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ABSTRACT

This study assessed the relationship between foot anthropometry with countermovement jump (CMJ) and
squat jump (SJ) performance among university-level male athletes. A total of 51 male athletes were selected
from different sports. Various gross and acute anthropometric measurements were conducted. Each
participant performed three CMJs and SJs each. Standing height has a moderate positive correlation with
CMJ force (p = .368, p = .008) and power (p = .326, p = .019). Body mass demonstrated a high positive
association with CMJ force (p = .568, p = .001) and a moderate positive correlation with power (p = .446, p
=.001). The lower leg length was moderately positively correlated with CMJ flight time (p = .316, p = .024)
(p =.311, p =.026), velocity (p = .304, p = .030), and power and showed a weak positive correlation with
CMJ height (p = .290), p = .039). Foot length had a moderate positive correlation with CMJ force (p = .419,
p =.002) and power (p = .377, p = .002). Conversely, a weak negative correlation was observed between
foot arch height and both CMJ height (p = -.286, p = .042) and CMJ velocity (p = -.285, p = .043). These
findings suggest the significant relationships between specific anthropometric characteristics with CMJ and
SJ performance. However, the correlations showed moderate or lower strengths, underscoring the
importance of further investigation.
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INTRODUCTION

Human feet are built uniquely to support the body's entire weight as permitted by foot anthropometry. The
human foot is composed of around 100 muscles, ligaments, tendons, and 30 joints, in addition to 26 bones,
which are the phalanges (n = 14), tarsal (n = 7), and metatarsal (n = 5). These anatomical components
cooperate to stabilize the foot movement and balance in static and dynamic conditions, shock absorption,
and transferring ground reaction forces (Hazari et al., 2021).

Vertical jump movements are crucial in many sporting events, such as basketball, football, badminton, and
volleyball. Sometimes, jumping movements play a decisive role during a match. Whether it's a footballer
jumping to score a header goal, a basketball player leaping to shoot a ball towards the basket, smashing the
shuttlecock by a badminton player, or a volleyball player trying to spike the ball, this action can have an
impact on the outcome of the match (Washif & Kok, 2022). Vertical jumps are widely used in athlete’s training
and testing (i.e., assessment). Vertical jump tests are commonly used to assess the lower limb power of
athletes. Furthermore, jump training can also develop lower body strength and power and can contribute to
enhanced neuromuscular control, landing mechanics, joint stability, and overall lower body strength
(Markovic, 2007; Ramirez-Campillo et al., 2023; Thapa et al., 2024).

Two commonly used vertical jump assessments are the countermovement jump (CMJ) and squat jump (SJ)
tests. CMJ is performed from the normal standing position with a quick downward movement and jumps
vertically with the aim of achieving maximum height (Suchomel et al., 2016), where utilization of the stretch-
shortening cycle (SSC) takes place. The SSC involves lengthening of the muscle (i.e., eccentric phase)
followed by shortening of the muscle (i.e., concentric phase). In contrast, the squat jump starts from the squat
position (i.e., ~3-5 seconds pause) and then jumps as high as possible. The pause during the squat position
prevents the SSC from occurring and thus mainly focuses on the concentric phase of the muscle contraction
(i.e., shortening of the muscles). Thus, such an assessment allows for measuring the concentric muscle
power and force generation without elastic energy involvement (Petrigna et al., 2019).

The measurement of CMJ and SJ performance is plausible with a validated and reliable mobile-based video
analysis software My Jump Lab (Sentlrk et al., 2024). The application is an affordable alternative to
expensive equipment (e.g., force platforms) (Bogataj et al., 2020). It uses the ability of the mobile to capture
video in slow motion, which is then used for further analysis. For the evaluation of the flight time of CMJ and
SJ the software uses the slow-motion video to estimate the participant’'s jump take-off and landing frames.
An equation (Bosco et al., 1983) is then used to calculate the jump height using flight time from the recorded
video. The equation used in the application is h = tx1.22625, ‘h’ is the height in meters of the jump, and ‘t
denotes the flight time of the jump in seconds. It is a widely used method for calculating jump height from
flight time (Balsalobre-Fernandez et al., 2015). In addition, the application also uses a simple computational
method using the body mass, push-off distance, and jump height to estimate force, velocity, and power during
jumps, which has been validated and found reliable (Jiménez-Reyes et al., 2017).

