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A B S T RAC T
BACKGROUND: The first aim of this study was to describe duration and relative timing of the phases of the maximal instep kick. The second
aim was to describe the concurrence of maximal range of motion, maximal angular acceleration, maximal angular deceleration and maximal
angular velocity of body segments with four key points.
METHODS: Twenty experienced football players performed three maximal instep kicks. The kicks were analysed using a full body, threedimensional motion capture system. Camera recordings determined kicking leg events. The concurrence of peak kinematics of body segments
with four key points was calculated.
RESULTS: Duration and timing of five phases were identified. Key point maximal hip extension (51.4±5.0%) concurred significantly with
maximal range of motion (ROM) of shoulder extension. Key point maximal knee flexion (63.6±5.2%) concurred significantly with maximal angular acceleration of spine flexion and pelvis posterior tilt. Key point knee flexion 90 degrees (69.3±4.9%) concurred significantly with maximal
angular velocity of shoulder flexion and spine flexion, maximal angular deceleration of hip flexion and maximal angular acceleration of knee
extension. Key point ball impact (75.2±5.2%) concurred significantly with maximal ROM of hip deflexion and pelvis anterior rotation and with
maximal angular deceleration of spine flexion and pelvis anterior rotation.
CONCLUSIONS: This study demonstrated that eleven peak kinematics of upper body and kicking leg segments, significantly concurred with
four kicking leg positions. These results provide Key points for kicking coordination and stress the importance of dynamical coupling as a kicking mechanism.
(Cite this article as: Langhout R, Weber M, Tak I, Lenssen T. Timing characteristics of body segments during the maximal instep kick in experienced
football players. J Sports Med Phys Fitness 2016;56:849-56)
Key words: Energy transfer - Martial arts - Biomechanical phenomena.

F

ootball is the most popular sport in the world and
kicking is an essential part of the game.1, 2 The instep kick is the most powerful one in football and produces the highest foot speed to kick a ball with maximal
velocity.3-7 The underlying biomechanical mechanism
how skilled players generate segment motion and enhance foot speed successfully, is of interest for researchers, coaches, football players and physiotherapists with
respect to research, performance, injury prevention and
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rehabilitation.7-9 The coordination of the instep kick
can be expressed as timing of muscles and body segments and as kinematic sequence. As to the latter, the
kick can be divided in the preparation, back swing, leg
cocking, acceleration and follow through phases. The
start of each phase is marked by kicking leg events,
consecutively heel strike, toe off, maximal hip extension, maximal knee flexion and ball impact and ends
with toe velocity inflection (Figure 1).10 The phases in-
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Figure 1.—Phases and kicking leg events during the maximal instep kick.
A) Start preparation phase at heel strike; B) start backswing phase at toe off; C) start leg cocking
phase at maximal hip extension; D) start acceleration phase at maximal knee flexion; E) event
knee flexion 90 degrees at mid-acceleration; F) start follow through phase at ball impact; G) end
follow through phase at toe velocity inflection.

volve a sequential wind up of the footballer’s body that
leads to the formation of a tension arc at the end of the
backswing. The tension arc consists of hip extension,
pelvis posterior rotation at the kickside, pelvis anterior
tilt, trunk extension/rotation and shoulder extension at
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the non-kickside.11-13 During leg cocking and acceleration, the unwinding of the tension arc is characterized
by pelvis anterior rotation, hip flexion and knee extension at the kickside, pelvis posterior tilt, trunk flexion/
rotation and shoulder flexion to the kickside. Kicking
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coordination might be elucidated by the dynamical systems approach, which supplies a framework for modelling athletic performance.14, 15 It defines coordination
as the process by which the degrees of freedom are organized in time and sequence to produce a functional
movement pattern or synergy.16-18 During the instep
kick, abundant degrees of freedom are eliminated by
coordinative structures like muscle synergies.19 Muscle
synergies are neurally recruited motor patterns that act
to simplify full body movement and control.20 For the
kicking leg, they account for the characteristic proximal
to distal sequence, in which hip flexor muscles accelerate the hip first and subsequently knee extensor muscles accelerate the knee.6, 21 Angular velocity of knee
extension has been identified as the main contributor to
the generation of foot speed.4, 6, 7, 22-26 Putnam 27 studied
the punt kick and demonstrated that angular velocity of
knee extension not only originates from the knee extensor muscles but also from acceleration of hip flexion.
Other studies demonstrated that also hip deceleration at
square knee angle induced acceleration of knee extension.21, 26, 27 In the more complex instep kick, also upper
body and support leg events contribute to kicking knee
extension. Naito et al.11 showed that upper body and
support leg events supply energy for the development
of angular velocity of knee extension. Shan and Westerhoff 12 showed effective upper body movement to be
a key factor for a more explosive muscle contraction to
enhance foot speed. Muscle contractions not only accelerate segments to which the muscles attach, but also
distant segments to which they are not attached. This is
called dynamic coupling and arises from the multiarticular nature of the body.28-30 Muscle synergies induce
segmental accelerations that cause mechanical energy
to flow among segments in order to kick efficiently and
to avoid extreme muscle work.30 In the dynamic systems approach, the magnitude and direction of energy
flow in a multiarticular system can be computed as an
expression of dynamic coupling. As muscle forces and
moments determine the magnitude of the energy flow,
segment positions and velocities determine its direction.29 From this perspective, the authors assumed that
during the instep kick, peak kinematics of upper body
and kicking leg segments should concur with important
kicking leg events. The events maximal hip extension
(MHE), maximal knee flexion (MKF), knee flexion 90
degrees (KF90) and ball impact (BI), the so-called Key
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points, were considered important as MHE, MKF and
BI define the leg cocking and acceleration phases.10 In
addition, MHE and MKF concur with maximal muscle forces,21, 25, 27 KF90 marks the moment of maximal energy transfer 26 and hip deceleration 27 and BI
marks maximal foot speed.2 To our knowledge, there
have been no reports in literature of previous attempts
to quantify relative timing of peak segment kinematics
during the maximal instep kick. Therefore, the first aim
of this study was to describe the duration and relative
timing of phases during the maximal instep kick. The
second aim was to describe the concurrence of maximal
range of motion, maximal angular acceleration, maximal angular deceleration and maximal angular velocity
of upper body and kicking leg segments with four key
points.
Materials and methods
Participants
Twenty male professional and semi-professional
football players (age 21.5±4.0 years, height 1.83±0.07
m and body mass 80.5±8.31 kg) volunteered to participate in this study. All participants were invited from
elite and sub-elite clubs. All reported to be free from
injury. They had been informed prior to testing and
signed informed consent, giving them the opportunity
to withdraw from the study at any given time. Approval was obtained from the medical staff of the football
clubs.
Measurement set-up
The procedures were completed in the clinical
movement laboratory of the Maastricht University
Medical Centre+. Motion was recorded using a threedimensional motion-capture system with eight infrared cameras (VICON Motion Systems, Oxford Metrics Ltd., Oxford, England) and two high-speed Digital
Video (DV) cameras (Basler AG, Ahrensburg, Germany). The infrared cameras recorded motion at a rate of
200 frames per second. The DV cameras recorded at a
rate of 100 frames per second. The cameras were set
up and calibrated in accordance with VICON’s guidelines. Reflective 14 mm markers were attached to 31
body landmarks on the upper and lower body using
VICON’s full body model: four on the head, one on
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the spinous process of the 7th cervical vertebrae, the
manubrium and xiphoid process of the sternum, acromioclavicular joints, lateral epicondyles, wrist bar
thumb sides, wrist bar 5th finger sides, anterior superior iliac spines, posterior superior iliac spines, lower lateral 1/3 surface of the thighs, lower 1/3 of the
shanks, lateral epicondyle of the knees, lateral malleoli, both the calcaneous and the fourth metatarsal heads.
A standardized static motion capture of every subject
served as reference to be able to correct ROM and absolute joint angles. In this way, the anatomical position
was used to gauge the output obtained from VICON.
VICON Nexus was used for calibrating, recording and
analysing the data. Nexus presented 3D-constructions,
marker labelling and kinematic calculations; everything being synchronized with video-recordings and
analogue data.
Measurements
All participants performed a standardized fifteenminute warm up of stationary cycling. Consecutively,
height and weight of the footballers were assessed.
Leg length, knee width, ankle width, elbow width,
wrist width, hand thickness and shoulder offset were
determined and entered into Nexus to provide the
VICON Motion System with information needed for
the representation of a full body model, corresponding with the marker placement. Participants were then
instructed to perform three maximal instep kicks. Every kick was performed with the dominant leg, with
a 20 second interval in between. The ball was an official FIFA size-5 football (Derbystar TM, Goch, Germany). Target was a marked spot (one meter above the
ground) on a two by three meter goal at four meters
distance from the ball.

