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Abstract. The purpose of this study was to characterize the normal (Fz) and anterior-posterior (Fx) 
hand contact forces of female gymnasts performing a handspring vault on the modern vault table. 
Twelve National Junior Olympic female gymnasts participated.  The vault table was instrumented 
with two, two-dimensional calibrated portable force platforms, one for each hand.  Each athlete 
performed two trials that were analyzed separately.  Support phase duration ranged from 0.234, 
±0.048 and 0.224, ±0.035 s for right and left hands, respectively.  The force-time curves showed 
hand contact forces occurred in two phases, high values on impact followed by a longer and lower 
magnitudes that produced a forward-downward push.  Average normal (vertical) peak force was 
1.4, ±0.3 x body weight (BW).  Hand contact differences in initial impact, duration, peak values 
and impulse showed marked differences between left and right hands.  The results of this study 
indicate that hand contact force and time characteristics were variable and that symmetrical 
performance was not common and magnitudes could meet those necessary to injure the wrist and 
forearm.  This first study of directly measured hand contact forces showed a lack of symmetry, and 
force-time curves that consisted of two distinct phases.   
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1. Introduction  
Artistic gymnastics is characterized by numerous skills in static and dynamic situations in which the 

athletes use upper limbs in unusual ways. The handsprings represent a group of acrobatic skills in which 
gymnasts use the hands and arms in an explosive “jump” with the aim of moving and rotating the body.   
Handspring skills are considered basic tumbling skills performed usually on the floor but are also performed 
on the vault.  On the vault, there are three possible types of hand support phases: forward (handspring), 
sideward (Tsukahara or Kasamatsu, similar to a cartwheel), and backward (Yurchenko, similar to a back 
handspring).  The forward handspring, where the gymnast places her hands directly onto the table (i.e., 
fingers facing the direction of motion), represents the simplest form of handspring in which each gymnast of 
a reasonable performance standard can perform.  Moreover, every gymnast performs a handspring vault at 
some time in her career, making the handspring vault an ideal skill for broad investigation of gymnastics 
performance.  As such, the vaulting handspring precedes and permits the most spectacular phase of this event 
- the post flight.  During the hand support phase on the vault table the gymnast should be able to apply 
enough force to enhance the post flight trajectory sufficiently to perform single and multiple somersaults 
with or without twists.   

Although the handspring on the vault has been studied in many of its styles, only limited information is 
yet available about the pattern of forces that occur during the hand support phase.  Among the limited 
literature, most information has been derived through inverse dynamic calculations or modelling [1,2,3,4,5,6].  
While these studies have demonstrated much of the richness that modelling can provide, they did not 
measure forces directly.  As such, they obtained values are probably cruder estimates of forces than can be 
derived by direct measurement.  Miller and Nissinen [7] in their study about the GRF of the forward 
somersault showed that kinematic data and calculations were unable to provide sufficiently accurate 
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information about the foot support phase of the somersault take off. 

Measurement of hand contact forces on the old-style vaulting horse was particularly difficult due to the 
shape of the horse and the typical hand placements that female gymnasts used during the handspring (i.e., at 
the edge or corner of the near vertical surface and the rounded top surface).  However, the new vault table 
provides a markedly different design from which to study hand support ground reaction forces (GRF). The 
structure of the new apparatus provides a sufficiently large and flatter surface for the placement of GRF 
sensing instruments (i.e. force platforms) [8]. These new circumstances provide the researcher with a better 
opportunity to investigate aspects of the handspring vault that were previously inaccessible.  

The purpose of the present study was to examine and describe the kinetic aspects of the support phase of 
the forward handspring performed on the vault table by means of direct measurement of the forces applied 
by each hand of the gymnast on the apparatus. 

