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Abstract 

 

Purpose: this study aimed to provide biomechanical suggestions for better performance in low-skilled pole 

vaulters compared with high-skilled pole vaulters. Methods: The study participants included 20 female pole 

vaulters. A clearance height of 3.4 m was used as the cut-off to determine high- and low-skilled vaulters. A 

Sony NEX-FS700K camera (240 Hz) was used for data collection. Twenty instances when pole vaulters 

successfully cleared the highest bar height in the competition were analysed using the Dartfish7 Pro software. 

The performance-relevant kinematic variables were calculated. The Wilcoxon signed-rank test was used to 

compare the differences between the high-skilled and low-skilled groups. The effect size was used to measure 

a sample-based estimate of the quantity. Results: High-skilled pole vaulters showed a longer take-off-step 

length, higher pole horizontal level height, slower planting angular velocity, wider angle between the pole 

and the forearm, and a wider elbow angle compared to the low-skilled pole vaulters. Most variables showed 

medium to large effect size. Conclusion: Low-skilled pole vaulters were suggested to maintain a higher pole 

horizontal level height, plant the pole slowly while dropping the pole naturally, increase take-off-step length, 

and extend the bottom hand after take-off to improve their performances. 
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I. Introduction  

Pole vaulting is one of the most complex track and 

field events. It requires power and strength as well as 

efficient biomechanical techniques (Scott et al., 1997). 

Understanding the biomechanical characteristics of the 

event is of great importance for pole vault coaches and 

athletes to perform successfully (Guthrie, 2003). 

Previous studies have analysed a number of 

biomechanical variables to understand pole vaulting. 

These variables include the distance of the body from the 

pole, duration of the take-off foot contact, elbow angle of 

the bottom-hand, velocity before take-off, timing of the 

pole planting, take-off angle, vertical and horizontal 

velocities, body position at take-off, and the body position 

and movements initiated in the air (Angulo-Kinzler et al., 

1994; Hay, 1985; Schade & Arampatzis, 2012; Steben, 

1970). In addition, the preparatory phase of the run-up 

with the pole, plant, and take-off directly affected the 

vaulters’ motion in the air, including the swing, rock-back, 

and bar clearance that were related to successful vaulting 

performances. 

Pole vaulters firmly grip the pole with both hands in 

both the upper and lower positions. The upper hand is 
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placed close to the top of the pole, while the lower hand is 

typically placed about a shoulder-width below the upper 

hand. The hands control the position of the pole during 

run-up and pole planting. The pole planting starts when 

the vaulters raise the arms up from around the hips or the 

mid-torso until the right arm is extended directly above 

the head and the left arm is extended perpendicular to the 

pole (vice versa for left-handed vaulters). Next, the 

vaulters drop the pole tip into the box on the final step and 

then jump off (Linthorne & Weetman, 2012; McGinnis, 

1997; Hay, 1985). Hence, control of the upper extremity 

plays a crucial role in the run-up, pole planting, and take-

off with the pole. 

There are biomechanical principles that need to be 

established for sports because complex and individual 

factors affect individual performance. Human movement 

can be optimised according to biomechanical principles. 

Determining the relationship between performances and 

biomechanical factors is crucial for vaulters. This is the 

reason that several biomechanical studies on the pole vault 

have reported the run-up velocity, timing of pole planting, 

and ground reaction force of take-off (Angulo-Kinzler et 

al., 1994; Hay, 1985; Schade & Arampatzis, 2012). 

This study aimed to analyse some other practical 

biomechanical variables, such as the pole horizontal level 

height (PHLH), take-off-step length (TSL), planting time, 

planting velocity, planting angular velocity during the run-

up phase, and the angles of the bottom-hand at the instant 

of take-off, to provide biomechanical suggestions for 

better performances in low-skilled pole vaulters based on 

the comparison with high-skilled pole vaulters. We 

hypothesised that differences would be found between 

low-skilled and high-skilled pole vaulters in the 

aforementioned biomechanical variables. 

 

II. Methods 

1.1 Participants 

A total of 20 female pole vaulters who participated in 

the 2012 National Track and Field Championships (n = 9, 

average result 3.22 ± 0.3 m) and the 22nd Annual Taiwan 

Nantou International Indoor Pole Vault Championship (n 

= 11, average result = 3.59 ± 0.4 m) were included in this 

study. They were divided equally into two groups: high-

skilled (n = 10, height 166.9 ± 6.8 cm, mass 55.8 ± 3.9 kg, 

average record 3.70 ± 0.27 m ranging from 3.40 m to 4.16 

m) and low-skilled (n = 10, height 163.6 ± 3.0 cm, mass 

53.3 ± 5.2 kg, average record 3.15 ± 0.19 m ranging from 

2.80 m to 3.40 m) groups. The high-skilled group was 

defined as pole vaulters being able to successfully jump 

across over a bar height of 3.4 m in the competition. The 

highest bar height that the pole vaulter jumped across was 

defined as the best performance. In total, 20 performances 

of pole vaulters were analysed. The study was approved 

by the University’s ethics committee, and written 

informed consent regarding the experiment was obtained 

from the participants. 