Understanding the connection between foot structure and vertical jump has important implications. There is
a gap in research on the effect of toe length, heel length, arch height, and the maximum range of motion on
vertical jump performance. The relationship between the different parameters of foot anthropometry and
vertical jumps, such as CMJ and SJ performance, needs to be established in the literature. The study
hypothesizes that there is a significant correlation between the anthropometric measurement of the foot and
an individual’s vertical jump performance. A shorter foot length and heel length can produce a greater vertical
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height, and a greater arch height, toe length, plantar flexion, and dorsiflexion will positively correlate with a
higher vertical jump height.

MATERIAL AND METHODS

Participants

Fifty-one male athletes were recruited from Central University of Rajasthan. The age of the participants
ranged between 18-26 years. The minimum requirement to be included in the study (i.e., inclusion criteria)
was participation at the inter-university level competition in their respective games. Among the selected 51
participants, 14 participants played football, 9 participants played volleyball, 9 participants played cricket, 10
participants played basketball, 5 participants played badminton and 4 participants played. All the participants
selected for the study had no history of musculoskeletal injury, history of lower limb surgery, or any other
health condition during the data collection. All the participants provided their consent to participate in the
study and signed informed forms after an explanation about the procedures and possible risks associated
with the study.

Procedure

Familiarization session was conducted before the data collection to minimize the learning effect. During the
familiarization session, the techniques of CMJ and SJ were explained and demonstrated. In addition, the
explanation of the procedure for anthropometric measurements was also explained. Thereafter the
experimental sessions included data collection for both the jumps and anthropometric measurement of the
lower body and foot. All the assessments were conducted in an indoor hall of the university.

Anthropometric measurements

For the measurement of height, a stadiometer (Mediguard, JE Surgical Industries, India) was utilized. The
standing height was measured with the participants standing erect without shoes in a stadiometer (Serensen
et al., 2020). In addition, a bioelectrical impedance machine (Charder Bioelectrical impedance, Taiwan) was
used to measure the participant’s body mass and BMI (Branco et al., 2023). A Gullick tape was used to
measure the upper leg length, lower leg length, and calf muscle girth. Three measurements were taken for
each, and the average was considered as the actual measurement for better accuracy (Rumbo-Rodriguez
etal., 2021).

In the upper leg length measurement, the greater trochanter, the bony prominence on the lateral side of the
upper thigh, nearer to the hip joint, was identified. The lateral knee joint line, which is the outermost point of
the knee articulation where the tibia and femur bones meet, was located, and measurement was conducted
(Schwab & Anighoro, 2022). Lower leg length was measured as the vertical distance from the head of the
fibula to the most prominent part of the lateral malleolus. One end of the measuring tape was placed at the
end of the lateral malleolus (Saeki et al., 2017). The Gulick tape was placed around the calf at the identified
middle point in the largest circumference of the calf for the measurement (Kiss et al., 2024). The foot
dorsiflexion and plantar flexion was measured using a goniometer (Patterson Medical Holdings Inc, Chaina).
The participant’s leg was marked at the midpoint between the lateral and medial malleoli. This mark was the
reference point during the measurement. Participants were instructed to perform the dorsiflexion of the foot
(i.e., bringing the top of the foot of the subject towards the shin). A ruler was set up on the surface which was
parallel to the participant's heel. The distance between the reference mark on the ruler is the point where the
foot dorsum is elevated during the dorsiflexion, was measured and recorded. For the measurement of plantar
flexion, participants were asked to perform plantar flexion of the foot (i.e., pointing the foot downwards as
much as possible without feeling any discomfort). The gap between the reference mark on the foot and ruler
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which is the point at where foot dorsum is at lower during the plantar flexion was measured and recorded
(Pietrzak et al., 2022). All measurements were recorded in centimetres.