2. Methods 

2.1. Subjects 
Twelve American National Champion Junior Olympic Levels 9 and 10 female gymnasts (age 16.9, ±1.4 

yr; height 1.60, ±0.1 m; mass 56.7, ±7.8 kg) (Table 1) performed two trials of the forward handspring vault 
on a competition vaulting table (Speith-Anderson, Fort Worth, TX, USA).  At the U.S. Olympic Training 
Center in Colorado Springs, CO, USA in conjunction with an annual training camp.  All athletes signed an 
informed consent document prior to testing in compliance with U.S. Olympic Committee policies.   

Table 1: Anthropometric Data 

 Age (yrs) Weight (Kg) Height (m) 

Mean 16.9 56.7 1.6 
Stdev 1.4 7.8 0.1 

2.2. Equipment and Instrumentation 

 

Figure 1: Table vault instrumented with two platforms force. 

The table top surface (23cm x 1.22m x 1.27m) was adjusted to competition regulation height (1,25 m) 
and instrumented with two portable force platforms (FP) (Pasco Scientific, Inc. Roseville, CA, USA, PS-
2142) (Figure 1). The FPs measured 37 x 37 cm and had a mass of 6.4 kg. Both FPs were connected via a 
short cable to an analog-to-digital converter and data logger (GLX, Pasco Scientific, Inc. Roseville, CA, 
USA, PS-2002). Force was measured in the vertical (Z) and anterior-posterior (X) directions at a rate of 500 
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Hz.  The FPs were mounted on a plywood base (120 x 61 x 0.5 cm).  The plywood base was secured to the 
table using two clamps on each lateral edge of the table.  The clamps were secured such that the plywood 
could be bent/curved slightly to conform to the curved top surface of the vault table.  The top surface of the 
table and thus the FPs were tilted along the X (right portable FP 10.5°, left portable FP 7.5°) and Y(right FP 
1°, left FP 3.5°) axes, requiring a trigonometric correction factor to account for surface tilt that shifts the 
force vectors to true vertical and horizontal.  The angle of tilt was measured using an inclinometer (Polycast 
Magnetic, Protractor 36, Empire) prior to and following the testing session.  Pilot work via high-speed video 
(500 Hz) showed that the plywood and force platforms did not move separately from the vault table.  The 
portable FPs’ top surface was covered with a sandpaper-like material that was extremely rough and 
threatened to scrape and injure the skin of the gymnasts’ hands.  To avoid skin injuries, a thin mat (0,4 cm) 
was placed on top of the force platforms to provide a more uniform visual field to the gymnasts, as well as to 
provide some cushion and traction during hand contact.  The edges of the force platforms were designated by 
taped lines placed on top of the mat surface to provide a visual target for the gymnasts’ hand placement. The 
force platforms were surrounded by cut-out EthafoamTM making a continuous top surface in the event a 
gymnast failed to impact the designated target area.  Data were collected and displayed using DataStudioTM 
software (1.9.7 R11, Pasco Scientific, Inc. Roseville, CA).  

A standard digital video camera (30 Hz, Panasonic Corporation of North America,  
Secaucus, NJ, USA) was positioned with its optical axis perpendicular to the direction of the movement and 
was used for qualitative analyses of the gymnasts’ performances.  A high-speed colour video camera (500 Hz, 
Photron, Model 1280, Motion Engineering Company, Inc. Indianapolis, IN USA) was placed perpendicular 
to the sagittal motion plane for qualitative analysis in this study and quantitative analysis in future studies. 

Similar to methods described previously [9, 10], each force platform was calibrated using three different 
approaches: static linearity (both normal and horizontal components), static regionality, and a dynamic 
comparison with a commercial laboratory FP with known validity.  The static calibrations were performed at 
100 Hz while the dynamic calibrations were performed at 1000 Hz.   

