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a b s t r a c t

The purpose of this study was to investigate the angular kinetic energy transfers and expenditure among

the trunk (bisegmented), the pelvis and the kick limb during maximal soccer instep kicking, and to

characterize kicking kinetics and kinematics. Eighteen adult male amateur soccer players (24.0 ± 4.1 years

old) were assessed. Three-dimensional kinematics and ground reaction force were measured. A 6-

degrees-of-freedom model was assumed, comprising the upper trunk, lower trunk, pelvis, thigh, shank

and foot, and the thoraco-lumbar, lumbo-pelvic, hip, knee, and ankle joints. Angular kinematics and joint

moments were computed. Power flow analysis was done by calculating the joint powers (to describe

joint-to-segments energy transfers) and the proximal and distal segment powers (to describe

segment-to-segment transfers). Power, kinematic and kinetic time series were presented to describe

the energy flows’ directions. The total mechanical energy expenditure (TMEE) at each joint was also

calculated. The TMEEs pointed to substantial energy expenditure at the trunk (27% of the summed work

produced by the analyzed joints). In the initial phases of kicking, the trunk generates downward energy

flows from the upper to the lower trunk and from the lower trunk to the pelvis, and then to the lower

limb, sequentially, which favors angular motions for ball contact. There is a formation and release of a

tension arc only at the hip joint, and deceleration of the segments slightly sooner than ball contact,

differently from theoretical accounts. There are energy flows, hitherto unknown, among the trunk, pelvis

and kick limb, revealing mechanical strategies of kicking.

� 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Soccer kicking is extensively executed during game and training
situations, and its proper execution contributes to the athlete’s and
team’s performance (Rahnama et al., 2002). In addition, several
injuries have been reported as related to the mechanics of soccer
kicking, such as muscle strains (Cross et al., 2013), pelvic dysfunc-
tions/groin pain (Serner et al., 2015) and back pain (El Rassi et al.,
2005). Therefore, understanding the mechanical aspects of kicking

is of interest for sports professionals and researchers aiming to
optimize player’s performance and to comprehend potential mech-
anisms for musculoskeletal injuries. Studies of kicking biomechan-
ics have focused on the kinematics, kinetics (Kellis and Katis, 2007;
Lees et al., 2010a) and power flow (Robertson and Mosher, 1985) of
the kicking limb. However, due to the mechanical coupling among
body segments (Zajac et al., 2002), the involvement of segments
and joints proximal to the lower limbs during kicking should also
be understood.

Previous studies have described the kinematics of the upper
body during soccer kicking. Shan and Westerhoff (2005) showed
that experienced players exhibit large trunk and upper limb
motion. Further, Fullenkamp et al. (2015) showed that skilled play-
ers had greater trunk axial rotation range of motion and peak trunk
rotation velocity compared with novice players, and that this was
associated with increased ball velocity. Such evidence suggests
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that the mechanics of upper body segments, such as the trunk (in-
cluding the pelvis), is relevant for kicking. In addition, theoretical
accounts proposed that the trunk and the joints connecting the
trunk to the kicking lower limb may be exploited to better propel
the ball forward (Fonseca et al., 2011; Shan and Westerhoff, 2005).
Overall, these accounts suggest mechanisms in which the
moments of force exerted at the trunk occur in favor of the typical
motions of the kicking limb; i.e., to accelerate the limb before ball
contact and to decelerate it after contact (Fonseca et al., 2011; Shan
and Westerhoff, 2005). In this sense, there could be mechanical
energy storing and releasing in a hypothetical tension arc formed
by the body (Shan and Westerhoff, 2005) and/or a proximal to dis-
tal transfer of mechanical energy (Fonseca et al., 2011). Unfortu-
nately, the existing kinematic descriptions alone cannot be used
to verify these kinetic and energetic suppositions. Therefore, there
is a need for a description of the kinetics and energy flows among
the joints and segments of the trunk and swing lower limb, in order
to understand the mechanical strategies used to perform maximal
instep kicking of soccer.