Foot anthropometric measurements

Three black marks were placed on the most visible part of the lateral malleolus, medial malleolus, and the
first metatarsophalangeal joint. While sitting medial and lateral views of the right foot were digitally
photographed using a high-resolution camera (Canon EOS 7D), where the foot was placed on a wooden
block. On the side of the wooden block a millimetre-scale was placed for scaling. The tibia was aligned with
respect to the reference box at a right angle. Each subject’s right foot images were digitalized with a custom-
designed MATLAB (The MathWorks, Inc., Natick, MA) code. The code measured the foot length, toe length,
arch height, medial heel length, and lateral heel length by using the scaling provided by the millimetre scale
in the images (Hawley, 2016).

Foot length is the horizontal distance between the most anterior part of the longest toe and the most posterior
point of the calcaneus bone (Prasad & Rajasekhar, 2019). Toe length is the distance between the most distal
portion of the big toe’s proximal phalanx to the metatarsophalangeal joint big toe articulates with the
corresponding metatarsal bone (Klein & Weil, 2020). Arch height is the vertical distance between the highest
point of the longitudinal arch and the ground; navicular tuberosity is the midpoint of the arch. Lateral and
medial heel length is the horizontal distance from the bottom of the heel and the most prominent part of the
medial and lateral aspects of the malleolus, respectively. The average heel length was determined by
summing the medial and lateral heel lengths, and the average heel length was used as the heel length
(Hawley, 2016).

Figure 1. Medial foot anthropometric measures as determined by digital imaging.

Vertical jump measurements

The CMJ and SJ were recorded using an iPhone 12 mobile phone (Apple, India; HD 240 fps slow motion)
and analysed with a validated and reliable mobile application (MyJump2). The video was recorded with the
camera placed on a tripod at a height of ~40 cm from the ground surface and ~3 meters away from the
participants. All videos were recorded from the sagittal plane and focused on capturing the take-off and
landing phases of the jumps.

The participants performed a total of six jumps with no arm swing, 3 CMJs, and 3 SJs during the recording.
The CMJs and SJs were performed in random order to reduce the risk of learning impact on performance.
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Participants were instructed to jump as high as possible. Between the same type of jumps, subjects rested
for 30 seconds. The subject rested for 3 minutes between differing jumps.

Statistical analysis

Data are presented as median and interquartile range (IQR). The normality of the data was assessed using
the Shapiro-Wilk test. As data were non-normally distributed, Spearman’s rank correlation coefficient test
was used to verify the relationship between the anthropometric measurements and vertical jump
performance. The magnitude of the correlation between test measures was interpreted as trivial (<0.1), low
(0.1-0.3), moderate (0.3-0.5), high (0.5-0.7), very high (0.7-0.9), and almost perfect (0.9-1.0) (Hopkins et
al., 2009). All the statistical analyses were conducted using SPSS (version 26). For testing the hypothesis,
the level of significance was set at p < .05.

RESULTS
Descriptive statistics, including the number of participants, median, and IQR of anthropometric variables, are
presented in Table 1. Moreover, in Table 2, descriptive statistics, including the number of participants,

median, and IQR of CMJ and SJ performance, are presented.

Table 1. Descriptive statistics of anthropometric variables.

n=>51 Median IQR
Height (cm) 174.30 8.80
Body mass (kg) 64.70 14.80
Body mass index (kg/m?) 21.50 3.40
Upper Leg Length (cm) 54.10 5.80
Lower leg Length (cm) 51.80 4.50
Calf Girth (cm) 35.20 3.70
Dorsiflexion(cm) 88.00 9.00
Plantar flexion(cm) 156.00 14.00
Foot Length(cm) 26.33 2.08
Toe Length(cm) 6.96 0.47
Heel Length(cm) 6.17 0.42
Arch Height(cm) 7.18 0.51

Table 2. Descriptive statistics of jump performance.
Countermovement jump performance (n = 51)

Median IQR
Jump Height (cm) 33.67 8.30
Velocity(m/s) 1.28 0.15
Force (N) 1387.45 415.36
Flight Time(s) 518.0 66.00
Power(W) 1816.68 507.29
Squat jump performance (n = 51)