The first static method of calibration assessed the linearity of the force values from the FPs.  In order to 
validate the measurement in the normal direction six static mass conditions were used (0 to 125.4 kg) by 
placing and summing known weightlifting plates in the centre of each FP.  Each FP force value output was 
paired with the known weight plate values from the weight plates used as calibrated resistances.  The 
correlations for both FPs were sufficiently high to indicate linearity of response of the portable FPs (FP 1 r = 
0.99+, standard error of estimate ( xs ) = 0.62 N; FP 2 r = 0.99+, xs  = 0.48 N). The parallel components (X 
direction) of the FPs were estimated in both directions forward (X, positive) and reverse (X, negative) using 
an algometer (Wagner Force One Model FDIX 50™, Wagner Instruments, Greenwich, CT, USA).  Five 
horizontal forces for each plate were applied ranging from 0 to 199 N. These forces were manually applied 
on the lateral edge of the force platform on a point aligned with the centre of the force platform.  The two 
portable FPs showed high linearity in both positive (FP 1 r = 0.99+, xs  = 4.56 N; FP 2 r = 0.99+, xs  = 2.27 
N) and negative directions (FP 1 r = 0.99+, xs  = 1.77 N; FP 2 r = 0.99+, xs  = 1.43 N). 

The second static method of calibration was used to determine whether areas of the surface of the FP 
suffered from regional variability in the normal direction. These tests consisted of placing a wooden block 
(8.5 x 8.5 x 0.5 cm) in nine randomly ordered positions on the surface of the force platform. The nine 
positions included each corner, the centre of each edge, and the centre of the force platform. At each position 
a 25 kg weightlifting plate was placed on top of the wooden block.  Fifty-one samples from each region were 
collected and analyzed using Oneway ANOVAs for each platform.  The ANOVAs and post hoc Tukey HSD 
analyses showed differences between regions were statistically significant except for two location pairs on 
FP 1(F =1796.47, p < 0.001) and four pairs for the FP 2 (F = 180.23, p < 0.001). The means and standard 
deviations of each region ranged from 246.3 to 248.9 N (σ = 0.14 to 0.93 N) on FP 1 and 246.9 to 248.3 N (σ 
= 0.14 to 0.65 N) on FP 2.  Similar results were also found in other studies of portable FPs [9,10].  However, 
despite the statistical differences, considering the trivial magnitudes of the absolute differences between FP 
regions, the regions of the FPs were considered consistent enough for data collection. 

The dynamic calibrations consisted of placing the FPs on top of a larger (90 cm x 60 cm x 16 cm) 
calibrated KistlerTM (Kistler Instruments Corp, Amherst, NY, USA) FP mounted in the laboratory floor.  
Simultaneous force data were collected from both force platforms at a sampling rate of 1000 Hz during two 
static jump trials.  The two portable FPs were mounted to a plywood board (120 x 61 x 0.5 cm) via bolts and 
that were tightly secured.  The two portable FPs and their plywood base were placed on top of the laboratory 
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FP.  Vertical GFRs from the Kistler FP were analyzed using Peak Motus software (Peak Performance 
Technologies, Inc., Centennial, CO, USA, Version 9.1) and compared to data from the portable FPs. Force-
time curves were then overlaid and sample pairs correlated to determine the strength of a linear relationship 
between the two types of plates. The correlations over the two trials for FP 1 were trial 1, r = 0.99+, xs  = 
5.7 N; trial 2, r = 0.99+, xs  = 23.7 N.  The correlations for the two trials for FP 2 were trial 1, r = 0.99+, xs  
= 11.7 N; trial 2, r = 0.99+, xs  = 21.0 N.   

The results from the three calibration methods showed that the portable FPs were linear, reasonably 
consistent among regions, and reflected the same force-time data as the much more expensive floor-mounted 
FP.  Therefore the data obtained when testing the athletes were presumed to be accurate in representing 
ground reaction forces and when comparing one set of forces from one FP to the other. 

2.3. Procedures 
Gymnasts participated in warm up activities as directed by their individual coaches. All gymnasts 

indicated previous history of performing the forward handspring skill during competition.  Approach 
distance was individually selected by the gymnasts, as was board placement in relation to the vault table.  
Because post-flight characteristics were not of interest in this investigation, gymnasts landed feet-first on 
mats stacked to the level of the vault table (Figure 2).  This is common practice in gymnastics settings [11].  
Gymnasts were allowed to perform as many practice vaults as desired to become accustomed to the vaulting 
surface and testing environment. Two successful trials were collected from each gymnast for later analyses. 
A successful trial was defined as a trial in which the hands impacted the target area and the gymnast landed 
on her feet on the stacked mats. 