The present study investigated the angular kinematics and
kinetics of the maximal instep kicking, including the upper trunk,
lower trunk and pelvis. A power flow analysis was carried out to
describe the kinetic energy transfers and expenditure among the
trunk and kick lower limb segments and joints.

2. Materials and methods

2.1. Experimental design and participants

Eighteen adult male amateur soccer players (age:
24.0 ± 4.1 years, height: 1.73 ± 0.07 m, mass: 69.57 ± 10.5 kg,
BMI: 22.86 ± 2.89 kg/m2) who practiced soccer as a recreational
activity at least once a week for a minimum period of one year
were recruited by convenience of university soccer teams and
recreational soccer clubs to participate in this cross-sectional
observational study. All participants were skilled at kicking, played
at a good amateur level and had at least eight years of experience
playing soccer (12.9 ± 4.8 years). The test procedures of this study
were approved by the institution’s Research Ethics Committee
(CAAE – 42162915.9.0000.5149) and the participants signed an
informed consent form.

The inclusion criteria were: right foot dominance (verified with
the question: ‘‘If you were to kick a ball, which foot would you kick
with to achieve the maximal ball speed?”); age between 18 and
35 years; body mass index of 28 kg/m2 or less; playing soccer as
a recreational activity at least once a week for a minimum period
of one year; absence of musculoskeletal injuries and/or surgery
in the lower limbs, pelvis or trunk in the last 12 months; and
absence of musculoskeletal symptoms in the last three months.
The exclusion criteria were: presence of any discomfort during
the kicking trials; drugs or alcohol consumption or engagement
in any type of physical training or exercise in the 24 h prior to data
collection.

2.2. Kinematic and kinetic assessment of kicking

For the kinematic assessment of kicking, the three-dimensional
motion analysis system Codamotion (Charnwood Dynamics, Roth-
ley, England) with four capture units for active markers was used,
at a sampling rate of 100 Hz. To obtain kinetic data, a synchronized
OR6-6 force platform (Advanced Mechanical Technology Inc.
- AMTI, Watertown, USA) was used at a sampling rate of 1000 Hz.

Thirty-three active tracking markers fixed on clusters were used
to track positions of nine body segments of the participants: upper
trunk (thorax), lower trunk (lumbar), pelvis, thighs, legs and feet

(De Leva, 1996; Iino and Kojima, 2012; Sinclair et al., 2014;
Visual 3D Wiki Documentation, 2016) (Fig. 1a and b). An active
tracking marker was attached to the ground, just below the ball
(inside a small, 1.0 � 0.6 cm rectangular pit on the floor), for defin-
ing the instant the ball moved. To define a model of free rigid seg-
ments, a local three-dimensional coordinate system was created
for each segment, based on the location of anatomical technical
markers on specific bone prominences and virtual technical mark-
ers created in the Visual3D software (C-Motion, Inc., Rockville,
USA) (Cappozzo et al.,2005) (Fig. 1c). The anatomical and virtual
technical markers were also used to later define segments’ dimen-
sions and inertial properties (De Leva, 1996; Dempster, 1995;
Hanavan, 1964).

Prior to data collection the participants performed a short
warm-up period consisting of a maximum of 15 kicks with sub-
maximal and maximum force, to familiarize the players with the
task and the test environment. After warming up, a ten-minute rest
was given.

The overview and description of the measurement setup are
presented in Fig. 2 (Augustus, et al., 2017; Lees et al., 2010a). The
participant was instructed to kick the soccer ball ‘‘as strong as pos-
sible” with the dorsum of the right foot (maximal instep kick),
avoiding shooting the ball outside the limits of a rectangular target
drawn on the canvas. The participant performed kicks until seven
were considered valid for analysis. A maximum limit of fifteen
kicks was established and a resting interval of one minute was
given after each trial, when the participant remained seated, to
avoid any muscle fatigue (Apriantono et al., 2006). All participants
had seven valid trials before completing fifteen kicks.