Median IQR
Jump Height (cm) 32.52 7.49
Velocity(m/s) 1.26 0.15
Force (N) 1433.56 396.63
Flight Time(s) 512.00 61.0
Power(W) 1779.38 534.79
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The Spearman correlation coefficients (p) and their corresponding p-values (p) between foot anthropometry
and other anthropometric variables with performance metrics of CMJ are presented in Table 3. Height
showed a significantly moderate positive association with CMJ force (p = .368, p = .008) and power (p = .326,
p = .019). Body mass had a high positive correlation with CMJ force (p = .568, p = .001) and a moderate
positive correlation with power (p = .446, p = .001). Body mass index had a moderate positive correlation
with both CMJ force (p = .423, p = .002) and power (p =.0288, p = .041). The upper leg length did not show
any significant correlation with any of the CMJ performance metrics. Lower leg length had a moderate positive
correlation with CMJ jump height (p = .290), p = .039), flight time (p = .311, p = .026), velocity (p = .304, p =
.030), and power (p = .316, p = .024). Calf girth had a significant but weak correlation with CMJ force (p
=304, p = .030). No correlations were found with any of the parameters and either plantar flexion or
dorsiflexion.

Table 3. Relationship between anthropometric measurements and countermovement jump performance.

Variables Jump height Flight time Velocity Force Power
P p-value p p-value p p-value p p-value p p-value

Height 203 153 A77 214 212 136 .368*  .008 326 .019
Weight -.076 959 -09 502  -060 677  .568*  .001 A446* 001
BMI -.240 089 -259 067 -227 110 423 .002 .288*  .041
ULL -.086 547 -099 489  -050 729  -118 408 -197 167
LLL 290 039 311 026 .304*  .030 244 .084 3160 024
Calf Girth -135 346 -103 471 -116 419 304 .030 209 41
Dorsiflexion -.160 261 -126 380  -165 246 162 287 073 610

Plantar flexion ~ .163 252 154 281 134 .350 .020 .888 .025 .860
Foot Length 232 101 A74 223 .165 247 419* .002 377 .006
Toe Length -.001 .992 -.010 .945 -.052 17 -011 937 -.009 .950
Heel Length .160 262 143 317 119 407 118 409 135 .346
Arch Height -286* 042 -.243 .085 -285* 043 145 311 .001 .993
Note. BMI- Body Mass Index, ULL- Upper Leg Length, LLL-Lower Leg Length. * Correlation is significant at the .05 level.

Table 4. Relationship between anthropometric measures and squat jump performance.

Variables Jump height Flight time Velocity Force Power
p p-value p p-value p p-value p p-value p p-value

Height 188 187 A77 213 201 158 209 140 252 074
Weight -100 484 -195 1M1 -.198 164 447 .001 304 .030
BMI -.226 A1 257 069  -277* 049  .399* .004 230 104
ULL .001 995 072 613 120 401 -.106 458  -.049 132
LLL 327" 019 249 078 263 .062 011 940 132 .357
Calf Girth -127 375 =167 242 -191 178 202 255 .096 .504
Dorsiflexion -150 294  -106 457 -124 .388 A72 226 079 .581

Plantar flexion ~ .184 197 091 527 .062 665  -.021 .883 014 920
Foot Length 145 311 104 468 104 469 228 108 234 .098

Toe Length 102 477 147 303 138 334 .003 .986 .054 .706
Heel Length 206 147 210 139 186 192 074 607 138 333
Arch Height -.164 251 -133  .353 -.153 283 104 469 .000 999

Note. BMI- Body Mass Index, ULL- Upper Leg Length, LLL- Lower Leg Length. * Correlation is significant at the .05 level.

There was a significant moderate positive association between foot length and CMJ power (p = .377, p =
.002) and force (p = .419, p =.002). There was a notable weak negative correlation between arch height and
CMJ height (p = -.286, p = .042), which indicates that subjects with higher arch height have the tendency for
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lower heights. For arch height and velocity, a weak negative correlation was found (p = -.285, p = .043),
which indicates that higher arch height has a tendency for lower jump velocity during CMJ.