 
Figure 2: Handspring Vault. 

Vertical (Fz) and anterior-posterior (Fx) forces were normalized using two different methods: force per 
unit of body mass (i.e., per kilogram) and via allometric scaling according to the recommendations of Jaric 
for force data (force per unit of body mass to the 0.67 power, i.e., N/kg0.67) [12]. The first method was used 
in order to facilitate comparisons with existing literature, while the second method is preferred for variables 
that have more complex relationships with body size.  Data were analyzed using raw, relative to body mass, 
and allometrically scaled values. 

Initial impact on the table by the gymnast was indicated by the first inflection of the vertical force record 
above noise.  The onset of contact was determined by calculating a mean and standard deviation of the non-
contact noise period and then searching for the first of 50 values more than two standard deviations above 
noise.  Visual inspection also aided in identifying the specific sample that indicated hand contact.  Departure 
from the table was determined by applying these methods in reverse.  Contact time was then calculated as the 
simple difference between initial contact and departure separately for each hand.  

Time to peak force was calculated as the difference between the time at initial contact and the time of 
peak force for both the vertical and anterior-posterior directions. These variables were determined separately 
for both left and right hands.  Integration for calculating impulse in the vertical and anterior-posterior 
directions used the trapezoidal method.  
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ata analyses were performed with SPSS (Version 13.0, SPSS, Inc. Chicago, IL, USA), Excel 2003 
edmond, WA, USA), and algorithms by Hopkins (2007, a new view of 

stat

2.4. Statistical Analysis 
D

spreadsheet (11.8033.8036, R
istics, Internet Society for Sport Science, http://www.sportsci.org/resource/stats/).  All variables were 

tested for the assumption of normality according to the Shapiro-Wilks procedure with time to peak normal 
force and time to peak resultant force failing this test.  One outlier for each variable was replaced with the 
mean in order to achieve the normality assumption.   

Reliability analyses were performed using a test of differences between trials and intraclass correlation 
coefficients (ICC, alpha).  However, although the trials reliability analyses showed acceptable reliability for 
mos

tive Data 
gure 3(a-b) shows several examples of individual GRF patterns from different gymnasts.  

pos ble swaying 
was

normal peak force was 1.4, ±0.3 x body weight (BW) with 
an a

or the right and left hands, respectively.  The average duration 
of t

t variables (alpha = 0.26 to 0.85), the actual performances of the athletes and some variables indicated 
marked variability that was not always captured by the ICCs and some variables showed as high as 20% 
relative error between performance trials.  Individual athlete variability in vault performance has been noted 
in the past in terms of kinematic analysis [5] and certainly among judged performances where several tenths 
of points can often separate the same gymnast performing the same vault twice [13].  Due to the exploratory 
nature of this study, the marked individual variability of the athlete performances, and an attempt to maintain 
a degree of acknowledgement of these issues of variability, the trials variables were not collapsed to produce 
a single mean for each athlete.  Paired t-tests were used to assess differences between left and right hands.  
Effect size (ES) estimates (d) were calculated [14].  Pearson product moment correlation coefficients were 
calculated to assess the strength of relationships between variables.  Due to the high degree of variability in 
these data, in some instances individual trial data are also shown.  Statistical significance was set at P < 0.05. 

3. Results 

3.1. Descrip
Fi

Some of the apparent noise present in the GRF curves, in terms of serial peaks, was due to the anterior-
terior swaying movement of the vault table during the hand support of the gymnasts.  Vault ta
 confirmed with high-speed video (500 Hz).   