2.3. Data processing

Kinematic and kinetic data were processed using Visual3D soft-
ware. For the feet, shanks, thighs and pelvis segments, masses were
estimated as percentages of total body mass, based on the Demp-
ster’s regression equations (Dempster, 1995). The location of the
centers of mass, the moments of inertia and 3D dimensions of
these segments were estimated according to the parameters pro-
posed by Hanavan (1964). For the upper and lower trunks, the
masses, moments of inertia, and positions of the mass centers were
estimated according to the Zatsiorsky-Seluyanov’s parameters
adjusted by De Leva (1996). The mass of the soccer cleats was con-
sidered negligible (Nunome et al., 2002).

The tracking-markers trajectory data were filtered using a dig-
ital fourth-order, zero-lag, Butterworth low-pass filter. An opti-
mum cut-off frequency (6 Hz) was determined by residual
analysis. Force data were filtered using a fourth-order, zero lag,
Butterworth low-pass filter with a cut-off frequency of 10 Hz
(Winter, 2009).

2.4. Data reduction

Time series were obtained for angular motion, in degrees, of the
joints and segments, in the sagittal plane. The Cardan sequence
used was: mediolateral, anteroposterior and longitudinal (X, Y, Z)
(Lees et al., 2010b). The kinematic and inertial data were used to
calculate joint moments, in Nm, using the inverse dynamics
method, with the calculation sequence beginning from the feet
(Robertson et al., 2014; Winter, 2009). Joint moments were nor-
malized by body mass (Nm/kg).

From the angular displacements and joint moments calculated,
a power flow analysis was performed. The joint powers and the
powers at the extremities of each segment constituting a joint
(i.e., the distal power of the proximal segment (Pp) and the proxi-
mal power of the distal segment (Pd)) (watts/kg) were computed
to estimate the kinetic energy changes involving the segments
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Fig. 1. Positions of anatomical and tracking markers in anterior (a) and posterior (b) views. Gray markers were used for tracking the segments. Anatomical markers (black

circles) and virtual markers (white circles) were used for the definition of the biomechanical model. (c) Local coordinate systems of the feet, shanks, thighs, pelvis, lower trunk

and upper trunk segments. The bottom panel illustrates the kinematics captured for one participant. Source: modified from Graci et al. (2012).

Fig. 2. Overview of the kick evaluation setup. a) initial position of the player, three meters away from the ball, in an angle of about 45� in relation to the kick direction line; b)

plastic canvas (size: 8 m � 6 m), attached to the ceiling of the laboratory, at a four-meter distance from the ball, to absorb the impact of the ball; c) rectangular target drawn

on the canvas with official dimensions of a futsal goal (height: 2 m; width: 3 m; thickness: 8 cm); d) position of the FIFA official soccer ball (size five, inflated at 9.0 psi) at the

side of the force platform so that the support foot (i.e., left) landed on the platform; e) position of the Nikon D3100 digital camera (Nikon Inc. Tokyo, Japan) used to verify if the

support foot landed within the limits of the force platform.
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and their respective joints (McGibbon and Krebs, 2001; Novak
et al., 2015; Robertson andWinter, 1980). The joint powers charac-
terize joint-to-segments energy transfers and the proximal and
distal powers characterize segment-to-segment transfers. These
powers were expressed as follows (Novak et al., 2011, van der
Krug et al., 2018):

Pj ¼ Mj wp �wd

� �

¼ Pp þ Pd ¼ Mjpwp þMjdwd

where Pj is the joint power; Mj is the joint moment; wp is the angu-

lar velocity of the proximal segment of the joint; wd is the angular
velocity of the distal segment of the joint; Pp is the proximal power

(i.e., distal power of the proximal segment of the joint); Pd is the dis-
tal power (i.e., proximal power of the distal segment of the joint);
Mjp is the joint moment acting on the proximal segment; Mjd is

the joint moment acting on the distal segment.
Following the approach of Robertson and Winter (1980), the

directions of the power flows were interpreted in terms of five pos-
sible situations of transfer: (1) concentric with no transfer (gener-
ation by the joint to the segments), (2) eccentric with no transfer
(absorption by the joint from the segments), (3) concentric energy
transfer (transfer between segments plus generation by the joint to
the segments), (4) eccentric energy transfer (transfer between seg-
ments plus absorption by the joint from the segments), (5) nearly

isometric energy transfer (transfer between segments with very
small generation or absorption by the joint) (Table 1).

