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The research is aimed at comparing the kinematics (the movement pattern in the most important joints and accelerations of the
playing hand) between female table tennis players coached in Poland (POL) and China (CHIN) during the performance of a
topspin backhand stroke (so-called quick topspin). The study involved six female table tennis players at a high sports skill level,
playing in Poland’s highest league. Three were national team members of Poland (age: 20:3 ± 1:9), while the other three were
players from China (age: 20:0 ± 0:0). Kinematics was measured using MR3 myoMuscle Master Edition system—inertial
measurement unit (IMU) system. The participants performed one task of topspin backhand as a response to a topspin ball,
repeated 15 times. Statistical parametric mapping (SPM) was calculated using SPM1D in a Python package that offered a high-
level interface to SPM1D. The SPM method allowed for the determination of differences between the Chinese and Polish female
athletes. The differences found are probably mainly due to differences in the training methodologies caused by different
coaching systems. The observed differences include, among others, greater use of the so-called small steps in order to adapt and
be ready during the back to ready position and backswing phases, which gives the CHIN players slightly better conditions for
preparation for the next plays. The CHIN players’ position compared to that of the POL players favours a quicker transition
from the backhand to the forehand play. This difference is probably related to the difference in the dominant playing styles of
the groups studied. Despite the differences in movement patterns in both groups, the exact value of playing hand was achieved.
This may be a manifestation of the phenomenon of equifinality and compensation. All the differences found are probably
mainly due to differences in the training methodologies caused by different coaching systems.

1. Introduction

As a very complex and multifaceted sport, table tennis is
characterized by various strokes, legwork techniques, tactical
solutions and playing styles, and a multitude of solutions for
an almost infinite number of game situations. The main
groups of strokes that yield points are topspin strokes, intro-
duced to the game in the 1950s by Japanese players [1].
Players use many variations of topspin strokes in their game
(e.g., backhand and forehand strokes, differing in strength
involved, speed of ball rotation, flight trajectory, ball speed,
and the moment of hitting the ball) depending on the solu-
tion used or the need to adjust to ball parameters. Table ten-

nis players must also adjust their position to the ball using a
different kind of footwork, changing kinematics and kinetics
characteristics of body segments [2, 3]. These differences lead
to a large variety and variability of movement in this sport.
Issues related to movement variability have recently been
quite often addressed in the literature. Traditionally, move-
ment variability is considered to reflect the “noise” in the sys-
tem of human movements, while learning a given activity
requires decreasing variability as it is perceived as incorrect
[4, 5]. Movement variability is also viewed and considered a
normal phenomenon, resulting from the diversity and vari-
ability present in the entire biological system used by
humans, and its occurrence is associated with adaptive and

Hindawi
Applied Bionics and Biomechanics
Volume 2021, Article ID 5555874, 11 pages
https://doi.org/10.1155/2021/5555874

https://orcid.org/0000-0001-7488-6172
https://orcid.org/0000-0001-6109-7510
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2021/5555874


functional processes [6]. Movement variability has been
explained using many theories available in the literature, such
as generalizedmotor program [7, 8], GMP-uncontrolled man-
ifold (UCM) [9], and dynamic systems theory [5]. Assessing
the occurrence and scale of movement variability appears to
be extremely important in the sports training process. It seems
to be also critical in the process of improving skills of purpo-
sive movements and explaining how to control human move-
ments. Linear measures have been used in the assessment of
variability, such as standard deviation, range, or coefficient
of variation. Taking into account discrete (numerical) or serial
data, i.e., continuous and changing over time, would improve
the assessment of variability. This is because when assessing
movement coordination, for instance, the change of the angle
in a given joint over time, and comparing the repetitions by
one or many people, a method should be used to compare
time waveforms rather than just single, selected parameters.
Such criteria are met by the statistical parametric mapping
(SPM) method. It is the gold standard statistical method ded-
icated to numerical signal data analysis. For the one-
dimensional variables recorded with the motion analysis sys-
tem, the general SPM model can be simplified to the one-
dimensional model SPM1D. Thismethod and its characteriza-
tion were presented in previous studies [10].

The assessment of variability of movement seems to be
important in table tennis, which is a very complex sport,
where technique and its improvement are the essential ele-
ments used to achieve the champion level, with the basis of
the technique being a stroke and precise hitting the ball with
the racket. The few available studies on table tennis and the
variability of movement have been based on the methods of
evaluation of standard deviation, correlation, and analysis
of variance (ANOVA and least significant difference (LSD))
and presented UCM calculations. Iino et al. emphasized that
the possibility of using different configurations in the evalu-
ated joints to stabilize the vertical angle of the racket in table
tennis strokes can be a critical factor in playing performance
[11]. A previous study by Bańkosz and Winiarski also evalu-
ated the variability of movement by analyzing the coefficient
of variation of kinematic parameters in selected important
moments of the hitting movement [10, 12]. However, the
coordination of movements in individual joints was taken
into account to a small extent. The variability of temporal
and spatial coordination of movements, the possibility of
compensation, and functional variability are significant
problems in the coaching practice and in the process of
teaching and improving technique and its monitoring. Mak-
ing the coaches and players aware of the different variants of
strokes even for a specific solution (e.g., playing with the right
strength, speed, and rotation to the same place) seems to be
very important and necessary for improving the training pro-
cess. Therefore, copying and imposing a single pattern of per-
forming the movement seem to be a wrong way. Considering
the differences between athletes and looking for individual
technical solutions instead would be a better choice [10].

Interpersonal variation of the sports technique may
result, for example, from gender differences, differences in
anatomical structure, and differences in sports skill level.
The diversity of techniques due to the training system also

seems to be an interesting issue. Identification of differences
and, at the same time, similar or perhaps unchangeable ele-
ments of table tennis stroke techniques in athletes coached
using different training systems can provide important
insights into the technique of performing a given stroke.
Some differences in the technique may indicate the possibil-
ity of using different solutions in the performance of the
stroke, while the same, similar, and unchanging elements
may highlight their importance in table tennis. Therefore,
the aim of the research was to compare the kinematics
between female players coached in Europe (Poland) and Asia
(China) during the performance of a topspin backhand
stroke. In accordance with the findings of other authors
and previous studies [12, 13], it was assumed that, despite
the comparable level of players, there are many differences
in the kinematics of topspin backhand between them. The
greater differences between the players would occur in the
joints and segments located farther from the place of the
racket contact with the ball (upper body and shoulder joint)
than in those closer, located in the playing hand (wrist joint).
It can also be assumed that at the key instant of the stroke,
which is the moment of maximum acceleration, occurring
at around the contact between the racket and the ball, the
least differences are observed in players’ kinematics.

2. Material and Methods

2.1. Study Design. It was an observational study with adopted
retrospective convenience sampling. The minimal sample
size of our data was determined in the planning stage of the
experiment using the margin of error approach to get results
as accurate as needed (with an assumed 5%margin of error at
95% level of confidence and α level of 0.05). The assumed
standard deviation was taken from preliminary studies using
the same population of interest.

2.2. Participants. The study involved six female table tennis
players at a high sports skill level, playing in the highest lea-
gue in Poland (Ekstraklasa table tennis league). Three of
them were national team members of Poland (POL) in the
category of adult players (age: 20:3 ± 1:9 y:), while the other
three were players from China (CHIN, age: 20:0 ± 0:0 y:),
coached within the Chinese training system (i.e., in China).
All of the players had more than 10 years of experience in
table tennis and presented the offensive style of the game.
One player from China was a left hander. Average body
height was 161:7 ± 4:5 cm in the group of Polish players
and 162:7 ± 4:1 cm in the group of Chinese players, whereas
body weight was 59:0 ± 6:9 kg and 56:7 ± 6:4 kg, respectively.

Before the study, all participants were informed about the
purpose of the study and the possibility of withdrawing par-
ticipation at any stage, without giving a reason. All the partic-
ipants provided informed consent before the research. Pain
or recent injury was the exclusion criterion for the study par-
ticipants. All procedures performed in this study received
positive approval from the Senate’s Research Bioethics Com-
mission at the University School of Physical Education in
Wrocław, Poland (Ethics IRB number 34/2019).
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2.3. Laboratory Set-Up. Kinematics was measured using the
MR3 myoMuscle Master Edition system (myoMOTION™,
Noraxon, USA, Figure 1). The myoMOTION system consists
of a set of (1 to 16) sensors using inertial sensor technology.
Based on the so-called fusion algorithms, the information
from a 3D accelerometer, gyroscope, and magnetometer is
used to measure the 3D rotation angles of each sensor in
absolute space (yaw-pitch-roll, also called orientation or nav-
igation angles, [12]). Inertial sensors were located on the
body of the study participant to record the accelerations,
according to the myoMOTION protocol described in the
manual. The accuracy and validity of the inertial measure-
ment unit (IMU) system in angle determination were the
subject of the previous research [14, 15].

Sensors were attached with elastic straps and self-
adhesive tape. The sensors were placed bilaterally so that
the positive x-coordinate on the sensor label corresponded
to a superior orientation for the trunk, head, and pelvis
(Figure 1). For the limb segment sensors, the positive x
-coordinate corresponded to a proximal orientation. For
the foot sensor, the x-coordinate was directed distally (to
the toes). At the beginning of the measurement, each partic-
ipant was checked and the system was calibrated according to
the manufacturer’s recommendations. The recording speed
of the piezoelectric sensor was adjusted to the maximal sam-
pling rate for a given sensor (100Hz per sensor) for the whole
16-sensor set. Noraxon’s IMU technology mathematically
combines and filters incoming source signals on the sensor
level and transmits the 4 quaternions of each sensor. We used
system-built fusion algorithms and Kalman filtering (digital
bandpass finite impulse response filter (FIR)). This mode
allowed direct access to all unprocessed raw IMU sensor data.

2.4. Experimental Procedures. The participants performed
one task of topspin backhand (TBH) as a response to a top-
spin ball, repeated 15 times. Each player was asked to hit
the ball in the early stage of its flight (so-called quick topspin)
and to reach the marked area in the corner of the table
(30 × 30 cm) diagonally (after instruction: “play diagonally,

accurately, and as quick as you can”). After video analysis,
only successful shot considered “on table” and played diago-
nally was recorded for further calculations (missed balls, balls
hit out of bounds, and balls hit into the net were excluded).
The balls were shot by a dedicated table tennis robot (Newgy
Robo-Pong Robot 2050, Newgy Industries, Tennessee, USA,
Figure 1) at constant parameters of rotation, speed, direction,
and flight trajectory. The settings of the robot were as follows:

(i) Rotation type: topspin

(ii) Speed (determines both speed and spin, where 0 is
the minimum and 30 is the maximum): 18

(iii) Left position (leftmost position to which the ball is
delivered): 15

(iv) Wing (robot’s head angle indicator): 7.5

(v) Frequency (time interval between balls thrown):
1.4 s

Each player had had three to five familiarization trials
before the task. The same racket with the following character-
istics was used for the experiment: blade, Jonyer-H-AN (But-
terfly, Japan); rubber, Tenergy 05, 2.1mm (Butterfly, Japan);
Plastic Andro Speedball 3S 40+ balls (Andro, Germany); and
a Stiga Premium Compact table (Stiga, Sweden).