Statistical analysis
Data analysis was performed using the Statistical
Package for Social Sciences, version 21. The standard
static motion capture was analysed first, and basic values were noted for correction of ROM values during
the performance of the instep kick. First, the relative
timing of kicking leg events in peak segment kinematics
were calculated. Therefore, the events heel strike, toe
off, maximal hip extension, maximal knee flexion, knee
flexion 90 degrees, ball impact and toe velocity inflection were determined accompanying the camera recordings (Figure 1). VICON Nexus provided peak kinematics of body segments, which concerned maximal range
of motion, maximal angular acceleration, maximal angular deceleration and maximal angular velocity of the
shoulder at non-kick side, lumbar spine, pelvis, kicking
hip and knee. The absolute timing of events and peak
kinematics was registered in the timeline in frames of
5 milliseconds, conditioned by the 200 Hz VICON recording frequency. From the three kicks of each participant, mean and standard deviation of events and peak
kinematics were calculated, whereupon the mean and
standard deviation for the group were calculated. Then,
the duration of the kicking phases and total kick were
determined.10 First, the individual mean and standard
deviation of phase and total duration were calculated,
thereafter for the group. Absolute and relative timing of
kicking leg events and duration of phases were calculated in seconds and percent of the total kick (Table I).
Relative timing of peak segment kinematics was calculated in percent of the total kick (Table II).
Subsequently, the concurrence of peak segment kinematics with four key points was determined. For each
peak segment kinematic was analyzed, which key point
showed the smallest difference in relative timing. Then,

Table I.—Relative and absolute duration and timing of phases of the maximal instep kick, reported as mean (±SD) in percent and seconds.
Phases

Preparation
Backswing
Leg cocking
Acceleration
Follow through
Total kick

Duration
Percent

32.9±5.7
18.5±3.8
12.2±2.2
11.7±1.5
24.7±5.2
100.0±0.0

Seconds

0.200±0.050
0.112±0.026
0.072±0.009
0.070±0.007
0.150±0.038
0.603±0.074

Timing

Segment event

TO
HS
MHE
MKF
BI
TVI

Percent

0.0±0.0
32.9±5.7
51.4±5.0
63.6±5.2
75.2±5.2
100.0±0.0

Seconds

0.00±0.000
0.20±0.050
0.31±0.058
0.38±0.059
0.45±0.061
0.60±0.074

TO: toe off; HS: heelstrike; MHE: maximal hip extension; MKF: maximal knee flexion; BI: ball impact; TVI: toe velocity inflection.
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Table II.—Concurrence of relative timing of key points and relative timing of peak kinematics of upper body and kicking leg segments*.
Relative timing keypoints

Relative timing peak kinematics of body segments

Maximal hip extension
Maximal knee flexion

51.4±5.0
63.6±5.2

Knee flexion 90°

69.3±4.9

Ball impact

75.2±5.2

Maximal range of motion shoulder extension
Maximal angular acceleration spine flexion
Maximal angular acceleration pelvis posterior tilt
Maximal angular velocity spine flexion
Maximal angular velocity shoulder flexion
Maximal angular acceleration knee extension
Maximal angular deceleration hip flexion
Maximal range of motion pelvis anterior rotation
Maximal range of motion hip deflexion
Maximal angular deceleration pelvis anterior rotation
Maximal angular deceleration spine flexion

49.9±6.7
63.6±4.7
63.9±4.7
68.7±4.5
69.1±4.9
69.3±5.2
69.6±5.5
75.4±5.4
76.0±5.5
75.3±5.2
75.8±4.9

δ†

P††

1.6±4.3
0.0±1.8
0.3±1.9
0.6±1.4
0.1±1.9
0.0±2.8
0.3±1.5
0.1±2.1
0.4±1.0
0.0±2.5
0.5±1.5

0.206
0.444
0.920
0.054
0.751
0.602
0.327
0.777
0.173
0.970
0.107

*Data are reported as mean (±SD) percent of the total duration of the kick; †δ: difference between relative timing peak kinematics and key points; ††P-values >0.05:
difference is not significant, thus indicates significant concurrence of relative timing of segment and key point.

the differences between relative timing of peak segment
kinematics and accessory key points were calculated.
Because of the small sample size, a non-parametric Wilcoxon signed rank test was used to calculate P-values
for differences in timing. Concurrence of peak segment
kinematics and accessory key points was accepted,
when the difference in timing was not significant. Peak
segment kinematics that showed significant concurrence with a key point, are presented in Table II. The
level for significance was set at 0.05.
Results
Twenty male participants were recruited and completed the study. Eighteen players displayed right leg dominance and two players displayed left leg dominance. All
had been playing football for at least 13 years at the
time of measurement. None of the players reported any
discomfort during kicking.
Duration and timing of phases
Six kicking leg events defined the five phases of the
instep kick (Figure 1). The mean duration of the kick
was 0.603 (±0.074) seconds. The relative and absolute
duration of each phase were determined and are reported
in Table I. The preparation phase and the follow-through
phase took up more than 50% of the total movement. The
leg cocking and acceleration phases were relatively short
and showed almost similar duration. These phases were
most consistent because of the small standard deviations.
The relative and absolute timing of the kicking leg events
and phases were also determined and are reported in Ta-
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ble I. key point knee flexion 90 degrees (KF90) timed at
69.3(±4.9)% and was located nearly in the middle of the
acceleration phase, 5.7(±1.2)% after key point maximal
knee flexion and at 6.0(±1.5)% before ball impact.
Concurrence of relative timing of body segments and
key points
Eleven peak kinematics of upper body and kicking
leg segments, significantly concurred with four key
points during the leg cocking and acceleration phases.
Key point maximal hip extension timed similar with
maximal ROM of shoulder extension. Key point maximal knee flexion timed similar with maximal angular
acceleration of spine flexion and pelvis posterior tilt.
Key point knee flexion 90 degrees timed similar with
maximal angular velocity of shoulder flexion and spine
flexion, maximal angular deceleration of hip flexion and
maximal angular acceleration of knee extension. Key
point ball impact timed similar with maximal ROM
of hip deflexion and pelvis anterior rotation and with
maximal angular deceleration of spine flexion and pelvis anterior rotation. A complete overview of significant
concurrence of relative timing of key points and body
segments, are reported in Table II. Maximal angular
velocity of pelvis posterior tilt (68.1±4.7%) showed almost similar relative timing as key point knee flexion 90
degrees, but was not significant.
Discussion
In this study we described the duration and relative
timing of the five phases of the maximal instep kick.
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Comparison of the results of the present study to those
of Brohpy et al.10 showed almost similar duration for
the preparation, backswing and acceleration phases.
Our results demonstrated a longer leg cocking phase
(0.072±0.009 seconds vs. 0.040±0.030 seconds) but a
shorter follow through phase (0.150±0.038 seconds vs.
0.350±0.110 seconds) compared to the study by Brophy et al.10 As both studies used the same definition
on phases, the level of players might explain the differences. Brophy et al.10 used collegiate football players as in our study professional and semi-professional
football players participated. This is supported by the
longer total duration of the kick in the study by Brophy et al.,10 which lasts 0.790(±0.12) seconds as for
our study 0.603(±0.074) seconds. Egan et al.31 also
demonstrated a longer total duration for backswing,
leg cocking and acceleration in non-experienced players (0.263±0.047 seconds) than in experienced players
(0.223±0.035 seconds). Nunome et al.21 described the
kick with three phases, the backswing (0.180±0.026
seconds), leg cocking (0.062±0.020 seconds) and acceleration phase (0.051±0.074 seconds). These results
were almost similar as the results in our study. In both
studies, experienced players performed the kick. In
our study, the kicking movement within the population
was fairly consistent. The measurements of dispersion
were low for the backswing, leg cocking and acceleration phase. The preparation phase and the follow-trough
phase had the highest values of dispersion, but also the
longest duration.
Furthermore, we reported significant concurrence
of relative timing of eleven peak kinematics of upper
body and kicking leg segments, with relative timing of
four key points. For the upper body, three peak pelvic
kinematics, three peak spine kinematics and two peak
shoulder kinematics displayed significant concurrence
with key points. For the kicking leg, two peak hip kinematics and one peak knee kinematic significantly concurred with key points (Table II). As acceleration and
deceleration of body segments induce intersegmental
energy flow,11, 12, 28, 29, 32 it might be suspected that the
findings of our study reflect dynamic coupling between
upper body and kicking leg.
Previous studies reported the importance of shoulder
extension at the non-kickside in order to stabilise the
trunk 13 and to produce a tension arc.12 Data from this
study support these theories, as relative timing of maxi-
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mal ROM shoulder extension occurred with key point
MHE.
Key point MKF concurred significantly with maximal acceleration of spine flexion and pelvis posterior
tilt. This in agreement with the study by Lees et al.,33
who reported a quick pelvis posterior tilt 50 ms before
ball impact. No previous study has reported on the function of pelvis posterior tilt during the kick. However,
this function might become more clear when we consider the function of the kicking leg on key point MKF.30, 34
Nunome et al.21 and Lees et al.22 demonstrated that at
key point MKF, the hip started to decelerate through the
maximal backward knee muscle moment. Data from
this study demonstrated that at the same time, maximal
acceleration of pelvis posterior tilt initiated hip extension.35 Therefore it might be suspected that simultaneous timing of maximal acceleration of pelvis posterior
tilt and the backward maximal knee muscle moment
will cause effective hip deceleration. As spine flexion
is associated with pelvis posterior tilt,36 the spine might
reinforce pelvis tilt, as they both accelerate maximally
at key point MKF.
Key point KF90 concurred significantly with maximal deceleration of hip flexion and maximal acceleration of knee extension, which confirms the proximal
to distal sequence of the kicks of our participants and
of several other studies.1, 6, 7, 10-12, 21, 25, 27, 34, 37 Although
key point KF90 separated the acceleration phase in two
almost equal parts, the knee extended approximately 21
degrees between key points MKF and KF90, whereas
approximately 65 degrees between key points KF90
and BI. This supports the findings by Naito et al.30 that
hip induced centrifugal forces reach maximal values at
a square knee angle in order to enhance knee extension
velocity. Furthermore, the concurrence of maximal velocity of spine flexion and shoulder flexion with KF90,
might reflect intersegmental energy flow.26
At keypoint BI, our study reported significant concurrence with maximal deceleration of spine flexion
and pelvis anterior rotation and maximal ROM of pelvis anterior rotation and hip deflexion. Therefore, pelvis
and hip motion comes to a halt at ball impact. This is
in agreement with the study of Shan and Westerhoff,12
who observed zero hip angular velocity just before ball
impact. Lees et al.33 stated that during the instep kick a
complex of segment events acts to control and to perturb body motion as little as possible, providing a stable
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platform for ball contact to take place. In view of this,
body segment events that occur during kicking not only
enhance foot speed, but also might reflect this goal.37
It seems that the constraints of the maximal instep
kick increase towards the moment of ball impact.
Firstly, phase’s duration decrease towards ball impact.
Secondly, the duration of the leg cocking and acceleration phase are most precise, as to the small dispersion. Thirdly, during these two phases, eleven peak
body segment kinematics concur with four key points,
which may reflect the outcome of a well-coordinated
kick. Muscle synergies play a key role in the coordination of body segments. Muscle-induced accelerations
account for dynamic coupling and thus determine the
concurrence of peak kinematics and key points.29 Each
key point concurs with a cluster of peak upper body and
kicking leg segment kinematics, which presumes a biomechanical interaction to exchange energy between the
upper body and kicking leg.28 It suggests that the upper
body (tension arc) assists in acceleration of hip flexion
during leg cocking and in deceleration of hip flexion
during the acceleration phase. Simultaneous timing of
peak hip deceleration and peak knee acceleration at key
point KF90 suggests optimal energy transfer from thigh
to shank.28-30 Further, our data suggest that hip deceleration is not only caused by the backward knee muscle
moment 4,21 but also by simultaneous timing of spine
and pelvis.
We acknowledge some limitations. The segment
events heel strike, toe off and ball impact were visual
determined using the DV images with a sampling rate
of 100 Hz. A higher frequency should facilitate visual
determination of these three events with even more precision. Furthermore, the laboratory set up did not allow
participants to make wide approach angles towards the
ball, which might affect ball velocity37. Finally, for a
complete overview of kicking technique, relative timing of all relevant body segments should be studied, including the support leg segments38.
Conclusions
Data from this study demonstrate consistent phase
timing and duration. Eleven peak kinematics of upper
body and kicking leg segments, significantly concur
with four kicking leg positions. These results provide
key points for kicking coordination and stress the im-
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portance of dynamical coupling as a kicking mechanism. The findings of this study suggest that muscle
synergies play a key role in the coordination of body
segments during kicking. As to dynamic coupling,
precise timing of upper body and kicking leg segments presume a biomechanical interaction. This suggests that during leg cocking the upper body (tension
arc) induces hip acceleration. During the acceleration
phase, the upper body may assist in hip deceleration,
in order to accelerate knee extension through intersegmental energy transfer. Precise timing not only enhances foot speed, but also aims to control body segments at ball impact. To enhance kicking skills, future
research should focus on the biomechanical interaction of the upper body, support leg and kicking leg
and extrapolate new findings to football training programmes.
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