Total mechanical energy expenditure (TMEE) was computed to
characterize the total amount of energy produced/absorbed/trans-
ferred by means of the anatomical structures producing the net
moment at a joint. The method described by McGibbon et al.
(2001) was used. However, instead of reporting separated values
of mechanical energy expenditure for the situations of concentric
transfer, eccentric transfer, and no transfer, the expenditures of
these situations within the kick cycle were summed up to obtain
a single total value, in J/kg. The energy expenditure definition
(McGibbon et al., 2001; McGibbon and Krebs, 2001) considers
segment-to-segment energy transfers made by the joint, which is
different from the traditionally used joint work which considers
only the energy absorbed or generated by the joint (Robertson
and Winter, 1980). Thus, it avoids, for example, considering the
energy expenditure at a given joint as zero, in a situation in which
the joint power and work are zero, but this joint is transferring
energy between the adjacent segments (McGibbon et al., 2001;
McGibbon and Krebs, 2001).

To facilitate interpretation of the results, the kick cycle was
divided into four phases (backswing, leg cocking, leg acceleration
and follow-through) according to specific kinematic events, as
described by Nunome et al. (2002) and Brophy et al. (2007). All

Table 1

Possible situations of generation, absorption and transfer of mechanical energy by the moment of force acting on a joint during kicking.

Description of

movement

Type of joint

moment

Directions of segmental

angular velocities

Joint function Amount, type and direction of power

Both segments rotating in opposite directions

Situation

1

Joint angle decreasing Concentric Mechanical energy

generation

Mx1 generated to segment 1. Mx2 generated to

segment 2.

Situation

2

Joint angle increasing Eccentric Mechanical energy

absorption

Mx1 absorbed to segment 1. Mx2 absorbed to

segment 2.

Both segments rotating in same direction

Situation

3

Joint angle decreasing

(e.g. x1 > x2)

Concentric Mechanical energy

generation and transfer

M(x1 – x2) generated to segment 1. Mx2

transferred to segment 1 from 2.

Situation

4

Joint angle increasing

(e.g. x2 > x1)

Eccentric Mechanical energy

absorption and transfer

M(x2 - x1) absorbed from segment 2. Mx1

transferred to segment 1 from 2.

Situation

5

Joint angle constant

(x1 = x2)

Isometric

(dynamic)

Mechanical energy transfer Mx2 transferred from segment 2 to 1..

M = is the joint moment; x1 = is the angular velocity of the segment 1 of the joint; x2 = is the angular velocity of the segment 2 of the joint. Source: modified from Robertson

and Winter, 1980.

Fig. 3. Average curves and standard deviations of the segment and joint angles, joint moments, and proximal, distal and joint powers of the thoraco-lumbar and lumbo-pelvic

joints at the trunk and hip, knee and ankle joints of the kicking limb, during kicking. For the angles and powers, the blue, red and black lines correspond to the proximal and

distal segments and to the joint, respectively. The dashed vertical lines on the graphs represent the limits of the phases: backswing, leg cocking, leg acceleration, and follow-

through. The vertical gray bar represents the instants near ball contact, named ‘‘ball impact interval”, which were not analyzed in this study. The horizontal solid bars at the

top of the power graphs represent the mechanical energy transfer conditions: dark yellow indicates a concentric condition with no transfer (generation by the joint to the

segments); light yellow indicates a concentric energy transfer condition (transfer between segments plus generation by the joint to the segments); dark green indicates an

eccentric condition with no transfer (absorption by the joint from the segments); light green indicates an eccentric energy transfer condition (transfer between segments plus

absorption by the joint from the segments); black indicates a nearly isometric energy transfer (transfer between segments). The arrows indicate the direction of the

mechanical energy flow between the adjacent segments of the joint: upwards arrows show transfer to the proximal segment; downwards arrows show transfer to the distal

segment; bidirectional outwards arrows show energy generation for the proximal and distal segments; bidirectional inwards arrows show energy absorption of the proximal

and distal segments. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

"
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time-series data, from all trials, were interpolated and transformed
in curves with 101 points (0–100%). Kicking cycle, phases’ defini-
tions and duration, as well as a reliability analysis of the kinematic
curves, are presented in supplementary material.