The first part of the force-time curve is characterized by a relatively high peak of short duration due to 
the initial hand impact on the table.  The average 

verage duration of approximately 10% (±0.05) of the whole support duration for both hands.  Sometimes 
more than one high peak was present (e.g., Gym 1 Trial 2) because the gymnast’s hand contact included a 
bounce from the first impact to the second. In these cases it was obvious that the first peak represented the 
impact on the table in which the gymnast absorbed the compressive load while the second peak was always 
smaller indicating a secondary landing on the hands that was then sustained throughout the hand contact 
phase.  The picture is further complicated by the fact that the vault table swayed forward and backward 
during the hand support phase.  The swaying served to complement or damp the secondary peak and the 
lower forces recorded between them.   

Tables 2-4 show the means and standard deviations for each variable.  The total support phase duration 
averaged 0.234, ±0.048 and 0.224, ±0.035 s f

he time to peak for the vertical direction was 0.022, ±0.01 for the right and 0.021, ±0.01 for the left hand.  
Time to peak force in the anterior-posterior direction was 0.18, ±0.01 and 0.21, ±0.01 for the right and left 
hand, respectively.  The right and left hand force data showed that simultaneous hand contact was rare.  The 
delay in the initial impact between the right and left hands ranged from 0.002 to 0.028 s.    
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Figure 3 (a-b): Ground Reaction Forces` pattern 
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The values of the impulse expressed as a function of BW in the normal direction were 58.9, ±11.9 N.s 
and 54, ±13.7 N.s for the right and left hand, respectively.  The values in the anterior-posterior direction were 
22.5, ±5.3 for the right hand and 24.9, ±6.0 for the left.  The resultant impulse was 63.8, ±12.8 N.s and 60.4, 
±14.6 N.s for the right and left hands, respectively. 

The following analyses describe the relationships of right and left hands.  Vertical peak forces were 
significantly correlated with anterior-posterior peak forces for both left (r = -0.46, p = 0.02) and right (r = -
0.50, 0.01) hands.  Correlations between left and right hands were higher for the vertical peak force (r = 0.78, 
p < 0.001) and resultant peak (r = 0.79, p < 0.001) than for the anterior-posterior direction (r = 0.62, p = 
0.003).  Contact time was significantly correlated between left and right hands (r = 0.56, p = 0.005). The time 
to vertical peak force was correlated with the anterior-posterior time to peak force for both the right (r = 0.61, 
p = 0.002) and left (r = 0.70, p < 0.001) hands, respectively.  Vertical and anterior-posterior impulse were 
also negatively correlated for both the right (r = -0.64, p < 0.001) and the left hand (r = -0.69, p = 0.001). The 
time to peak, the peak and the impulse were always significantly correlated between the right and left hand 
for both the vertical (time to peak r = 0.64, p = 0.001; peak r = 0.78 p < 0.001; impulse r = 0.44 p = 0.03) and 
anterior-posterior (time to peak r =0.464, p =0.02 ; peak r =0.622  p = 0.001; impulse r = 0.526  p = 
0.008 )component and for the resultant (time to peak r = 0.671, p < 0.001 ; peak r = 0.786 p < 0.001 ; 
impulse r = 0.450  p = 0.03) too.  

Athlete performance variability was obvious in the qualitative video analyses but also shown in 
correlation analyses by the results of several comparisons.  For example, total contact time was statistically 
correlated (r = -0.45 to r = -0.59) with time to peak vertical force on the left hand, but not on the right hand 
(all r < -0.32).  While a number of the correlation coefficients reach statistical significance the magnitude of 
these values is usually representative of only a medium effect size [14].   This was unexpected and surprising 
given that the gymnasts were performing a well-practiced skill and were confronted with a skill that is by all 
reasonable analysis bilaterally symmetrical.   