 

1.2 Data collection 

Both competition organisations allowed the present 

study to use one camera under the condition that it would 

not disturb the athletes and competition progress. A high-

speed camera (frame rate 240 fps, Sony NEX-FS700K, 

Sony, Tokyo, Japan) was placed perpendicular to the 

runway on the side of the pole vault planting box, and its 

view was set at a right angle from the runway (Figure 1). 

A scale for a calibration board with 33-cm height and 63-

cm width was set beside the planting box on the runway 

and was recorded using the high-speed camera before data 

collection and removed during the competition. The 

distance between the scale and camera was 18 m. The 

camera recorded the movement from two or three steps 

before take-off (depending on the athlete’s performance) 

to swing-up (Figure 2). 

 

 

Figure 1. Camera set. 
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Figure 2. Takeoff step and takeoff-step length.  

L = left foot, R = right foot, Start = start point. 

 

1.3 Data analysis 

The data were digitised and analysed using the 

Dartfish7 Pro software (Dartfish Inc., Fribourg, 

Switzerland). The landmarks at the centre of the hip, 

shoulder, elbow, and bottom-hand wrist (left arm of a 

right-handed pole vaulter) were identified, and the lines in 

the trunk (between the centre of the hip and shoulder), 

upper arm (between the shoulder and elbow), forearm 

(between the elbow and wrist) of the bottom hand, and a 

tangential line of the pole at the centre of the gripping 

point of the bottom hand were drawn by the same person 

(Figure 3). Eight variables were analysed: (1) a PHLH, (2) 

a take-off-step length (TSL), (3) planting time (PT), (4) 

planting velocity (PV), (5) planting angular velocity (PAV) 

during the run-up phase, (6) the angle between the pole 

and the forearm of the bottom hand (angle-A), (7) the 

angle between the forearm and upper arm of the bottom 

hand (angle-B), and (8) the angle between the upper arm 

of the bottom hand and trunk (angle-C) at the time of take-

off (Figure 3). 

The PHLH was the distance between the ground and 

the pole positioned in a level during pole planting. The 

TSL was the distance between the toe of the stride foot 

and that of the rear foot. The PHLH and TSL were 

normalised according to the body height (BH) and 

presented as %BH. The pole planting phase was from the 

instant of pole dropping to a horizontal level to the instant 

of pole bending where the pole touched the bottom of the 

planting box. PT was the time duration of the pole planting 

phase. The PV was calculated by dividing the 

displacement of the end point of the pole during the pole 

planting phase by the PT. The PAV was calculated by 

dividing the planting angle by the PT (Figure 4). 

 

 

Figure 3. Pole horizontal level height (PHLH) (left) 

and upper body angles at toe-off of the takeoff step 

(right). A = angle between the pole and the forearm, B 

= angle between the forearm and the upper arm, C = 

angle between the upper arm and the trunk. 

 

 

Figure 4. D= displacement of the end point of the pole 

(left), planting angle α= sin-1 20 χ⁄  (right). 

 

1.4 Statistical analysis 

Statistical analysis was performed using SPSS 

version 18.0 (IBM Corp., Armonk, NY, USA). The 

Wilcoxon signed-rank test was used to compare the 

differences between the high-skilled and low-skilled 

groups because of a small sample of the participant. The 

significance level was set at α=0.05. The effect size for the 

high-skilled and low-skilled group differences was also 

calculated for the variables. It is a measure of the strength 

of a phenomenon or a sample-based estimate of the 

quantity (Kelley & Preacher, 2012). The effect sizes 

between 0.20 and 0.49, between 0.50 and 0.79, and 0.80 

and above indicated small, moderate, and large 

differences, respectively (Cohen, 1988). 
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III. Results 

In the Wilcoxon signed-rank test, the high-skilled 

pole vaulters had better performances, longer TSL, wider 

angle-A, wider angle-B, and a slower PAV than the low-

skilled athletes (p = 0.005, 0.017, 0.028, 0.022, and 0.047, 

respectively). In terms of the effect size, the PHLH, TSL, 

angle-A, angle-B, and the PAV showed a large effect size 

(effect size = 0.833, 1.5, 0.974, 1.402, 0.939, respectively). 