2.5. Kinematics. A total of 90 cycles of topspin backhand
stroke were studied. Based on the ISB recommendations con-
cerning the definitions of the joint coordinate system of var-
ious joints for the reporting of human joint motion [16, 17],
the following angles (measured in degrees) were chosen for
both sides and sampled every 0.01 percent of cycle time:

(i) Ankle dorsiflexion/plantar flexion (AFE): rotation
of the foot with respect to the tibia coordinate sys-
tem in the sagittal plane; a negative sign denotes
plantar flexion (extension) and positive sign dorsi-
flexion (flexion)

Upper thoracic (below C7)
Lower thoracic (at L1/T12) 

Pelvic (sacrum)

�igh (frontal and distal half)
Shank (front and medial) 

Foot (shoe adapter) 

Head (middle front part)

Upper arm (lateral and
longitudinal to bone axis)

Hand (dorsal part) 
Forearm (posterior and distal) 

MR3 myoMuscle Master
Edition system 

Newgy Robo-Pong
Robot 2050 

Figure 1: Measurement site.
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(ii) Ankle abduction-adduction: movement of the
foot away or towards the midline of the body; a
negative sign denotes adduction while positive sign
abduction

(iii) Ankle inversion-eversion: rotation of the foot
around its long axis; a negative sign denotes ever-
sion (away from the median plane) while positive
sign inversion (towards the median plane)

(iv) Knee flexion-extension (KFE): movement of the
tibia with respect to the femur coordinate system
in the sagittal plane; a negative sign denotes exten-
sion and positive flexion

(v) Hip flexion-extension (HFE): movement of the
femur with respect to the pelvis coordinate system
in the sagittal plane; a negative sign denotes exten-
sion while positive flexion

(vi) Hip abduction-adduction (HAA): movement of the
femur with respect to the pelvis coordinate system
in the frontal plane; a negative sign denotes adduc-
tion while positive abduction

(vii) Hip internal-external rotation (HIER): internal or
external movement of the femur with respect to
the pelvis coordinate system in the transversal
plane; a negative sign denotes internal while posi-
tive external rotation

(viii) Lumbar internal-external rotation (LIER): internal
or external movement of the loins in the transversal
plane; a negative sign denotes internal while posi-
tive external rotation

(ix) Thoracic internal-external rotation (ThIER): inter-
nal or external movement of the thorax relative to
global coordination system in the transversal plane;
a negative sign denotes internal while positive
external rotation

For the upper extremity (playing side), a simplified biome-
chanical model was adopted based on the predominant plane
of movement as described by Wu et al. [17] with segments of
interest being the thorax, clavicle, scapula, humerus, forearm,
and carpus of the hand. Based on the adopted sequence of
Euler angles, the following angles were computed:

(i) Shoulder flexion-extension (ShFE): movement of
the humerus relative to the thorax in sagittal plane;
negative sign denotes extension while positive
flexion

(ii) Shoulder abduction-adduction (ShAA): movement
of the humerus relative to the thorax in the frontal
plane; negative sign denotes adduction while posi-
tive abduction

(iii) Shoulder internal-external rotation (ShIER): move-
ment of the humerus relative to the thorax in the
transversal plane; a negative sign denotes internal
(medial) while positive external (lateral) rotation

(iv) Elbow flexion-extension (EFE): movement of the
forearm relative to the humerus along the transver-
sal axis; negative sign denotes (hyper)extension
while positive flexion

(v) Wrist flexion-extension (WFE): movement of wrist
relative to the radius along the transversal axis and
measured between upper arm and hand sensors; a
negative sign denotes extension while positive
flexion

(vi) Wrist supination-pronation (WSup): movement of
wrist relative to the radius along the axis and mea-
sured between the upper arm and hand sensors;
pronation is a positive rotation and supination is a
negative rotation

(vii) Wrist radial abduction-adduction (WRad): move-
ment of wrist relative to the radius and measured
between the upper arm and hand sensors; adduction
(or ulnar deviation) is negative while abduction (or
radial deviation) is positive

The movement of the playing hand was used to assess
specific events of the cycle:

(i) Ready position, where the hand is not moving after
the previous stroke, just before the swing

(ii) Backswing, which is the moment when the hand
changes direction from backward to forward in the
sagittal plane after the swing

(iii) Accmax, which is the moment of maximum acceler-
ation of the hand and the moment when the hand
reaches the maximum acceleration

(iv) Forward, which is the moment when the hand
changes the direction from forward to backward in
the sagittal plane after the stroke (the end of the cycle
and the beginning of the next cycle)

The phases between defined events were as follows: back
to ready position phase (between the forward and ready posi-
tion), backswing phase (between ready position and back-
swing), hitting phase (between backswing and Accmax),
and forward end phase (between Accmax and forward).
The timing of events was analyzed and compared between
the POL and CHIN players.

2.6. Statistical Analysis. Statistical calculations were per-
formed using Statistica 13.1 (TIBCO Software Inc.). The
sample size was estimated using recommendations postu-
lated by Kontaxis et al. [18]. The statistical power was suffi-
cient to detect the described differences. Power analysis of
discrete data was performed to estimate the SPM test power.
For the extracted data and for the significant changes
(alpha = 0:05), the partial η2 effect size was found between
0.62 and 0.86. The SPM test was applied to identify the differ-
ences between groups in the movement patterns in individual
joints and changes in the acceleration of the playing hand.
The SPM was calculated using SPM1D in a Python package
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that offers a high-level interface to SPM1D. Angle-time
numerical series were averaged over trials and reported
against cycle time (Figure 2(a)). For each participant and
selected time-dependent angular numerical data, a two-
sample t-test SPMftg function (with alpha = 0:05, non-
sphericity correction, and assumption of unequal variances)
was numerically computed to check the level of similarity
between the movements [19, 20]. For each test, a statistical
parametric map SPMftg (Figure 2(b)) was created by calcu-
lating the conventional univariate t-statistic at each point of
the gait curve [21–24]. When an SPMftg crossed the
assumed threshold, an additional threshold cluster was cre-
ated, indicating a significant difference (a grey area) between
two compared joint motion patterns in a specific location of
the gait cycle. In the present study, because of the high num-
ber of statistical analyses, the SPM results are visualized in a
summarised manner. Instead of SPMftg curves, blue bars
are shown, indicating the significance during the cycle
(Figure 2(c)).

3. Results and Discussion

The study is aimed at evaluating the differences in movement
kinematics using the SPM method between two different
groups of female table tennis players. The application of the

SPM test allowed for the identification of the differences
between groups in the movement patterns in individual
joints and changes in the acceleration of the playing hand.
The basic difference that can be noticed is the time of occur-
rence of the beginnings and ends of the individual movement
phases. For the POL players, the backswing phase starts
slightly earlier (about 46% of the cycle duration for POL,
54% for CHIN players) similarly to the hitting phase (83%
and 87%, respectively), whereas the average time of the max-
imum hand acceleration (Accmax) is very similar for both
groups (about 96% of the cycle duration). The observation
and description of the way of coordinating the movements
when hitting the backhand topspin reveals that the average
movement pattern (changes in joint angles throughout the
cycle) is consistent with that described in previous studies
[25, 26]. The following movements were observed in the
backswing phase: lower limb flexion, upper body flexion (for-
ward bend), adduction and internal rotation in the shoulder
joint, elbow joint flexion, and flexion, pronation, and palmar
flexion in the wrist joint. In the hitting phase (with different
time of inclusion of individual segments into the movement,
according to the principle of the proximal-to-distal move-
ment sequence), the following movements were observed:
extension in the lower limb and upper body joints, abduc-
tion, flexion, and external rotation in the shoulder joint,
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Figure 2: SPM procedure. The SPM, like other statistical methods, has assumptions. The assumptions for the SPMftg paired sample t-test
include continuous waveforms with an equal sample rate and a number of data points; the sample size (or data set size) should be greater than
5 in each group; each waveform should come from a random sample and be normally distributed over time; the waveforms of interest should
be spread similarly between the two groups (homogeneity of variance that is maintained over time).
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extension and supination in the elbow joint, and extension,
supination, and radial abduction in the wrist joint.

The analysis of the SPM test results allowed for the obser-
vation of the differences in the movement patterns in the
individual analyzed joints.

(1) Ankle joints: the movement pattern in the ankle joints
is characterized by the occurrence of many periods
that differ between the two groups studied. The lack
of differences in the flexion-extension movement
(dorsiflexion, Figure 3) in the nonplaying side ankle
joint (i.e., throughout the hitting phase) and wave-
like changes in ankle joint movement observed with
higher frequency in CHIN female athletes (Figure 3)
are noticeable

(2) Knee joints: in the flexion-extension movement of
the knee joints, the wave-like character of the changes
in the back to ready position phase and the back-
swing phase observed in CHIN is noteworthy. Signif-
icantly, more periods differing between the two
groups occur in the right knee joint (Figure 3), in
which the average flexion range is larger in POL com-
pared to the CHIN group during the entire cycle

(3) Hip joints: in hip joint movements, there are more
periods of differences concerning the right hip joint.
CHIN players exhibit greater abduction and external
rotation throughout the cycle in the right hip joint. It
is noteworthy that there were no differences between
the groups in the significant part of the backswing
phase in the abduction movement in the nonplaying
side hip joint and the part of the backswing and hit-
ting phases in the rotation movement in these joints
(Figure 3).