Table 2: Hands Support Temporal Durations 

LF = left hand; RG = right hand; ES = effect size 

 Contact Normal Time to Peak Parallel Time to Peak Resultant time to Peak 

 LF RG ES LF RG ES LF RG ES LF RG ES 
Mean 0.224 0.234 7.54 0.021 0.022 24.120 0.021 0.018 39.260 0.022 0.021 25.340
Stdev 0.03 0.05  0.01 0.01  0.01 0.01  0.01 0.01  
cv % 15.4 20.7  42.9 34.5  54.1 41.7  49.7 35.9  

* significant for t-test, p < 0.05 

Table 3:   Peaks of Force 

 Vertical Peak (Z) Ant-Post Peak (X) Resultant Peak 

 Raw Raw Raw 

 LF RG ES LF RG ES LF RG ES 

Mean 755.5 803.0 0.006* -354.3 -347.0 0.002 828.9 861.0 0.004 

Stdev 183.9 187.5  73.1 79.0  181.3 192.2  

cv % 24.3 23.3  -20.6 -22.8  21.9 22.3  

 Allometric N/kg0.67 Allometric N/kg0.67 Allometric N/kg0.67 

 LF RG ES LF RG ES LF RG ES 

Mean 11.18 11.87 0.36* -5.27 -5.15 0.175 12.28 12.73 0.239 

Stdev 2.48 2.51  1.11 1.13  2.47 2.53  

cv % 22.2 21.1  -21.0 -22.0  20.1 19.9  

 Body Weight (N/kg) Body Weight (N/kg) Body Weight (N/kg) 

 LF RG ES LF RG ES LF RG ES 

Mean 1.36 1.45 2.881* -0.65 -0.63 1.458 1.50 1.55 1.854 

Stdev 0.30 0.30  0.15 0.15  0.31 0.31  
cv % 22.3 21.0  -22.8 -23.1  20.6 19.8  

LF = left hand; RG = right hand; ES = effect size;   * significant for t-test, p < 0.05 
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Table 4:Impulse of Forces 

LF = left hand; RG = right hand; ES = effect size 

 Vertical Impulse (Z) Ant-Post Impulse (X) Resultant Impulse 
 Raw Raw Raw 

 LF RG ES LF RG ES LF RG ES 
Mean 54.0 58.9 0.056* -24.9 -22.5 0.140* 60.4 63.8 0.035 
Stdev 13.7 11.9  6.0 5.3  14.6 12.8  
cv % 25.4 20.2  -24.2 -23.8  24.2 20.0  

 N/kg0.67 N/kg0.67 N/kg0.67 
 LF RG ES LF RG ES LF RG ES 

Mean 0.80 0.87 3.727* -0.37 -0.33 9.533* 0.89 0.94 2.309 
Stdev 0.17 0.12  0.08 0.07  0.18 0.13  
cv % 21.2 14.0  -21.6 -20.0  20.2 13.9  

 Body  Weight (N/kg) Body  Weight (N/kg) Body  Weight (N/kg) 
 LF RG ES LF RG ES LF RG ES 

Mean 0.10 0.11 30.24* -0.04 -0.04 77.975* 0.11 0.11 18.629* 
Stdev 0.02 0.01  0.01 0.01  0.02 0.01  
cv % 20.1 12.0  -21.8 -19.9  19.3 12.2  

* significant for t-test, p < 0.05 

4. Discussion 
Based on our literature survey, this study is the first to provide direct measurement of the forces elicited 

during the hand support phase of a forward handspring performed on the vault table.  GRFs were studied in a 
variety of settings that may be marginally related to the handspring.  These investigations included forces 
elicited during handspring skills performed on the floor such as the back handspring [15], dive roll [16], and 
during the round off [17].   Hand impact peaks in this study (1.4, ±0.3 BW for each hand) were very close to 
those recorded for the dive roll (1.5 BW, ±0.4 [16]) and smaller that the impact force of the back handspring 
reported both by Koh and Davidson [15,16], 2.37 BW, ±0.5 and 2.0 BW, ±0.3, respectively.  The general 
shape of the normal force-time curve was similar to that of the GRF in the back handspring on the floor 
reported by Koh and Davidson [15,16] and to the forces applied from feet in a forward somersault [7].  A 
typical “braking” (i.e., high negative peak) occurs in the first part of the force-time curve in the anterior-
posterior direction. The average magnitude of the parallel peak is 0.6, ±0.1 BW for right and left hand and 
occupies the first 10% of total support time.  The second part of the curve represents the forward/downward 
propulsive action. 