The PT showed a medium effect size (effect size = 0.718), 

and PV showed a small effect size (effect size = 0.345) 

(Table 1). 

 

IV. Discussion 

The major findings in this study were that the high-

skilled pole vaulters showed better performance with 

longer TSL, higher PHLH, slower PAV, and a wider angle-

A and angle-B than the low-skilled pole vaulters. 

During the run-up in the pole vault, the TSL is crucial 

for the horizontal velocity, which should be well 

maintained for a good performance, particularly at take-

off (Carr, 1999; Liu & Zhou, 2000). Low-skilled pole 

vaulters seemed to shorten the last step because their TSL 

was approximately 20.6% of BH shorter than that of the 

high-skilled pole vaulters during the run-up in the present 

study. This may result in slowing of the run-up velocity 

and losing the run-up technique, such as balance, rhythm, 

and tempo (Jacoby, 2009; Liu & Zhou, 2000) as well as 

too much consideration for avoiding overstride. Our 

results showed that a longer TSL demonstrated better 

performance in the high-skilled athletes compared to the 

lower-skilled athletes. We can thus infer that pole vaulters 

should not intentionally shorten the take-off step.  

The PHLH of the high-skilled pole vaulters was 

approximately 11% of BH higher (15 cm in average) than 

that of the low-skilled pole vaulters in the present study. 

However, the high-skilled pole vaulters were just 

approximately 2% of BH (3 cm in average) taller than the 

low-skilled pole vaulters. High PHLH may be 

advantageous for take-off because it would make an 

athlete’s centre of mass higher. A great pole vault 

performance is similar to a high jump in which the centre 

of mass should be kept as high as possible, while 

individual body parts are positioned, projected, and 

repositioned in the air during the pole vault (Williams & 

Too, 2005; Schade et al., 2000). 

The goal of the plant is to move the pole to a vertical 

position during pole vaulting; therefore, the pole should 

be as high as possible when it impacts the planting box 

(USA Track & Field, 2014). In the plant and take-off, the 

vaulter’s hands must reach up overhead as high as possible 

at take-off to reduce the distance that the pole must travel 

to the vertical position and to efficiently convert the 

horizontal energy of the run-up to the flight phase of the 

pole vault jump (Jacoby, 2009; Schade & Arampatzis, 

2012). 

  

 

Table 1. Mean ± standard deviation of each factor in each group 

 
Performance * 

(m) 

PHLH  L 

(%BH) 

TSL *L 

(%BH) 

PT M 

(sec) 

PV S 

(m/s) 

PAV *L 

(˚/s) 

∠A *L 

(˚) 

∠B *L 

(˚) 

∠C 

(˚) 

High-skilled 

athletes 

(n=10) 

3.69 

±0.26 

69.90 

±10.57 

1.02 

±0.13 

0.46 

±0.05 

551.18 

±42.92 

73.33 

±10.16 

50.80 

±20.20 

115.43 

±23.59 

121.18 

±10.78 

Low-skilled 

athletes 

(n=10) 

3.14 

±0.18 

62.60 

±6.38 

0.81 

±0.14 

0.41 

±0.06 

567.27 

±50.06 

85.48 

±15.22 

31.01 

±20.43 

95.18 

±14.10 

118.92 

±14.38 

PHLH = pole horizontal level height; TSL = takeoff-step length; PT = planting time; PV = planting velocity; 

PAV = planting angular velocity; ∠A = angle between the pole and the fore-arm; ∠B = angle between the fore-

arm and the upper-arm; ∠C = angle between the upper-arm and the trunk of the bottom-hand (left arm of a right-

handed pole vaulter); *Significant difference found; L = large effect size between the high-skilled and low-skilled 

groups (≥0.8); M = medium effect size between the high-skilled and low-skilled groups (≥0.5); S = small effect 

size between the high-skilled and low-skilled groups (≥0.2). 
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Moreover, the higher PHLH of the high-skilled 

pole vaulters may result in a longer PT and slower PV 

and PAV than those of the low-skilled pole vaulters in 

the present study. Previous researchers have indicated 

that the pole should fall gradually during run-up, 

allowing for the vaulter to use its drop as a natural 

acceleration aid. Although the late pole planting may 

decrease the loss of energy by the vaulter during the 

take-off, it may be counterbalanced by the energy stored 

in the pole at take-off (Jacoby, 2009; Schade & 

Arampatzis, 2012). Pole vault coaches also usually 

instruct the vaulters to drop the pole as naturally as 

possible during the pole drop phase. Natural pole 

dropping means dropping the pole during free-fall from 

the last three strides of the run-up before take-off. 