(4) Joints of the upper body: very few differences were
observed in the flexion-extension movements in the
lumbar region, in which flexion can be observed in
the backswing phase and extension was found in
the hitting phase (Figure 4). The range of rotation
movement was slight (about 5 deg), more pro-
nounced in CHIN, whereas in the POL group, it
was characterized by high variability (high SD value
throughout the cycle). The movement of the upper
body (thoracic region) differentiates the two groups
the most in the sagittal plane (flexion-extension). In
CHIN players, this movement is used to a greater
extent (about 30-40 deg), from slow flexion in the
backswing phase, through faster flexion in the initial
hitting phase, to the extension in the Accmax region
and later (Figure 4). The rotation of this part of the
upper body and lateral flexion in the backswing phase
and most of the hitting phase does not show differ-
ences between the two groups. These movements
take place in small ranges of several degrees

(5) Shoulder joint of the playing limb: in the shoulder
joint of the playing limb, it can be observed that the
differences mainly concern the back to ready position
phase in all planes (Figure 5). In the flexion-extension

movement, differences also occur at the end of the
forward phase. Greater abduction and external rota-
tion can be also observed in the part of the backswing
and hitting phases in the discussed joints in the CHIN
female players (Figure 5). It should also be emphasized
that there is a period with no differences in the flexion-
extension movement in a significant part of the back-
swing and hitting phases (up to the moment of reach-
ing the maximum acceleration—Accmax)

(6) Elbow joint of the playing limb: the SPM test revealed
differences in flexion-extension movement at the
elbow joints in the major part of the back to ready
position phase, part of the backswing phase, and the
end of the hitting phase (Figure 5). Nevertheless, both
groups showed elbow flexion in the backswing joint
in the back to ready position phase (up to circa 70-
90 deg), maintaining this flexion or very slow exten-
sion during the backswing phase, and quite a rapid
extension during the hitting phase (up to circa 20-
40 deg)

(7) Wrist joint of the playing limb: the fewest periods of
differences between the two groups demonstrated by
the SPM test occur in the movement of elbow flexion
and radial abduction in the wrist joint (Figure 5).
Maintaining the elbow flexion up to circa -20 to
-30 deg can be observed in both groups in the back
to ready position and backswing phases, and then,
after the beginning of the hitting phase, quite a rapid
movement towards radial flexion (up to circa -10-
0 deg) was found. The maximum of radial flexion
occurs at around Accmax, and there is a brief
moment of differences between the groups during
this period. The supination-pronation movement in
the described joint differentiates between the two
groups more. A period of no differences between
the groups occurs in the back to ready position phase
(from circa 5% to circa 30% of the cycle time) and in
circa 91-93% of the cycle time in the hitting phase.
Polish female players are characterized by using a
greater range of this movement. The supination
movement is rapid during the hitting phase, from
the moment after the beginning of this phase to the
moment of Accmax in both groups. In the
extension-flexion movement in the wrist joint, it is
noticeable that there are no differences in the back
to ready position phase and before the Accmax
moment. There is a slow flexion of the limb in the
described joint in both groups during the back to
ready position and backswing phases, accelerating
during the hitting phase. At circa 90% of the cycle,
the direction of movement changes to the extension
(within circa 10 deg in both groups) at a high rate
until reaching Accmax. The latter short period shows
no differences between the groups

The observation that comes to mind is the occurrence of
the longest periods of differentiation between the groups
studied in the lower limb joints, which indicates their

6 Applied Bionics and Biomechanics



different use by both groups of female players. Undoubtedly,
a wave-like movement in the ankle and knee joints is more
pronounced in CHIN players, which reflects the use of the
so-called small steps, mainly in the back to ready position
and backswing phases. These steps are used to adapt to the

next stroke and keep the lower limbs in constant readiness.
Therefore, it can be concluded that CHIN players use these
steps more often than POL and perhaps this is due to differ-
ences in coaching. Differences can be observed in the ankle
joints in all planes, and they affect the entire backswing and
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forward phases. It is noticeable that the directions of move-
ment in the hitting phase are the same in both groups in
the ankle joints, and the differences are in the degree values.
The nonplaying side ankle joint in both groups in the for-
ward phase shows no differences and the toe-raise movement
(decreasing dorsiflexion, transitioning to plantar flexion), in
an approximately 20-degree range. A similar movement,
but differentiating between the two groups, can be observed
in the right ankle joint. For both joints, the range of motion
is smaller in CHIN player. The direction of this movement
in the forward phase indicates the use of upward and forward
transfer of the center of gravity as an action to support the
hitting movement performed by the player. The importance
of this movement while performing a stroke has been
highlighted in the literature [26, 27]. Wang et al. also pointed
out the differences between players at different sport skill
levels in the performance of movements in the joints of the
lower limbs, emphasizing that these movements can be used
better by an economical work with simultaneous use of the
energy generated by the elastic components of the joints
and muscles (based on the stretch-shortening principle)
[28]. Perhaps the differences in the movement in the ankle
joints shown in this paper are related to this method. As
mentioned above, a wave-like movement in CHIN players
was reported in flexion-extension movements in the knee
joints, indicating the use of small steps in the preparation
phases (back to ready position, backswing). A greater flexion
angle in the right knee joint was also observed in the POL
group throughout the cycle. This is probably due to the trans-
fer of center of gravity to the right leg, emphasized more in
the POL group throughout the cycle. It can be assumed that
this difference allows the CHIN players to switch to forehand
play faster and more flexibly after performing a pivot and is

probably due to the different playing styles prevalent in the
two groups. In all players, the forward phase is accompanied
by the extension of the knee joints within a range of several
dozen degrees. The above findings provide helpful informa-
tion for coaches and players with regard to the backhand top-
spin technique and its modifications regarding lower limb
movements.

The movement in the hip joint showed long periods of
differences between the groups studied. However, similar
movement directions were found in individual phases in
both groups. The small rotation range of a few degrees in
the hip joints should be emphasized, which, according to
many authors, greatly helps generate the stroke force and
high racket speed in table tennis [26–29]. It is directly sug-
gested that the range of this movement and its use differenti-
ates between players of different sports skill levels. The lower
use of rotation in these joints is related to the type of stroke
analyzed in this study. It is a topspin backhand played early
against a topspin ball, so it is a counterstroke from the group
of strokes that utilize the energy of the flying ball and there-
fore does not require the involvement of great strength of the
player. Similar aspects were pointed out byMarsan et al., who
evaluated the mechanical energy generated from the hip joint
during different variations of strokes, finding that backhand
drive required the lowest hip mechanical work [30].

In the lumbar spine, the least differences were found in
the flexion-extension motion. In the backswing phase, this
is a few degrees of flexion, whereas in the hitting phase-
extension in both groups. The lateral flexion movement indi-
cates that the POL players are slightly leaning to the right,
with the body weight shifted to the right lower limb, again
indicating a more backhanded position than in the Chinese
players. The CHIN players seem to stand more universally,
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with the ability to transition more easily from the backhand
to the forehand playing, as discussed above. The CHIN
players also use a certain amount of rotation in the lumbar
region during the hitting phase in contrast to POL players,
who hardly use any rotation in this body segment. It must
be admitted, however, that the SD values in the POL group
are high, indicating great variation in the way this segment
is used in the topspin backhand stroke. Nevertheless, the
small range of rotation (similar in both groups) in body trunk

confirms previous observations concerning the small contri-
bution of hip and trunk rotation resulting from the type of
stroke assessed.

Regarding the playing upper hand, the most differences
were found in the abduction-adduction of the shoulder,
flexion-extension at the elbow joint, and supination-
pronation at the wrist joint. In these three cases, the differ-
ences between the groups concern much of the back to ready
position phase, the beginning of the backswing, and the end
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of the forward phase. Actually, the end of the forward phase
(from Accmax to the end of this phase) differentiates
between the groups in each movement in the joints of the
playing upper limb. It must be admitted, however, that the
directions of movements are very similar (the curves of the
graphs have a very similar shape), and the differences dem-
onstrated in the SPM test may be due to the different times
beginning the individual phases in the groups. The SPM test
showed no differences in flexion-extension and external-
internal rotation in the shoulder joint, in radial abduction-
adduction, and flexion-extension at the wrist joint during
the second part of the backswing and the beginning of the
hitting phase. Movement coordination in the female players
studied is consistent with that reported in the literature [25,
29]. Furthermore, the description of basic movement, pre-
sented in our work, can provide more clarity in understand-
ing the topspin backhand technique.

The values of hand acceleration and its changes over time
demonstrated in the SPM test differentiate between the
groups studied for most of the cycle and in all phases, with
short exceptions of ca. 20% and 40%, and in the hitting phase,
especially after reaching Accmax (Figure 6).

For most of the back to ready position phase and the
backswing phase, the acceleration values are close to 0. After
circa half of the backswing phase, acceleration values increase
until they reach maximum values at the end of the forward
phase, which are very similar in both groups (about
90m/s2). The pattern of acceleration values is then interest-
ing. It is different for both groups in each phase, but it is sim-
ilar at the Accmax point, and the maximum values obtained
by both groups are also similar. Therefore, it can be con-
cluded that despite the indicated differences in movement
patterns in both groups, the same value of Accmax was
achieved. This may be a manifestation of the phenomenon
of equifinality and compensation, indicated in the literature
as typical of dynamic systems and variability of movement
[5, 10, 31]. Obviously, it should be added that just achieving
the right amount of hand acceleration does not determine the
accuracy of the play; the hitting angle, the direction of move-
ment, and other factors are also important [32].

3.1. Limitations of the Study. Undoubtedly, from the stand-
point of statistical calculations, the number of participants
may seem to be a limitation of the study. It should be remem-
bered, however, that the averaging of movement patterns
(changes in joint angles over time) can lead to unavoidable
errors in the observation of the activity of the human move-
ment system, in which variability, differentiation, and com-
pensation are normal and commonly occurring phenomena
[5]. It should also be noted that the observations presented
in this study concerned only women and one type of stroke;
thus, generalization of the results should be made with
caution.

4. Conclusions

The examinations carried out in this study allowed for a
detailed description of the technique of performing a fast
topspin backhand stroke, thus providing valuable informa-

tion for table tennis coaches and players. The SPM method
allowed for the determination of differences between the Chi-
nese and Polish female athletes. The observed differences
include, among others, greater use of the so-called small steps
in order to adapt and be ready during the back to ready posi-
tion and backswing phases, which gives the CHIN players
slightly better conditions for preparation for the next plays.
The position of the CHIN players compared to that of the
POL players favours a quicker transition from the backhand
to the forehand play. This difference is probably related to the
difference in the dominant playing styles of the groups stud-
ied. The differences found are probably mainly due to differ-
ences in the training methodologies caused by different
coaching systems. It can be also concluded that despite the
indicated differences in movement patterns in both groups,
the same value of Accmax was achieved. This may be a man-
ifestation of the phenomenon of variability of movement, as
well as equifinality and compensation.
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Effective recommendations about how to decrease adverse effects of high heels (HH) need to be provided, since wearing HH is
inevitable for most women in their daily life, regardless of their negative impacts on the foot morphology. The main purpose of
this systematic review was to summarize studies which have provided specific information about how to effectively offset the
negative effects of wearing HH, in the case of women, by means of examining heel height, insole, and heel base support (HBS).
Some evidence indicate the following: (i) the range of appropriate heel height for HH shoes is 3.76 cm to 4.47 cm; (ii) compared
to small HBS, the larger ones effectively increase gait stability, reduce risk of ankle injury, and improve comfort rating during
HH walking; and (iii) the use of a total contact insert (TCI) significantly decreases plantar pressure and the impact on the foot,
resulting in higher perceived comfort. It must be noted that these results are based on short-term research; therefore, any
conclusions with regard to effects in the long term should be taken with a grain of salt. Nevertheless, future studies should be
aimed at combining numerical and experimental methods, in order to provide personal recommendations for HH shoes by
considering heel height and HBS size, based on the individual characters (weight, height, and age).