The Spearman correlation coefficients (p) and their corresponding p-values (p) between foot anthropometry
and other anthropometric variables with performance metrics of SJ are presented in Table 4.

Body mass showed a significant moderate positive correlation with both SJ force (p = 447, p = .001) and
power (p =.304, p = .030). BMI showed a moderate positive correlation with SJ force (p = .399, p = .004); a
weak negative correlation was also found between BMI and SJ velocity (p = -.277, p = .049). Upper leg length
was not associated with any of the SJ parameters. Lower leg length positively correlated with SJ jump height
(p=.327, p=.019). Calf girth, dorsiflexion, plantar flexion, foot length, toe length, heel length, and arch height
did not significantly correlate with any SJ performance parameters.

DISCUSSION

The study aimed to examine the foot anthropometric and other anthropometric variables that are related to
the foot with CMJ and SJ performance parameters such as jump height, jump flight time, jump velocity, jump
force, and jump power measured through a video-based mobile application. The Spearman correlation
analysis was used to identify the relationship between the anthropometric variables and vertical jump
performance. Our findings showed height had a moderate positive correlation with CMJ jump force and
power. In addition, body mass showed a high positive association with force and a moderate positive
association with power during the CMJ. Moreover, body mass showed a positive moderate correlation with
both force and power during SJ performance. Of note, the lower leg length had a moderate positive
correlation with flight time, velocity, and power and a weak positive correlation with the jump height during
the CMJ. In addition, a moderate positive correlation was observed between foot length and force and power
during CMJ, and there was a weak positive correlation with lower leg length and SJ height. A weak negative
correlation was also observed between foot arch height and jump height and velocity during CMJ.

The moderate correlation between standing height and force and power during CMJ may be attributed to the
interconnection between these variables. For example, previous studies have stated that taller individuals
may produce more power during jumps due to their longer limbs and quantity of muscle (Nishioka & Okada,
2022). However, although taller individuals may have the biomechanical advantages of longer limbs, this
advantage will not always correspond to higher CMJ performance (Marshall & Moran, 2015; McErlain-Naylor
et al., 2014). The key determinants of CMJ height are muscle strength, power, and technique instead of
standing height alone (Thomas et al., 2022). This is also reflected in our current findings, as the standing
height was not correlated with the jump height during the CMJ. Indeed, as previously stated the jump force
and power were significantly correlated to the jump height in our current study. In addition, the maximum
strength and rate of force development are two important factors that influence jump height (Van Hooren et
al., 2022). Although, we did not include maximal strength measurements or the rate of force development, it
is possible that these factors contributed to the jump height.

Another finding from our study was a high positive correlation between the body mass and CMJ force and a
moderate positive correlation with SJ force and both SJ and CMJ power. This may be possible because the
body mass affects the jump forces and power during CMJ and SJ performance. For example, individuals with
heavier body mass should produce higher absolute force to overcome the gravitational pull to achieve a
similar jump height when compared to an individual with a lighter body mass. The variations in power and
force output can be reduced, and more accurate comparisons between individuals with different body mass
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can be made when these forces are normalized to the body mass (i.e., using the relative values) (Thomas et
al., 2022). The current study findings related to the force and power during vertical jumps with body mass
reinforce these conclusions. Similar to those mentioned above, the BMI includes both the body mass and
standing height of an individual for its calculation, and thus, the results (i.e., moderate positive correlation
between body mass index with CMJ, SJ force, and power) may be influenced by both variables.

Furthermore, there was a weak positive correlation between lower leg length and CMJ height and a moderate
positive correlation between lower leg length and SJ height. Lower leg length has been shown to impact jump
height for both CMJ and SJ directly. The complicated interaction between muscle power, the angle of joints,
and the length of the limbs are all components of the biomechanics of jumping (O'Brien et al., 2009; Sharma,
2017). It may be possible that jump performance can be enhanced by longer lower legs that provide a greater
advantage and more effective force transfer during the jump phases (Anicic et al., 2023). This advantage
might have improved the jump performance and helped to reach a high vertical jump performance (Anicic et
al., 2023). In addition, the CMJ consists of a preparatory downward movement (i.e., the eccentric phase),
which uses the stretch-shortening cycle action to increase the muscle power output (Turner & Jeffreys, 2010).
Previous studies have reported that individuals who have longer lower leg lengths can produce a greater
amount of ground reaction forces (Pereira et al., 2006), enabling the individual to jump higher and longer legs
contribute to enhanced jumping performance by increasing higher power output (Risnawati & Jusrianto,
2020). This is because more production of force and torque during the push off phase is possible with longer
lever arms (i.e., longer lower leg length) (Tomita et al., 2020). Longer lower legs can increase the moment
arm, which allows for increased toque production and the greater torque can resultin higher take off velocities
(Chen et al., 2022), However, for the SJ, the starting position is from the squatting position, where the SSC
is not applicable and thus assesses only the concentric muscle power (Markovic et al., 2004). Similar to the
CMJ, the individuals with longer lower leg length may have a mechanical advantage during the push off
phase as compared to those who have short lower limbs (Hornsby et al., 2017; Panoutsakopoulos & Bassa,
2023). This might be one of the possible reasons why both jump clearly showed a direct correlation between
lower leg length and jump height (Hornsby et al., 2017). It is also possible that the aforementioned reasons
are responsible for the positive correlation between the lower leg length and CMJ flight time.

Lastly, a positive moderate correlation was reported between the calf girth and force during CMJ. An
increased muscle mass at the calf may increase the force production capability thus improving the jump
height (Cengizel et al., 2021). In addition, various factors can affect the vertical jump performance, including
the size of the body and the mechanics of the limb. These factors indicate that foot length might play a key
role in the overall movement of the body during the jump performance. The interaction between different
aspects such as strength of the muscle, joint angle, and movement techniques are the determinants of CMJ
power (Nuzzo et al., 2008; Sheppard et al., 2008). Our study also reported a moderate positive correlation
between foot length and CMJ force and power. Foot length might have impact on how force is interchanged
during CMJ take-off and landing phases, affecting how well the individual is performing the jumps (Ho et al.,
2019). In addition, our study also reported a weak negative correlation between foot arch height and CMJ
height and CMJ velocity (i.e., as arch height decreases there is a tendency to achieve more jump height).
Previous studies have found that the use of foot orthoses affects lower limb mechanics and vertical jump
performance in basketball players with different foot arch types. Specifically, individuals with flat feet, which
are characterized by a shorter arch height, exhibited a significant difference in counter movement jump (CMJ)
performance compared to those with normal arch height.(Ho et al., 2019). In contrast, other studies have
reported that a lower arch height is usually linked with flat feet, which can cause a reduction in the jump
height and velocity of CMJ due to less effective force generation. This is because the arch height acts like a
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spring during the vertical jump performance, providing more cushioning to the foot, reducing sudden impact,
and helping to reach greater jump heights during CMJ(Carlock et al., 2004; Gathercole et al., 2015).

There are a few limitations in our study that should be acknowledged. Firstly, the study included only male
university-level athletes. Hence, the findings generated from this study should not be extrapolated to female
or higher-level athletes. Secondly, the CMJ and SJ assessments were conducted using video-based
software. Although video-based software is valid and reliable, using a gold-standard force platform would be
suggested for future research studies. Thirdly, the study lacked information about the subjects' training history
and proficiency in functional movement techniques, which are crucial for optimal performance in the CMJ
and SJ. Lastly, the samples included participants from various sports backgrounds, which may have affected
the findings. The current research may be used as a proof-of-concept study for future research focusing on
athletes from a particular sport.

CONCLUSION

In conclusion, our study revealed that significant correlation between the anthropometry of the foot and lower
limb with the performance of CMJ and SJ. However, the magnitude of the correlation ranged from low to
moderate. While the study offers guidance for coaches working with athletes, further research is needed to
explore the correlations found.
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