2.5. Descriptive analysis

Average curves from all trials and participants were generated
to characterize the kinematics, kinetics and energy transfers
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(powers). The events’ timings, in percent of the cycle, were also
averaged, to represent the phases’ boundaries in the average
curves. For the joints’ TMEEs, means, standard deviations and
ranges were calculated. Each joint TMEE was also converted into
percentage of the summed TMEEs of all the analyzed joints. The
means, standard deviations and ranges for the TMEEs in percent-
age were also calculated.

3. Results

The curves of the average segmental and joint angles, joint
moments and power values showing the joint-to-segment (joint
power) and the segment-to-segment (proximal and distal powers)
energy transfers, during kick, are presented in Fig. 3. It can be
observed that situations with segment-to-segment transfers (i.e.,
concentric, eccentric and isometric transfers) were predominant,
which are represented by proximal and distal powers clearly dif-
ferent from zero and by the light green, light yellow and black hor-
izontal bars, in Fig. 3. From the power curves and their relationship
with kinematics and moments (Table 1), the directions of the
energy flows among the joints and adjacent segments (arrows in
Fig. 3) were revealed. Fig. 4 summarizes the predominant direc-
tions of energy flows in each phase of kicking. Predominance of
power flows were verified for each kick phase and most of them
were statistically significant (supplementary material). The flow
directions will be further described and interpreted in terms of
mechanical strategies for producing the angular motions of kick-
ing, in the discussion section. In addition, the TMEE of the joints
are presented in Table 2.

4. Discussion

The present study estimated and described flows of mechanical
energy among segments and joints, caused by the joint moments of
force of the trunk (modeled as a bisegmented trunk) and kicking
limb, in the sagittal plane, during the performance of a maximal
instep kicking. The patterns of the joint kinematics, moments
and power of the kicking limb were similar to previous studies
(Nunome et al., 2002; Robertson and Mosher, 1985; Shan and
Westerhoff, 2005). To the extent of our knowledge, segmented
trunk kinematics, kinetics and energy transfers (joint, proximal,
and distal powers), and kicking limb segment-to-segment transfers
(proximal and distal powers) have never been reported before. The
data presented in Figs. 3 and 4 show that there are specific and pre-
dominant (table in supplementary material) energy transfers
between the upper and lower trunks and between the lower trunk
and pelvis. The observed joint TMEEs and their description in per-
cent of the summed TMEEs of the joints analyzed point to substan-

tial energy expenditure at the trunk segments and joints (a total of
27% for the trunk) (Table 2). The results, including the kicking limb,
can be used to understand the mechanical participation of the
trunk and lower limb segments and joints in producing the angular
motions of kicking.

One aim of biomechanical analyses of kicking is to understand
how the motions of the kicking limb can be powered to improve
energy transfer to the ball, i.e., how kinetic energy arrives at the
limb segments in the production of their angular motions towards
the ball. Fig. 3 shows that, before ball contact, there are temporal
windows at each joint with positive power values for the distal
segment and negative power values for the proximal segment,
which constitutes a downward energy transfer. Within these tem-
poral windows, both adjacent segments of a joint are tilting back-
wards, and an eccentric or concentric (downward) energy transfer
is happening. Thus, the upper segment ‘‘pulls” the lower segment
to accelerate its backward rotation, by means of the joint moment
(Fig. 5). Specifically, during backswing and leg-cocking phases, the
curves of proximal and distal powers indicate an initial energy flow
from the upper trunk to the lower trunk and a predominant flow
from the lower trunk to the pelvis (Figs. 3 and 4). While there
are extensions of the upper and lower trunks, retroversion of the
pelvis, and extensions of the thoraco-lumbar and lumbo-pelvic
joints, there are also flexion moments at both joints. However, lit-
tle energy is produced or absorbed by these joints. The moments at
these joints were mainly responsible for the observed energy flows
from the upper to the lower segments. This rationale is supported
by the low values of joint power compared to the proximal and dis-
tal segment powers, and by observing the directions (signs) of the
proximal and distal powers (i.e., positive values for the distal seg-
ment and negative values for the proximal segment) (Fig. 3).

Fig. 4. Illustration of the mechanical energy flows during the kick cycle. The arrows represent the directions and conditions (concentric or eccentric) of energy transfers. The

unidirectional arrows in yellow color indicate a concentric transfer of energy from one segment to another by means of the joint; the unidirectional arrows in light green color

indicate an eccentric transfer of energy from one segment to another through the joint; the bicolor arrows (light green and yellow) indicate a consecutive eccentric and

concentric transfer; the unidirectional arrows in black color indicate a nearly isometric energy transfer; and the bidirectional arrows in dark green color indicate an eccentric

transfer of energy from the adjacent segments to the joint. The asterisks highlight downward flows of energy. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

Table 2

Means, standard deviations, ranges and percentages of the total mechanical energy

expenditures (TMEE) of the joints.

Joints TMEE (J/kg)

Mean (SD)

[Range]

TMEE in percent of the

analyzed joints (%)

Mean (SD)

[Range]

Thoraco-lumbar 94.64 (26.51)

[53.00–173.71]

12.91 (2.66)

[7.93–17.83]

Lumbo-pelvic 102.95 (21.64)

[59.04–144.37]

14.06 (2.00)

[8.84–18.17]

Hip 251.78 (39.34)

[178.72–352.59]

34.53 (3.07)

[30.08–40.15]

Knee 254.95 (33.55)

[198.39–322.67]

35.09 (3.52)

[29.12–43.39]

Ankle 24.63 (5.56)

[16.15–36.24]

3.41 (0.83)

[2.05–5.24]

TMEE = total mechanical energy expenditure; SD = standard deviation.
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The pelvis and the kicking limb presented similar behavior.
During most of backswing and leg cocking phases, the pelvis was
accelerated into retroversion with energy income (shown by its
positive proximal power) from the lower trunk (Fig. 3). Specifically
during leg cocking, the pelvic retroversion, accelerated by the
interaction with the trunk, is critical for the hip flexion moment
to transfer energy from the pelvis to the thigh, to accelerate it into
flexion (in addition to the energy put to the thigh by the hip con-
centric flexion moment) (Fig. 3). Accordingly, thigh flexion is criti-
cal for the knee extension moment to transfer energy to the shank,
to accelerate it into extension, at the end of leg cocking and begin-
ning of leg acceleration phases. Finally, shank extension is crucial
for the ankle dorsiflexion moment to transfer energy from the
shank to the foot, to accelerate it into dorsiflexion, from the end
of leg cocking until ball contact, approximately (Fig. 3). The down-
ward energy flows show a temporal sequence beginning at the
upper trunk and ending at the kicking foot, which may help the
foot to demonstrate the highest angular velocity at ball contact
(Fig. 5). This sequence can be noticed by observing the first positive
peak of the proximal power at each joint, which occurs initially at
the thoraco-lumbar joint and lastly at the ankle joint (Fig. 3).
Therefore, this chain of events suggests that trunk segments and
joints, in the initial phases of kicking, are exploited in energy flows
that favor the lower limb angular motions towards the ball.

Theoretical accounts of kicking biomechanics suggest, based on
whole-body kinematics, that during backswing the body forms a
tension arc (composed of the arm of the non-kicking side, the
trunk, and kicking limb) that is released at the beginning of the
leg cocking phase, which would influence kick power (Fonseca
et al., 2011; Shan and Westerhoff, 2005). However, by the present
results, only the hip showed an early energy absorption (negative
joint power during joint extension and an eccentric flexion
moment) and a subsequent large energy release (positive power
during joint flexion and a concentric flexion moment) (Fig. 3).
Despite that, all the joints presented moments that resulted in
proximal and distal powers showing downward energy flow.
Therefore, the initial energy addition to the kicking limb and its
angular acceleration appears to be, in great part, a consequence
of the suggested backward pull made by the upper segments on
the lower segments, instead of a result of a proposed elastic release
of a tension arc.