1. Introduction

The potential impact of HH shoes on women’s health for
over 50 years has been of concern in medical circles. Studies
have shown that wearing HH can lead to slower self-selected
walking speed, shorter step length, and smaller stance phase
duration, while it increases ankle plantar flexion, knee plan-
tar flexion, anterior pelvic tilt, and trunk extension [1–7].
Redistributing the plantar pressure, higher ground reaction
forces (GRF), larger loading rate, higher peak knee external
adduction moments, and higher peak patellofemoral joint
stress have been detected during walking in HH [8–11]. It
is worthy to note that substantial bodily adjustments have
been observed due to wearing HH, e.g., change in the neuro-
muscular activation pattern, shortening of the gastrocnemius
muscle fascicle muscles, increase in the Achilles tendon stiff-
ness, and higher muscle activity of the soleus, tibialis anterior,

and medial gastrocnemius [12–14]. These above-mentioned
disturbances have been identified as negative implications
for the human body. It is presumed that they contribute to
several pathologies including metatarsalgia, hallux valgus,
Achilles tendon tightness, knee osteoarthritis (OA), plantar
fasciitis, and lower back pain, not to mention the elevated
instability and imbalance, which can result in a greater risk
of falling and slipping [15–19].

Despite widespread warnings from public health institu-
tions and international medical societies [20], there is still a
large proportion of the population wearing HH in their daily
life. Regarding why women choose to wear HH, Broega et al.
surveyed 574 females, between the ages of 24 and 45, who
indicated that beauty and femininity were the key drivers of
women’s behavior [21]. Therefore, accurate suggestions must
be provided about how to counter the adverse effects of HH
using, instead of only giving a simple advice on not wearing
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it. Consequently, in the near future, the design of HH shoes
must be associated to comfort and aesthetics in order to meet
the requirements of beauty and health.

Up to now, researchers have made significant efforts to
improve comfort of high-heeled shoes by suggesting a suitable
heel height, an appropriate insert insole, sufficient support
area of the heel, and even walking speed during HH gait.
Studies have shown that an optimal range of height for main-
taining postural balance and stability is between 3 and 5 cm [2,
17, 18]. Yung and Wei observed that a TCI, coupled with a
metatarsal pad, arch support, and heel-cup mechanism, redis-
tributed the plantar pressure, and as a consequence, it
decreased the impact force by 33.2% in the case of HH [22].
It was also considered that small HBS increased the deviation
of the center of pressure (COP), which on the one hand caused
larger foot pressure in the rearfoot region, and on the other
hand, it disturbed the muscle activity pattern [22].

However, the effects of physiology and ergonomics on
HH design in terms of heel height, contact insole, and HBS
have not yet been summarized. It is essentially needed to
reach a consensus for shoe manufacturers and users on what
kind of high-heeled shoes or insole is most optimal for
women. Therefore, this systematic review is aimed at con-
cluding studies that have provided a specific way to effec-
tively offset the negative effects of wearing HH in the case
of women. Our investigations included heel height, insole,
and HBS as parameters.

2. Materials and Methods

2.1. Design Data Sources, Search Strategy, and Study
Selection. This systemic review was carried out in accordance
with the PRISMA statement [23]. To identify relevant papers,
a bibliographical search was conducted in four databases:
Web of Science, PubMed, Scopus, and Embase. A manual
search was performed in OpenGrey literature in April 2020.
In some cases, YDG was responsible for contacting author
by e-mail to obtain supplement information. The detailed
electronic search was as follows: “high heels”, “high-heeled
shoes”, “women’s footwear”, “heel height”, “biomechanics”,
“comfort height”, “heel base size”, “kinematic parameters”,
“kinetic parameters”, “insole measurements”, and “insert”.
These keywords are combined and searched on each
database. The first and second author (MWZ and CJ) inde-
pendently performed relevance article screening, which
involved the title, abstract, full-text, and data extraction
examination.

2.2. Eligibility Criteria. The eligibility of selecting papers was
estimated according to the following inclusion criteria: (1)
the articles had to focus primarily on healthy women wearing
HH shoes, (2) the articles were published in English, (3) full-
text, peer-reviewed, original scientific articles published in
journals, (4) the presented data is associated with HH gait
(including spatiotemporal, kinematic, kinetic parameters,
and EMG), (5) the articles focused on how to alleviate harm-
ful influences on female health with HH, and (6) the articles
had to be retrievable. If the abstract did not present sufficient
details for any of the eligibility criteria, the reviewers would

browse the full text. Then, if the full text failed to comply with
any of the eligibility criteria, it would be deleted.

2.3. Data Extraction and Quality Assessment. The important
details of the selected articles were extracted by two indepen-
dent reviewers (ECT and GF). The following data were
retrieved from the selected articles: author, year of publica-
tion, participant characteristics, shoe condition, measured
variables, purpose, and main result. In case of disagreement
in data extraction, another reviewer (CJ) was included into
the discussion to reach a consensus.

The principles of McMaster Critical Review Form were
conducted to thoroughly estimate methodological quality of
all selected studies [24–26]. This review form provided 15
separate elements to assess the various types of experimental
studies. A 2-point scoring system has been established, where
the rating was defined as follows: “yes” (1 point), “no or not
measured,” or “not applicable” (0 point). This system can
be utilized to appraise whether a study meets the standards
for good methodological quality [26].

3. Results

3.1. Search Results and Validity. The bibliographical database
search identified 906 citations: 276 in PubMed, 243 in Sco-
pus, 187 in Web of Science, and 200 in Embase. Duplicates
were deleted leaving a total of 362 articles for evaluation.
276 studies were eliminated since after scanning the titles
and abstracts of the retrieved papers, it turned out that the
content was inconsistent with the standards. 86 full-text
studies were extracted for detailed review, and 78 studies
were removed as these failed to meet inclusion criteria. A
total of 8 studies were eventually eligible for all inclusion cri-
teria. The detailed search strategy is shown in Figure 1, while
the basic information of the selected articles is listed in
Table 1. Quality evaluation of each article by the McMaster
score form is presented in Table 2. All of the extracted papers
were graded from moderate to high rating based on the
McMaster critical appraisal tool.

3.2. Overview of the Included Studies. An accurate recom-
mendation for offsetting negative impact on HH for women
is to alter three important parameters, namely, heel height,
HBS, and sole insert. The biomechanical investigation of
these parameters commonly involve kinematic, kinetic, and
perceived stability changes of the lower extremity, such as
plantar pressure in a different region of the foot, COP devia-
tion in a gait cycle, spatiotemporal variation, and comfort
rating. One included article contained EMG testing to detect
muscle activity in the tibialis anterior (TA), medial gastroc-
nemius (MG), quadriceps (QUA), hamstrings (HAM), and
erector spinae (ES) during walking, and one study recorded
heart rate as a physiological variable.

3.2.1. Heel Height. Two studies conducted several experi-
ments to determine an appropriate height heel of high-
heeled shoes in order to reduce disturbance of the locomotor
pattern. Based on three different walking speeds, Nadège
et al. assessed the effect of nine pairs of heel height (0 cm,
2 cm, 3 cm, 4 cm, 5 cm, 6 cm, 7 cm, 8 cm, 9 cm) on kinematic
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parameters, in which the stride length (SL), swing phase
(DSwp), duration of the stance phase (DStp), swing phase
(DSwP), and gait ratio were included, as well as heart rate
[27]. The results indicated that the most comfortable heel
height is 4:13 ± 0:34 cm, which is accompanied with less dis-
ruptive locomotor pattern and optimal heart rate, compared
to other heights. Differently, Ko and Lee determined the most
comfortable heel height for HH shoes by detecting the dis-
placement of the COP and plantar pressure change after

walking for 1 hour in 0.5 cm, 4 cm, and 9 cm shoes, respec-
tively [28]. Results presented that 4 cm heel height is the most
suitable, since this height is accompanied with stable COP
tendency and less plantar pressure than walking in 0.5 cm
or 9 cm shoes. Details are presented in Table 3.

3.2.2. HBS. Two studies were associated with the effect of
HBS on distribution of plantar pressure patterns, COP trajec-
tory, and perceived comfort. A large HBS demonstrated
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78 records excluded with
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Figure 1: Flowchart of the search strategy.

Table 1: Basic information on selected articles.

Number [ref.] Author/date Title Journal Concentration

1 [27] Nadège et al. 2015
Wearing high-heeled shoes during gait:
kinematics impact and determination

of comfort height
American Journal of Life Sciences Heel height

2 [28] Ko and Lee 2013
The changes of COP and foot pressure

after one-hour walking wearing high-heeled
and flat shoes

Journal of Physical Therapy Science Heel height

3 [30] Luximon et al. 2015

Effects of heel base size, walking speed,
and slope angle on center of pressure
trajectory and plantar pressure when

wearing high-heeled shoes

Human Movement Science HBS

4 [29] Guo et al. 2012
Effect on plantar pressure distribution with
wearing different base size of high-heel
shoes during walking and slow running

Journal of Mechanics in Medicine
and Biology

NBS

5 [31] Hong et al. 2013
Effect of shoe heel height and total-contact
insert on muscle loading and foot stability

while walking
Foot and Ankle Society Insert insole

6 [7] Li et al. 2010
Biomechanical effects of foam inserts on
forefoot load during the high-heeled gait:

a pilot study

Journal of Mechanics in Medicine
and Biology

Insert insole

7 [8] Hong et al. 2005

Influence of heel height and shoe insert
on comfort perception and biomechanical

performance of young female adults
during walking

Foot and Ankle International Insert insole

8 [22] Yung and Wei 2005
Effects of shoe inserts and heel height on
foot pressure, impact force, and perceived

comfort during walking
Applied Ergonomics Insert insole

3Applied Bionics and Biomechanics



smaller maximal peak pear pressure in the rearfoot, midfoot,
and forefoot compared to small HBS [29, 30]. It must be
noted that the scale of HBS affects the COP location in the
anterior-posterior direction at the end of the stance phase.
The COP deviations are increased with a small HBS when
compared to a large HBS [30]. Only one study reported infor-
mation about the stability as a function of HBS. It can be con-
cluded that a large HBS can lead to a more stable gait during
walking with HH [30]. Details are presented in Table 4, and
different sizes of HBS are shown in Figure 2(b).

