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Abstract:

In this study, we evaluated how jumping at different heights (called box jump sport), influences lower limb joint
kinematics.Thirteen male athletes who had been doing CrossFit for at least 5 years performed box jumps at
three heights (45cm, 60cm, and 75cm). 3D-kinematic analysis used a Vicon motion analysis system with the 6-
camera system to record kinematics data at 120Hz. To compare the values obtained from box jump at three
heights, the one-way analysis of variance (ANOVA) was used.During landing, the ankle joint showed more
dorsiflexion at higher box heights (23.9+3.3, 20.1+4.2, and 19.2+3.6 degrees for 75cm, 60cm, and 45cm,
respectively; p = 0.035). Within the knee joint, at the first measured peak, flexion increased with increasing
height (98.2+11.7, 99.94£8.7, and 117.4+6.1 degrees for 45cm, 60cm, and 75cm, respectively; p = 0.001). Within
the hip joint, at the first measured peak, flexion showed an increase with increasing box height (71.4+5.2,
74.7+7.2, and 82.1+1.5 degrees for 45cm, 60cm, and 75cm, respectively; p = 0.001). In general, the results
showed that with the increase in the box height in box jump sports, the angles of the lower limb joints (the ankle,
the knee, and the hip) increase in the sagittal and frontal planes.
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I Introduction

Jumping is present in most sports such as gymnastics, football, volleyball, and basketball. The goal of
jumping in these sports is to reach the maximum jump height to achieve success. In addition, the maximum
jump height parameter is used to monitor and check the performance of athletes [21]. Jumping has different tests
that are used to determine the physical fitness of athletes. These tests include countermovement jump (CMJ),
squat jump (SJ), drop jump (DJ), and box jump (BJ). Where SJ is the jump from the squat position, CMJ is a
movement downward from a standing position to a squat position and then jump, DJ is the jump from a height
on the ground and jumping again, and BJ is the jump from the ground on the box.

So far, most studies have focused on the differences between SJ and CMJ in achieving maximal height
[19,18,4]. Maximum jump height after landing and force values recorded by the force plate has been
investigated in research related to DJ [5,15]. One of the most popular exercises for various sports that involve
jumping is the box jump [1,11,2]. Recently, the impact of box jumping in CrossFit sports has been noticed in
investigating heart rate change and muscle fatigue [6,13,16]. CrossFit is a new method in physical fitness
training, which includes the implementation of various exercises such as plyometric, and types of jumping,
which are applied at high intensity. CrossFit aims to increase flexibility, muscle strength, agility, and endurance
[4,15,23].

The difference between the present study with the previous studies is the kinematic analysis of the
jumping of professional CrossFit athletes on boxes with different heights. Therefore, considering the importance
of jumping in various sports and the effect of lower limb joints on jumping, the purpose of this research was to
investigate the kinematics and range of motion of the lower limb joints in box jumping at three heights.
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1. Materials and Methods

Participants

In this study, 13 male athletes, aged between 20 and 25 years, who had done CrossFit for at least 5
years were selected. The demographic characteristics of these athletes were: Age) 24.30+£2.05 years, Height)
172.8445.55 centimeters, and Weight) 78.93+4.93 kilograms. For this research, the inclusion criteria for
subjects were: male, aged between 20-25 years, more than 5 years of professional experience in CrossFit, no
injury in the last year, and no lower body surgery. If the subjects did not include any of them, they were
excluded from the study. In this research, protocols followed guidelines stated in the Declaration of Helsinki.
Also, the study was approved by the Institutional Review Board of Islamic Azad University. All participants
provided written informed consent before entering the study.

Study design

In this study, participants performed box jumps at 3 heights (45, 60, and 75 centimeters) in the Motion
Analysis Laboratory. Before the collection of the experimental data, each subject was warmed-up for 10
minutes. To do the box jump, subjects stand in front of the box with legs-apart (shoulder-width). After which,
participants bend into a quarter-squat, swing their arms from back to forward and initiate a jump from the
ground, and land on the box. Each participant was asked to perform a jump three times with a one-minute
interval between each jump, a mean of which was considered that individual’s final scores. This was done to
minimize any bias as opposed to a single measurement. Kinematic parameters of lower limbs (changes in angles
of ankle, knee, and hip) were examined in frontal and sagittal planes associated with take-off, landing, and
during the jump.

Figure 1. Box jump. A) Marker set, B) Start of the jump C) during the jump, D) Landing on the box.

To record the kinematic parameters, 16 passive reflective spherical markers with a diameter of 14mm
were installed on the subjects' lower bodies. These points were: anterior superior iliac spine, posterior superior
iliac spine, lateral thigh, lateral epicondyle of the knee, lateral tibia, lateral malleolus, calcaneus, and second
metatarsal head (Figure 1). They were then asked to perform box jumps in front of motion analysis cameras. A
Vicon 3D motion analysis system (Oxford Metrics Ltd., Oxford, UK) with a 6-camera system was used to
record kinematic data at a frequency of 120Hz. Data were collected from the time the heel separated from the
ground until the first contact of the heel with the surface on the box. The maximum angle of the hip, knee, and
ankle joints were the biomechanical parameters we extracted.

Statistical analysis

In this study, each participant's right leg was considered the research subject. The results are presented
as meanzstandard deviation (SD). The Shapiro-Wilk normality test was conducted to confirm the normal
distribution of biomechanical parameters. The one-way analysis of variance (ANOVA) was used to determine
statistically significant differences between the means of selected biomechanical data. A p-value of less than
0.05 was considered statistically significant. All statistical analysis was performed using the SPSS software
version 28.0.0.
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1. Results

The changes in the dorsi-plantar flexion and the inversion-eversion angles of the ankle are shown in
Figures 2A and 2B during CrossFit jump sport at three different heights (Hi=45cm(solid-line), H,=60cm(dotted-
line), Hs=75cm(dashed-line)) and the results are given in Table 1.

Within the ankle joint, no significant difference was observed in the maximum plantar-flexion angle
(P=0.129) and maximum dorsiflexion angle (p=0.833) in the 3 different positions. Also, there was no significant
difference in dorsi-plantar flexion angle at take-off time (P=0.092). However, during landing, the ankle joint
showed more flexion at higher box heights (23.9+3.3, 20.1+4.2, and 19.2+3.6 degrees for 75¢cm, 60cm, and
45cm, respectively; p=0.035). Regarding the inversion-eversion angles, no significant difference was found at
take-off time and maximum inversion angle (p=0.092 and p=0.833 respectively).

Table 1. Dorsi-Plantar flexion and Inversion-Eversion of the ankle in box jump sport at three

heights
Heights
Measurement-point Angle(deg) 45cm 60cm 75¢cm P-value
Take-Off -6.8+6.2 -14.2+6.4 -8.6+6.5 0.096
Max-Pf -8.7x7.4 -17.1+6.6 -11.8+7.8 0.129
Df/Pf
Max-Df 27.2+2.1 26.2+2.9 26.9£3.6 0.833
Landing 19.2+3.6 20.1+4.2 23.9£3.3 0.035
Take-Off -6.5+2.5 -6.8+2.5 -7.3x14 0.092
Max-Inv Inv/Eve -0.9+2.1 -1.7+¥2.4 -2.5¢1.2 0.010
Landing -2.3t1.4 -3.6+2.9 -4.442.1 0.037

Df/Pf: Dorsi-Plantar flexion, Inv/Eve: Inversion-Eversion.

During the maximum inversion-eversion, the ankle joint showed higher eversion with increasing height
(-0.9+2.1, -1.742.4, and -2.5£1.2 degrees for 45cm, 60cm, and 75cm, respectively; p=0.010). Furthermore,
during landing, ankle joint eversion increased with increasing height (-2.3+1.4, -3.6+2.9, and -4.4+2.1 degrees
for 45cm, 60cm, and 75cm, respectively; p=0.037).
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Figure 2. Lower limb angles during box jump sport at three heights (H1=45cm (solid-line), H,=60cm (dotted-
line), Hs=75cm (dashed-line)). A) Ankle angle in the Sagittal plane, B) Ankle angle in the Frontal plane,C)
Knee angle in the Sagittal plane, D) Knee angle in the Frontal plane,E) Hip angle in the Sagittal plane, F) Hip
angle in the Frontal plane.

The results of the changes in the knee angles (flexion-extension and abduction-adduction) during
CrossFit jump sport at three different heights (Hi=45cm(solid-line), H,=60cm(dotted-line), Hs=75cm(dashed-
line)) are shown in Figures 2C and 2D.

Kinematic changes of the knee joint for the three measurement heights of the plyometric box are
reported in Table 2. Within the knee joint, at the first measured peak, flexion increased with increasing height
(98.2£11.7, 99.948.7, and 117.4+6.1 degrees for 45cm, 60cm, and 75cm, respectively; p=0.001). At the second
measured peak, flexion increased with increasing height (38.9+5.7, 43.9+7.4, and 55.2+7.1 degrees for 45cm,
60cm, and 75cm, respectively; p=0.001). Moreover, abduction also showed an increase with increasing height
(46.6£2.1, 48.3£1.2, and 52.5+2.4 degrees for 45cm, 60cm, and 75cm, respectively; p=0.001). During landing at
the knee joint, at the maximum height (75cm) the joint showed higher flexion compared to shorter heights
(68.9£9.9 vs. 49.149.1 and 53.5+6.7 degrees for the 60cm and 45cm, respectively; p=0.001).

Table 2. Flexion-Extension and Abduction-Adduction of the knee in box jump sport at three

heights
Heights
Measurement-point Angle(deg) 45cm 60cm 75cm P-value
FI/Ex 3.745.9 4.6+4.1 0.9+4.2 0.108
Take-Off
Abd/Add 15.6+4.4 16.6+5.7 12.4+3.8 0.066
1% Peak FI/Ex 98.2+11.7 99.9+8.7 117.446.1 0.001
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Abd/Add 42,713 40.8+1.5 42.242.9 0.119
FI/Ex 38.9+5.7 43.9+7.4 55.2+7.1 0.001

2" Peak
Abd/Add 46.6+2.1 48.3£1.2 52.5+2.4 0.001
FI/Ex 53.5+6.7 49.1+9.1 68.9+9.9 0.001

Landing
Abd/Add 41.6+1.8 38.7+6.1 41.946.9 0.295

FI/Ex: Flexion-Extension, Abd/Add: Abduction-Adduction.

In addition to the changes in the ankle and knee angles, the changes in the hip joint in the sagittal and
frontal plane during CrossFit jump sport at three different heights (Hi=45cm(solid-line), H,=60cm(dotted-line),
Hs=75cm(dashed-line)) are shown in Figures 2E and 2F.

Within the hip joint, at the first measured peak, flexion showed an increase with increasing box height
(71.445.2, 74.7+£7.2, and 82.1+1.5 degrees for 45cm, 60cm, and 75cm, respectively; p=0.001). Moreover, during
landing at the maximum measured height (75cm), the hip joint showed higher flexion compared to other
measured heights (67.6+6.5 vs. 60.1+6.7 and 60.1+8.6 degrees for 60cm and 45cm, respectively; p=0.013).
Changes in the kinematics of the hip joint are shown in Table 3.

Table 3.Flexion-Extension and Abduction-Adduction of the hip in box jump sport at three

heights
Heights
Measurement-point Angle(deg) 45cm 60cm 75cm P-value

FI/Ex 13.243.5 15.4+4.1 13.8+2.1 0.195

Take-Off
Abd/Add -12.6+4.7 -13.345.2 -12.445.3 0.910
FI/Ex 71.445.2 T74.7£7.2 82.1+1.5 0.001

1% Peak
Abd/Add -23.3+3.4 -20.8+4.2 -23.5+3.8 0.280
FI/Ex 61.1+6.7 60.1+8.6 67.6+6.5 0.013

Landing
Abd/Add -21.2+3.7 -18.5+4.1 -20.3£3.9 0.407

FI/Ex: Flexion-Extension, Abd/Add: Abduction-Adduction.

V. Discussion

The purpose of this study was to investigate the changes in the angles of the ankle, knee, and hip joints
among male professional CrossFit athletes in the sagittal and frontal planes in box jump at three heights of 45,
60, and 75 centimeters. The kinematic parameters of the joints were examined at the maximum joint angle
during the jump, at the start, and at the time of landing on the box. The reason for using professional male
athletes was to achieve higher jump heights [17,22] and to avoid the risk of joint injury compared to female
athletes [22].

The results showed that the dorsiflexion angle of the ankle increased during landing when changing the
height of the box from 45cm to 60cm and 45cm to 75cm respectively, 4.6% and 24%. We found that by
increasing the height of the box from 45cm to 75cm, a significant increase in the maximum ankle inversion
occurred in the middle of the movement and during landing. This may be because the increase in height is
associated with a further increase in knee flexion. After all, the knee goes outwards, and adduction increases.
Significant changes in the maximum knee flexion occurred with an increase in the box height. The maximum
angle of the knee flexion at a height of 75cm was 19.2 degrees higher than the 45cm height (19.5%) and 17.5
degrees higher than the 60cm height (17.5%).

Furthermore, knee flexion during landing increased by 28.8% with increasing the height of the box by
30cm. The maximum knee adduction at three different heights increased from 46.6 to 48.3 and 52.2 degrees, by
about 8.6% and 12.7%, respectively. Moreover, the maximum hip flexion at a height of 75cm increased by 9.9%
and 14.9% (compared to the 45cm and 60cm heights, respectively). The hip flexion in the 75cm height in the
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landing, was 10.6% more compared to the 45cm position and 12.5% compared to the 60cm position. Also, no
significant difference was observed in any of the angles of the joints of the lower limbs at take-off.

In this study, arm movements were used to achieve higher-height jumps. Grimshaw et al. Showed that
rotating the arms forward and upwards has a great effect on the upward movement of the body and will increase
the jump height by 10% to 20% [22,10]. Furthermore, they used arm rotation to jump higher [22].

Pauli et al. Showed that at the beginning of the jump, a greater angle at the hip and knee joint produces
more force in the muscles, resulting in a higher jump [18]. In this study, no research was done on muscle
strength. As the height of the boxes increased, the maximum flexion angle of the knee and hip also increased
significantly, this seems to be due to the greater contraction of the muscles to contract the lower torso. Several
researchers have suggested that the effect of pelvic flexion is greater than that of the knee muscles in jumping
[3,7]. The results showed that the increase in knee flexion occurs simultaneously with the increase in hip
flexion, which is consistent with the results of the study by Clansey[8]. There was also an increase in the
maximum knee adduction, which seems to have occurred to maintain balance and to further contract the lower
extremity muscles in the middle phase of the jump.

During the landing on the box, significant changes occurred in the knee and hip flexion, and ankle
dorsiflexion with an increase in the height of the box. This may have also occurred to maintain balance at the
time of contact with the box. By repeating this exercise (box jump) and using different sizes in the height of the
boxes, it is possible to increase the flexibility of the knee, hip, and ankle joints.

The goal of past research has been to achieve maximum jumping height. As it turned out, the effect of
the countermovement jump was more than the squat jump [19,18,4]. Also, jumping from higher drop heights in
the drop jump led to more coordination of the lower limb, bilaterally symmetrical during landing, longer ground
contact times, and reaching a higher height in the taking-off again [20,5,15]. Until now, most of the research in
the field of CrossFit sport has been about the effect of various continuous or interval training, especially box
jumping on physical fitness. Scotty et al. concluded that heart rate changes were greater in continuous training
than in interval training [6]. It was found in research by Jordan that muscle fatigue in consecutive box jumps
affects the ability of the lower limbs and the production of the necessary forces for jumping [13]. In a different
study, it was found that intense CrossFit exercises (weighted front squat, box jumps, and double-under) affect
increasing the thickness of the patellar and Achilles tendons [9]. The difference between the present study and
the above research was the investigation of the changes in the Lower Extremity Joints angles during jumping on
boxes with variable heights.

To develop this method, the number of the boxes can be increased and their number and height can be
personalized based on the physical condition and the height of each individual, moreover, specific exercises can
be considered for everyone to increase physical fitness. With these exercises, the coordination between the
agonist and antagonist muscles can be increased and a higher number of muscles can be contracted
simultaneously [14,12]. For more comprehensive research, it is recommended to use a force plate for ground
reaction forces and electromyography to record electrical activity and generate muscle force at different heights.

V. Conclusion
The research results showed that with the height of the boxes increased, the angles of the ankle, knee,
and hip joints increased in the frontal and sagittal anatomical planes. Therefore, it can be concluded that
different jump heights affect the kinematics of the lower limbs. In addition, by designing boxes with different
heights for athletes, we can provide various training programs to strengthen the muscles and flexibility of the
joints of the lower limbs.
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