Angular deceleration of the body segments started sooner than
the ball contact, as opposed to what is expected in the theoretical
accounts (Fonseca et al., 2010; Shan and Westerhoff, 2005). From
the end of leg cocking (for the trunk) and second half of leg accel-
eration (for the hip and knee), the joint power curves indicated
predominant energy absorption by these joints, due to the eccen-
tric moments observed (Fig. 3). The moment at the thoraco-
lumbar joint also caused an energy flow from the upper trunk to
the lower trunk. Therefore, while there were forward tilts of the
upper and lower trunks (trunk flexion) and the pelvis was still
retroverting with flexion of the thoraco-lumbar and lumbo-pelvic
joints, the upper trunk was decelerated by the thoraco-lumbar
extension moment and the lower trunk and pelvis were also decel-
erated by the lumbo-pelvic extension moment (Fig. 3). In the
kicking limb, proximal and distal powers showed an upward
energy flow that helped to decelerate the distal segments. There
was an initial energy transfer from the thigh to the pelvis and then
a hip energy absorption from both the pelvis and thigh. There was
also energy transfer from the shank to the thigh (Fig. 3). Thus, just
before ball contact, the joints were already resisting the segments’
angular motions by means of eccentric moments. This was differ-
ent only for the ankle joint, in which there was minimal joint
motion, as assumed by other authors (Dörge et al., 2002;
Putnam, 1991), and a virtually isometric moment that transfers
energy from the shank to the foot near ball contact (Fig. 3).

Other theoretical and practical implications can be drawn from
our findings, especially for the trunk. We noticed during the first
half of backswing, for instance, that initial trunk extension was
partly produced by the body. There was a concentric extension
moment at the lumbo-pelvic joint, with an input of energy to the
lower trunk, which was partly transferred to the upper trunk by
the eccentric moment at the extending thoraco-lumbar joint
(Fig. 3). This initial active trunk extension suggests that the body
optimizes the advantageous use of the trunk, which is consistent
with the findings of greater trunk extension in experienced and
skilled players than in novice players (Shan and Westerhoff,
2005). In addition, there were great mechanical demands at the
trunk joints, which is shown by the large moments with magni-
tudes comparable to the knee joint, by the energy absorptions
whose peaks reached approximately 30% of the peaks at the hip,
and by the TMEE of 27% when considering the summed TMEEs at
the analyzed joints (Table 2). These large demands at the trunk
may be related to the relatively high incidence of low-back pain
and dysfunction in soccer players (Tojima and Torii, 2018). The
present findings also point to the importance of considering the
motions and muscular function of the trunk to practical
approaches focused on improving kicking performance (Prieske
et al., 2016).

A limitation of this study is the relative low sampling rate
(100 Hz) of the kinematic analysis compared to previous studies
(Nunome et al., 2002; Nunome et al., 2006), which was due to
the large number of active markers needed. However, the moment
and power curves obtained are significantly similar to previous
ones obtained with higher sampling rate (240 Hz) (Lees and
Rahnama, 2013). In addition, although we excluded from our anal-
ysis all the data from a wide time interval around ball impact, the
remaining data near this interval (e.g., the negative joint powers at
the hip and knee just before impact) may still have been subjected
to some distortion and should be considered with caution
(Nunome et al., 2006).

Declaration of Competing Interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.

Fig. 5. Illustration of the backward rotations of the segments (black curved arrows)

from the beginning of the kick until ball contact in a temporal sequence beginning

from the upper to the lower segments and joints. Backward rotation of a distal

segment (arrow 2) is favored by the backward rotation of its proximal segment

(arrow 1) associated with the flexor moments at the thoraco-lumbar, lumbo-pelvic

and hip joints, the extension moment at the knee, and the dorsiflexor moment at

the ankle (joint moments are represented by the arcs in magenta color). The

downward energy flows produced (straight arrows in cyan color) correspond to the

production of the distal segments’ backward rotations, which leads the kicking limb

towards the ball. The black straight and horizontal arrow at the bottom represents

the temporal sequence of kicking, before ball contact. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)
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