3.2.3. Insert Insole. Four included studies evaluated the effect
of insert insole on kinematic, kinetic, EMG, and comfort rat-
ing of the lower extremity, but different types of insole were
used for each study. One study investigated how subject’s
rearfoot kinematic, muscle activity, and subjective comfort
were affected by TCI which were designed from rearfoot to
metatarsal head during walking with HH (Figure 2(b) [31].
When compared with a noninsert condition, results showed
that the use of a TCI could reduce peak MG by 19.0% and
peak ES by 21.5% in HH with 7.6 cm, and rearfoot inversion
angle was significantly decreased. But this study did not pres-
ent kinetic variation of the foot. Another included article
used an insole from the rearfoot to metatarsal head (TCI II)
that was designed by the orthotist to fit each participants’ foot
to determine the effect of shoe inserts on plantar pressure,
GRF, and perceived comfort during walking in different heel
height shoes (1.0 cm, 5.1 cm, 7.6 cm) (Figure 2(b)) [8].
Results showed that the peak pressure of the medial forefoot
reduced by using TCL compared with noninsert shoes, and it
was more effective to use TCI in the higher heels than lower
and flat heels. Furthermore, Yung and Wei also found that a
TCI decreased heel pressure by 25%, medial forefoot pressure
by 24%, and impact force by 33% [22].

While the heel cup pad could decrease the heel pressure
and impact force and the use of single arch support inserts
can attenuate the medial forefoot pressure, no special
changes to the metatarsal pad using measured parameters
were found [22]. The medial forefoot (MF) has been consid-
ered the most sensitive area in response to heel height varia-

tion [7, 22, 32, 33]. The effect of four different types of foam
insoles (soft 5mm, soft 10mm, hard 5mm, hard 100mm) in
the targeted MF region on plantar pressure was tested. There
was a great advantage in soft 5mm to reduce peak pressure
by 26%, impact force by 27% in MF region compared to the
noninsert condition [7]. All the above insole types are pre-
sented in Figure 2(a). More details on female insert insoles
are presents in Table 5.

4. Discussion

To reach a full understanding of how the design factors of
high-heeled shoes affect locomotor pattern, disturbance of
plantar pressure, and perceived comfort is crucial. This
review identified 8 articles, which appraised either the effect
of heel height, HBS, or insert insole on lower limb kinematic,
kinetic, or EMG during waking with HH, as well as perceived
comfort.

4.1. Heel Height Studies. There are only two studies that eval-
uated the comfort heel height of HH by using different
methods, and a consensus has been formed that shows that
the appropriate heel height in high-heeled shoes is 4:13 ±
0:34 cm [27, 28]. In addition, this result is also consistent
with Ko who reported that the preferable heel height was
between 3 cm and 5 cm, but this article as a conference paper
failed to be selected in this review [34]. A growing number of
researches indicate that musculoskeletal systems are directly
modified from wearing HH. On the other hand, the human
foot naturally presents a moderate imbalance in body weight
(BW) distribution; i.e., 43% of BW is loaded to the foot
front, with the remaining 57% at the heel portion when
walking barefoot. For that reason, a slight heel height shoe
(2 cm) is recommended to be used by orthopedic specialists,
since it can balance the distribution of plantar pressure to
relieve rearfoot load [21]. But these outcomes depend on
short-term testing rather than for a long period. Therefore,
the results of a suitable heel height in included articles may
not predict the impact of wearing high-heeled shoes in the
long term.

Table 2: Methodological quality of included studies by using the McMaster critical appraisal form.

Number
Study design Level Items Score

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1 CCT III-2 √ √ √ √ √ √ x √ n/a √ √ √ √ x √ 12/14

2 CCT III-2 √ √ √ √ √ x √ √ n/a √ √ √ √ x √ 12/14

3 CCT III-2 √ √ √ √ √ x √ √ n/a √ √ √ √ √ √ 13/14

4 CCT III-2 √ √ √ √ √ x √ √ n/a √ √ √ √ x √ 12/14

5 CCT III-2 √ √ √ √ √ x √ √ n/a √ √ √ √ x √ 12/14

6 CCT III-2 √ √ √ √ x x √ √ n/a √ √ √ √ √ √ 12/14

7 CCT III-2 √ √ √ √ √ x √ √ n/a √ √ √ √ x √ 12/14

8 CCT III-2 √ √ √ √ √ x √ √ n/a √ √ √ √ x √ 12/14

Level of evidence (based on NHMRC hierarchy); CCT: control clinical trial; FU/RCT: follow-up study from randomized control trial.√: yes; x: no/not reported;
n/a: not applicable. McMaster Items: (1) study purpose clearly stated; (2) background literature reviewed; (3) appropriate research design; (4) sample described
in detail; (5) sample size justified; (6) outcome measure reliability reported; (7) outcome measure validity reported; (8) intervention described; (9)
contamination avoided; (10) cointervention avoided; (11) results reported in terms of statistical significance; (12) appropriate analysis method; (13) clinical
significance reported; (14) dropouts reported; (15) appropriate conclusion.
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4.2. HBS Studies. The scale of HBS is another important fac-
tor influencing locomotor pattern during gait with HH. The
narrow heels are the most commonly used design in HH
which increase plantar pressure, especially in the heel region
and lead to instability [22, 35, 36]. Luximon et al. noted that
the maximal peak pressure uniformly increased over the
whole plantar in large HBS, whereas a narrowed HBS pre-
sented higher maximal peak pressure in the toe region [30].
This result is partially similar to Guo et al. whose research
showed that the plantar pressure of hallux was significantly
increased in small HBS compared to large HBS [29]. Except
for the impact of heel height, the narrow HBS may be a direct
reason contributing to hammer toe which is caused by exces-
sive pressure on the metatarsal-phalangeal region during
walking with HH. Additionally, a smaller HBS presented a
larger COP deviation which triggered gait instability, where
the toes had to grip the sole of shoes to keep stable. This
scenario may be another reason that could lead to the devel-
opment of a hammer toe when wearing HH [30].

It must be noted that only one heel height was used to
measure the function of using different HBS in two selected
studies. Although previous researchers suggested that a
decreased HBS rather than an increased heel height was the
main element for reducing stability during walking with
HH [37], the different sizes of HBS combined with diverse
heel height should be assessed in the future to further con-
firm the effectiveness of HBS on gait stabilization.

4.3. Insert Insole Studies. Insert insole has been widely used in
footwear to improve perceived comfort, absorbing energy
attenuating impact forces, redistribute the plantar pressure,
and reduce the risk of movement-related injury [38–40].
The various insert designs presented different kinetic modifi-
cations during walking with HH. For instance, Yung andWei
indicated that a heel cup pad reduced pressure by 24.3% and
impact force by 18.6% in the heel region when wearing HH

[22]. An arch support insole decreased peak pressure by
15% in the medial forefoot region and raised the pressure
by 125.6% in the midfoot region, since it was used to prevent
depression of the longitudinal arch during weight bearing,
thereby alleviating the tension of the plantar aponeurosis
[22, 41, 42]. Weight bearing can be transferred from the fore-
foot to the longitudinal and metatarsal arches by the metatar-
sal pad; however, no changes in pressure and impact forces
were found in the medial forefoot region reported by Yung
and Wei [22]. Furthermore, medial forefoot pads with differ-
ent foam hardness and thickness were utilized; and the
results showed that the thick soft pad can effectively reduce
larger pressure and impact force caused by HH in the medial
forefoot when compared to other types [7, 43].

In terms of using TCI, three included studies indicated
that TCI relieved pressure and impact force on multiple areas
of the foot simultaneously and significantly improved per-
ceived comfort during walking with HH [8, 22, 31]. The
TCI provides a highly conforming fit between the foot and
the contact surface of the insole, as well as spreading and
redistributing pressure over the rearfoot, midfoot, and fore-
foot. Notably, the current research notes that the use of TCI
is the most effective way to attenuate pressure in comparison
to other single pads during walking with HH. Further studies
are needed to evaluate the effect of different thicknesses and
material properties of TCI on load and pressure redistribu-
tion during walking with HH shoes. What is more, the effec-
tiveness of insoles also needs to be estimated in the long term
to determine whether this type of intervention should be
recommended for women with high heels-related foot
problems.

4.4. Limitations and Future Direction. The most obvious lim-
itation in this review is the small sample size. Only 8 studies
met our inclusion criteria hence the reason why a meta-
analysis was not conducted. In addition, the effects of

Medial forefoot pad

Metatarsal pad

Arch support pad

Heel cup pad

(a)

Total contact insert

Total contact insert II

(b)

Figure 2: (a) The different insert pads mentioned in included studies. (b) The total contact insert, total contact insert II (from rearfoot to
metatarsal head), and small and large heel base size mentioned in included studies. Note: (a) and (b) do not represent the actual ones used
in the included study.
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walking/running speed on locomotor pattern during high-
heeled gait were not studied because there are a wide range
of variables and different experimental conditions that would
need to be taken into consideration.

It is worth thinking about HH in relation to finite ele-
ment model analysis and laboratory tests to determine what
kind of material properties, hardness, and thickness of insert
insole are optimal to minimize the negative impacts of wear-
ing HH. On the other hand, the age, height, and body mass
are important parameters in wearing HH; the age affects
muscle strength, the height may affect joint moment, and
bodyweight directly related to load increase. Future studies
should be aimed at providing personal recommendations
for HH in terms of choosing the heel height and HBS size
based on the individual characteristics that involve weight,
height, and age. It seems likely achieved by conducting a
comprehensive study that combines the numerical simula-
tion, finite element model analysis, and a large number of
sample experiments in the long term.

5. Conclusions

We have systematically reviewed studies focused on factors
that aim to counter the adverse impacts on high-heeled
shoes. The effects of heel height, heel base size, and insert
insole on the biomechanical of lower extremity and perceived
comfort are concluded. Some evidence demonstrates that (i)
the range of appropriate heel height for wearing HH is
3.76 cm to 4.47 cm; (ii) compared to small heel base size,
the larger ones effectively increase gait stability, reduce risk
of ankle injury, and improve comfort rating during walking
with HH; and (iii) the use of a total contact insert signifi-
cantly decreases plantar pressure and impact forces on the
foot so that a higher perceived comfort is achieved. However,
there were some limitations in the data presented in the
included articles due to the different methodologies used
and a limited number of studies. All the above conclusions
need to be further tested in a longer duration experiment.
In the future, numerical simulation, finite element model
analysis, and a large number of sample experiments should
be combined to offer personal recommendations for wearing
HH based on the individuals’ characteristics.
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The purpose of this study was to clarify the coordination between the trunk and lower limbmuscles during sidestep and to compare
this coordination before and after fatigue intervention. The intervention was lateral jump until exhaustion. Nonnegative matrix
factorization (NMF) was used to extract muscle synergies from electromyography. Subsequently, to compare the muscle
synergies, a scalar product that evaluates the coincidence of synergies was calculated. Three muscle synergies were extracted
before and after the intervention from the NMF analysis. In accordance with the evaluation of the scalar product, these
synergies were the same before and after the intervention. One of these synergies that engaged the internal oblique/transversus
abdominis, rectus femoris, and adductor muscle was activated from before landing to midstance during sidestep motion;
therefore, this synergy is thought to suppress excessive hip abduction. However, the activation timing of this synergy was
delayed after the intervention (P = 0:028, effect size: 0.54, Wilcoxon test). This delay is considered to decrease hip stability. Thus,
this change may induce a reduction in hip control function.

1. Introduction

Muscle synergy is defined as a group of muscle activities in
synchrony and is extracted using mathematical methods,
such as principal component analysis and nonnegative
matrix factorization (NMF) [1]. In synergy analysis, electro-
myography is divided into two factors: (i) muscle synergy,
which represents the relative weighting; and (ii) the time-
varying component, which represents the relative activation
of the muscle synergy [1]. Research on muscle synergy has
been widely conducted in the fields of rehabilitation and
neuroscience to evaluate activities of daily living, such as
reaching tasks and locomotion [2–4]. In recent years, it has
expanded to sports science and is expected to improve sports
performance and prevent sports injuries [5–13].

Groin pain syndrome is common in soccer and rugby,
wherein repetitive sidestep or side cutting motions are fre-
quent [14–17]. It is defined as a dysfunction around the pel-

vis that results from poor mobility, stability, or coordination
between the trunk and lower limbs, causing pain around the
inguinal area [18]. Matsunaga et al. reported that the muscle
synergies between the trunk and lower limb muscles during
side cutting were different with and without groin pain
[12]. However, whether the alteration of the synergy occurs
because of groin pain or whether groin pain occurs because
of the alteration of the synergy is unclear. In addition, groin
pain is believed to be caused by overuse [14, 19, 20]. Overuse
injury in sports occurs when the musculoskeletal structure
receives a repetitive force, producing a combined fatigue
effect over a period beyond the capacities of the specific struc-
ture [21, 22]. A previous study reported that the synergy
changes due to transitory fatigue [11], and we hypothesized
that it might be one of the risk factors for overuse injuries.
Therefore, the purpose of this study was to compare the syn-
ergies during side cutting before and after transitory fatigue
intervention. We hypothesized that the delay of the time-
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varying component will occur because the synergy time-
varying component of the subjects with groin pain will be
delayed.

2. Materials and Methods

2.1. Subjects. We recruited young healthy men with an exer-
cise routine. Nine men (mean ± SD: age, 20:8 ± 2:2 years;
height, 1:74 ± 0:06m; and weight, 67:3 ± 5:7 kg) participated
in this study. They had performed hard training as high
school students and had been performing physical activities
two to three times per week at the recreational level when
they participated in this study. Their sports included soccer,
badminton, baseball, and rugby. The exclusion criteria
included a history of lower limb disorders that included groin
pain syndrome, neurological disorders, or lower limb sur-
gery. This study was approved by the ethics committee of
our university (2010–270). All the subjects read and signed
an informed consent form prior to participation.

2.2. Test Exercises. The test exercise was 5 repeated sidesteps
with a width of 1.1 times the subject’s height. The protocol
was performed in the following order: first, five repeated side-
step motions at full effort, followed by the fatigue interven-
tion, and finally, 5 repeated sidestep motions at full effort in
the fatigue state. The subjects performed lateral jumps as a
fatigue intervention. Lateral jumps can impose a large load
on many muscles around the hip [23]. The width of the lat-
eral jump was the same as the subject’s height. The fatigue
intervention required continuous lateral jumping, and
fatigue was reached when the subjects could not keep jump-
ing in sync with the metronome (DB-60, BOSS Co., Japan)
rhythm at 60Hz or jumping the distance of their height.

2.3. Data Measurement. To measure muscle activity, a wire-
less electromyography (EMG) system (EMG-025, Harada
Electronic Co., Japan) was used. The activities of the follow-
ing 8 muscles were measured as described byMatsunaga et al.
[11]: rectus abdominal (RA), external oblique (EO), internal
oblique/transversus abdominal (IO/TrA), erector spinae
(ES), rectus femoris (RF), semitendinosus (ST), gluteus med-
ius (Gmed), and adductor (ADD). All the muscles measured
were on the right side. The RA electrodes were placed 3 cm
lateral to the umbilicus. The EO electrodes were placed mid-
way between the costal margin of the ribs and iliac crest,
approximately 45° from the horizontal plane. The IO/TrA
electrodes were placed approximately 2 cm medial and infe-
rior to the anterior superior iliac spine (ASIS), and the ES
electrodes were placed 3 cm lateral to the L4 spinal process.
The RF electrodes were placed on the belly of the muscle cor-
responding to the center point between the ASIS and the
upper margin of the patella. The ST electrodes were placed
on the center point between the ischial tuberosity and medial
epicondyle of the femur. The Gmed electrodes were placed 3
fingerbreadths from the lower region of the iliac crest. The
ADD electrodes were placed 4 fingerbreadths from the lower
region of the pubic symphysis. Before the surface electrodes
were attached, the skin was rubbed with a skin abrasive and
alcohol to reduce skin impedance to a level <2 kΩ. Pairs of

disposable Ag/AgCl surface electrodes (Vitrode F-150S;
Nihon Kohden Co., Japan) were attached parallel to the mus-
cle fibers. The sampling frequency was set to 1000Hz. To
normalize the EMG data, a maximum voluntary contraction
(MVC) test was performed on each muscle before the test
exercise. The MVC for the RA was obtained, while the sub-
jects performed a partial sit-up with their knees flexed and
manual resistance was applied. For the EO, the subjects were
in a supine position, with their knees and trunk flexed and
rotated to the left. Resistance was applied to the shoulders,
with the trunk extending and rotating to the right. For the
IO/TrA, the trunk was instead flexed and rotated to the right,
with the resistance applied at the shoulders, and the trunk
extending and rotating to the left. For the ES, the MVC task
was trunk extension performed in the prone position with
manual resistance applied to the upper thoracic area without
leg movement. For the RF, the subject sat on a chair with the
hip and knee flexed to 90° and performed knee extension.
Resistance was applied at the shank in the knee flexion direc-
tion. For the ST, the subjects performed knee flexion in the
prone position, with the knee flexed to 45°. Resistance was
applied at the shank in the knee extension direction. For
the Gmed, the subject was in a side-lying position with the
right side up and the hip extended and performed hip abduc-
tion with resistance applied in the hip adduction direction.
For the ADD, the subject was in the side-lying position with
the right side down with the hip extended and performed hip
adduction with resistance applied in the hip abduction
direction. Manual resistance was gradually increased up to
the subject’s limit and then held for 3 s.

Three three-dimensional motion capture cameras (Oqus,
Qualisys, Sweden) were used to determine the timing of foot
contact and push-off. The laboratory (global) orthogonal
coordinate system (frame) followed the right-hand rule and
had the positive x-direction orientated toward the left, the
positive y-direction orientated toward the back, and the pos-
itive z-direction orientated vertically upward. To obtain kine-
matic data, reflective markers (QPM190, Qualisys, Sweden)
were attached to 10 landmarks as follows: bilaterally on the
edge of the toe on the shoes, the internal and external pastern
on the shoes, the anterior superior iliac spinae, and 2 markers
were placed on the floor, on either side of the subject. Kine-
matic data were collected at 200Hz and synchronized with
the EMG system.

2.4. Data Analysis. We analyzed the third round of sidestep
motion during the test exercise. We determined the timing
of landing using the acceleration of the edge of the toe
marker. The EMG data were obtained from 200ms before
landing to 200ms after push-off based on the kinematic data.
A custom MATLAB (MATLAB R2016, MathWorks, Inc.,
Natick, MA, USA) code was used to analyze the EMG data.
The raw data were band-pass filtered between 20 and
450Hz and full-wave rectified. Then, they were interpolated
to 200 time points. The EMG data were normalized relative
to the associated MVC data of the muscle. As previously
described, NMF was performed to extract modules [1], as
follows:
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E =WC + e⋯ formula 1
min
W>0
C>0

E −WCj jj jFRO ⋯ formula 2, ð1Þ

where E is a p-by-n initial matrix (p is the number of muscles
and n is the number of time points). The initial matrix com-
prised normalized EMG data and a cycle for each of the 8
muscles; therefore, E is a matrix with 8 rows and 200 col-
umns. W is a p-by-s matrix (s is the number of synergies)
and represents muscle synergy, C is an s-by-n matrix and
represents the time-varying component, and e is a p-by-n
residual error matrix. Formula 2 indicates that matrix “e” cal-
culated using formula 1 reaches a minimum. W is a vector;

therefore, the calculatedW is written asW
*
. For each subject,

we iterated the analysis by varying the number of synergies
between 1 and 8, and then selected the least number of syn-
ergies that accounted for >90% of the variance accounted
for (VAF) [5, 24, 25]. Global VAF was calculated based on
the findings of previous studies.

Global VAF = 1 −
∑p

i=1∑
n
j=1 ei,j
� �2

∑p
i=1∑

n
j=1 Ei,j
� �2

 !

× 100 %½ �⋯ formula 3,

ð2Þ

where i goes from 1 to p and j goes from 1 to n. Thus, i
increases from 1 to 8, and j increases from 1 to 200 in this
study. In addition, to confirm the reliability of our analysis,
we also calculated the local VAF based on Hug et al. [24]:

Local VAF m½ � = 1 −
∑n

j=1 em,j
� �2

∑n
j=1 Em,j
� �2

 !

× 100 %½ �⋯ formula 4,

ð3Þ

where m represents the muscle. We defined the adoption
standard for a local VAF >75% [24].

To compare W before and after the intervention, the
scalar product (SP) was calculated based on the findings
reported by Cheung et al. [4]:

SP = Wbefore
����! ×Wafter

���!

Wbeforej j�����!
Wafter
���!���

���
0 ≦ SP ≦ 1ð Þ⋯ formula 5: ð4Þ

The SP for the use of the correlation coefficients can
assess the similarity of W. We defined the module as similar
if the SP was above 0.75 [4].

In addition, to evaluate the level of fatigue, wavelet trans-
form was performed based on the findings reported by Smale
et al. [8], and the instantaneous mean frequencies (IMF) were
calculated.

IMF tð Þ =
Ð
ωP t, ωð ÞdωÐ
P t, ωð Þdω ⋯ formula 6, ð5Þ

where Pðt, ωÞ is the time-dependent power spectral density.
After that, the IMF was averaged to calculate the mean
frequency. The analyzed range of data was the same as that
of the NMF analysis.

2.5. Statistics Analysis. Following the results of the
Kolmogorov-Smirnov test, we used the Wilcoxon test to
compare the mean frequency, peak timing of the time-
varying component [7, 11], and muscle synergy weighting
before and after fatigue using SPSS (ver 24.0, USA). The
significance level was set at 0.05.

3. Results

Figure 1 shows the mean frequency of each muscle before
and after fatigue. Among them, the mean frequency of the
ADD decreased significantly (P = 0:036, effect size: 0.67).
Table 1 shows the relationship between the number of mod-
ules and global and local VAF. When 2 synergies occurred,
the mean global VAF exceeded 90% for the first time. How-
ever, the mean local VAF did not exceed 75%. On the other
hand, when 3 synergies occurred, the mean global and local
VAF exceeded 90% and 75%, respectively. Therefore, 3 syn-
ergies were compared before and after fatigue in this study.

Figure 2 shows the extracted modules before and after
fatigue. The SPs of modules 1, 2, and 3, which indicate the
coincidence of muscle synergies, were 0.96, 0.97, and 0.86,
respectively. For synergy 1, we found no significant difference
in the peak activation timing (P = 0:909, effect size: 0.15). The
activation timing of synergy 2 was significantly delayed after
fatigue (P = 0:028, effect size: 0.54). Before fatigue, the activ-
ity of synergy 2 was observed in the first half of the sidestep
sequence; however, it was seen in the second half after
fatigue. The activation timing of synergy 3 did not differ
before or after fatigue (P = 0:353, effect size: 0.36), and it
occurred in the second half of the sidestep sequence. In
addition, the weighting of ST decreased (P = 0:023, effect size:
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Figure 1: Comparison of the mean frequency before and after
fatigue. RA: rectus abdominis; EO: external oblique; IO/TrA:
internal oblique/transversus abdominis; ES: erector spinae; RF:
rectus femoris; ST: semitendinosus; Gmed: gluteus medius; ADD:
adductor muscle. ∗Significant difference (P < 0:05).
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Table 1: Relationship between the number of synergies and the global and local VAF. The number of synergies is decided when the global
VAF exceeds 90% and the local VAF exceeds 75% for the first time.

Number of synergies = 2 Number of synergies = 3
Pre Post Pre Post

Global VAF (%) 91:8 ± 5:0 94:9 ± 5:3 96:4 ± 2:7 98:1 ± 1:8

Local VAF (%)

RA 35:2 ± 17:9 55:4 ± 40:0 81:1 ± 10:7 90:0 ± 12:2
EO 64:6 ± 22:6 77:9 ± 16:9 86:5 ± 12:1 91:1 ± 10:1

IO/TrA 54:6 ± 35:0 88:9 ± 10:1 95:6 ± 7:1 92:9 ± 7:9
ES 69:0 ± 24:2 83:3 ± 19:7 88:3 ± 16:3 88:2 ± 11:9
RF 50:7 ± 23:6 70:4 ± 17:4 89:8 ± 8:5 79:1 ± 15:4
ST 48:9 ± 24:5 76:8 ± 25:7 86:7 ± 10:6 97:7 ± 3:9

Gmed 44:4 ± 30:6 59:0 ± 34:1 88:7 ± 11:0 90:4 ± 12:2
ADD 45:5 ± 24:5 69:7 ± 27:5 82:0 ± 13:4 88:7 ± 9:9

VAF: variance accounted for; RA: rectus abdominis; EO: external oblique; IO/TrA: internal oblique/transversus abdominis; ES: erector spinae; RF: rectus
femoris; ST: semitendinosus; Gmed: gluteus medius; ADD: adductor.
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Figure 2: Extracted synergies (left) and the activation pattern (right) during side cutting before and after fatigue. RA: rectus abdominis; EO:
external oblique; IO/TrA: internal oblique/transversus abdominis; ES: erector spinae; RF: rectus femoris; ST: semitendinosus; Gmed: gluteus
medius; ADD: adductor muscle. ∗Significant difference (P < 0:05).
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0.54), while that of ADD increased significantly (P = 0:032,
effect size: 0.54).

4. Discussion

This study investigated modular control during a sidestep
sequence before and after fatigue. The results indicate that
the synergies were similar before and after the intervention,
and the main finding of this study was that the activation
timing of synergy 2 was delayed after fatigue.

Muscle fatigue was confirmed using wavelet analysis. The
spectrum shifts toward lower values if muscle fatigue occurs
[26, 27]. In our study, the median frequency of ADD
decreased significantly after fatigue. This result indicated that
ADD was fatigued after the fatigue intervention.

The data from synergy 1 mainly reflected the Gmed and
IO/TrA activities during the first half of the sidestep sequence.
The activation level of synergy 1 gradually increased, and the
peak activation was 25–35% of the sidestep sequence corre-
sponding to the time of landing. The Gmed was the highest
contributing muscle, and the IO/TrA and RF activities were
also notable in this synergy. The extensor muscles of the lower
limb began activating before landing to enhance joint stability
and prevent injury. Therefore, it is theorized that synergy 1
functions in response to weight loads [11, 28–34].

Synergy 2 indicated coordination among IO/TrA, RF,
and ADD. Before fatigue, this synergy was activated before
landing until the middle stage of the sidestep sequence. It is
considered that this synergy has a role in hip control because
the hip abduction moment occurs after landing [11, 35]. In
contrast, the activation timing of this module is delayed after
fatigue. Matsunaga et al. [11] reported that synergy 2 is
delayed in subjects with groin pain when compared with
healthy subjects. Therefore, we believe that this timing delay
may be related to the development of groin pain.

Synergy 3 engaged mainly the EO and ST and was acti-
vated in the last one-third of the sidestep sequence, corre-
sponding to toe off. The EO contributes to trunk stability
and ST activates hip extension. Therefore, synergy 3 is
involved in the movement of kicking off the ground. In addi-
tion, the weighting of the ST decreased after fatigue, and the
contribution of the ADD may show compensatory increases
because the main function of the ADD is hip adduction, with
hip extension being a supplemental function. The risk factors
for groin pain are overuse [14, 19, 20, 36], dysfunction of the
ADD [37–42], and hip stability [18, 43]. These reports indi-
cate that compensatory ADD activity may influence the
pathogenesis of groin pain.

This study had some limitations. First, our sample size
was small. However, the results showed a sufficient effect size;
therefore, we believe that the impact on the data in this study
was small. In addition, we did not include women as our sub-
jects because we attached devices on the unclothed upper
body. This might have affected the sample size. Second, we
could not perform a full motion analysis; therefore, we
focused only on the timing of foot contact and toe off the
ground to divide the sidestep into phases. Third, we did not
judge fatigue using other methods.

5. Conclusion

We examined trunk and lower limb muscle coordination
during the sidestep sequence and compared it before and
after the intervention. As a result, the same 3 synergies were
observed before and after the intervention. However, the acti-
vation timing of the synergy that functioned as a hip adduc-
tion control was delayed due to the intervention. This motor
control deficiency may be related to groin pain syndrome and
other injuries to the hip.

Data Availability

The data will be used in a future study.

Conflicts of Interest

The authors declare that there is no conflict of interests.

References

[1] D. D. Lee and H. S. Seung, “Algorithms for non-negative
matrix factorization,”Advances in Neural Information Process-
ing Systems, pp. 556–562, 2001.

[2] G. Cappellini, Y. P. Ivanenko, R. E. Poppele, and F. Lacquaniti,
“Motor patterns in human walking and running,” Journal of
Neurophysiology, vol. 95, no. 6, pp. 3426–3437, 2006.

[3] Y. P. Ivanenko, R. E. Poppele, and F. Lacquaniti, “Five basic
muscle activation patterns account for muscle activity during
human locomotion,” Journal of Physiology, vol. 556, no. 1,
pp. 267–282, 2004.

[4] V. C. K. Cheung, A. Turolla, M. Agostini et al., “Muscle syn-
ergy patterns as physiological markers of motor cortical dam-
age,” Proceedings of the National Academy of Sciences, vol. 109,
no. 36, pp. 14652–14656, 2012.

[5] F. Hug, N. A. Turpin, A. Guevel, and S. Dorel, “Is interindivid-
ual variability of EMG patterns in trained cyclists related to
different muscle synergies?,” Journal of Applied Physiology,
vol. 108, no. 6, pp. 1727–1736, 2010.

[6] N. A. Turpin, A. Guevel, S. Durand, and F. Hug, “Fatigue-
related adaptations in muscle coordination during a cyclic
exercise in humans,” Journal of Experimental Biology,
vol. 214, no. 19, pp. 3305–3314, 2011.

[7] J. R. Vaz, B. H. Olstad, J. Cabri, P. L. Kjendlie, P. Pezarat-Cor-
reia, and F. Hug, “Muscle coordination during breaststroke
swimming: comparison between elite swimmers and begin-
ners,” Journal of Sports Sciences, vol. 34, no. 20, pp. 1941–
1948, 2016.

[8] K. B. Smale, M. S. Shourijeh, and D. L. Benoit, “Use of muscle
synergies and wavelet transforms to identify fatigue during
squatting,” Journal of Electromyography and Kinesiology,
vol. 28, pp. 158–166, 2016.

[9] C. Chen, F. Gao, C. Sun, and Q. Wu, “Muscle synergy analysis
for stand-squat and squat-stand tasks with sEMG signals,” in
Chinese Conference on Biometric Recognition, pp. 545–552,
Springer, Cham, 2018.

[10] T. Sato, S. Shigetome, and T. Tokuyasu, “Changes in inter-
limb muscle coordination induced by muscle fatigue during
pedaling,” ISBS Proceedings Archive, vol. 37, no. 1, p. 153,
2019.

5Applied Bionics and Biomechanics



[11] N. Matsunaga, A. Imai, and K. Kaneoka, “Comparison of mus-
cle synergies before and after 10 minutes of running,” Journal
of Physical Therapy Science, vol. 29, no. 7, pp. 1242–1246,
2017.

[12] N. Matsunaga, K. Aoki, and K. Kaneoka, “Comparison of
modular control during sidestepping with versus without
groin pain,” International Journal of Sport and Health Science,
vol. 17, pp. 114–118, 2019.

[13] N. Matsunaga and K. Kaneoka, “Comparison of modular con-
trol during smash shot between advanced and beginner bad-
minton players,” Applied Bionics and Biomechanics,
vol. 2018, Article ID 6592357, 6 pages, 2018.

[14] J. Werner, M. Hagglund, M. Walden, and J. Ekstrand, “UEFA
injury study. A prospective study of hip and groin injuries in
professional football over seven consecutive seasons,” British
Journal of Sports Medicine, vol. 43, no. 13, pp. 1036–1040,
2009.

[15] D. M. O’Connora, “Groin injuries in professional rugby league
players: a prospective study,” Journal of Sports Science, vol. 22,
no. 7, pp. 629–636, 2004.