Dropping the pole too early would cause unnecessary 

deceleration, and dropping it too late would set up an 

awkward take-off angle and block the action for vaulters 

(Jacoby, 2009; Schade et al., 2004). Low-skilled pole 

vaulters usually miss the appropriate timing of pole 

dropping. Therefore, we can conjecture that low-skilled 

pole vaulters in the present study may intentionally drop 

the pole downward for pole planting. 

In the present study, the angle-A and angle-B of 

high-skilled pole vaulters were wider than those of the 

low-skilled pole vaulters. These findings suggest that 

high-skilled pole vaulters demonstrated a more extended 

elbow of the bottom hand and placed the bottom hand 

more perpendicularly to the pole, in which more couple 

force would act on the pole (Figure 5). If the pole 

vaulters keep the arm extended, the force in the bottom 

hand would thus be exerted together with the force 

component of the body weight applied via the top hand 

in the opposite direction. These forces form a couple that 

acts to increase the bend of the pole (Figure 5).  

The moment of this couple that affects the 

magnitude of the pole bend depends primarily on the 

force exerted via the bottom hand and then transfers into 

the pole (Hay, 1985; Schade et al., 2006). The vaulter 

may also exert a force to increase the bend of the pole 

by vigorously swinging the vaulter’s free leg upward 

with its knee drive and to execute the rotatory movement 

relative to the centre of mass (Jacoby, 2009; Schade et 

al., 2000) 

 

 

Figure 5. A couple moments formed by the bottom 

and top hand forces. ⓐ Bottom-hand acting force, 

ⓑ  top hand acting force, ⓒ  longer arm of the 

couple, ⓓ shorter arm of the couple, ⓔ more bent 

pole, and ⓕ less bent pole. 

 

The present study confirmed the points of view 

from previous researches (Hay, 1985; Scott et al., 1997). 

Hay (1985) indicated that the pole plant starts from the 

vaulter raising the arms up around the hips or the mid-

torso to fully extend the right arm directly above the 

head and left arm perpendicular to the pole (vice versa 

for left-handed vaulters). Scott et al. (1997) also 

reported that increasing the vaulter’s arm extension at 

take-off through a shaping procedure would result in an 

increased maximum vaulting height by the vaulter. 

Nevertheless, pole vaulters may need great arm strength 

to resist the reaction force from the pole elasticity to 

extend the bottom hand. Pole vaulters are recommended 

to use higher grips and longer and stiffer poles with 

heavy ratings only after they have attained the 

appropriate speed, strength, and skill (Linthorne & 

Weetman, 2012; McGinnis, 1997; USA Track & Field, 

2014; Tidow, 1989). The longer and stiffer the pole, the 

higher the vault will be; however, a longer and stiffer 

pole is harder to load, making pole planting and 

technical efficiency more difficult to achieve. Generally, 

coaches and researchers suggest that a faster 

approaching velocity with higher grip during run-up 

increases the bend of a longer and stiffer pole, hence, 
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achieve a higher vault. (Linthorne & Weetman, 2012; 

McGinnis, 1997; Tidow, 1989). Low-skilled pole 

vaulters may not have enough strength to load the pole 

and make a wider angle between the forearm and upper 

arm compared to the high-skilled pole vaulters.  

 

 

Figure 6. Higher (left) and lower grip (right) in a 

right-handed pole vaulter. 

 

The limitation of this study was that only one 

camera was allowed to be used in the field during 

competitions. The view from one camera cannot cover 

all of the run-up movements; thus, we cannot measure 

the penultimate step length to compare the difference 

between the penultimate and take-off steps and use a 

three-dimensional analysis to obtain detailed 

movements in pole vaulting. 

 

V. Conclusion 

In conclusion, the major differences found between 

the high-skilled and low-skilled pole vaulters in this 

study showed that the low-skilled pole vaulters need to 

maintain a higher PHLH, slower planting angular 

velocity, longer TSL to keep a high centre of mass and 

natural pole dropping, and a wider angle between the 

pole and forearm and angle between the forearm and the 

upper arm of the bottom hand. The bottom hand has to 

be extended during take-off to easily bend the pole with 

the couple force. The elastic energy of the pole will thus 

help an athlete’s vaulting by the action–reaction 

principle. The strength of the upper extremity is needed 

for extending the arm. The present study recommends 

that pole vaulters focus on kinematic factors such as a 

longer TSL, longer planting time, slower planting 

angular velocity, wider angle between the pole and fore 

arm, wider angle between the forearm and upper arm of 

the bottom hand, and gaining more upper extremity 

strength and conditioning training for freely controlling 

of the pole during run-up, planting, and take-off to push 

and release the pole for a better performance. The 

coaches and pole vaulters may use our biomechanical 

findings to easily correct movements in the field. 
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