The data collected from each force platform allowed verification and quantification of the variability 
between the right and left hand during contact with the table.  The left to right hand differences shown in this 
study contrast sharply with the values obtained by modelling [16].  Moreover, the assumption that left-right 
hand contact differences could be modelled based on a forward fall to the hands is probably untenable.  
Table 5, along with existing kinematic literature [1,2,3,5,18], shows that simultaneous hand contact and 
performance consistency on other vault factors are rare, even with the same athlete performing the same 
vault.  For example, hand contact timing differences have ranged from 0.17 to 0.245s [1,2,3,18].  These and 
other values from comparable kinematic studies serve to amplify the idea that performance variability is the 
norm rather than the exception.  The temporal analysis provided additional important information concerning 
the left to right behaviour at the instants of impact and take off.  The common assumption that the forward 
handspring is a symmetric upper limb skill was not confirmed by our present data.  This detail could explain 
the relationships between the compressive and braking impact forces and the risk of acute and chronic 
injuries due to excessive impact load during many repetitions.  As reported by Panzer [19] in her 
investigation of the Tsukahara vault, the cartwheel style of vaulting characterized by asymmetric placement 
of the hands on the old horse, a single hand/arm contact can increase metacarpal and radial stress by 15% to 
20%. 
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Table 5:  Hand Support Duration Published 

Study n Hand Support Time (s) 
Dainis, 1979 10 0.210 
Dainis, 1981 4 0.180 

Rose-Hyvvonem, 1977 3 0.210 
Rose-Hyvvonem, 1977 1 0.170 

Nelson,1985 16 0.200 
Takei, 1990 24 0.245 
Takei, 1990 51 0.187 
Takei, 1991 2 0.190 

Irwin 2004 (horse) 4 0.090 
Irwin 2004 (table) 4 0.140 
present study right 12 0.234 
present study left 12 0.224 

 

 Both biomechanists and orthopaedists have recognized that gymnasts are more likely than most athletes 
to suffer wrist pain and injury, especially at the distal radial growth plate level [20,21,22,23,24,25,26]. The 
floor exercise and the vault are identified as the events most frequently associated with the upper limb injury 
in female gymnasts [20,22, 27,28].  The mean peak vertical GRF demonstrated in this study was 755.5 N 
with a range from 1096.8 to 433.7 N.  The magnitude of these values were close the forces levels capable of 
fracturing the distal radius [29, 30]. 

Takei has done a number of kinematic analyses of the handspring vault and provided model derived 
values for a number of variables [1,2,3].  This study contrasts with many of these values.  This may be due to 
the differences inherent in modelling assumptions versus direct measurement.   

Analyses of the correlations between the right and left hands indicated that while statistically significant 
in many cases, the magnitude of the correlations indicated that there was modest to considerable variability 
in the force applications each hand.  Individual variability, as previously mentioned, was not trivial in the 
performances of these athletes.  This was reflected qualitatively in viewing the video recordings of their 
performances and was further amplified when considering correlational information.   

5. Conclusions 
The results of this study provided a first look at directly measured hand contact forces on the vault table 

of female gymnasts performing a handspring vault.  Athlete performance exemplified variability in terms of 
commonly accepted gymnastics criteria for the determination of a high quality handspring vault.  Variability 
was also evident in comparisons between right and left hands on a variety of variables ranging from timing 
to impulse.  It is clear that although the vault is usually considered bilaterally symmetrical, the actual 
performance variables do not support this assumption.  The force-time curves showed that the hand support 
phase could be divided into two periods, one of the initial hand contact and a second demonstrating a slower 
and lower magnitude push of the hands and arms in a forward and downward direction.  The force values 
were large enough in some cases to meet or exceed those published previously on injury thresholds of the 
wrist and forearm.  Further research should be directed at other vaults, other skill levels, and combining the 
kinetics shown in this study with kinematics of the hand support phase. 
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