[16] D. Avrahami, “Adductor tendinopathy in a hockey player with
persistent groin pain: a case report,” Journal of Canadian Chi-
ropractic Association, vol. 54, no. 4, pp. 264–270, 2010.

[17] G. M. Verrall, “Outcome of conservative management of ath-
letic chronic groin injury diagnosed as pubic bone stress
injury,” The American Journal of Sports Medicine, vol. 35,
no. 3, pp. 467–474, 2006.

[18] S. Niga, “Inguinal region hernia changes groin pain syn-
drome,” Training Journal, vol. 27, no. 1, pp. 46-47, 2005.

[19] A. J. Malloch and J. E. Taunton, “Overuse syndromes,” in
Endurance in Sport, pp. 766–799, Wiley Online Library, 2000.

[20] E. M. Sean, N. Ali, S. David, T. John, and M. W. Lawrence,
“Hip and groin pain in the professional athlete,” Canadian
Association of Radiologists Journal, vol. 63, pp. 87–99, 2012.

[21] B. Elliott, “Adolescent overuse sporting injuries: a biomechan-
ical review,” Australian Sports Commission, vol. 23, pp. 1–9,
1990.

[22] W. D. Stanish, “Overuse injuries in athletes: a perspective,”
Medicine and Science in Sports Exercise, vol. 16, pp. 1–7, 1984.

[23] M. Boyle, Functional Training for Sports, Functional Training,
Bunkodo, Japanese Edition, 2007.

[24] F. Hug, “Can muscle coordination precisely studied by surface
electromyography?,” Journal of Electromyography and Kinesi-
ology, vol. 21, no. 1, pp. 1–12, 2011.

[25] G. Torres-Oviedo, J. M. Macperson, and L. H. Ting, “Muscle
synergy organization is robust across a variety of postural per-
turbations,” Journal of Neurophysiology, vol. 96, no. 3,
pp. 1530–1546, 2006.

[26] J. H. Viitasalo and P. V. Komi, “Signal characteristics of EMG
during fatigue,” European Journal of Applied Physiology and
Occupational Physiology, vol. 37, no. 2, pp. 111–121, 1977.

[27] N. K. Vøllestad, “Measurement of human muscle fatigue,”
Journal of Neuroscience Methods, vol. 74, no. 2, pp. 219–227,
1997.

[28] G. M. Jones and D. G. D.Watt, “Observations on the control of
stepping and hopping movements in man,” The Journal of
Physiology, vol. 219, no. 3, pp. 709–727, 1971.

[29] R. R. Neptune, I. C. Wright, and A. J. Van Den Bogert, “Muscle
coordination and function during cutting movements,” Medi-
cine and Science in Sports and Exercise, vol. 31, no. 2, pp. 294–
302, 1999.

[30] J. Brazier, C. Bishop, C. Simons, M. Antrobus, P. J. Read, and
A. N. Turner, “Lower extremity stiffness: effects on perfor-
mance and injury and implications for training,” Strength &
Conditioning Journal, vol. 36, no. 5, pp. 103–112, 2014.

[31] Y. Iida, H. Kanehisa, Y. Inaba, and K. Nakazawa, “Activity
modulations of trunk and lower limb muscles during impact-
absorbing landing,” Journal of Electromyography and Kinesiol-
ogy, vol. 21, no. 4, pp. 602–609, 2011.

[32] M. Hoffren, M. Ishikawa, and P. V. Komi, “Age-related neuro-
muscular function during drop jumps,” Journal of Applied
Physiology, vol. 103, no. 4, pp. 1276–1283, 2007.

[33] T. Horita, P. Komi, C. Nicol, and H. Kyröläinen, “Interaction
between pre-landing activities and stiffness regulation of the
knee joint musculoskeletal system in the drop jump: implica-
tions to performance,” European Journal of Applied Physiol-
ogy, vol. 88, no. 1-2, pp. 76–84, 2002.

[34] M. Santello, “Review of motor control mechanisms underlying
impact absorption from falls,” Gait & Posture, vol. 21, no. 1,
pp. 85–94, 2005.

[35] J. R. Houck, A. Duncan, and E. Kenneth, “Comparison of fron-
tal plane trunk kinematics and hip and knee moments during
anticipated and unanticipated walking and side step cutting
tasks,” Gait & Posture, vol. 24, no. 3, pp. 314–322, 2006.

[36] S. Niga and H. Ikeda, “Groin pain in athletes,” in Sports Injury
in Lower Limbs, K. Nakamura, Ed., pp. 164–177, Nakayama
Publishing Company, Tokyo, 2011.

[37] P. Holmich, “Long-standing groin pain in sportspeople falls
into three primary patterns, a “Clinical entity” approach: a
prospective study of 207 patients,” British Journal of Sports
Medicine, vol. 41, no. 4, pp. 247–252, 2007.

[38] V. Morelli and V. Smith, “Groin injuries in athletes,”American
Family Physician, vol. 64, no. 8, pp. 1405–1414, 2001.

[39] P. Malliaras, A. Hogan, A. Nawrocki, K. Crossley, and
A. Schache, “Hip flexibility and strength measures: reliability
and association with athletic groin pain,” British Journal of
Sports Medicine, vol. 43, no. 10, pp. 739–744, 2009.

[40] K. Thorborg, S. Andreas, P. Jesper, M. M. Thomas, M. Peter,
and H. Per, “Hip adduction and abduction strength profiles
in elite soccer players: implications for clinical evaluation of
hip adductor muscle recovery after injury,” American Journal
of Sports Medicine, vol. 39, no. 1, pp. 121–126, 2011.

[41] G. M. Verrall, I. A. Hamilton, J. P. Slavotinek et al., “Hip joint
range of motion reduction in sports-related chronic groin
injury diagnosed as pubic bone stress injury,” Journal of Sci-
ence Medicine in Sport, vol. 8, no. 1, pp. 77–84, 2005.

[42] J. F. Crow, A. J. Pearce, J. P. Veale, D. VanderWesthuizen, P. T.
Cobum, and T. Pizzari, “Hip adductor muscle strength is
reduced preceding and during the onset of groin pain in elite
junior Australian football players,” Journal of Science Medicine
in Sport, vol. 13, no. 2, pp. 202–204, 2010.

[43] J. Mens, H. Inklaar, B. W. Koes, and H. J. Stam, “A new view
on adduction-related groin pain,” Clinical Journal of Sport
Medicine, vol. 16, no. 1, pp. 15–19, 2006.

6 Applied Bionics and Biomechanics



Research Article
Do Novice Runners Show Greater Changes in
Biomechanical Parameters?

Wenjing Quan,1,2 Feng Ren ,1 Dong Sun ,1 Gusztáv Fekete,1,2 and Yuhuan He1

1Faculty of Sports Science, Ningbo University, China
2Savaria Institute of Technology, Eötvös Loránd University, Hungary

Correspondence should be addressed to Feng Ren; renfengnb@yeah.net

Received 23 September 2020; Revised 14 December 2020; Accepted 22 December 2020; Published 4 January 2021

Academic Editor: Ukadike C. Ugbolue

Copyright © 2021 Wenjing Quan et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Purpose. Examining and understanding the biomechanics of novice runners and experienced runners can further improve our
knowledge within the field of running mechanics and running injuries. The purpose of this study was to classify the differences
in lower limb biomechanics during a 3.3m/s running task among both experienced runners and novice runners. Method.
Twenty-four participants (12 experienced runners and 12 novice runners) ran at 3.3m/s across a force plate; kinematics and
kinetics data were collected by the Vicon motion system and Kistler force plate. Group comparisons were made using an
independent samples t-test to identify differences in the impact peak, loading rate, contact time, ankle, knee, and hip joint
kinematics and kinetics during the stance phase. Results. No significant differences were observed between novice and
experienced runners for both ankle and knee joint kinetics except that the ankle joint plantar flexion torque was significantly
greater in the novice runners. However, the plantar flexion, dorsiflexion, range of motion (ROM), plantar flexion torque, and
max angular velocity of ankle joint significantly increased in novice runners than inexperienced runners. Additionally, the
flexion angle and range of motion of the hip joint were observed to be larger in the novice runners. Moreover, the maximum
extension torque and the maximum extension power in the hip joint were significantly increased in the experienced runners.
There were no significant differences in the first peak, contact time, and average vertical loading rate. Novice runners showed a
larger vertical instantaneous loading rate than experienced runners. Conclusion. These preliminary findings indicate that novice
runners are prone to running injuries in comparison to experienced runners. Novice runners showed larger kinematics and
kinetic parameters in the joint of the ankle and hip. Novice runners should enhance muscle strength in the hip and choose
scientific training methods.

1. Introduction

Running is one of the most popular recreational physical
activities in the world. Regular running helps prevent the
incidence of chronic diseases, such as cardiovascular disease
and obesity [1, 2]. Because of easy accessibility, many people
prefer participating in long-distance running which can
increase cardiopulmonary function and relieve psychological
stress [3]. Unfortunately, excessive running can trigger
running-related injuries and musculoskeletal injuries to
develop [4, 5]. Running injuries are mainly lower limb inju-
ries, primarily knee joint injuries, especially in the front of
the knee (such as patellofemoral joint pain) [6–8]. Other

common injuries include strains of the tibia, Achilles tendon,
gastrocnemius, foot, and thigh muscles [4].

A previous study has shown that the risks of overuse run-
ning injury were increased from 20% to 70% in recreational
and competitive distance runners [9]. Videbæk et al. have
demonstrated the incidence of injury per 1000 hours of run-
ning, in which the rate of injury was 17.8% of novice runners
compared to recreational runners (7.7%) and ultramarathon
runners (7.2%) [10]. Of all populations, novice runners expe-
rience a high rate of injury. Novice runner’s injury rate was
higher compared to recreational, competitive, or marathon
runners [11]. It is important to focus on injury prevention
among novice runners. Nevertheless, there are few research
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recommendations for novice runners who desire to begin
running training. There are many reasons which can cause
running injuries, such as error training, the difference in run-
ning surface, different running habits, and running shoes [12,
13]. Although scientific researchers and clinical staff have
been working hard to help runners reduce running-related
injuries, the incidence of injuries has remained high for many
years [14].

Epidemiological studies have found that overuse injuries
were associated with kinematic variables of lower limb joints:
the increased hip interrotation and hip adduction [13, 15].
Novacheck also found that the increased eversion angle
velocity and ankle eversion angle might trigger the develop-
ment of overuse injuries (Sallis et al., 1992). Running-
related injuries were associated with ground reaction force,
specifically increased vertical loading rate and vertical instan-
taneous loading rate, and the first peak caused the tibial stress
fractures [16].

Running-related injuries especially in the knee joint have
the characteristics of the frequent occurrence in people with-
out running experience [17, 18]. