetry increases the routine score decreases, further analysis into what causes these 

asymmetries is crucial to identify and reduce the likelihood of landing asymmetrically and 

receiving a poor score. More studies examining landing asymmetry using gymnastics skills are 

required for this analysis.  

1.2 Injury and Asymmetry 

A large portion of kinetic landing asymmetry research is related to ACL injury in athletes 

[4,5,9]. It has been found that in an increase in asymmetric knee valgus moments at impact are 

predictors for acute ACL injury [4]. Larger frontal plane knee moment asymmetries have also 

been found among athletes who suffered a second ACL injury compared to athletes recovering 

from ACL reconstruction [9]. The “second injury” group demonstrated a 4.1-fold greater 

asymmetry in internal knee extensor moment at initial contact when compared with the cohort of 

patients who did not suffer additional injury [9].  

There has been research conducted on female runners on the effects of chronic kinetic 

asymmetry during running and overuse tibialis stress fractures [23]. In previously injured 

runners, the limb that was injured tended to have elevated loading compared to the non-injured 

limb [23]. The previously injured runners also had greater asymmetric ground reaction forces 

and loading rates compared to the control group. This suggests that runners may be predisposed 

to stress fractures on the side of their body that exhibits higher impact loading [23]. 

There is minimal evidence relating landing asymmetry to injury using gymnastics 

movements. One study that used gymnastics movements found that landing forces can be 

particularly high in gymnastics. During the landing of a double backwards somersault, gymnasts 

experience ground reaction forces up to fourteen times their body weight (BW) [15]. It was even 

stated that this was a conservative estimate of ground reaction force due to the force attenuating 

effect of the landing mats placed over the force plates [15].  Based on several gymnastics 

specific landing tasks, it was concluded that the asymmetric ground reaction force and impulse 

values suggest high potential to cause injury [15]. Interestingly, even trials in which the gymnast 

landed in a “wipeout” scenario the sum of both legs for the impulse values was less than the 

corresponding values for only the left leg in a poor, asymmetric trial [15]. 

Injury rates in artistic gymnastics are high. Injuries were tracked in the Greek artistic 

national gymnastics team over one competitive season and it was found that the most common 
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event and exercise phase where injuries occur is during landings on floor exercise [24]. This 

occurs in both males and females [24]. Additionally, over three quarters of all acute injuries 

occurs in the lower leg [24]. Australian elite and sub-elite female artistic gymnasts were 

followed over an eighteen-month period and it was found that no gymnast was uninjured during 

the collection period with 96% of elite gymnasts and 65%  of sub-elite gymnasts reporting more 

than three injuries over the collection period [25]. They also found that the most common 

locations of injury were the back, knee, and ankle [25].  

There is evidence that gymnastics related injuries have increased in both male and female 

elite gymnasts from 2008 to 2016 [26]. It is speculated that this is due to the increases in 

difficulty requirements for gymnastics routines, outlined in the Code of Points [26]. An updated 

Code of Points for both men’s and women’s artistic gymnastics is issued after each Olympic 

cycle. Since gymnastics is always progressing and gymnasts within the sport are constantly 

innovating new and increasingly difficult skills, the Code of Points updates are often used as a 

way to control how routines are constructed and often de-values pre-existing skills to manage 

gymnasts’ difficulty scores. This pushes gymnasts to compete immensely difficult and 

potentially dangerous routines to score well in competition.  

There is also evidence that female gymnasts are typically injured more often than male 

gymnasts. It has been found that female collegiate level gymnasts experienced four times the 

amount of injuries as compared to males, measured over one competitive season (0.82 injuries 

per 100 hours of athletic exposure for females and 0.21 injuries for males) [27]. Over a ten year 

collection period another study also examined collegiate level gymnasts and found that the 

difference in overall injury rates between sexes were less drastic (9.37 per 1000 gymnasts for 

females, and 8.78 per 1000 gymnasts for males [28]); however, females suffered major injuries 

more than male (2.52 per 1000 gymnasts and 1.57 per 1000 gymnasts respectively) and females 

more commonly had to undergo surgery following these major injuries than males (24.4% vs 

9.2% in males) [28]. Even at the most elite level, female Olympic gymnasts experienced greater 

injury rates resulting in time loss than their male counterparts, analyzed by combining gymnast 

injury data measured across the 2008, 2012, and 2016 Olympic games (106.2 per 1000 gymnasts 

for females and 82.8/1000 gymnasts for males) [26]. 
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Injury rates in elite and non-elite male and female gymnasts are high and the incidence of 

these injuries appears to be increasing [26], possibly due to increased difficulty of the sport. 

Despite this, clear empirical evidence on asymmetry related injury in the current literature is 

lacking. An increase in descriptive data on how asymmetries present in gymnastics skills is 

needed and will potentially aid in the collection of asymmetry injury data in gymnastics moving 

forward. 

1.3 Gaps in the Current Literature 

There is minimal landing asymmetry research completed using gymnastics movements. 

This is strange since landing forces are extremely high during these movements. Chronic stress 

fractures have been found in runners where athletes are exposed to asymmetric loads that are less 

than a quarter of those seen in gymnastics (3x vs 14x BW)  [23] so it is conceivable that 

gymnasts endure asymmetric force and impulse values high enough to cause injury if exposed 

over time. Landing asymmetry in gymnastics movements needs to be explored further. 

Very little research has examined potential causes of both kinetic and kinematic 

asymmetries in gymnastic movements[16]. It has been proposed that landing asymmetries are 

potentially caused by three things; lack of flight amplitude, lack of angular momentum, and lack 

of control of longitudinal angular velocity [16]. All of these occur during the flight phase but are 

mainly determined during the takeoff, where the takeoff forces determine flight amplitude and 

angular momentum. These variables cannot be altered once in flight, as per conservation of both 

angular and linear momentum. So, if there are any unwanted forces causing angular momentum 

in any axis other than the desired axes, it may result in unwanted rotation likely affecting the 

landing. With these takeoff factors taken into consideration it is likely that takeoff force 

asymmetry relates to landing asymmetry. 

Using transverse rotation gymnastics skills to examine the injury risk factor of landing 

force asymmetry is lacking in the current research. Studying tasks that are as gymnastics-specific 

as possible will give a better indication of how a gymnast truly lands after executing an acrobatic 

element [15]. This will give researchers a more accurate and applicable description of how this 

injury risk factor may affect a gymnast in an actual practice or competition setting, rather than in 

an isolated task that is not as applicable to the gymnast. One approach to studying more realistic 
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asymmetry in gymnasts landings is to have the gymnasts perform common skills, like saltos 

(flips) with manipulated asymmetry at takeoff.  

To the author’s knowledge, no kinematic analysis using gymnastics skills has been 

completed while examining takeoff and landing asymmetry. Previous research has linked 

volleyball players lower limb injury complaints with their landing kinematic asymmetries during 

jump tasks [18]. Similarly, identifying kinematic asymmetries associated with force or impulse 

asymmetries can be visual way for coaches to identify an athlete presenting a force or impulse 

asymmetry, data on which does not exist currently in the gymnastics literature. 

Previous research has defined functional leg symmetry as a ≤10% difference in strength 

values between limbs and a significant asymmetry as a >20% difference in strength values 

between limbs [29]. For the purposes of this thesis, these strength-based asymmetry ranges were 

used as a basis for evaluating landing force asymmetry to help enable comparisons to the 

literature. Strength asymmetry ranges have been used in previous landing studies where a 

significant landing force asymmetry has been proposed conservatively as >10% [7,8], since 

functional landing-specific asymmetry levels have yet to be developed.  

1.4 Purpose Statement and Hypothesis 

1.4.1 Purpose Statement 

The first purpose of this study was to characterize normal (baseline) bilateral asymmetry 

during both takeoff and landing in experienced gymnasts performing a back tucked salto, a 

typical basic gymnastics skill. The second purpose of this study was to determine whether 

imposed takeoff force asymmetries were related to landing asymmetries during back tucked 

saltos. Finally, a tertiary purpose was to identify if these manipulated takeoff force asymmetries 

were related to kinematic variables during the takeoff, flight phase, and landing of back tucked 

saltos. 

1.4.2 Hypotheses 

 The first main hypothesis is was that normal (baseline) takeoff vertical force and impulse 

asymmetries will be near zero and that the subsequent landing asymmetries should then be near 

zero as well. Additionally, if the force and impulse asymmetries were near zero, it was 
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hypothesized that kinematic asymmetry for the knee and hip joint angles should also be near 

zero.  

The second main hypothesis was that a manipulated takeoff force asymmetry would 

affect landing peak vertical force and vertical impulse asymmetry, regardless of baseline landing 

asymmetry. Specifically, it was hypothesized that a rightward takeoff asymmetry would elicit a 

corresponding shift in landing asymmetry to the right of baseline and a leftward takeoff 

asymmetry would correspond to a shift in landing asymmetry to the left of baseline. 

The first and second hypotheses were based on the premise that while the gymnast was 

rotating in the air there were no available external forces that could alter the center of mass 

trajectory or the total angular momentum before they landed the backward salto. Therefore, it 

was hypothesized that levels of symmetry in the takeoff should be related to the landing of the 

salto. 

It was further hypothesized that any resultant landing force asymmetries would be 

affected by the relative knee extensor strength between limbs or to preference for the dominant 

limb. 

 The third main hypothesis was that a force asymmetry at takeoff would elicit kinematic 

differences between limbs for each condition. Specifically, the knee and hip joint angles 

positions and ROM, transverse axis angular momentum, frontal and transverse angle of the 

angular momentum vector, frontal body angle, and center of gravity height would present 

leftward asymmetry when a left takeoff force asymmetry was implemented and rightward 

asymmetry when a right takeoff forces asymmetry manipulated for takeoff, flight phase, and 

landing. This hypothesis was based on the premise that if there was a difference in peak force 

asymmetry during takeoff or at landing in any condition, there must have been visual or 

kinematic differences in how those forces came to be, which could help coaches identify an 

athlete presenting a force asymmetry. 
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CHAPTER 2:  METHODOLOGY 

2.1 Participants 

Twelve competitive male artistic gymnasts (provincial to international level, 14-29 years, 

1.67±0.05 m, 62.3±8.8 kg) and four competitive female artistic gymnasts (provincial to national 

level, 13-19 years, 1.56±0.03 m, 49.9±6.3 kg) were recruited from national gymnastics training 

facilities in Saskatoon, Saskatchewan, Canada to participate in this study (Table 2.1: Artistic 

competitive gymnastics participants descriptive data).  

Table 2.1: Artistic competitive gymnastics participants descriptive data 

Participant 

ID 

 

Sex 

 

Height (m) 

 

Mass (kg) 

 

Age (years) 

Competitive 

Gymnastics 

Experience (years) 

1 M 1.69 65.8 23.8 9 

2 M 1.77 77.0 23.4 20 

3 M 1.60 54.2 18.5 10 

4 M 1.74 66.4 17.2 13 

5 M 1.67 59.3 17.1 8 

6 M 1.62 49.2 14.4 8 

7 M 1.71 61.4 15.9 9 

8 M 1.64 58.4 16.8 7 

9 M 1.61 51.3 16.6 12 

10 M 1.66 61.4 17 7 

13 M 1.74 76.8 28.8 19 

16 M 1.68 66.2 23.3 19 

Male Data  

(mean±SD) 

 1.67±0.05 62.3±8.8 19.0±4.1 11.8±4.7 

11 F 1.55 42.2 14.3 5 

12 F 1.60 56.7 14.4 8 

14 F 1.53 45.3 14.3 5 

15 F 1.55 55.5 19.1 13 

Female Data 

(mean±SD) 

 1.56±0.03 49.9±6.3 15.5±2.1 7.8±3.3 

 

Participants were recruited for data collection if (1) they were able to perform a backward 

tucked salto safely and with technical mastery (assessed by a Federation of International 

Gymnastics (FIG) men’s artistic gymnastics judge recruited to assist with this study), (2) were 

enrolled in a provincial or national level competitive gymnastics program at time of recruitment 
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or had previously been enrolled in a provincial or national level competitive gymnastics program 

in the last 10 years, and (3) were between the ages of 13 and 35 years. If participants failed to 

meet any of these criteria, they were not recruited for data collection. All participants were injury 

free at time of data collection. All eligible participants, as well as legal guardian if under 18 

years of age, provided written informed consent (Appendix A, Appendix B). This study was 

approved by the University of Saskatchewan Biomedical Research Ethics Board for human 

subject research. 

2.2 Experimental Protocol 

 The study was fully explained to each participant and any questions were answered 

before they provided consent. Participants were then given a short questionnaire to fill out which 

included questions regarding the discipline of artistic gymnastics they compete in, footedness, 

injury history, and years enrolled in competitive gymnastics (Appendix C). In this questionnaire, 

footedness was assessed using the Waterloo Footedness Questionnaire-Revised [30]. The 

Waterloo Footedness Questionnaire-Revised asks 10 questions that assess which foot an 

individual would use during different bilateral mobilizing tasks and unilateral stabilizing tasks. 

This questionnaire is measured on a scale from La=Left always, Lu=Left usually, Eq=Equal, 

Ru=Right usually, and Ra=Right always. Each of these response options for this questionnaire 

were assigned a numerical value from -2 to 2, from La to Ra respectively. The mean of these 

scores were used as an indicator of perceived footedness and limb dominance. A mean score of -

2 indicated the perception of being completely left footed, a mean score of 0 indicated the 

perception of being equal footed, and a means score of 2 indicated the perception of being 

completely right footed. Each question was assigned equal weighting in the calculation of 

perceived footedness. 

 Next, isometric knee extensor strength was assessed for each limb. The participant sat in 

a chair with their legs at 90° bent at the knee. A digital handheld dynamometer (Model 01165, 

Lafayette Instrument, Lafayette, IN) was placed twenty centimeters below the head of the fibula 

on the shank of the leg being assessed. A ratchet strap was then placed over the dynamometer 

and around the back of the chair to secure the leg (Figure 2.1). Additional stability was provided 

by the researcher during each trial for safety in case the device slipped on the participants shank. 

Their other leg was in front of and did not touch the rachet strap as to not impede the collection 
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of the strength data from the other limb. Although knee extension torques measured using 

handheld dynamometers have been found to be lower than those using isokinetic dynamometry, 

they are highly correlated with each other [31]. In addition, very high test-retest reliability has 

been found using the same method of belt stabilized handheld dynamometry as this study (ICC: 

0.98) indicating this method is viable for measuring knee extensor torques [32]. The participant 

was instructed to attempt to extend their leg at the knee with maximum effort for five seconds. 

Each trial alternated between limbs to avoid fatigue. Three trials of maximal voluntary force 

from each leg were collected and used for analysis. On either limb if any trial had a difference 

greater than ±5 kg than previous trials for that limb, additional trials were completed until there 

were three successful trials within the acceptable ±5 kg range for analysis. No participant took 

more than four trials for each limb. Maximal load was recorded in kilograms (kg) and the data 

were converted to Nm of torque. 

 

 

Figure 2.1: Experimental set-up for the knee extensor strength portion of the data collection 

protocol 

  

 Following the strength measurement, the participants were equipped with the XSens 

Awnida inertial sensor system (Xsens Awinda, MVN Analyze 2019.1, Enschede, NL; see section 

2.3). They then performed a self-selected cardiorespiratory warm-up and stretch and familiarized 
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themselves with the landing conditions. A short calibration procedure was performed for the 

XSens system before data were collected, as directed by the MVN Analyze software [33]. 

Participants were then instructed to perform back tuck saltos taking off from two independent 60 

x 40 cm platforms raised 30 cm above the floor (Figure 2.2). The participant was required to start 

the movement with a foot fully planted on each platform. Thirty centimeters was chosen for the 

height of the raised platform as it made it easier for the participants to complete the salto. This 

height allowed participants with a wider range of skill levels to be included in the study since 

participants with less skill/experience may have not been able to complete the skill safely or with 

technical mastery without the raised platform. Thirty centimeters was also chosen because it is 

the height of a typical box a gymnast would takeoff from in training and this was deemed an 

appropriate takeoff height through pilot testing. The edges of the raised platform were padded for 

safety (Figure 2.2). The participants were instructed not to cross the center line between raised 

platforms and to not have their feet on the padding surrounding the edges of the platforms. The 

participants were instructed to perform the salto and land on two 60 x 40 cm standard floor mats 

(6 cm thick) placed 60 cm from the base of the starting platforms. A trial was considered 

successful if the participant landed with each foot on a separate landing mat.  

 

Figure 2.2: Back tucked salto experimental set-up displaying a gymnast before starting a salto. (1) 

Computer monitor displaying custom biofeedback program. Real-time SI feedback was presented 

on the monitor; (2) Independent left and right raised platforms fixed to the takeoff force platforms 
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(platform edges have been highlighted); (3) Independent gymnastics mats fixed to the two landing 

force platforms (edges have been highlighted). 

  

 To start, participants completed five normal baseline backward salto trials followed by 

three trials with a takeoff force asymmetry to the right and three trials with a takeoff force 

asymmetry to the left. The order in which the left and right takeoff asymmetry trials were 

completed was randomized for each participant. baseline trials consisted of no specific takeoff 

instructions other than the foot positions described above with no feedback provided. Following 

the completion of the baseline trials, the participants performed the takeoff asymmetry trials. 

Takeoff asymmetry was achieved by getting the participant to lean until a 60% vertical force 

asymmetry level was present, as measured by the force platforms. Pilot testing showed that this 

methods of achieving asymmetry was shown to be the most successful and consistent compared 

to other imposed asymmetry methods is the most realistic in a practice or competition setting. 

This asymmetry was calculated using a symmetry index (SI) commonly used in strength and 

performance research [7,8,34]:  

 𝑆𝐼 =  
𝑅𝑖𝑔ℎ𝑡−𝐿𝑒𝑓𝑡

𝑀𝑒𝑎𝑛(𝑅𝑖𝑔ℎ𝑡,𝐿𝑒𝑓𝑡)
 × 100%      (Equation 2.1) 

 An SI of zero indicated symmetrical data while a positive value indicated a rightward 

asymmetry and a negative value indicated a leftward asymmetry. Previous research has been able 

to quantify asymmetries such that being functionally symmetrical is that of ≤10% difference in 

strength values between limbs and a significant asymmetry is >20% difference in strength values 

between limbs. As there are no force based asymmetry ranges found in the current literature 

regarding landing asymmetry, these strength based asymmetries were used as a basis when 

creating the 60% manipulated takeoff asymmetry values for the current study. Although 60% 

may seem large compared to the 20% stated in the literature, extensive pilot testing showed that 

this level was necessary. For example, setting the target asymmetry to 20% and 40% had 

minimal effects on the takeoff or landing forces. Furthermore, subjectively, the pilot participants 

expressed to the researchers that maintaining a consistent 20% or 40% asymmetry was extremely 

difficult as they felt that the amount they were leaning was negligible. 
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 For the asymmetry trials, a custom biofeedback display that showed the real-time vertical 

force SI was used to direct the participants to the desired asymmetry level before takeoff (Figure 

2.3). At the beginning of the trial, participants were instructed to lean until their SI was within a 

range around the target level. Once the participants were able to keep their SI at or near the target 

level, as visually identified by the researcher for three seconds, they were instructed to proceed 

with completing the salto and to do their best to keep their SI at the target level throughout the 

entire takeoff. A two-minute rest period between trials was implemented to eliminate fatigue as a 

factor. 

 

Figure 2.3: Custom biofeedback program screen. Blue line represents bilateral vertical force 

symmetry index (SI) and the red lines represents the target asymmetry range. 

 

2.3 Experimental Set-Up and Instrumentation 

2.3.1 Force Data 

Four AMTI force platforms (60 x 40 cm, AMTI HP400600-HF-OP-2K, Watertown, MA) 

were used to collect ground reaction force data under each foot during takeoff and landing. The 

two thirty centimeter raised platforms were secured to two of the force platforms which collected 

the takeoff ground reaction force data. Each raised platform was securely bolted to the 

underlying force platform using four built-in threaded holes on the top of the force platforms. 
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The remaining two force platforms were placed sixty centimeters from the raised platform and 

measured ground reaction forces during the landings. These two force platforms were covered 

with 6 cm thick gymnastics mats (secured with two-sided carpet tape) for safety and the 

surrounding area was matted as well (Figure 2.2) [35]. The mats on the landing force platforms 

were separated from each other and the surrounding floor mats. All four force platforms were 

securely bolted directly to the concrete floor of the data collection area. 

Each force platform was connected to an amplifier (OPT-SC, AMTI, Watertown, MA) 

that provided power and signal conditioning. The amplifiers generated analog voltage outputs for 

the three force and three moment components for each platform. The 24 channels of analog force 

platform data were converted to digital signals at a sample rate of 4000 Hz using a USB-based 

A/D system (NI-6225, National Instruments, Austin, TX) connected to a PC laptop. A custom 

MATLAB routine (R2019a, Mathworks, Natick, MA) was used to collect and save the data. 

During each trial, the data collection routine calculated and displayed the participant’s real-time 

SI as a scrolling vertical line. For the asymmetry trials, the target SI was also displayed as 

vertical lines depicting +/-10% of the target (Figure 2.3). For the asymmetry trials, the data 

collection display was mirrored on a second computer monitor placed in front of the participant 

so that it could be used as biofeedback. The distance from the screen to the participant varied 

between participants based on their preference. 

2.3.2 Kinematics  

To capture whole body 3D kinematics of the movements, participants were equipped with the 

XSens Awinda (Xsens Awinda, Enschede, NL) inertial sensor system. Seventeen inertial sensors 

were place on the participant’s body in a specific configuration required by the XSens system 

(Figure 2.4) [33]. Each sensor was 47 mm x 30 mm x 13 mm and weighed 16 grams [36] (Figure 

2.5). The presence of the sensors on the participant’s body did not alter or inhibit their 

movements in any way.  

  



16 
 

 

 

Figure 2.4: Front view (A) and rear view (B) of Xsens Awnida optimal sensor placement (XSens, 

2019) showing locations of all 17 sensors (arrows). 

 

   

   Figure 2.5: Single XSens Awinda sensor next to a Canadian quarter for reference. 
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A tight fitting custom shirt from the sensor manufacturer was fitted over top of the 

participants’ own t-shirt. This XSens shirt housed the shoulder sensors and the sternum sensor. 

Light hook-and-loop straps secured the arm, leg, and pelvic sensors. A custom XSens headband 

secured the head sensor and custom XSens gloves secured the hand sensors. The foot sensors 

were secured to the top of the participants foot using two-sided taped, and non-stick stretch tape 

(VetWrap, 3M St. Paul, MN) was wrapped around the foot to secure the sensor. Additional 

foam-underwrap (Natural M-Wrap Foam Soft Underwrap Sports Tape, Mueller, Prairie Du Sac, 

WI) and tape were used on the hand and shoulder sensors for some participants to further secure 

the sensors. The additional foam-underwrap and tape did not inhibit or alter the participant’s 

movement. 

The inertial sensor system collected kinematic data for the joint angles of the knee and 

hip and vertical displacement of the center of gravity, sampled at 60 Hz. The validity of these 

inertial sensors in collecting joint angle data for the knee, hip, and ankle is has been found to be 

excellent in the sagittal plane and acceptable in the frontal and transverse plane in squat and 

jump activities compared to a typical camera-based motion capture system [37]. Additionally, 

day to day reliability has been shown to be fair-to-excellent in the measurements of the hip, knee, 

and ankle joint angles in all three planes when using the XSens system [37].  

The force and kinematic data were synchronized using a voltage pulse (5V TTL) sent 

from the Xsens system when kinematic data collection started. The force data recording was 

initiated first and then the Xsens system was started and the TTL pulse was recorded on one of 

the analog channels of the A/D system. For four of the participants, this synchronization system 

did not work correctly. For those participants, the peak vertical velocity of the center of gravity, 

as calculated by the Xsens system, was used to indicate the takeoff time in the kinematic data. 

This was then synchronized to the takeoff time calculated using the force data. Tests using data 

from participants with the analog synchronization showed this to be a valid synchronization 

method.     

2.4 Data Processing and Analysis 

2.4.1 Force Platform Data 

Peak vertical force and total vertical, AP, and ML impulse for takeoff and landing were 

analyzed for each limb using a custom MATLAB script. Bias was first removed from all force 
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data for each trial by subtracting average force levels calculated during time points when the 

participant was not contacting the force plates. The raw force data were then low-pass filtered at 

a cut-off frequency of 200 Hz using a fourth-order Butterworth filter. Peak vertical force for each 

limb for takeoff and landing was determined automatically as the maximum force that occurred 

just before takeoff or just after landing (Figure 2.6). During takeoff, total vertical impulse was 

calculated as the integral of the vertical force. The initial time point for this integral was the 

instant when the total vertical force (summed across both legs) last crossed body weight (BW) 

before liftoff or the last minimum before takeoff, whichever came first (Figure 2.6). The end of 

the integral period was the instant when the vertical force dropped below a threshold of 10 N, 

indicating liftoff (Figure 2.6). Note that raw force data were used to detect takeoff and impact 

time points to avoid effects of filtering at the sharp transition between force and no force. 

Takeoff time difference was calculated as the time (ms) between the feet taking off, with a 

positive number indicating the right foot was first. During landing, total vertical impulse was 

again calculated as the integral of the vertical force. The starting time point was when the force 

on the landing force platforms first rose above 10 N (i.e., impact) until the first minimum 

following the largest spike in peak vertical force. Landing time difference was calculated as the 

time (ms) between the feet at impact, with a positive number indicating the right foot was first. 

Both baseline and asymmetry trials were analyzed with the same criteria. An SI was calculated 

for takeoff and landing peak vertical force, total vertical, AP, ML impulse, and impulse time in 

MATLAB and this data, along with the time difference data, were exported into a Microsoft 

Excel file and was then exported for statistical analysis (Microsoft, 2016). SI values for ML 

impulse and landing AP impulse were calculated using absolute values for each limb to take into 

account sign differences in the force values for left/right and anterior/posterior forces.  
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Figure 2.6: Sample total vertical force tracing of a backward tucked salto. (1a) time point of 

takeoff peak vertical force, (1b) time point of landing peak vertical force, (2a) initial integral 

time point for takeoff impulse (2b) liftoff - end integral time point for takeoff impulse, (3a) 

impact - initial integral time point for landing impulse, (3b) end integral time point for landing 

impulse. 

 

2.4.2 Kinematic Data 

Kinematic data from the Xsens system were exported to the mvnx file format (Xsens, 

2019) for further analysis using a custom MATLAB routine. Kinematic data were not filtered for 

this analysis. Sagittal knee and hip joint angles and the vertical position of the total body center 

of mass were extracted directly from the Xsens data file. To help with interpretation of the 

kinematic data, all points were transformed such that the global XSens coordinate system was 

aligned with the movement. This was done by first calculating a horizontal vector running from 

the midpoint of the feet during the start of a trial to the midpoint of the feet at the time of peak 

impact force. This vector was then combined with a vector parallel with the vertical axis, using 

vector cross-products, to create a standard transformation matrix that was then applied to all 

vector-based data from that trial. This resulted in a global coordinate system where the X 



20 
 

direction was in the average direction of travel (forward/backward movement), the Y axis was 

parallel to the anatomical transverse axis (side to side movement) and the Z axis was vertical.  

While technically not kinematic data, the calculation of total body 3D angular momentum 

will be described here. Total body 3D angular momentum was calculated using segment 

kinematics from the Xsens data (i.e. segmental angular velocities and segmental transformation 

matrices) and estimating segment inertial properties using published regression equations [38] 

and  the following equation [39]: 

�⃗� = ∑ [(𝑟 𝐶𝐺
𝑖16

𝑖=1 − 𝑟 𝐶𝐺) ∗ 𝑚𝑖(𝑣 
𝑖 − 𝑣 𝐶𝐺) + �⃡�𝑖�⃗⃗� 𝑖],              (Equation 2.2) 

 where the first term within the square brackets is the angular momentum due to the i-th 

segment. In this first term, 𝑟 𝐶𝐺 is the center of gravity (CG) position of the entire body in the lab 

frame and 𝑣 𝐶𝑀 is the whole body CG velocity in the lab frame. The i-th segments CG position 

and velocity in the lab frame are represented by 𝑟 𝐶𝐺
𝑖  and 𝑣 𝑖 in this first term, respectively, and 𝑚𝑖 

is the i-th segment mass. The second term within the square brackets is the angular momentum 

of the i-th segment about its CG position. In this second term �⃡�𝑖 and �⃗⃗� 𝑖 represent the i-th 

segment’s inertial tensor (3 * 3 matrix) and angular velocity of about the segment’s own CG, 

respectively. The average total body angular momentum around the transverse axis during the 

airborne phase was extracted to test if asymmetrical takeoff forces altered the magnitude and 

orientation of the angular momentum. The average angle of the total body angular momentum 

vector during the airborne phase was decomposed into its frontal and transverse components. 

These data were calculated using custom MATLAB routines. 

Sagittal joint angles, expressed in degrees, about the knee and hip were measured at the 

instant of liftoff and at landing impact. During landing, ROM for the knee and hip were 

calculated from first impact to the first minimum following the largest spike in peak vertical 

force (i.e. the ending time point for the impulse data). The body lean angle in the frontal plane at 

landing, measured in degrees, was calculated from the midpoint of the feet to the point of the CG 

at the end of the impulse measurement time point, where a positive angle indicated a lean to the 

right, and a negative angle indicated a lean to the left (vertical represented zero). Vertical CG 

displacement was measured at the maximum height achieved during the flight phase.  
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2.5 Statistical Analysis 

 All dependent variables for the saltos were averaged by condition (five baseline trials, 

three 60% right asymmetry trials, and three 60% left asymmetry trials) for each participant. Due 

to abnormal or missing data, two participants were missing one baseline trial each. Values for 

strength data were averaged by right and left limb, with three trials for each limb for every 

participant.   

Skewness and kurtosis levels were calculated for all force and kinematic variables to 

check for normality. Only peak vertical landing force and impulse SI data from the 60R 

condition showed absolute skewness and kurtosis values that were significantly above 1.0, which 

was attributable to the influence of a single participant. It was decided not to apply 

transformations to the data as the results of the repeated measures ANOVAs did not change 

when that participant was temporarily removed from the analysis.   

 A paired samples t-test was used to assess differences in knee extensor strength between 

the right and left limb and a one sample Wilcoxon signed-rank test was used to compare the 

Waterloo Footedness Questionnaire-Revised results to zero to identify perceived footedness. 

Separate one-sample t-tests were used to check baseline SI values against zero (i.e. 

perfect symmetry). This analysis was performed for takeoff and landing vertical force and 

vertical, AP, and ML impulse symmetry as well as takeoff and landing hip and knee flexion 

symmetry, with an alpha level set to 0.05.  

 Separate repeated measures ANOVAs were used to test for differences between the three 

takeoff asymmetry conditions. These analyses were performed for peak vertical force SI, impulse 

SI in the vertical, AP, and ML direction and hip and knee flexion angle SI at both takeoff and 

landing. Repeated measures ANOVAs were used to analyze hip and knee ROM differences and 

frontal plane body angle during landing only and y-axis angular momentum and peak vertical 

CG displacement during the flight phase.  

 In order to further explore relationships between specific takeoff and landing variables, 

separate repeated measures correlations were performed [40]. These variables included: takeoff 

and landing vertical force SI and vertical impulse SI, takeoff knee flexion SI, and flight phase 

frontal plane angular momentum angle. The correlations were run using the averages of each 
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condition for each variable. These correlations were only run for the male data as the female data 

were underpowered for correlational analysis.  

Paired t-tests and repeated measures ANOVA analyses were completed with SPSS 

Version 26 (SPSS Inc. Chicago, IL). Effect size for all significant findings were calculated and a 

Greenhouse-Geisser correction factor was applied to any repeated measures ANOVA where the 

data violated the assumption of sphericity. Repeated measures correlations were run using 

RStudio (Version 1.3.959, Boston, MA). All statistical tests had an alpha level set at 0.05. 
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CHAPTER 3:  RESULTS 

3.1 Knee Extensor Strength and Perceived Footedness 

There was a significant difference in left and right leg isometric knee extensor strength in 

the male participants, t(11)=-3.066, p=0.011, with the right limb exhibiting significantly greater 

mean isometric knee extensor strength (185.5±36.0 Nm) compared to the left limb (164.0±32.7 

Nm) (Figure 3.1). The left and right leg isometric knee extensor strength in the female 

participants however, did not show a significant difference, t(3)=-0.192, p=0.860 (Right: 

139.4±28.6 kg, Left: 142.7±37.8 Nm) (Figure 3.1). 

 

Figure 3.1: Mean (SD) knee extensor strength values (Nm) between the left and right limbs for the 

(A) male participants and (B) female participants. * = significantly greater than left limb, p=0.011.  

 

The results of the Waterloo Footedness Questionnaire-Revised for the male participants 

revealed an average score of 0.89 ±0.71, indicating that the gymnasts, on average, perceive 

themselves as predominately right-footed. A Wilcoxon signed-rank test showed that this result 

indicated significant right-footedness, Z= 2.826, p=0.005. The results of the Waterloo 

Footedness Questionnaire-Revised for the female participants was 0.68 ±0.45, indicating that the 

female gymnasts also, on average, perceive themselves as predominately right-footed, however 

not significantly, Z=1.841, p=0.066. 



24 
 

3.2 Baseline Salto and Asymmetry Characteristics 

3.2.1 Baseline Male Salto Characteristics 

The mean peak takeoff vertical force SI at baseline for the male participants was nearly 

symmetrical (-0.92%) (Table 3.1, see section 3.3) and not significantly different than zero, t(11)= 

-0.351, p=0.732. Participants’ mean baseline takeoff vertical impulse SI was found to be similar 

to vertical force (-0.89%) and not significantly different than zero, t(11)= -0.238, p=0.816. A 

similar result was also found using both baseline takeoff AP and ML impulse SI, where baseline 

means were not significantly different than zero (AP: 0.83%, t(11)= -1.123, p=0.285, ML: -

13.29% t(11)= 0.085, p=0.934). 

Upon landing during the baseline trials, the male participants displayed mean total (i.e. 

right + left) peak vertical force values of 12.95±3.54 times BW. Participants mean baseline 

vertical force landing SI was +10.08% (towards the right) (Table 3.1, see section 3.3) and was 

significantly different than zero, t(11)= 3.893, p=0.003. The results for the one sample t-test for 

landing vertical impulse SI also indicated that the baseline mean (5.49%) was significantly 

greater than zero, t(11)= 3.893, p=0.011. The baseline landing AP impulse and baseline ML 

impulse SI, however, were not significantly different than zero (AP impulse SI: 2.47%, t(11)= 

1.060, p=0.312; ML impulse SI: 3.76%, t(11)= 1.072, p=0.307).  

At the moment of takeoff, hip and knee flexion SI for the male participants were not 

significantly different than zero (Hip: -4.52%, t(11)= -2.019, p=0.069 Knee: -0.35%, t(11)= -

0.176, p=0.863) (Table 3.2, see section 3.4). Male participants’ mean landing hip flexion SI (-

1.2%) was not significantly different than zero, t(11)= 0.967, p=0.354. A similar result was 

found for baseline landing knee flexion SI (-3.8%) where the mean was not significantly 

different than zero, t(11)= -0.721, p=0.456.  

3.2.2 Baseline Female Salto Characteristics 

The mean takeoff peak vertical force SI experienced by the female participants at 

baseline was 6.13% towards the right (Table 3.1, see section 3.3) but was not significantly 

different than zero, t(3)= 2.427, p=0.094.  Results for mean baseline takeoff vertical impulse SI 

(7.86%) were similar to vertical force and not significantly different than zero, t(3)= 2.190, 

p=0.116 (Table 3.1). A similar result was also found for both baseline takeoff AP and ML 
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impulse SI, where baseline means were not significantly different than zero (AP: 20.13%, t(3)= 

2.395, p=0.096  ML: -8.76% t(3)= -0.833, p=0.466). 

During the landing baseline trials, the female participants displayed mean total peak 

vertical force values of 17.14±3.38 times BW. The participants’ mean baseline vertical force 

landing SI was +17.09% (towards the right) (Table 3.1, see section 3.3) however the baseline 

landing vertical force SI (17.09%) was not significantly different than zero, t(3)= 2.275, p=0.107. 

Results for  landing vertical impulse, AP impulse, and ML impulse also indicated that the 

baseline SI means were not significantly different than zero (Vertical: 2.95%, t(3)= 0.789, 

p=0.488 AP: 6.06%, t(3)= 1.093, p=0.354, ML: -20.87%, t(3)= -1.322, p=0.278).  

The takeoff and landing hip flexion SI for the female participants were not significantly 

different than zero (Takeoff Hip: -0.25%, t(3)= -0.090, p=0.934, Landing Hip: -1.02%, t(3)= 

0.694, p=0.537) (Table 3.2, see section 3.4). Results for takeoff knee flexion SI however, found 

that the baseline mean was significantly greater than zero (7.08%) indicating a rightward 

asymmetry, t(3)= 3.270, p=0.047, but mean baseline landing knee flexion SI was not 

significantly different than zero, 1.37%, t(3)= 0.95, p=0.930.  

3.3 Manipulated Takeoff Asymmetry in Relation to Landing Force Symmetry 

3.3.1 Manipulated Takeoff Force Characteristics for Males  

All three experimental conditions for the male participants showed similar peak takeoff 

vertical force values (~1.5 BW each limb). At baseline, the participants were able to maintain 

bilateral symmetry throughout the takeoff whereas during the 60% right asymmetry (60R) and 

60% left asymmetry (60L) conditions there was evident asymmetry during the force 

development phase, due to the manipulated takeoff instruction (Figure 3.2). As expected, there 

was a rightward shift during the 60R condition and a leftward shift during the 60L condition. 

Interestingly, as the participants reached peak takeoff force the bilateral asymmetries diminished 

substantially, although not entirely. The direction of these peak vertical force asymmetries was 

as expected, with baseline near zero, 60R condition toward the right, and 60L condition towards 

the left (Figure 3.2). 
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Figure 3.2: Mean (SD) takeoff vertical force patterns for male participants for baseline, 60R, and 

60L conditions. The data are temporally normalized between the start of the impulse calculation 

(0% of movement) and time of takeoff (100%). Right limbs are represented by green lines (mean) 

and green shading (SD); left limbs are represented by black lines (mean) and hash marks (SD) 

 

The results of the repeated measures ANOVA with the male participants for takeoff peak 

vertical force SI showed a significant main effect, F(22,2)= 23.120, p<0.001, η2= 0.678 (Figure 

3.3). Pairwise comparisons revealed that the SI means for each experimental condition (baseline, 

60R, 60L) were significantly different than each other, p<0.05 (Figure 3.3). There were also 

significant main effects for condition for takeoff vertical impulse, AP impulse and ML impulse 

SI (Vertical: F(22,2)= 32.159, p<0.001, η2= 0.745; AP: FGG(14.650, 1.332)= 28.791, p<0.001, 

η2= 0.724; ML: F(22,2)= 19.624, p<0.001, η2= 0.641). Pairwise comparisons showed that all 

conditions (baseline, 60R, 60L) were significantly different from each other (p<0.05), for all 

three impulse symmetries (Figure 3.3). In general, the 60R conditions had greater SI (i.e. more 

rightwards) than baseline while the 60L conditions had a smaller SI than baseline. The exception 

was with ML impulse where the SI trends were reversed.    

There was a significant main effect of condition for takeoff impulse time SI, F(22,2) = 

19.096, p<0.001, η2= 0.635, where all conditions were significantly different from each other, 

p<0.05 (Table 3.1). Impulse time data during the 60R showed a significant rightward asymmetry 

and the data in the 60L condition showed a significant leftward asymmetry, while baseline was 

near zero. The time difference between limbs at liftoff also showed a significant main effect of 

condition, F(22,2)= 24.669, p<0.001, η2= 0.692, where all conditions were significantly different 
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from each other, p<0.05 (Table 3.1). The right limb during the 60R condition lifted off 

significantly before the left, and the left limb lifted off significantly before right during the 60L 

condition. 

 

Figure 3.3: Mean (SD) symmetry index values for the male participants at takeoff for baseline 

(green), 60R (red), and 60L (blue) conditions for (A) peak vertical force, (B) vertical impulse, (C) 

Anterior/Posterior (AP) impulse, and (D) Medial/Lateral (ML) impulse. * = significant differences 

between all conditions, p<0.05. 

 

3.3.2 Manipulated Takeoff Force Characteristics for Females 

All three experimental conditions for the female participants showed similar peak takeoff 

vertical force values (~1.5 BW each limb) and the rate of force development was similar between 

conditions (Figure 3.4). The pattern of the bilateral force asymmetries during the force 

development phase were visibly different between conditions. At baseline, the female 

participants appeared to present a rightward asymmetry that increased as they developed force 

during takeoff. During the 60R condition an obvious rightward asymmetry was present 

throughout the entire takeoff and during the 60L condition the asymmetries were minimal, 
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creating a near symmetrical takeoff (Figure 3.4). All takeoff peak force asymmetries were in the 

rightward direction (Figure 3.4).  

 

Figure 3.4: Mean (SD) takeoff vertical force patterns for female participants for baseline, 60R, and 

60L conditions. The data are temporally normalized between the start of the impulse calculation 

(0% of movement) and time of takeoff (100%). Right limbs are represented by green lines (mean) 

and green shading (SD); left limbs are represented by black lines (mean) and hash marks (SD). 

 

The results of the repeated measures ANOVA for the female participants for takeoff peak 

vertical force SI showed a significant main effect of condition, F(6,2)= 9.871, p= 0.013, η2= 

0.767 (Figure 3.5). Pairwise comparisons revealed that the SI means for 60L condition had 

significantly less rightward asymmetry compared to baseline (p=0.006) and the 60R condition 

had significantly greater rightward asymmetry compared to the 60L condition (p=0.040) (Figure 

3.5). Takeoff vertical impulse SI in the female group had a significant main effect of condition, 

F(6,2)= 12.764, p<0.007, η2= 0.810. Pairwise comparisons for takeoff vertical impulse SI 

revealed that the SI means for 60R condition displayed a rightward asymmetry and 60L 

experimental condition displayed a leftward asymmetry and were significantly different than 

each other (p=0.032) as well as SI means for baseline were significantly different from the 60L 

condition displaying greater leftward asymmetry, (p=0.016) (Figure 3.5). Takeoff AP impulse SI 

showed a significant main effect, F(6,2)= 16.187, p=0.004, η2= 0.844, where, similar to vertical 

impulse, the SI means for 60R displayed significantly greater rightward asymmetry compared to 

60L experimental conditions (p=0.015) and SI means for baseline displayed significantly greater 

rightward asymmetry than the 60L condition (p=0.004) (Figure 3.5).  ML impulse SI for the 

female participants at takeoff also showed a significant main effect, F(6,2)= 11.099, p=0.010, 
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η2= 0.787, where only the experimental conditions were significantly different from each other 

as 60R condition displayed a leftward asymmetry and the 60L condition showed a rightward 

asymmetry, p=0.029 (Figure 3.5).  

Results for the repeated measures ANOVA for takeoff impulse time SI showed a 

significant main effect, F(6,2) = 14.332, p=0.005, η2= 0.827. Pairwise comparisons revealed that 

SI means were significantly different between the 60R condition displaying a rightward 

asymmetry and 60L experimental condition displaying a leftward asymmetry (p=0.026). SI 

means for baseline displayed a small rightward asymmetry and was significantly different than 

the 60L conditions leftward asymmetry (p=0.040) (Table 3.1). The time difference at lift off 

between limbs also showed a significant main effect, F(6,2)= 14.717, p=0.005, η2= 0.831, where 

the means were significantly different between the 60R and 60L experimental conditions 

(p=0.025) as the right limb lifted off significantly before the left in the 60R condition and the 

opposite in the 60L condition. baseline means displaying the right limb lifting off before the left 

were significantly different from the 60L condition showing the opposite (p=0.024) (Table 3.1). 
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Figure 3.5: Mean (SD) symmetry index values for the female participants at takeoff for baseline 

(green), 60R (red), and 60L (blue) conditions for (A) peak vertical force, (B) vertical impulse, (C) 

Anterior/Posterior (AP) impulse, and (D) Medial/Lateral (ML) impulse. * = significant difference 

between baseline and 60L conditions, p<0.05. Ɨ = significant difference between 60R and 60L 

condition, p<0.05. 

 

3.3.3 Manipulated Takeoff Asymmetry Effect on Male Landing Force Characteristics  

For all conditions during landing most male participants displayed an impact spike prior 

to peak landing force (Figure 3.6). The impact spike was also more symmetrical than the 

resultant peak forces. For all conditions, bilateral asymmetries appeared to present themselves 

near the point of peak vertical force, not early during the landing phase as force was developing 

(Figure 3.6). Landings at each condition showed rightward peak force asymmetries with the 60R 

condition displaying the largest asymmetry. Average peak vertical forces between 5-6 times BW 

for each limb were shown except for the left limb during the 60R condition displaying slightly 

less than 5 times BW (Figure 3.6). 
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Figure 3.6: Mean (SD) landing vertical force patterns for male participants for baseline, 60R, and 

60L conditions. The data are temporally normalized between the start of the impulse calculation 

(0% of movement) and time of takeoff (100%). Right limbs are represented by green lines (mean) 

and green shading (SD); left limbs are represented by black lines (mean) and hash marks (SD). 

 

 The results of the repeated measures ANOVA for the male participants for landing peak 

vertical force SI showed a significant main effect, FGG(15.048,1.368)= 4.910, p<0.033, η2= 

0.309. Pairwise comparisons revealed that the SI means for the asymmetry experimental 

conditions were not significantly different than baseline (p>0.05), however they were 

significantly different from each other (p=0.022) (Figure 3.7). This result was similar for landing 

vertical impulse SI as well with a significant main effect, F(22,2)= 6.742, p=0.005, η2=0.379, 

where further analysis showed that the experimental conditions were not significantly different 

than baseline (p>0.05), but were significantly different than each other (p=0.007) (Figure 3.7). 

For both vertical force and vertical impulse SI, the 60R condition displayed greater rightward 

asymmetry than the 60L condition. The landing AP impulse SI also had a significant main effect, 

F(22,2)= 14.593, p<0.001. SI means for the 60R condition showed significantly greater 

rightward asymmetry compared to both baseline and 60L condition where 60L condition 

displayed a leftward asymmetry not significantly different than baseline. The landing ML 

impulse SI did not show an effect of condition, F(22,2)= 3.330, p=0.055. The landing impulse 

time SI showed a significant main effect, F(22,2) = 7.768, p=0.003, η2= 0.414, where all 

conditions were significantly different than each other, p<0.05, such that the 60R conditions had 

greater SI (i.e. more rightwards) than baseline while the 60L conditions had a smaller SI than 
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baseline. (Table 3.1). The time difference at impact between limbs also showed a significant 

main effect, F(22,2)= 8.720, p=0.002, η2= 0.442, where all conditions are significantly different 

than each other, p<0.05 (Table 3.1). The left foot impacted first during the 60R condition which 

was significantly different than the 60L condition which showed the right foot impacted first. 

Both conditions were significantly different than baseline which showed minimal time difference 

between limbs. Total force did not show a significant main effect, F(22,2)= 0.866, p=0.434).  

Repeated measures correlations revealed that both takeoff vertical force SI and vertical 

impulse SI were significantly correlated with landing vertical force SI and vertical impulse SI 

(takeoff force SI/landing force SI: rrm= 0.54, 95% CI [0.16, 0.78] , p=0.005; takeoff impulse 

SI/landing impulse SI: rrm= 0.54, 95% CI [0.17, 0.78], p=0.005). 

 

Figure 3.7: Mean (SD) symmetry index values for the male participants at landing for baseline 

(green), 60R (red), and 60L (blue) conditions for (A) peak vertical force, (B) vertical impulse, (C) 

Anterior/Posterior (AP) impulse, and (D) Medial/Lateral (ML) impulse. * = significant difference 

between baseline and 60R conditions, p<0.05. Ɨ = significant difference between 60R and 60L 

condition, p<0.05. 
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3.3.4 Manipulated Takeoff Asymmetry Effect on Female Landing Force Characteristics  

 The majority of female participants displayed near linear force development to peak force 

for all conditions (Figure 3.8). Rightward bilateral asymmetries were present during all 

conditions at peak force and during force development early in the landing phase. For all 

conditions, peak vertical force of ~8 times BW were recorded for the right limb and ~6 times 

BW for the left limb for the 60R and 60L conditions, and ~7 times BW at baseline (Figure 3.8). 

 

Figure 3.8: Mean (SD) landing vertical force patterns for female participants for baseline, 60R, 

and 60L conditions. The data are temporally normalized between the start of the impulse 

calculation (0% of movement) and time of takeoff (100%). Right limbs are represented by green 

lines (mean) and green shading (SD); left limbs are represented by black lines (mean) and hash 

marks (SD). 

 

 The results of the repeated measures ANOVA for the female participants for landing 

peak vertical force SI did not show a significant main effect, F(6,2)= 1.040, p=0.409 (Figure 

3.9). A similar result was found for vertical impulse SI at landing, with no significant main 

effect, F(6,2)= 3.857, p=0.084 (Figure 3.9). The landing AP and ML impulse SI showed no 

significant main effects, (AP impulse SI: FGG(3.040,1.013)=  1.882, p=0.263; ML impulse SI: 

F(6,2)= 2.920, p=0.130 (Figure 3.9). The landing impulse time symmetry and time difference at 

impact between limbs did not show significant main effects, (Impulse Time SI: F(6,2) = 1.350, 

p=0.328, Time Difference: F(6,2)= 1.431, p=0.310) (Table 3.1).  
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Figure 3.9: Mean (SD) symmetry index values for the female participants at landing for baseline 

(green), 60R (red), and 60L (blue) conditions for (A) peak vertical force, (B) vertical impulse, (C) 

Anterior/Posterior (AP) impulse, and (D) Medial/Lateral (ML) impulse. No significant differences 

were found between conditions. 
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Table 3.1: Participants takeoff and landing force characteristics. SI values are recorded in 

percentages (%) and time differences are measured is milliseconds (ms) Positive time difference 

values indicate the right limb lifted off/impacted first and a negative indicated the left. All values 

are presented as means ±SD. A total of 12 males and 4 females are included in the data. 

 

 

 

Gender 

 

 

Baseline 

 

60R 

 

60L 

Takeoff  

Peak Vertical Force SI (%) M -0.92±9.06a 3.33±9.95b -5.11±9.15c 

F 6.13±5.05a 11.63±6.88a 1.91±5.28b 

Vertical Impulse SI (%) M -0.89±12.98a 10.75±14.93b -10.68±12.1c 

F 7.86±7.17a 17.83±8.05a -0.79±7.97b 

AP Impulse SI (%) M 0.83±33.49a 27.69±48.99b -28.60±35.12c 

F 20.13±16.82a 40.87±9.27a 1.93±15.49b 

ML Impulse SI (%) M 13.29±40.97a -40.27±39.96b 7.37±28.06c 

F -8.76±21.02ab -23.47±15.35a 23.83±14.44b 

Impulse Time SI (%) M 0.28±1.19a 0.95±1.11b -0.32±0.71c 

F 0.49±0.79a 1.30±0.92b -0.39±1.1c 

Foot Liftoff Time Difference 

(ms) 

M 0.65±2.3a 2.5±.2.6b -0.62±1.5c 

F 1.1±1.8a 2.9±2.1a 7.3±2.5b 

Landing  

Peak Vertical Force SI (%) M 10.08±8.97ab 18.72±18.03a 5.21±15.18b 

F 17.09±15.02 23.15±12.54 21.93±18.14 

Vertical Impulse SI (%) M 5.49±6.26ab 13.60±15.25a 0.43±14.36b 

F 2.95±7.48 11.12±5.41 2.85±10.28 

AP Impulse SI (%) M 2.47±8.07a 11.17±14.09b -1.29±10.2a 

F 6.06±11.10 9.8±10.61 1.91±11.75 

ML Impulse SI (%) M 3.76±12.16 0.98±20.01 18.63±31.55 

F -20.87±31.57 -6.31±13.86 17.11±17.39 

Impulse Time SI (%) M -0.2±2.10a 1.56±2.79b -1.55±2.67c 

F -0.70±1.78 0.92±3.58 -0.9±3.07 

Total Vertical Force (BW) M 13.1±3.1 12.9±3.5 12.8±3.4 

F 17.43.7 16.72.9 17.12.9 

Foot Impact Time Difference 

(ms) 

M .098±1.7a -1.3±2.3b 1.1±1.9c 

F .47±1.1 -.79±2.5 .52±1.9 

M = male, F = female 

Superscripts for a variable indicate a significant condition effect. Different lettered superscripts 

for a given variable indicate a significant difference between those conditions for that variable, 

while similar superscripts indicate no significant difference between those conditions. 
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3.4 Gymnast Kinematics from Manipulated Takeoff Asymmetry During a Salto 

3.4.1 Male Takeoff Kinematics 

 During takeoff, the male participants displayed a decrease in hip flexion angle as the 

gymnasts approached liftoff (Figure 3.10). This pattern was found for all conditions. The initial 

hip flexion angle displayed greater within-condition variability compared to the angle at liftoff 

(Figure 3.10). For all conditions, the initial hip flexion angle was between 65-90° while the angle 

at liftoff was ~30° (Figure 3.10). Visibly, data from both the right and left limb were nearly 

symmetrical. 

 

Figure 3.10: Mean (SD) takeoff hip flexion patterns for male participants for baseline, 60R, and 

60L conditions. The data are temporally normalized between the start of the impulse calculation 

(0% of movement) and time of takeoff (100%). Right limbs are represented by green lines (mean) 

and green shading (SD); left limbs are represented by black lines (mean) and hash marks (SD). 

 

The pattern for knee flexion angle for the male participants was consistent between 

conditions. From the initial time point, knee flexion angle increased until peak flexion occurred 

at ~60% of the movement, followed by a decrease in knee flexion angle until liftoff (Figure 

3.11). The right and left limb for the entirety of the takeoff knee flexion pattern visually appeared 

to be close to symmetrical (Figure 3.11). 
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Figure 3.11: Mean (SD) takeoff knee flexion patterns for male participants for baseline, 60R, and 

60L conditions. The data are temporally normalized between the start of the impulse calculation 

(0% of movement) and time of takeoff (100%). Right limbs are represented by green lines (mean) 

and green shading (SD); left limbs are represented by black lines (mean) and hash marks (SD). 

 

 The results of the repeated measures ANOVA for takeoff knee flexion angle SI showed a 

significant main effect F(22,2)= 8.263, p=0.002, η2= 0.429. Pairwise comparisons revealed that 

the SI mean for baseline was significantly different than 60R condition, p=0.009, with more right 

knee flexion in the 60R condition compared to baseline (Figure 3.12). The experimental 

conditions (60R and 60L) were significantly different from each other, p=0.002, with rightward 

asymmetry displayed for the 60R condition and leftward asymmetry displayed for the 60L 

condition (Figure 3.12). The takeoff hip flexion angle SI for the male participants showed no 

significant main effect, F(22,2)= 2.857, p=0.212. 
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Figure 3.12: Mean (SD) symmetry index values for the male participants at takeoff for baseline 

(green), 60R (red), and 60L (blue) conditions for (A) hip flexion angle, (B) knee flexion angle. * 

= significant difference between baseline and 60R condition, p=0.009. Ɨ = significant difference 

between 60R and 60L condition, p=0.002. 

 

The results from the repeated measures correlation analysis showed that takeoff knee 

flexion SI was significantly correlated with both takeoff vertical force SI (rrm= 0.51, 95% CI 

[0.13, 0.76] p=0.009) and vertical impulse SI (rrm= 0.53, 95% CI [0.15, 0.77], p=0.006). 

3.4.2 Female Takeoff Kinematics 

 For all conditions, the female participants’ average hip flexion angle during takeoff 

decreased until liftoff from ~80° at the initial time point to ~20° at liftoff (Figure 3.13). Within-

condition variability appeared to increase near liftoff for all conditions, with the greatest 

variability shown in the 60L condition. Minimal bilateral hip flexion angle asymmetry appeared 

to be present apart from 60L condition displaying slight leftward asymmetry at liftoff (Figure 

3.13). 
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Figure 3.13: Mean (SD) takeoff hip flexion patterns for female participants for baseline, 60R, and 

60L conditions. The data are temporally normalized between the start of the impulse calculation 

(0% of movement) and time of takeoff (100%). Right limbs are represented by green lines (mean) 

and green shading (SD); left limbs are represented by black lines (mean) and hash marks (SD). 

 

The overall pattern for knee flexion angle for the female participants during takeoff was 

consistent between conditions. From the initial time point, knee flexion angle increased until 

peak flexion occurred at ~60% of the movement, followed by a decrease in knee flexion angle 

until liftoff (Figure 3.14). Rightward asymmetries were present for all conditions, with the 60R 

condition displaying the greatest amount of asymmetry, and the 60L condition displaying the 

least.  
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Figure 3.14: Mean (SD) takeoff knee flexion patterns for female participants for baseline, 60R, 

and 60L conditions. The data are temporally normalized between the start of the impulse 

calculation (0% of movement) and time of takeoff (100%). Right limbs are represented by green 

lines (mean) and green shading (SD); left limbs are represented by black lines (mean) and hash 

marks (SD). 

 

The results of the repeated measures ANOVA for takeoff hip and knee flexion angle 

symmetry for the female participants showed no significant main effect, (Hip: F(6,2)= 2.100, 

p=0.204; Knee: F(6,2)= 0.689, p=0.538) (Figure 3.15).  

 

Figure 3.15: Mean (SD) symmetry index values for the female participants at takeoff for baseline 

(green), 60R (red), and 60L (blue) conditions for (A) hip flexion angle, (B) knee flexion angle. No 

significant differences were found between conditions. 

 

3.4.3 Male Landing Kinematics 

 For all conditions, the pattern of the landing hip flexion angle for the male participants 

consistently displayed a slight increase in hip flexion from impact to 100% of the landing (Figure 
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3.16). There was visibly high variability throughout the entire landing phase for both limbs 

(Figure 3.16). Each condition displayed a leftward asymmetry with the 60R condition displaying 

the greatest leftward asymmetry at impact and the 60L condition displaying the least (Figure 

3.16).  

 

Figure 3.16: Mean (SD) landing hip flexion patterns for male participants for baseline, 60R, and 

60L conditions. The data are temporally normalized between the start of the impulse calculation 

(0% of movement) and time of takeoff (100%). Right limbs are represented by green lines (mean) 

and green shading (SD); left limbs are represented by black lines (mean) and hash marks (SD). 

 

The knee flexion angle pattern for the male participants at landing was consistent 

between all conditions where knee flexion increased ~50° from impact to 100% of the movement 

(Figure 3.17). Greater within condition variability was shown for the 60R and 60L conditions 

compared to baseline, where the 60R condition had the most variability. All bilateral 

asymmetries for the knee flexion angles were leftward and were minimal (Figure 3.17). 
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Figure 3.17: Mean (SD) landing knee flexion patterns for male participants for baseline, 60R, and 

60L conditions. The data are temporally normalized between the start of the impulse calculation 

(0% of movement) and time of takeoff (100%). Right limbs are represented by green lines (mean) 

and green shading (SD); left limbs are represented by black lines (mean) and hash marks (SD). 

 

 The results of the repeated measures ANOVA for landing hip and knee flexion angle 

symmetry showed no significant main effects, (Hip: F(22,2)= 1.798, p=0.189; Knee: F(22,2)= 

0.462, p=0.636) (Figure 3.18). The frontal plane body angle at the end of the measured impulse 

time also showed no significant main effects F(22,2)= 2.031, p=0.155 (Figure 3.18).  
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Figure 3.18: Mean (SD) symmetry index values for the male participants at landing for baseline 

(green), 60R (red), and 60L (blue) conditions for (A) hip flexion angle, (B) knee flexion angle, 

and mean (SD) values in degrees for (C) frontal body angle. No significant differences were found 

between conditions. 

 

Results for the landing hip ROM difference repeated measures ANOVA showed a 

significant main effect, F(22,2)= 4.225, p=0.028, η2=0.277. The 60L condition (Right limb: 9.78 

±4.24°, Left limb: 10.3 ±4.5°) was significantly different than baseline (Right limb: 9.52 ±3.95°, 

Left limb: 8.88 ±3.62°) (p=0.028) such that the 60L condition exhibited greater left hip flexion 

ROM compared to baseline (Figure 3.19). The 60R condition (Right limb: 8.79 ±4.78°, Left 

limb: 8.32 ±4.14°) was not significantly different than any condition.  

Landing knee ROM difference results also showed a significant main effect, F(22,2)= 

3.474, p=0.049, η2= 0.240. Similar to hip ROM difference, 60L condition (Right limb: 49.57 

±8.52°, Left limb: 51.92 ±6.8°) was significantly different than baseline (Right limb: 50.6 

±10.08°, Left limb: 50.57 ±6.98°) (p=0.015), exhibiting greater left knee flexion ROM compared 

to baseline (Figure 3.19). The 60R condition (Right: 47.16 ±12.49° and Left: 47.09 ±10.3°) was 

not significantly different than any condition. 
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Figure 3.19: Mean (SD) range of motion (ROM) difference values in degrees for male participants 

at landing for baseline (green), 60R (red), and 60L (blue) conditions for (A) hip ROM and (B) 

knee ROM. * = significant difference between baseline and 60L condition, p<0.05. 

 

The maximum CG height showed a significant main effect of condition, F(22,2)= 7.211, 

p=0.004, η2= 0.396, where the baseline saltos were significantly higher than both the 60R 

condition and 60L condition, (p=0.008 and p=0.016 respectively) (Figure 3.20).   

Although angular momentum is technically a kinetic variable, it is presented in this 

section as it was calculated using kinematic data. The average flight phase angular momentum 

frontal plane angle showed a significant main effect, F(22,2)= 13.838, p<0.001, η2=0.557. 

Pairwise comparisons revealed significant differences between all conditions with baseline 

values near zero, 60R condition displaying an angle deviated to the right and the 60L condition 

displaying an angle deviated to the left (Figure 3.20). The average transverse axis flight phase 

angular momentum magnitude and average flight phase angular momentum transverse plane 

angle did not show significant main effects (Angular momentum: F(22,2)= 0.418, p=0.664, 

Transverse Angle: F(22,2)= 0.491, p=0.619) (Figure 3.20).  
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Figure 3.20: Male participants mean (SD) values at baseline (green), 60R (red), and 60L (blue) 

conditions for (A) average transverse axis average angular momentum during the flight phase (B) 

Maximum center of gravity (CG) height achieved during flight phase (C) average flight phase 

angular momentum frontal plane angle (D) average flight phase angular momentum transverse 

plane angle. Positive angle values indicate an angle deviation to the right and a negative to the left. 

* = significant difference between all conditions, p<0.05, ! = significant difference between 

baseline and 60R conditions, p=0.008. Ɨ = significant difference between baseline and 60L 

conditions, p=0.016. 

 

The repeated measures correlation analysis showed significant correlations between 

frontal plane angular momentum angle and takeoff vertical force SI (rrm= 0.64, 95% CI [0.31, 

0.83], p<0.001) and vertical impulse SI (rrm= 0.76, 95% CI [0.50, 0.89], p<0.001). Additionally, 

frontal plane angular momentum angle was significantly correlated with landing vertical force SI 

(rrm=0.71, 95% CI [0.43, 0.87], p<0.001) and landing vertical impulse SI (rrm=0.71, 95% CI 

[0.42, 0.87], p<0.001).   

3.4.4 Female Landing Kinematics 

 The patterns for the landing hip flexion angles for the female participants were consistent 

between each condition showing a small increase in hip flexion from impact to 100% of the 

landing (Figure 3.21). Variability within each condition was visibly high and appeared to be 
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greater at the end of the landing phase compared to the variability seen at impact for all 

conditions (Figure 3.21). Impact displayed the largest bilateral asymmetries compared to other 

time points in the movement but were still minimal. Each condition displayed a slight leftward 

asymmetry at impact (Figure 3.21; Figure 3.23).  

 

Figure 3.21: Mean (SD) landing hip flexion patterns for female participants for baseline, 60R, and 

60L conditions. The data are temporally normalized between the start of the impulse calculation 

(0% of movement) and time of takeoff (100%). Right limbs are represented by green lines (mean) 

and green shading (SD); left limbs are represented by black lines (mean) and hash marks (SD). 

 

Similar to hip flexion symmetry, the patterns for landing knee flexion symmetry for the 

female participants were consistent between conditions. A large increase in knee flexion of ~45° 

was observed from impact to 100% of the movement (Figure 3.22). Within-condition variability 

was greatest for the 60R condition (Figure 3.22). baseline and 60R condition displayed minimal 

rightward asymmetry at impact and the 60L condition displayed a leftward asymmetry (Figure 

3.22; Figure 3.23). 
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Figure 3.22: Mean (SD) landing knee flexion patterns for female participants for baseline, 60R, 

and 60L conditions. The data are temporally normalized between the start of the impulse 

calculation (0% of movement) and time of takeoff (100%). Right limbs are represented by green 

lines (mean) and green shading (SD); left limbs are represented by black lines (mean) and hash 

marks (SD). 

 

The results of the repeated measures ANOVA for landing knee flexion angle SI revealed 

a significant main effect, F(6,2)= 8.867, p=0.016, η2= 0.747. Pairwise comparisons revealed that 

the SI means for the asymmetry experimental conditions (60R and 60L) were not significantly 

different than baseline (p>0.05), however they were significantly different from each other 

(p=0.009) with the 60R condition displaying a rightward asymmetry and the 60L condition 

displaying a leftward asymmetry (Figure 3.23). The hip flexion angle symmetry and frontal 

plane body angle at the end of the measured impulse time for the female participants showed no 

significant main effect (Hip Flexion: F(6,2)= 0.981, p=0.428, Frontal Angle: F(6,2)= 0.487, 

p=0.637) (Figure 3.23).  
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Figure 3.23: Mean (SD) symmetry index values for the female participants at landing for baseline 

(green), 60R (red), and 60L (blue) conditions for (A) hip flexion angle, (B) knee flexion angle, 

and mean (SD) values in degrees for (C) frontal body angle. * = significant difference between 

60R and 60L condition, p=0.009. 

 

Results for the female landing hip ROM difference repeated measures ANOVA did not 

show significant main effects, F(6,2)= 0.162, p=0.854 (baseline: Right limb: 6.22 ±4.62°, Left: 

5.22 ±5.15°. 60R: Right limb: 6.7±4.86°, Left limb: 5.61 ±4.4°. 60L: Right limb: 6.73 ±4.88° 

Left limb: 5.89 ±4.07°) (Figure 3.24). 

 The landing knee ROM difference also did not show significant main effects, F(6,2)= 

0.360, p=0.712 (baseline: Right limb: 44.14± 12.21°, Left limb: 43.15 ±14.02°. 60R: Right limb: 

47.43 ±5.21°, Left limb: 45.57 ±6.44°. 60L: Right limb: 44.98 ±9.76°, Left limb: 43.4 ±7.97°) 

(Figure 3.24). 
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Figure 3.24: Mean (SD) range of motion (ROM) difference values in degrees for female 

participants at landing for baseline (green), 60R (red), and 60L (blue) conditions for (A) hip ROM 

and (B) knee ROM. No significant differences were found between conditions. 

 

Results for the repeated measures ANOVA for average angle of the flight phase angular 

momentum in the frontal plane showed a significant main effect, F(6,2)= 6.472, p=0.032, 

η2=0.683. The magnitude of the transverse axis average flight phase angular momentum and 

average angle of the flight phase angular momentum in the transverse plane did not show 

significant main effects (Angular Momentum: F(6,2)= 0.525, p=0.616, Transverse Plane Angle: 

F(6,2)= 1.425, p=0.312) (Figure 3.25). The maximum CG height also did not show a significant 

main effect, F(6,2)= 4.743, p=0.058 (Figure 3.25).   
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Figure 3.25: Female participants mean (SD) values at baseline (green), 60R (red), and 60L (blue) 

conditions for (A) average transverse axis average angular momentum during the flight phase (B) 

Maximum center of gravity (CG) height achieved during flight phase (C) average flight phase 

angular momentum frontal plane angle (D) average flight phase angular momentum transverse 

plane angle. Positive angle values indicate an angle deviation to the right and a negative to the left. 

No significant differences were found between conditions. 
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Table 3.2: Summary table of takeoff and landing kinematics. Symmetry values are recorded in 

percentages (%), ROM differences and average flight phase angular momentum frontal and 

transverse plane angles are recorded in degrees (°), angular momentum is recorded in kg-m2/s, and 

max center of gravity (CG) height is recorded in meters. All values are presented as means ±SD. 

A total of 12 males and 4 females are included in the data. 

 

 

 

Gender 

 

 

Baseline 

 

60R 

 

60L 

Takeoff  

Hip Flexion Angle SI (%) M -4.52±7.76 -1.95±8.24 -3.78±8.93 

F -0.25±5.61 1.63±8.01 -3.48±5.91 

Knee Flexion Angle SI (%) M -0.35±6.79a 2.56±7.61b -1.25±8.73a 

F 7.08±4.33 7.31±4.93 4.47±6.03 

Landing  

Hip Flexion Angle SI (%) M -1.2±4.3 -1.99±4.17 -1.05±4.77 

F -1.02±2.95 -1.44±3.61 -0.49±3.77 

Knee Flexion Angle SI (%) M -3.8±18.25 -1.22±22.78 -4.29±18.51 

F 1.37±28.9ab 6.7±38.68a -17.97±41.08b 

Frontal Body CG Angle (°) M 3.98±2.13 6.07±3.74 5.46±4.48 

F 3.83±2.21 4.76±1.95 4.17±0.98 

Hip ROM Difference (°) M 0.65±1.93a 0.47±1.89ab -0.52±1.45b 

F 1.0±1.58 1.09±1.67 0.84±1.75 

Knee ROM Difference (°) M 0.03±5.03a 0.07±3.88ab -2.34±4.06b 

F 0.98±4.03 1.87±5.07 1.58±4.47 

Transverse Axis Angular 

Momentum (kg-m2/s) 

M 49.31±10.97   49.31±10.48 49.04±10.35 

F 32.22±7.37 31.54±5.90 32.11±6.88 

Max CG Height (m) M 1.29±0.08a 1.26±0.08b 1.27±0.073b 

F 1.12±0.03 1.09±0.047 1.1±0.046 

Frontal Angular Momentum 

Angle (°) 

M -0.22±1.27a 0.60±1.24b -1.17±1.54c 

F 0.36±0.96 1.31±1.63 -0.61±0.73 

Transverse Angular 

Momentum Angle (°) 

M -0.69±4.28 -0.99±4.37 -0.33±4.21 

F -1.13±3.57 -2.57±2.58 -0.78±2.49 

M = male, F = female 

Superscripts for a variable indicate a significant condition effect. Different lettered superscripts 

for a given variable indicate a significant difference between those conditions for that variable, 

while similar superscripts indicate no significant difference between those conditions.  
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CHAPTER 4:  DISCUSSION 

 This study examined the effect of takeoff force asymmetry on landing asymmetry during 

a backwards salto movement performed by experienced gymnasts. One of the original goals of 

the current study was to compare takeoff and landing biomechanics between males and females 

with the hypothesis that females may present greater asymmetry compared to males. 

Unfortunately, data were collected on only four female participants before testing was halted as a 

result of the COVID-19 pandemic. The small sample size and relatively higher variance in the 

data collected for the females limited the interpretation of the analysis performed on that data. 

This also precluded combining data with the males as there appeared to be qualitative differences 

between sexes (e.g. landing peak vertical forces were considerably greater in females compared 

to males; see section 4.4). Therefore, the majority of this discussion chapter has focused on the 

data from the male participants with a short evaluation of the female data and a male and female 

data comparison found in sections 4.3 and 4.4 respectively. 

4.1 Summary of Hypotheses and Findings  

 Note that the following summary will be specific to the male data only. The first set of 

hypotheses were that normal (i.e. baseline) takeoff vertical force and impulse would be 

symmetrical (i.e. SI equal to 0%), and the subsequent landing forces would also be symmetrical. 

Additionally, it was hypothesized that knee and hip joint SI would be symmetrical at both takeoff 

and landing. The results partially supported these hypotheses: the takeoff vertical force and 

impulse SI, the knee and hip joint SI, and the landing AP and ML impulse SI were all not 

significantly different than zero at baseline. Takeoff and landing hip and knee joint SI were also 

symmetrical. Contrary to the hypotheses, both vertical force and vertical impulse SI were 

significantly different than zero during landing at baseline, indicating a landing force asymmetry 

was present in normal back tucked saltos in the male participants.  

This study was the first to characterize normal takeoff and landing asymmetry in basic 

salto skills for both forces and kinematics. While takeoff appeared to be symmetrical, the 

participants landed with a rightward asymmetry signifying that their right limb was loaded more 

compared to the left. As this occurred under baseline conditions it was possible that these 

rightward asymmetries may be prevalent in their landings during training and competition. This 

may potentially increase risk for injury, which will be discussed further in section 4.5. 
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 The next and primary set of hypotheses were that takeoff force asymmetry would affect 

landing vertical force and impulse asymmetries. Specifically, that a rightward takeoff asymmetry 

will elicit a corresponding shift in landing asymmetry to the right of baseline and a leftward 

takeoff asymmetry would correspond to a shift in landing asymmetry to the left of baseline. The 

results for the repeated measures correlations supported the hypothesis as there were significant 

correlations between takeoff and landing vertical force SI and vertical impulse SI. Looking at the 

outcome for the repeated measures ANOVA, the results for landing peak vertical force and 

vertical impulse SI partially supported this hypothesis as there was a significant difference 

between the 60R and 60L conditions, with the 60R condition displaying greater rightward 

asymmetry compared to the 60L condition. Neither manipulated asymmetry condition was 

significantly different than baseline. The landing AP impulse SI also had similar results but with 

the 60R condition being significantly more rightward than baseline. The findings for landing ML 

impulse SI did not support the hypothesis as there was no significant differences between 

conditions. These data indicate that many kinetic aspects of takeoff asymmetry affect landing 

asymmetry and provides some evidence that control of takeoff asymmetry may be an important 

factor in landing asymmetry mitigation.  

 The final, tertiary hypothesis was that force asymmetry at takeoff would elicit kinematic 

differences between conditions. Specifically, that each takeoff, flight phase, and landing 

kinematic variable would exhibit a shift from baseline based on the takeoff force asymmetry 

conditions. Results for the orientation of the angular momentum vector in the frontal plane 

supported the hypothesis with minimal deviation from horizontal in frontal plane angle at 

baseline but significantly increased angles towards the direction of the asymmetry during the 

60R and 60L condition. The results for the repeated measures correlations also supported the 

hypothesis as there were significant correlations between frontal plane angular momentum angle 

and both takeoff and landing vertical force SI and vertical impulse SI. Knee flexion symmetry at 

takeoff, hip and knee ROM differences, and CG height partially supported the hypothesis as not 

all conditions were significantly different from each other. Hip flexion symmetry at takeoff and 

landing, landing knee flexion symmetry, frontal body angle at landing, transverse axis angular 

momentum did not support the hypothesis. Taken together these results suggest that a subset of 

airborne and landing kinematic variables may be altered from baseline with a takeoff force 

asymmetry. It is possible that a significant strength difference between limbs altered how the 
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gymnasts landed which may explain why some conditions at landing were not significantly 

different than others. This will be addressed further in section 4.2. 

To the authors knowledge, this was the first study to examine takeoff, flight phase, and 

landing kinematics with respect to takeoff and landing asymmetry during a salto. Similar to the 

forces, the different takeoff asymmetry conditions elicited changes in kinematic variables 

throughout the salto. The outcomes may be useful to coaches to help identify takeoff and landing 

force asymmetries. 

Although not explored in depth, this study was also the first of its kind to examine both 

male and female takeoff and landing force and kinematic characteristics. 

4.2 Detailed Discussion 

4.2.1 Baseline Takeoff and Landing Symmetry 

Before discussing the outcomes of the manipulated takeoff asymmetry, it was important 

to understand what the takeoff and landing characteristics are normally (i.e. during the baseline 

condition). To the authors’ knowledge, was no current literature regarding normal takeoff and 

landing asymmetry for salto skills, so the current study provided valuable normative force and 

kinematic data.  

At baseline, the male gymnasts were able to takeoff with nearly symmetrical peak 

vertical force (SI: -0.92%), vertical impulse (SI: -0.89%), AP impulse (SI: 0.83%), and ML 

impulse (SI: 13.29%) (Figure 3.3). These results were expected as the gymnasts were injury free 

and were not given any specific takeoff instructions, providing evidence that experienced 

gymnasts do takeoff symmetrically when performing a standing back tucked salto.  

Most previous literature that has examined bilateral vertical ground reaction force landing 

asymmetries have looked at vertical drop jump landings [7,10,41], but none have reported or 

identified the bilateral asymmetries during the takeoff of these jumps. Takeoff peak power 

asymmetry during a jump/landing task has been examined, but these data were only used to 

determine limb dominance, making the current study the first of its kind to examine the 

relationship between takeoff and landing force asymmetry [8].  

At landing, the average total vertical peak forces experienced by the male gymnasts in 

this study (13.0 times BW) were consistent with previous research which reported forces up to 
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14 times BW during landings of double back tucked saltos [15]. Since both studies found similar 

findings with respect to peak vertical force, these high landing forces may be common within 

experienced gymnasts. There was one male participant; who landed with a very large average of 

21.8 times BW. No previous research has reported landing forces of this magnitude. Both this 

and previous studies were completed with compliant gymnastics mats over the force plates 

which attenuated the recorded forces, making these values likely conservative estimates of forces 

seen in both training and competition. It has been recorded that elite gymnasts train on average 

26 hours per week and land, on average, 21 gymnastics skills for every 30 minutes spent training 

floor [42]. Training over 30 hours a week for some gymnasts is not uncommon. Considering the 

high training loads and high frequency of training sessions that are common for elite gymnasts, 

these high force values are concerning as athletes may be subject to damaging prolonged 

exposure to these loads [42]. When developing a gymnastics training program, understanding 

that these high landing forces occur should be considered to keep athletes safe and to not over-

expose them to dangerous amount of loading. The frequency and duration of floor and vault 

training should be of the highest concern in mediating the prolonged exposure to these loads as 

joint overuse has been shown to be a mechanism for osteoarthritis development in athletes of 

several sports [43] and the cause of detrimental bone pathologies in elite European gymnasts 

[44]. 

 Contrary to the original hypothesis, baseline landing vertical force SI (10.08%) and 

vertical impulse SI (5.49%) were significantly greater than zero. Although takeoff and landing 

force and impulse asymmetry are correlated with each other these results indicate that takeoff 

vertical force asymmetry is not the only contributing factor to landing vertical force and impulse 

asymmetry. Compared to the proposed landing force asymmetry ranges based on strength 

asymmetry data, the participants in this study landed with significant rightward asymmetry. 

Although these results were not what was anticipated, these values are in line with previous 

asymmetry research completed with female gymnasts and, as there are no known landing studies 

reporting landing SI values in male gymnasts, they will be compared here. The current landing 

SI was actually slightly less than previous drop landing studies, with one study recording an 

average SI of 14-15% [7] and another finding an average SI of 18.1% [8] with the majority of 

their participants having an SI over 10%. It has been reported that vertical ground reaction force 

asymmetry actually decreased when drop landing height increased and this was attributed to a 
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decreased level of effort during the low-level jump height trials [8]. A similar effect of effort 

may also be occurring in this study, where the skill performed in this study is more difficult than 

a drop landing and requires large amounts of effort by the gymnast to land the skill correctly. 

The participants recruited for this study were also older and therefore likely to have had more 

years of gymnastics and landing experience compared to previous studies. Further, as previous 

research examined female gymnasts and males were examined in this study it is possible that 

males may be better at landing in general, potentially attributed to increased leg strength in 

males. 

The rightward landing asymmetry at baseline was likely attributed to limb dominance. 

The gymnasts had significantly higher knee extensor strength in their right limb compared to 

their left and perceived themselves as being right-foot dominant. The limb strength difference 

may have predisposed them to preferentially favour the right limb during landing even though 

they had a symmetrical takeoff. Previous studies have used bilateral ground reaction force, both 

peak force and average ground reaction force, from standing vertical jumps, and drop vertical 

jumps along with isometric dynamometry strength test to help determine functional strength 

imbalances in the lower extremities [45]. One study compared the non-dominant leg to the 

dominant leg and found significant differences in peak force and average ground reaction force 

between limbs for drop vertical jumps, and single-leg vertical jump [45]. They also found 

significant differences between limbs for isometric knee flexion strength. Since there were 

significant differences between dominant and non-dominant limbs in isometric dynamometry 

and during the jump tests the athletes were said to have a considerable strength imbalance [45]. 

Since there is evidence that ground reaction force and strength imbalances are linked, it could 

explain the rightward skew in landing peak force and vertical impulse symmetry values.  

Based solely on the data from this study however, it cannot be determined which 

variable, leg strength or asymmetry, influences the other. It is possible that the strength 

asymmetry resulted in asymmetric force and impulse values at landing, however, it is also 

possible that gymnasts preferred to land on their right limb regardless of strength, and over time 

a rightward strength asymmetry developed based on their preferred landing patterns. A 

longitudinal study measuring both leg strength and landing patterns throughout a gymnast’s 

competitive career is required to answer these questions. 
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4.2.2 Takeoff Asymmetry and Kinetics  

 To our knowledge, the current study is the first time landing asymmetry has been 

examined with respect to takeoff asymmetry during a realistic gymnastics movement. This study 

utilized a novel takeoff force manipulation technique by using a 60% vertical force asymmetry to 

either the left or right, prior to the start of the takeoff of the salto. This manipulation successfully 

produced significantly different right and left asymmetries during takeoff, establishing the 

leaning manipulation as a valid technique to produce takeoff asymmetry.  

A starting asymmetry of 60% may seem large but the number is a function of the chosen 

SI formula used to allow comparisons to previous asymmetry research [7,8]. The 60% SI 

translated to an 85%:15% ratio in BW distribution between each foot.  During data collection the 

gymnasts anecdotally expressed that this was not a substantial shift prior to takeoff. They also 

expressed, and the researcher can attest, that this small shift in BW was modest compared to 

shifts that can occur during training and competition. During the takeoff process, the gymnasts 

corrected their initial asymmetry such that the peak force SI they experienced during takeoff was 

substantially less than 60%, nonetheless, still producing significantly different takeoff 

conditions.  

Although achieving vertical force asymmetry was the primary goal of the takeoff 

manipulation, takeoff impulses were also affected. Since impulse is the product of force and 

time, the time over which the impulse is calculated can influence the impulse values. The SI for 

the amount of time for which the impulse was calculated was significantly different for all 

conditions at both takeoff and landing; however, the magnitude of the SI differences between 

impulse time were extremely small (<2 ms) and likely to be negligible.  

All takeoff impulse asymmetries were altered by the takeoff manipulations with results 

for the vertical and AP impulses similar to the peak vertical force. The takeoff ML impulse was 

also asymmetrical, but the SI values were opposite of the other axes (i.e. more rightward SI for 

60L and leftwards SI for 60R). This is understandable given the task and how the SI was 

calculated. During takeoff, ML ground reaction forces act medially to keep the CG centered 

between the feet. Leaning towards one side caused their CG to shift in that direction with 

subsequently less medially directed force under that foot leading to an impulse asymmetry in the 

opposite direction. 



58 
 

The impulse is equivalent to the net change in momentum and the takeoff impulse 

asymmetry likely led to a change in the direction of the intended angular momentum. The 

angular momentum at takeoff cannot be changed once the gymnast is airborne, so there were 

deviations in angular momentum during the flight phase which resulted in undesirable force 

asymmetry at landing.  

Although flight phase angular momentum values were nearly identical between 

conditions and the angle of the angular momentum vector in the transverse plane were not 

significantly different, the angle of the average flight phase angular momentum vector in the 

frontal plane were significantly different between conditions and were correlated to takeoff and 

landing force and impulse SI. As the gymnast took off, the ML impulse asymmetry would have 

tilted the momentum toward the direction of the vertical impulse asymmetry, influencing the 

angle of the angular momentum vector during the flight phase.  

These results showed that the relationship between a vertical force asymmetry and 

impulse values in all axes during a takeoff of the back tucked salto is complex, where 

manipulating a force asymmetry in a single axis at the takeoff of the skill causes asymmetries in 

other variables which could affect the gymnast’s angular momentum and landing kinetics and 

kinematics.  

4.2.3 Landing Asymmetry and Kinetics 

 Although the landing peak vertical force SI and vertical impulse SI for the 60R and 60L 

were not different from baseline, there was an obvious shift such that increased rightward or 

leftward takeoff asymmetry resulted in more rightward or leftward landing asymmetry 

respectively. Total vertical force was not significantly different between conditions so these 

shifts in asymmetric load are attributed to the distribution of the loads between conditions, not 

increased force magnitude. Since neither the 60R nor the 60L landing forces were significantly 

different than baseline, these results only partially support our hypothesis. As stated earlier, 

although baseline peak takeoff asymmetry was nearly zero, on average, the gymnasts landed 

with a SI of just over 10% to the right. It is possible that takeoff asymmetry influenced landing 

asymmetry in the expected directions, but since there was already a significant level of rightward 

baseline landing asymmetry this effect was altered. For example, during the 60L condition, the 

landing peak vertical force and vertical impulse SI were near zero, 5.21% and 0.43% 
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respectively. The pre-existing rightward landing asymmetry resulted in the vertical force and 

impulse SI to be more symmetrical during the 60L condition.  

 This rightward shift in vertical force and impulse symmetry values can be potentially 

explained by the gymnasts pre-existing limb dominance. As mentioned earlier, the gymnasts had 

significantly higher right knee extensor strength compared to their left and perceived themselves 

as being right-foot dominant which potentially predisposed them to preferentially favour the 

right limb during landing.  

Along with the vertical components of force and impulse, landing AP impulse symmetry 

was also significantly altered by takeoff asymmetry. This AP impulse asymmetry at landing not 

only increases the load on one limb compared to the other but could also hinder the gymnasts 

landing performance. The gymnast may have to take a step to re-gain stability at the landing 

when an excessive AP impulse asymmetry is present which would decrease their score as 

outlined in the deductions defined by the Men’s Artistic Gymnastics Code of Points [1] These 

results provided evidence that asymmetrical takeoff forces can cause the gymnast to land with 

greater force and impulse through one limb compared to the other. The subsequent asymmetric 

changes in momentum following the asymmetric takeoff impulses can also result in poor 

performance. The asymmetric momentum generated at takeoff may cause unwanted off-axis 

rotation and will cause the landing to be more difficult to control and land without deduction. It 

is possible that the asymmetric momentum may contribute to an increased risk for injury. 

Asymmetry and injury will be discussed in section 4.5. 

4.2.4 Kinematics from Manipulated Takeoff Asymmetry During a Salto 

This study has shown that takeoff force asymmetries were related to landing kinetic 

asymmetries; however, these forces and impulse values were not visible to the naked eye, thus 

that information may not be practically applicable when training athletes. Coaches rely on visual 

cues (i.e. kinematics) to identify these potentially dangerous asymmetries in their athletes. 

Identification of kinematic differences during takeoff, flight phase, and landing of back tucked 

saltos in competitive gymnasts that are related to or a result of the manipulated takeoff force 

asymmetries is the tertiary purpose of this study. 

At takeoff, hip flexion asymmetry was not significantly altered by takeoff force 

asymmetry, however, knee flexion symmetry was. Takeoff knee flexion asymmetry was also 
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correlated with takeoff vertical force and impulse asymmetry. This SI value was measured at the 

point of liftoff where coaches often assess technical criteria of the skill the gymnast is 

performing and correct the athlete if needed. These results show that takeoff knee flexion 

asymmetry is related to vertical force and impulse and when an athlete has a takeoff force 

asymmetry towards one limb, that limb will present greater knee flexion at liftoff compared to 

the opposite limb. This may occur due to the shift in the CG towards the limb with more force 

requiring more flexion of that leg and more extension of the other.  

The joint angle symmetry values for the hip and knee were less clear during the landing. 

Neither the hip nor knee flexion angle SI values were significantly different from each other for 

any condition at impact. It is interesting to note, however, that the mean SI values for all 

conditions and both joints were towards the left, indicating that impact the left knee and hip 

joints were more flexed than the right. This is likely related to the previously discussed right 

limb dominance and increased right limb strength within the participants; the right limbs tended 

to impact in a less flexed position at landing thus experiencing higher impact forces regardless of 

the takeoff asymmetry of the skill. It is possible then the right limb may experience consistent 

disproportionate load compared to the left limb which could possibly become detrained. 

Detraining or weakening of the less loaded limb during landing asymmetry has been mentioned 

in previous literature as a consequence of consistent asymmetric loading [5,8], but no 

longitudinal studies examining this phenomenon exist, to the author’s knowledge, that have 

confirmed this theory. 

In the time after impact, relying on passive restraints such as ligaments to decelerate the 

body’s CG by restricting or decreasing ROM of the knee and hip joints has been associated with 

injury [46]. The difference in ROM values at the knee and hip joints were only significantly 

different between baseline and 60L condition. Since the gymnasts in this study had an affinity 

towards attenuating force with the right limb, it is possible that the left limb was not as 

accustomed to extra load so an increase in ROM at the hip and knee was needed to attenuate the 

additional load in the 60L condition. The magnitude of these kinematic differences was small 

however (°) and would be difficult for a coach to identify in real time. 

At landing the hip joint ROM from impact to end of impulse time was on average 9.27° 

while the knee ROM was 49.49°. These results show that as the gymnasts land, the knee is the 
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primary joint attenuating the ground reaction force. This aligns with previous research which has 

found similar joint ROM results and identified the knee joint as the main “shock absorber” 

during landing tasks [12,13]. 

The results of the kinematic data indicate that whole body kinematics may be another 

method of visually identifying force and impulse asymmetry characteristics in athletes. As 

mentioned previously, the frontal plane angles of the angular momentum vector were 

significantly different between conditions. To a coach, a gymnast producing a symmetrical 

takeoff (ie. baseline) should appear to be rotating solely through their anatomical transverse axis. 

An asymmetric takeoff elicited a frontal plane angle deviation and could be visible to a coach as 

an “off-axis” rotation towards the direction of the takeoff asymmetry.  

  Frontal plane body lean angle during landing was explored in this study as a possible 

kinematic surrogate for landing force asymmetry; however, none of the conditions were 

significantly different from each other. The baseline results did display a rightward lean which 

makes sense given that the gymnasts displayed rightward force and impulse asymmetry at 

baseline.  

Maximum CG height during an airborne skill has been explored in previous research due 

to its relationship to the success of landing a gymnastics skill and the quality of the gymnastics 

movement [47]. The results of this current study are in accordance with these results found in 

previous research [16]; when the gymnasts performed a back tucked salto with a symmetrical 

takeoff they achieved significantly greater CG height compared to saltos in which took off 

asymmetrically. In the Men’s Artistic Gymnastics Code of Points for both floor and vault there is 

a specific deduction for lack of height (or amplitude) [1]. This lack of amplitude often leads to 

another deduction at landing known as “lack of preparation” where the gymnast doesn’t 

complete their skill optimally and lands abruptly and ill-prepared with incorrect body position 

usually resulting in further deduction [1]. This incorrect body position could present as under 

rotation during landing and poses an increase risk for injury which will be discussed in section 

4.5. These data suggested that it is important for coaches to identify asymmetric takeoffs because 

the optimal performance of a salto is likely achieved with maximum height which does not 

appear to occur following asymmetrical takeoffs.  
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4.3 Takeoff and Landing Characteristics within Female Gymnasts 

The small sample size of female gymnasts in this study (n=4) meant that the results of 

quantitative statistical analysis may not be representative of the larger gymnast population. There 

were some trends for the female participants that were different from those seen in the male 

group and so the female data was kept separate. In this section, the trends in the female data will 

be discussed and then compared to the male data in the next section. 

All force and impulse variables at baseline for both takeoff and landing were not 

significantly different from zero for the female participants. There were, however, noticeable 

trends towards rightward asymmetries for baseline takeoff and landing peak vertical force (Mean 

takeoff SI: 6.13%, Mean landing SI: 17.09%), possibly indicating a right limb preference in this 

group. Although not significantly different than zero, the force asymmetry from this small 

sample was similar to previous research which reported between 14-18% asymmetry [7,8]. 

Compared to the proposed landing force asymmetry ranges based on strength asymmetry data, 

the participants in this study landed with significant rightward asymmetry. 

The mean peak vertical forces at landing for the females in this study were larger (17.14 

BW) than the 14 BW value reported in males in previous research [15]. There are very few 

gymnastics specific landing studies involving female gymnasts, however, there are data on 

round-off loading with female gymnasts which show landing forces of ~8 times BW [42]. 

Compared to round-offs, landings from a salto in the current study displayed far greater loading.  

The SI for kinematic data at baseline for both takeoff and landing were also not 

significantly different than zero, except for takeoff knee flexion symmetry which displayed 7.1% 

rightward asymmetry, also pointing to a right limb preference.  

In the female gymnasts, the experimental manipulation appeared to have a general trend 

towards the desired right and left takeoff force and impulse asymmetries for the 60R and 60L 

conditions, but the statistical analysis was not conclusive. The rightward preference seen in the 

baseline data was also present in the takeoff asymmetry conditions, skewing the data.  For 

example, the peak vertical impulse SI for the baseline and 60R conditions were over 5% and 

15% rightward respectively while the 60L condition was near zero. This meant that, on average, 

the 60L condition had the most symmetric takeoff in the female participants.  



63 
 

Similar to takeoff, at landing the female participants displayed rightward asymmetries for 

peak vertical force, vertical impulse, and AP impulse but no significant differences were present. 

Taken together, the results from both takeoff and landing suggesting a potential right limb 

preference in this female sample. The results of the participant questionnaire showed that the 

female participants perceived themselves to be right footed, however, the female knee extensor 

strength for the right and left limbs were not significantly different from each other. It is 

possible, however, that with a greater sample size significant differences in strength values 

would be found.  

Overall, the kinematics for the female group were not conclusive. Hip and knee ROM 

difference and the angle for the average flight phase angular momentum in the frontal plane 

showed the expected trend but differences were not significant. Takeoff knee flexion symmetry, 

hip and knee ROM differences, and landing frontal body angle displayed a rightward bias similar 

to the force data. The magnitude of the differences between conditions were minimal. 

The statistical analysis of the female gymnasts was underpowered and a larger sample 

size would be needed to draw any conclusions. 

4.4 Male/Female Comparison of Takeoff and Landing Characteristics 

 As stated earlier, the data from the female gymnasts appeared to be qualitatively different 

than the male data and so was kept separate. No statistical comparisons were made between the 

male and female data due to the imbalance in sample sizes between the groups, but there are 

some general qualitative comparisons that are worth noting. 

For example, at baseline the females presented much larger takeoff force asymmetry 

values (Peak Force: 6.13%, Vertical Impulse: 7.86%, AP Impulse: 20.14%) compared to males 

(Peak Force: -0.92%, Vertical Impulse: -0.89%, AP Impulse: 0.83%) (Table 3.1). At landing, 

both the male and female groups displayed rightward asymmetries for all conditions for peak 

force and vertical impulse (Table 3.1). The predominance of rightward asymmetries during 

landing suggests that both the male and female groups have tendencies to favour their dominant 

limb during landing, regardless of the level of takeoff asymmetry. 

 The seemingly larger shift towards the dominant limb in female gymnasts could be sport 

specific as previous research has found that female gymnasts predominantly use their right limb 



64 
 

when performing balance beams routines, an artistic gymnastics event that male gymnasts do not 

compete in [22]. These unique asymmetric loads experienced by female gymnasts are facilitated 

by the Women’s Artistic Gymnastics Code of Points in some dance and leap elements on floor 

exercise, but on the balance beam especially [2]. Approximately 60% of all skills the gymnasts 

can compete on beam outlined in the Code of Points have either a single leg loaded at takeoff or 

at landing [2,22]. Since the female gymnasts are required to choose skills from the Code of 

Points to perform in their routine, they will likely experience more unilateral loading than males 

over their career.  

Although there is no research on the quantity of back tuck saltos performed in training 

between sexes, anecdotal evidence from the author, based on extensive gymnastics coaching 

experience in both artistic gymnastics disciplines, indicates that males likely perform more back 

tucked saltos than females. It is possible that an increase in experience with standing back tucked 

saltos and more years of gymnastics experience in the male participants may have resulted in 

more symmetrical takeoff and landing in the male group compared to female.   

On average, at baseline, the female gymnasts in this study landed with greater relative 

peak vertical forces than the males (17.1 BW and 13.0 BW respectively). Reaction forces up to 

14 BW have been reported previously in male participants performing double back salto skills 

[15]. No female participant in this study averaged under 14 BW and only two of the male 

participants averaged greater than 14 BW. Greater attenuation of force is often associated with 

larger ROM values at landing at the hip and especially at the knee, being the primary structure 

absorbing force [12,13]. On average, landing ROM values were smaller for females compared to 

males for both the knee and the hip (Hip: Male 9.3° vs Female 6.1°; Knee: Male 49.5° vs Female 

44.8°). This may indicate that the male participants were more skilled at absorbing the impact 

forces possibly partially attributed to greater knee extensor strength and more years of 

gymnastics experience.   

Another notable difference between the male and female data were the vertical ground 

reaction force patterns at landing (Figure 3.6; Figure 3.8). On average, the male participants 

displayed a distinct impact spike prior to the main force peak that was not seen in the female 

participants. Previous research examining net joint moment differences within gymnasts for front 

and back tucked saltos have also reported landing vertical force patterns displaying an impact 
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spike in their participants (all male) [48]. Although there were consistent differences between 

males and females in landing force patterns on average, not all male participants displayed the 

impact spike and not all female participants did not. Noticeably different peak forces and ROM 

values for the knee and hip were found between those who displayed the impact spike and those 

who did not, regardless of sex. Those who displayed initial impact spikes (Male: n=9, Female: 

n=1) averaged less peak force at landing and greater knee and hip ROM compared to those who 

did not (Peak Force: Impact Spike; 12.1 BW, No Impact Spike; 17.6 BW. Hip ROM: Impact 

Spike; 10.4°, No Impact spike; 5.3°. Knee ROM: Impact Spike; 53.4°, No Impact Spike; 39.8°). 

Using individual participant data as examples, participant G16 was one of three males who did 

not show an impact spike. His average landing peak force between all trials was 21.8 BW and his 

landing hip and knee ROM values, averaged across all conditions, were 4.2° and 34.6°. 

Participant G09 was one of nine male participants who did show the impact spike and his 

average landing peak force across all trials was 10.7 BW and his average landing hip and knee 

ROM values were 15.4° and 57.5°. The same finding held true within the female participants 

where participant G15, one of three who did not display the impact spike, landed with 20.8 BW 

and had ROM values of 1.1° and 38.2° for the hip and knee respectively. Participant G12 was the 

only female participant that displayed the impact spike (however not consistently across all 

trials) landed with 14.3 BW and had ROM values of 11.4° and 54.9° for the hip and knee 

respectively. This implies that those who display no impact spike are landing harder with more 

stiff joint movement, both of which increase risk for injury [15,20,49].  

The female group presented larger baseline asymmetries than the males. However, the 

prevalence of rightward asymmetries in both groups suggests a rightward dominance for both the 

females and males. The female group may have a greater affinity toward the right limb due to 

sport specific requirements for skills involving only one limb, not equally imposed on male 

gymnasts. It was notable that the female gymnasts did not show a significant strength difference. 

This is surprising given the takeoff and landing force and impulse asymmetry data and 

footedness questionnaire results. Again, it was possible a strength difference would emerge if a 

larger sample size were tested. Females landed with greater peak force and less ROM at the knee 

and hip compared to males. Most males displayed an impact spike at landing where most females 

did not. Regardless of sex, an impact spike during landing was associated with decreased peak 

force and increased ROM of both the hip and knee.  
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4.5 Asymmetry and Injury Risk 

 To the researcher’s knowledge, no epidemiological research exists that explicitly states 

injury incidence from landing asymmetry. Although, it is possible that asymmetry itself could 

cause injury as the current and previous studies showed that gymnasts experience extremely high 

impact loads and asymmetric force and impulse values [15]. They could present as potential 

acute injuries during landing but also as overuse injuries if the asymmetric loading is combined 

with over-training. 

It is more likely though that asymmetry may exacerbate injury through other mechanisms 

as it is rare that injuries occur because of only one risk factor [50]. Rather, they occur due to 

complex interactions between several risk factors [50,51]. A framework used to understand 

injury causation in gymnastics was created, detailing how the presence of several risk factors can 

result in an injured gymnast (Figure 4.1). 

 

Figure 4.1: An adapted framework outlining risk factors combined with the mechanism (inciting 

events) of injury, which may make a gymnast vulnerable to injury [51]. 

 

This framework shows that there are several levels of risk factors that are in play when an 

injury occurs, and although asymmetry is listed as its own mechanism of injury, it is more likely 

that it may interact with other “inciting events” to cause injury. For example, if a gymnast was 

not able to achieve optimal height during a salto skill due to a takeoff asymmetry they may not 

finish the rotation of the skill fully prior to landing. They would then land with incorrect body 

position, altering their landing mechanics and putting them at risk for injury. The risk for injury 

based on the poor landing mechanics may be exacerbated by a landing asymmetry, potentially 

increasing the load in one limb above the threshold for injury. 
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It is noteworthy that minimal research has been completed on this phenomenon using 

gymnastics-specific movements even though it appears probable that landing asymmetry may be 

a factor in injury risk. It is possible that this is due to lack of empirical evidence of injury in 

asymmetry literature. To accurately understand how landing asymmetry relates to injury, future 

epidemiology studies on injury incidence in gymnastics should record injury circumstances in 

detail as well as the mechanism. Details could include specifics on if the skill felt or appeared 

asymmetrical (athlete or coach perspective respectively), potentially identified with kinematic 

variables explored in this study. These details may shed light on how asymmetry truly presents 

during injury in an empirical manner.   

4.6 Limitations and Future Research 

This current study used a standing back tuck salto to examine how takeoff force 

asymmetry affects other aspects of takeoff and landing asymmetry. Standing back tucked saltos 

are common in gymnastics training, however, they are rare during competition. Most backward 

salto skills are not performed from a standing position on floor exercise; they are normally 

preceded by skills used to increase linear and angular momentum, such as a “round-off” or a 

back handspring. If these preceding skills are performed poorly it could lead to an asymmetrical 

takeoff, possibly affecting the landing of that skill. The current study showed that the male 

gymnasts’ standing back tucked salto takeoffs are normally symmetrical, but this may not always 

be the case during tumbling passes during training or competition.  

While the takeoff manipulation utilized in this study successfully produced distinct and 

significantly different takeoff conditions, the true magnitudes of takeoff asymmetry experienced 

while tumbling during training or competition are still unknown. Future research should identify 

what these takeoff patterns look like following common lead up skills during a tumbling pass, 

and then if possible, identify how those takeoff results relate to the landing. This may produce 

more practically applicable results for coaches and could help determine if the results from this 

study are realistic since lead up skills occur often in both training and competition. Despite this 

limitation, this is the first study to identify takeoff asymmetries in any context.  

The experimental set up of the force platforms required gymnasts to land in a relatively 

small area at a specific distance (60 cm) from the takeoff. It is possible that these landing 

constraints may have influenced the performance of the movement; however, in pilot testing, it 
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was found that the most gymnasts normally landed approximately 60 cm from the takeoff 

position during similar conditions. Therefore, the degree to which the experimental set up altered 

the normal mechanics of the back tucked salto was likely minimal. 

The Xsens Awinda IMU system has been shown to be a valid tool for measuring joint 

angle data for the knee, hip, and ankle in squat and jump activities in the sagittal plane and 

acceptable in the frontal and transverse plane [37]. However, a back tucked salto is an extremely 

quick movement with rapid changes in joint angles at both takeoff and landing. Although the 

XSens Awinda system was able to accurately capture the joint angles, its relatively low sample 

rate of 60 Hz made it difficult to observe the kinematic intricacies during a back tucked salto. On 

average, the entire takeoff of a salto took 245 ms resulting in only ~14 kinematic data points 

during that time. An average landing took 76 ms and the XSens system was only able to capture 

~4 data points during that portion of the movement. Therefore any detailed examination of 

movements that occurred during those times were not possible. Additionally, the low sample rate 

of the kinematic capture system made it difficult to precisely match up kinematic data with 

events identified in the force data. Future research combining the use of kinematic analysis using 

XSens and force platform data for rapid movements should consider using the XSens Link 

system. Although it is heavier and includes wires, it has a sample rate of 240 Hz.  

 There has been previous research conducted on female gymnasts examining 

asymmetrical loading and landing asymmetry where it has been hypothesized that female 

gymnasts may be at greater risk of unilateral loading and subsequence unilateral injury [22]. Due 

to the small sample and high variability, statistically significant results and meaningful 

conclusions were limited and difficult to achieve for the female participants in this study. There 

were some interesting results and consistent differences compared to the male group which 

warrants further investigation into how takeoff force asymmetry relates to landing asymmetry in 

female participants and how that differs between male and female participants. 

As stated earlier, this study focused on sex-based analysis of takeoff and landing data. 

Even though inherently assumed, artistic gymnastics disciplines technically do not split 

competitors by sex, but rather by gender (using the terms “men” and “women”). Sex refers to a 

person’s biological sex, whereas gender refers to the socially and culturally constructed 

behaviours and attitudes related to a person’s identity [52]. A possible limitation of this study is 
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that it did not explicitly enquire about sex or gender, instead relying on gymnastic discipline to 

group participants.   
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CHAPTER 5:  SUMMARY AND CONCLUSION 

5.1 Summary  

The findings presented in this thesis describe how takeoff force asymmetry relates to both 

force and kinematic factors of the takeoff, fight phase, and landing of a back tucked salto. The 

results showed that landing asymmetry is present at baseline and is altered based on takeoff 

conditions. It is possible that certain kinematic factors could help coaches identify force 

asymmetries at landing. The female gymnasts’ data had similarities to the males, however 

differences between data sets provides evidence for further investigation into female gymnasts 

and landing asymmetry. This study provides a foundation for others when studying takeoff 

asymmetries effect on landing asymmetry. 

5.2 Conclusion 

 Landing asymmetry during a back tuck salto occurred at baseline suggesting thatthe 

experienced gymnasts in this sample present rightward asymmetries. Additionally, high peak 

forces at landing, similar to those seen in previous research, are a concern as rightward 

asymmetries occur normally and may put the right limb at greater risk for injury. Gymnastics 

coaches developing training programs for athletes should take these results into account and limit 

the amount of time and frequency a gymnast is exposed to floor and vault training, as this is 

where the high forces and asymmetries would affect the gymnasts the most. 

 The novel leaning manipulation at takeoff produced distinctly different takeoff force 

asymmetry conditions. The takeoff force asymmetries also altered impulse values in all 

directions at takeoff which in turn resulted in asymmetric changes in momentum in the flight 

phase and asymmetry at landing. Landing force and impulse asymmetry were altered by the 

takeoff conditions, as expected, and were correlated with each other, indicating that takeoff force 

asymmetry is related to landing asymmetry. Each condition displayed a rightward asymmetry 

and since the gymnasts had greater right leg strength that may be due to a right limb dominance. 

The kinematic differences between conditions during the back tucked salto are possibly 

the bridge from the laboratory to the gym since forces and impulses are not directly visible by 

coaches. The asymmetric changes in momentum due to the different takeoff conditions resulted 

in some kinematic differences during the flight phase and at landing that could be usable for 
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coaches to identify takeoff and landing force asymmetries. These include ROM differences and 

frontal flight phase angular momentum angle. Some kinematic variables have performance 

implications. Max CG height showed the effect of the takeoff where the asymmetric conditions 

resulted in lower saltos, making them more difficult to complete, possibly decreasing the quality 

of performance.  

Although the salto used in this study was more ecologically valid than drop landings or 

drop vertical jumps, gymnasts often use lead up skills prior to initiating the salto and future 

research should consider using these skills in their analysis. The takeoff manipulation produced 

significantly different takeoff conditions however the actual values of these takeoff asymmetries 

from lead up skills are unknown. It is then not known if the asymmetry values shown were 

realistic.  

Both the male and female landings were altered by takeoff asymmetry as was expected. 

The male and female groups both displayed predominantly rightward asymmetries at landing but 

only the female group displayed rightward asymmetries at takeoff suggesting that the takeoff 

manipulation was less effective and they possibly have a greater right limb dominance than the 

male group. Combined with the fact that the female group landed with greater peak force 

consistently it is possible that the female gymnasts in this study are at greater risk for injury 

compared to males. This may be due to different sport requirements between male and female 

gymnasts. Impact spikes at landing were associated with decreased peak force and increased hip 

and knee ROM. Most of the female gymnasts displayed no impact spike prior to peak force at 

landing where, on average the males did. Consistent ROM and peak force differences between 

the groups suggest the males are more skilled at attenuating force at landing. 

It is possible that landing asymmetry could cause injury; however, it is more likely that 

asymmetry may exacerbate injury risk through other mechanisms already known to cause injury. 

It is difficult to say for certain since there is no empirical evidence detailing asymmetry related 

injury, but this should be examined further.  

 

 



72 
 

REFERENCES 

1.  Federation Internationale de Gymnastique. 2017-2020 Code of points Men’s Artistic 

Gymnastics. 2017.  

2.  Federation Internationale de Gymnastique. 2017–2020 Code of Points Women’ s Artistic 

Gymnastics. 2017.  

3.  Kreighbaum E, Barthels KM. Biomechanics: A Quantitative Approach for Studying 

Human Movement. 1985. 486 p.  

4.  Hewett TE, Myer GD, Ford KR, Heidt RS, Colosimo AJ, McLean SG, et al. 

Biomechanical measures of neuromuscular control and valgus loading of the knee predict 

anterior cruciate ligament injury risk in female athletes: A prospective study. Am J Sports 

Med. 2005;33(4):492–501.  

5.  Ford KR, Myer GD, Hewett TE. Valgus knee motion during landing in high school female 

and male basketball players. Med Sci Sports Exerc. 2003;35(10):1745–50.  

6.  Panzer VP, Wood GA, Bates BT, Mason BR. Lower Extremity Loads in Landings of Elite 

Gymansts. Int Soc Biomech. 1987;11:87–92.  

7.  Moresi M, Bradshaw EJ, Thomas K, Greene D. Intra-Limb Variaility and Inter-Limb 

Asymmetry in Gymnastics Jump Tests. ISBS. 2013;8–12.  

8.  Lilley ES, Bradshaw EJ, Rice VJ. Is Jumping and Landing Technique Symmetrical in 

Female Gymnasts? ISBS. 2007;345–8.  

9.  Paterno M V, Schmitt LC, Ford KR, Rauh MJ, Myer GD, Huang B, et al. Biomechanical 

Measures During Landing and Postural Stability Predict Second Anterior Cruciate 



73 
 

Ligament Injury After Anterior Cruciate Ligament Reconstruction and Return to Sport. 

2010;1968–78.  

10.  Pappas E, Carpes FP. Lower extremity kinematic asymmetry in male and female athletes 

performing jump-landing tasks. J Sci Med Sport. 2012;15(1):87–92.  

11.  De Britto MA, Franco PS, Pappas E, Carpes FP. Kinetic asymmetries between forward 

and drop jump landing tasks. Rev Bras Cineantropometria e Desempenho Hum. 

2015;17(6):662–71.  

12.  Decker MJ, Torry MR, Wyland DJ, Sterett WI, Steadman JR. Gender differences in lower 

extremity kinematics, kinetics and energy absorption during landing. Clin Biomech. 

2003;18(7):662–9.  

13.  Zhang S, Bates BT, Dufek JS. Contributions of lower extremity joints to energy 

dissipation during landings. Med Sci Sports Exerc. 2000;32(4):812–9.  

14.  Dai B, Butler RJ, Garrett WE, Queen RM. Using ground reaction force to predict knee 

kinetic asymmetry following anterior cruciate ligament reconstruction. Scand J Med Sci 

Sport. 2014;24(6):974–81.  

15.  Panzer VP. Dynamic lower extremity load characteristics of landing. University of 

Oregon. 1987.  

16.  Čuk I, Marinšek M. Landing quality in artistic gymnastics is related to landing symmetry. 

Biol Sport. 2013;30(1):29–33.  

17.  Marinšek M, Čuk I. The influence of different twists in the forward and backward 

somersault on increased landing asymmetries. Kinesiology. 2013;45(1):73–81.  



74 
 

18.  Castanharo R, Veras M, Alcantara C, Miana A, de Jesus E, Elias J, et al. Asymmetries 

between lower limbs during jumping in female elite athletes from the brazilian national 

volleyball team. Port J Sport Sci. 2011;11(2):53–6.  

19.  Brophy R, Silvers HJ, Gonzales T, Mandelbaum BR. Gender influences: The role of leg 

dominance in ACL injury among soccer players. Br J Sports Med. 2010;44(10):694–7.  

20.  Bradshaw EJ, Hume PA. Biomechanical approaches to identify and quantify injury 

mechanisms and risk factors in women’s artistic gymnastics. Sport Biomech. 

2012;11(3):324–41.  

21.  Simon AM, Ferris DP. Lower limb force production and bilateral force asymmetries are 

based on sense of effort. Exp Brain Res. 2008;187(1):129–38.  

22.  Pajek MB, Hedbávný P, Kalichová M, Čuk I. The asymmetry of lower limb load in 

balance beam routines. Sci Gymnast J. 2016;8(1):5–13.  

23.  Avrin Zifchock R, Davis I, Hamill J. Kinetic asymmetry in female runners with and 

without retrospective tibial stress fractures. 2006;39:2792–7.  

24.  Kirialanis P, Malliou P, Beneka A, Giannakopoulos K. Occurrence of acute lower limb 

injuries in artistic gymnasts in relation to event and exercise phase. Br J Sports Med. 

2003;37(2):137–9.  

25.  Kolt GS, Kirkby RJ. Epidemiology of injury in elite and subelite female gymnasts: A 

comparison of retrospective and prospective findings. Br J Sports Med. 1999;33(5):312–8.  

26.  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 



75 
 

collected surveillance data from 963 registered gymnasts during Olympic Games. Br J 

Sports Med. 2018;52(7):475–81.  

27.  Lanese RR, Strauss RH, Leizman DJ. Injury and Disability in Matched Men’s and 

Women’s Intercollegiate Sports. Am J Public Health. 1990;80(12):1459–63.  

28.  Westermann RW, Giblin M, Vaske A, Grosso K, Wolf BR. Evaluation of Men’s and 

Women’s Observational Study. Sports Health. 2014;7(2):161–5.  

29.  Grace TG. Muscle imbalance and extremity injury. A perplexing relationship. Vol. 2, 

Sports Medicine. 1985. p. 77–82.  

30.  Elias LJ, Bryden MP, Bulman-Fleming MB. Footedness is a better predictor than is 

handedness of emotional lateralization. Neuropsychologia. 1998;36(1):37–43.  

31.  Bohannon R, Bubela D, Wang Y-C, Magasi S, Gershon R. Adequacy of Belt-Stabilized 

Testing of Knee Extension Strength. J Strength Cond Res. 2011;25(7):1963–7.  

32.  Katoh M, Yamasaki H. Test-retest reliability of isometric leg muscle strength 

measurements made using a hand-held dynamometer restrained by a belt: Comparisons 

during and between Sessions. J Phys Ther Sci. 2009;21(3):239–43.  

33.  Xsens T. MVN User Manual. 2020;  

34.  Herzog W, Nigg BM, Read LJ, Olsson E. Asymmetries in Ground Reaction Force 

Patterns in Normal Human Gait. Med Sci Sport Exerc. 1989;21(1):110–4.  

35.  Schweitzer L. FIG Gymnastics Equipment Testing Standards. Int Fed Gymnast. 1985;  

36.  Paulich M, Schepers M, Rudigkeit N, Bellusci G. Xsens MTw : Miniature Wireless 

Inertial Motion Tracker for Highly Accurate 3D Kinematic Applications. Xsens Technol. 



76 
 

2013;1–9.  

37.  Al-Amri M, Nicholas K, Button K, Sparkes V, Sheeran L, Davies JL. Inertial 

measurement units for clinical movement analysis: Reliability and concurrent validity. 

Sensors (Switzerland). 2018;18(3):1–29.  

38.  Leva P de. Adjustments to zatsiorsky-seluyanov’s segment inertia parameters. J Biomech. 

1996;29(9):1223–40.  

39.  Herr H, Popovic M. Angular momentum in human walking. J Exp Biol. 2008;211(4):467–

81.  

40.  Bakdash JZ, Marusich LR, Bolin JH. Repeated Measures Correlation. Front Psychol. 

2017;8:1–13.  

41.  Bates NA, Ford KR, Myer GD, Hewett TE. Impact differences in ground reaction force 

and center of mass between the first and second landing phases of a drop vertical jump 

and their implications for injury risk assessment. J Biomech. 2013;46(7):1237–41.  

42.  Burt L, Naughton G, Higham D, Landeo R. Training load in pre-pubertal female artistic 

gymnastics. Sci Gymnast J. 2008;2(3):5–14.  

43.  Lequesne MG, Dang N, Lane NE. Sport practice and osteoarthritis of the limbs. 

Osteoartritis Cartil. 1997;5:75–86.  

44.  Auberge P, Zenny JC, Duvallet A, GodefroyD., Horreard P, Chevrot A. Etude de la 

maturation osseuse et lesions osteo-articulaires du sportif de haut niveau. Apropos de 105 

cas. J Radiol. 1984;65:555–61.  

45.  Newton RU, Gerber A, Nimphius S, Shim JK, Doan BK, Robertson M, et al. 



77 
 

Determination of functional strength imbalance of the lower extremities. J Strength Cond 

Res. 2006;20(4):971–7.  

46.  Pollard CD, Sigward SM, Powers CM. Limited hip and knee flexion during landing is 

associated with increased frontal plane knee motion and moments. Clin Biomech. 

2010;25(2):142–6.  

47.  Mkaouer B, Jemni M, Amara S, Chaabène H, Tabka Z. Kinematic and kinetic analysis of 

two gymnastics acrobatic series to performing the backward stretched somersault. J Hum 

Kinet. 2013;37(1):17–26.  

48.  McNitt-Gray JL, Hester DME, Mathiyakom W, Munkasy BA. Mechanical demand and 

multijoint control during landing depend on orientation of the body segments relative to 

the reaction force. J Biomech. 2001;34(11):1471–82.  

49.  Butler RJ, Crowell HP, Davis IMC. Lower extremity stiffness: Implications for 

performance and injury. Clin Biomech. 2003;18(6):511–7.  

50.  Emery CA. Injury prevention in paediatric sport-related injuries : a scientific approach. Br 

J Sports Med. 2010;44(1):64–9.  

51.  Hume P, Bradshaw EJ. Biomechanics: injury mechanisms and risk factors. In: Caine D, 

Russell K, Lim L, editors. Gymnastics. 1st ed. John Wiley & Sons, Ltd; 2013. p. 75–84.  

52.  Kling J, Rose SH, Kransdorf LN, Viggiano TR. Evaluation of sex and gender based 

medicine training in post-graduate medical education: A cross-sectional survey study. Biol 

Sex Differ. 2016;7(1):48.  

 



78 
 

APPENDICES 

Appendix A: Participant Consent Form (Adult) 

 

PARTICIPANT INFORMATION AND CONSENT FORM 

 

Does Takeoff Force and Kinematic Asymmetry Affect Landing Force and Kinematic 

Asymmetry in Front and Backward Saltos in Competitive Gymnasts? 
 

Principle Investigator: Joel Lanovaz - (306) 966 1073 – joel.lanovaz@usask.ca 

Student Researcher: Nicolas Hallgrimson - (306) 381 8545 – nic.hallgrimson@usask.ca 

Sub-Investigator: James Goulet, FIG judge 

________________________________________________________________________ 

 

INTRODUCTION 

You are invited to take part in this research study because you are a skilled current or former competitive 

artistic gymnast. 

 

Your participation is voluntary. It is up to you to decide whether or not you wish to take part. If you wish 

to participate, you will be asked to sign this form. If you do decide to take part in this study, you are still 

free to withdraw at any time and without giving any reasons for your decision. 

 

If you do not wish to participate, you will not lose any benefits associated with being a competitive 

artistic gymnast in Saskatchewan, nor will it affect your academic standing at the University of 

Saskatchewan or any other academic institutions you are affiliated with. It will not affect your 

relationship with Joel Lanovaz or Nicolas Hallgrimson.  

 

Please take time to read the following information carefully. You can ask the researcher to explain any 

words or information that you do not clearly understand. You may ask as many questions as you need. 

Please feel free to discuss this with your family, friends or family physician before you decide. 

 

WHY IS THIS STUDY BEING DONE? 

This study is being done because injury rates are high in artistic gymnastics. Many of these injuries are 

due to improper landings.  We do know a lot about how landings may lead to injury but we know less 

about when gymnasts land with more force on one leg compared to the other. We even know less about 

what might cause these uneven landings (sometimes called asymmetrical landings). In this study, we want 

to see if uneven forces at the takeoff leads to uneven forces at the landing. We hope that if we can find 

how the takeoff and landing forces are related, we can provide information to coaches about how they 

might help their gymnasts have more even landings which could lead to better scores and maybe help 

reduce the number of injuries.   

 

 

WHO CAN PARTICIPATE IN THE STUDY?  

If you are a current or former competitive artistic gymnast, you are eligible to participate in this study if 

you;  

 

mailto:joel.lanovaz@usask.ca
mailto:nic.hallgrimson@usask.ca
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1. Are injury free at time of data collection such you have returned to full participation in sport OR 

that the movements described in the study can be performed without pain or restriction.  

2. Have the ability to perform front and/or backward tucked salto from a height safely and with 

technical mastery (assessed by Federation of International Gymnastics Mens Artistic Gymnastics 

judge) 

3. Are enrolled in a provincial or national level competitive gymnastics program OR were 

previously enrolled in a provincial or national competitive gymnastics program in the last 10 

years. 

4. Are between the ages of 13 and 35 years. 

 

If you are unable to meet any of these criteria you will be unable to participate in this study. 

 

WHAT DOES THE STUDY INVOLVE? 

   

- We first need to find out if you are able to do the movements (front and/or back salto) at a high 

enough level that you will be safe. To do this, you will perform saltos at a training gym of your 

choice while the researcher and a FIG accredited judge watch you. If the judge cannot be there, 

the researcher will record you performing the saltos and then show the recording to the FIG judge 

later. Only the FIG judge and the student researcher will see the video. You will be told if you 

can participate in the study and which movements you will be allowed to do (front salto, back 

salto or both) either right after you perform (if the FIG judge is there) or within 24 hours if a 

video was recorded.  

 

- After the FIG judge has said which movements you are allowed to do, you will come to the Ron 

and Jane Graham Sport Science and Health Centre at Merlis Belsher Place in Saskatoon. You will 

first be asked some questions about which is your dominant leg, any injuries you may have had 

and how long you have competed in gymnastics. You will then be asked to change into a T-shirt 

and shorts. You will then be asked to sit on a chair and perform some knee straightening exercises 

to measure your leg strength. 

 

- We will then use some soft Velcro straps to attach 17 small movement sensors to your arms, legs, 

body and head. These wireless sensors will be used to measure your motion when you are 

performing the saltos. 

 

- Once the sensors are in place, we will ask you to perform a number of forward and/or backwards 

saltos (depending on what the FIG judge decided). You will start each of the saltos on top of a 30 

cm high box and land the saltos on the floor. The floor will be covered with standard 5 cm thick 

foam padding used in regular gymnastics training. There will also be extra pads placed all around 

the landing area and on the takeoff box to help reduce the risk of injury if you should fall. 

 

- We will be measuring the forces under your feet at the takeoff and landing using force measuring 

platforms that are embedded into the floor. 

 

- You will first perform each salto five times normally, with at least a two minute rest between 

each salto. 

 

- After that, we will get you to perform the saltos again while asking you to lean a bit to one side 

before you start. We will have a special computer monitor set-up which will tell you how much to 

lean each time, you will lean three different amounts and you will perform three saltos for each 

lean. Again, you will have a minimum of two minutes to rest between saltos. 

 



80 
 

- In total, you will be performing 14 forward saltos and/or 14 backward saltos. If you perform all 

28 saltos, this should take about 1.5 hours of your time. 

 

If you consent we may take photographs of you during data collection that would be used solely for 

research and/or teaching presentations.  These photographs would be de-identified so your face would not 

be recognizable.  

 

WHAT ARE THE BENEFITS OF PARTICIPATING IN THIS STUDY?  

If you choose to participate in this study, there may or may not be benefit to you. Upon your request, you 

can receive you own personal data and see how symmetrically you land which may be of interest to you. 

It is hoped the information gained from this study can be used in the future to benefit other people with 

similar movement patterns. 
 

ARE THERE POSSIBLE RISKS AND DISCOMFORTS? 

If you choose to participate in this study, it is possible that you may receive a musculoskeletal injury as a 

result of a poor landing of the gymnastics skills. Measures to prevent these injuries are in place within the 

study design such as; matting on and around the force plates, padded protection from the raised platform 

and a rest period between trials. 

 

WHAT HAPPENS IF I DECIDE TO WITHDRAW? 

Your participation in this research is voluntary. You may withdraw from this study at any time. You do not 

have to provide a reason. There will be no penalty or loss of benefits if you choose to withdraw. Your 

enrollment in the provincial or competitive gymnastics program or academic status will not be affected.  

 

If you choose to enter the study and then decide to withdraw later, all data collected about you during 

your enrolment will be retained for analysis.  

 

WILL I BE INFORMED OF THE RESULTS OF THE STUDY? 

The results of the study will be available after May 2020 from Nicolas Hallgrimson or Joel Lanovaz to 

whom you may contact to request your own personal data as well as the aggregate results. At the end of 

this consent form both Joel Lanovaz’s and Nicolas Hallgrimson’s contact information will be available to 

you if you wish to view your results.  The data resulting from this study will be disseminated through 

Nicolas Hallgrimson’s Master of Science Thesis and may be presented at scientific conferences and 

published in scientific journals, to which you may also view the results. 

 

WHAT WILL THE STUDY COST ME? 

You will not be charged for any research-related procedures. You will not be paid for participating in this 

study. You will not receive any compensation, or financial benefits for being in this study, or as a result of 

data obtained from research conducted under this study.  

 

WHAT HAPPENS IF SOMETHING GOES WRONG? 

In the unlikely event of an adverse effect arising related to the study procedures, necessary medical 

treatment will be made available at no additional cost to you. As soon as possible, notify the research 

team. By signing this document, you do not waive any of your legal rights. 

 

 

WILL MY TAKING PART IN THIS STUDY BE KEPT CONFIDENTIAL? 

In Saskatchewan, the Health Information Protection Act (HIPA) defines how the privacy of your 

personal health information must be maintained so that your privacy will be respected. 
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Your confidentiality will be respected.  No information that discloses your identity will be released or 

published without your specific consent to the disclosure.  However, research records and medical records 

identifying you may be inspected in the presence of the Investigator or his or her designate by 

representatives of the University of Saskatchewan Research Ethics Board for the purpose of monitoring 

the research. However, no records, which identify you by name or initials, will be allowed to leave the 

Investigators' offices. The results of this study may be presented in a scientific meeting or published, but 

your identity will not be disclosed. 

 

WHO DO I CONTACT IF I HAVE QUESTIONS ABOUT THE STUDY? 

If you have any questions or desire further information about this study before or during participation, you 

can contact Nicolas Hallgrimson at 306-381-8545. 

 

If you have any concerns about your rights as a research participant and/or your experiences 

while participating in this study, contact the Chair of the University of Saskatchewan Research 

Ethics Board, at 306-966-2975(out of town calls 1-888-966-2975). The Research Ethics Board is 

a group of individuals (scientists, physicians, ethicists, lawyers and members of the community) 

that provide an independent review of human research studies. This study has been reviewed and 

approved on ethical grounds by the University of Saskatchewan Research Ethics Board.  
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CONSENT TO PARTICIPATE 

 

Study Title: Does Takeoff Force and Kinematic Asymmetry Affect Landing Force and Kinematic 

Asymmetry in Front and Backward Saltos in Competitive Gymnasts. 

 

o I have read (or someone has read to me) the information in this consent form. 

o I understand the purpose and procedures and the possible risks and benefits of the study.  

o I was given sufficient time to think about it. 

o I had the opportunity to ask questions and have received satisfactory answers. 

o I understand that I am free to withdraw from this study at any time for any reason and the decision 

to stop taking part will not affect my future relationships. 

o I give permission to the use and disclosure of my de-identified information collected for the 

research purposes described in this form. 

o I understand that by signing this document I do not waive any of my legal rights. 

o I will be given a signed copy of this consent form. 

 

I would be willing to allow photographs or videos taken of myself during my participation to be used for 

educational purposes as long as my identity remains confidential 

YES  NO 

 

I agree to participate in this study: 

 

 

Printed name of participant:                      Signature:           Date:  

 

 

Printed name of person obtaining consent:    Signature:     Date: 
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Appendix B: Participant Consent Form (Minor) 

PARTICIPANT INFORMATION AND CONSENT FORM 

 

Does Takeoff Force and Kinematic Asymmetry Affect Landing Force and Kinematic 

Asymmetry in Front and Backward Saltos in Competitive Gymnasts? 
 

Principle Investigator: Joel Lanovaz - (306) 966 1073 – joel.lanovaz@usask.ca 

Student Researcher: Nicolas Hallgrimson - (306) 381 8545 – nic.hallgrimson@usask.ca,  

Sub-Investigator: James Goulet, FIG judge 

________________________________________________________________________ 

 

As the parent or legal guardian of a child under 18 years of age, you will be asked to read and sign 

this form to give permission for your child to participate in this study.  Your child will also be asked 

to give their assent.  The word “you/your” throughout this document refers to your child. 

 

INTRODUCTION 

You are invited to take part in this research study because you are a skilled current or former competitive 

artistic gymnast. 

 

Your participation is voluntary. It is up to you to decide whether or not you wish to take part. If you wish 

to participate, you will be asked to sign this form. If you do decide to take part in this study, you are still 

free to withdraw at any time and without giving any reasons for your decision. 

 

If you do not wish to participate, you will not lose any benefits associated with being a competitive 

artistic gymnast in Saskatchewan, nor will it affect your academic standing at the University of 

Saskatchewan or any other academic institutions you are affiliated with. It will not affect your 

relationship with Joel Lanovaz or Nicolas Hallgrimson.  

 

Please take time to read the following information carefully. You can ask the researcher to explain any 

words or information that you do not clearly understand. You may ask as many questions as you need. 

Please feel free to discuss this with your family, friends or family physician before you decide. 

 

WHY IS THIS STUDY BEING DONE? 

This study is being done because injury rates are high in artistic gymnastics. Many of these injuries are 

due to improper landings.  We do know a lot about how landings may lead to injury but we know less 

about when gymnasts land with more force on one leg compared to the other. We even know less about 

what might cause these uneven landings (sometimes called asymmetrical landings). In this study, we want 

to see if uneven forces at the takeoff leads to uneven forces at the landing. We hope that if we can find 

how the takeoff and landing forces are related, we can provide information to coaches about how they 

might help their gymnasts have more even landings which could lead to better scores and maybe help 

reduce the number of injuries.   

 

WHO CAN PARTICIPATE IN THE STUDY?  

If you are a current or former competitive artistic gymnast, you are eligible to participate in this study if 

you;  

 

5. Are injury free at time of data collection such you have returned to full participation in sport or 

that the movements described in the study can be performed without pain or restriction.  

mailto:joel.lanovaz@usask.ca
mailto:nic.hallgrimson@usask.ca
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6. Have the ability to perform front and/or backward tucked salto from a height safely and with 

technical mastery (assessed by Federation of International Gymnastics Mens Artistic Gymnastics 

judge) 

7. Are enrolled in a provincial or national level competitive gymnastics program OR were 

previously enrolled in a provincial or national competitive gymnastics program in the last 10 

years. 

8. Are between the ages of 13 and 35 years. 

 

If you are unable to meet any of these criteria you will be unable to participate in this study. 

 

WHAT DOES THE STUDY INVOLVE? 

   

- We first need to find out if you are able to do the movements (front and/or back salto) at a high 

enough level that you will be safe. To do this, you will perform saltos at a training gym of your 

choice while the researcher and a FIG accredited judge watch you. If the judge cannot be there, 

the researcher will record you performing the saltos and then show the recording to the FIG judge 

later. Only the FIG judge and the student researcher will see the video. You will be told if you 

can participate in the study and which movements you will be allowed to do (front salto, back 

salto or both) either right after you perform (if the FIG judge is there) or within 24 hours if a 

video was recorded.  

 

- After the FIG judge has said which movements you are allowed to do, you will come to the Ron 

and Jane Graham Sport Science and Health Centre at Merlis Belsher Place in Saskatoon. You will 

first be asked some questions about which is your dominant leg, any injuries you may have had 

and how long you have competed in gymnastics. You will then be asked to change into a T-shirt 

and shorts. You will then be asked to sit on a chair and perform some knee straightening exercises 

to measure your leg strength. 

 

- We will then use some soft Velcro straps to attach 17 small movement sensors to your arms, legs, 

body and head. These wireless sensors will be used to measure your motion when you are 

performing the saltos. 

 

- Once the sensors are in place, we will ask you to perform a number of forward and/or backwards 

saltos (depending on what the FIG judge decided). You will start each of the saltos on top of a 30 

cm high box and land the saltos on the floor. The floor will be covered with standard 5 cm thick 

foam padding used in regular gymnastics training. There will also be extra pads placed all around 

the landing area and on the takeoff box to help reduce the risk of injury if you should fall. 

 

- We will be measuring the forces under your feet at the takeoff and landing using force measuring 

platforms that are embedded into the floor. 

 

- You will first perform each salto five times normally, with at least a two minute rest between 

each salto. 

 

- After that, we will get you to perform the saltos again while asking you to lean a bit to one side 

before you start. We will have a special computer monitor set-up which will tell you how much to 

lean each time, you will lean three different amounts and you will perform three saltos for each 

lean. Again, you will have a minimum of two minutes to rest between saltos. 

 

- In total, you will be performing 14 forward saltos and/or 14 backward saltos. If you perform all 

28 saltos, this should take about 1.5 hours of your time. 
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If you consent we may take photographs of you during data collection that would be used solely for 

research and/or teaching presentations.  These photographs would be de-identified so your face would not 

be recognizable.  

 

WHAT ARE THE BENEFITS OF PARTICIPATING IN THIS STUDY?  

If you choose to participate in this study, there may or may not be benefit to you. Upon your request, you 

can receive you own personal data and see how symmetrically you land which may be of interest to you. 

It is hoped the information gained from this study can be used in the future to benefit other people with 

similar movement patterns. 
 

ARE THERE POSSIBLE RISKS AND DISCOMFORTS? 

If you choose to participate in this study, it is possible that you may receive a musculoskeletal injury as a 

result of a poor landing of the gymnastics skills. Measures to prevent these injuries are in place within the 

study design such as; matting on and around the force plates, padded protection from the raised platform 

and a rest period between trials. 

 

WHAT HAPPENS IF I DECIDE TO WITHDRAW? 

Your participation in this research is voluntary. You may withdraw from this study at any time. You do not 

have to provide a reason. There will be no penalty or loss of benefits if you choose to withdraw. Your 

enrollment in the provincial or competitive gymnastics program or academic status will not be affected.  

 

If you choose to enter the study and then decide to withdraw later, all data collected about you during 

your enrolment will be retained for analysis.  

 

WILL I BE INFORMED OF THE RESULTS OF THE STUDY? 

The results of the study will be available after May 2020 from Nicolas Hallgrimson or Joel Lanovaz to 

whom you may contact to request your own personal data as well as the aggregate results. At the end of 

this consent form both Joel Lanovaz’s and Nicolas Hallgrimson’s contact information will be available to 

you if you wish to view your results.  The data resulting from this study will be disseminated through 

Nicolas Hallgrimson’s Master of Science Thesis and may be presented at scientific conferences and 

published in scientific journals, to which you may also view the results. 

 

WHAT WILL THE STUDY COST ME? 

You will not be charged for any research-related procedures. You will not be paid for participating in this 

study. You will not receive any compensation, or financial benefits for being in this study, or as a result of 

data obtained from research conducted under this study.  

 

WHAT HAPPENS IF SOMETHING GOES WRONG? 

In the unlikely event of an adverse effect arising related to the study procedures, necessary medical 

treatment will be made available at no additional cost to you. As soon as possible, notify the research 

team. By signing this document, you do not waive any of your legal rights. 

 

 

WILL MY TAKING PART IN THIS STUDY BE KEPT CONFIDENTIAL? 

In Saskatchewan, the Health Information Protection Act (HIPA) defines how the privacy of your 

personal health information must be maintained so that your privacy will be respected. 
 

Your confidentiality will be respected.  No information that discloses your identity will be released or 

published without your specific consent to the disclosure.  However, research records and medical records 
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identifying you may be inspected in the presence of the Investigator or his or her designate by 

representatives of the University of Saskatchewan Research Ethics Board for the purpose of monitoring 

the research. However, no records, which identify you by name or initials, will be allowed to leave the 

Investigators' offices. The results of this study may be presented in a scientific meeting or published, but 

your identity will not be disclosed. 

 

WHO DO I CONTACT IF I HAVE QUESTIONS ABOUT THE STUDY? 

If you have any questions or desire further information about this study before or during participation, you 

can contact Nicolas Hallgrimson at 306-381-8545. 

 

If you have any concerns about your rights as a research participant and/or your experiences 

while participating in this study, contact the Chair of the University of Saskatchewan Research 

Ethics Board, at 306-966-2975(out of town calls 1-888-966-2975). The Research Ethics Board is 

a group of individuals (scientists, physicians, ethicists, lawyers and members of the community) 

that provide an independent review of human research studies. This study has been reviewed and 

approved on ethical grounds by the University of Saskatchewan Research Ethics Board.  
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CONSENT TO PARTICIPATE 

 

Study Title: Does Takeoff Force and Kinematic Asymmetry Affect Landing Force and Kinematic 

Asymmetry in Front and Backward Saltos in Competitive Gymnasts. 

 

o I have read (or someone has read to me) the information in this consent form. 

o I understand the purpose and procedures and the possible risks and benefits of the study.  

o I was given sufficient time to think about it. 

o I had the opportunity to ask questions and have received satisfactory answers. 

o I understand that I am free to withdraw from this study at any time for any reason and the decision 

to stop taking part will not affect my future relationships. 

o I give permission to the use and disclosure of my de-identified information collected for the 

research purposes described in this form. 

o I understand that by signing this document I do not waive any of my legal rights. 

o I will be given a signed copy of this consent form. 

 

I would be willing to allow photographs or videos taken of myself during my participation to be used for 

educational purposes as long as my identity remains confidential 

YES  NO 

 

I agree to participate in this study: 

 

 

Printed name of participant:                      Signature:           Date:  

 

 

Printed name of parent/guardian:                                                       Signature:                                        Date: 

 

 

Printed name of person obtaining consent:    Signature:     Date: 

 

Minors who have the ability to understand the study and the consequences of participating have had the study 

and study procedures explained to them, in the presence of their parents/legal guardians.  Signed consent using 

this form, was obtained from the parent/legal guardian and verbal assent was obtained from the minor: 

      Yes                  No 

Verbal assent completed by:________________________ on _______________________ 
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La   Lu   Eq   Ru   Ra 

La   Lu   Eq   Ru   Ra 

La   Lu   Eq   Ru   Ra 

La   Lu   Eq   Ru   Ra 

La   Lu   Eq   Ru   Ra 

La   Lu   Eq   Ru   Ra 

La   Lu   Eq   Ru   Ra 

La   Lu   Eq   Ru   Ra 

La   Lu   Eq   Ru   Ra 

 

La   Lu   Eq   Ru   Ra 

 

Yes     No 

Yes     No 

Appendix C: Participant Questionnaire  

Does Takeoff Force and Kinematic Asymmetry Affect Landing Force and Kinematic 

Asymmetry in Front and Backward Saltos in Competitive Gymnasts? 

 

Participant ID: ___________  Date: ______________ 

 

Participant Questionnaire: 

Which Type of gymnastics do you normally compete in: (please circle) 

Male Female   

Leg Dominance: 

Waterloo Footedness Questionnaire - Revised: 

La= Left always       Lu= Left usually       Eq= Equal       Ru= Right usually       Ra= Right always 

1. Which foot would you use to kick a stationary ball at a target straight in front of you? 

2. If you had to stand on one foot, which foot would it be? 

3. Which foot would you use to smooth sand at the beach? 

4. If you had to step up onto a chair, which foot would you place on the chair first? 

5. Which foot would you use to stomp on a fast-moving bug? 

6. If you were to balance on one foot on a railway track, which foot would you use? 

7. If you wanted to pick up a marble with your toes, which foot would you use? 

8. If you had to hop on one foot, which foot would you use? 

9. Which foot would you use to help push a shovel into the ground? 

10. During relaxed standing, people initially put most of their weight on one foot, leaving the 

other leg slightly bent. Which foot do you put most of your weight on first? 

11. Is there any reason (i.e. injury) why you have changed your foot preference for any of the 

above activities? 

12. Have you ever been given special training or encouragement to use a particular foot for 

certain activities? 

13. If you have answered YES for either question 11 or 12, please explain:  



89 
 

 

Injury History: 

Please list any injuries you have experienced over the last five years that have caused you to be 

removed from full participation in sport. If you can, provide the year when the injury occurred 

and describe the injury. 

Injury Year Describe 

   

   

   

   

If more space is required, ask either Nicolas Hallgrimson or Joel Lanovaz for an additional copy. 

Years of Training: 

Approximately how many years have you been training in competitive gymnastics? If you are 

not currently training in competitive gymnastics, please indicate how many years you 

participated in competitive gymnastics and how many years has it been since you stopped.  

Please answer below. 

 

 

 

Thank you for completing the questionnaire, please hand it in to either Nicolas Hallgrimson or 

Joel Lanovaz.  


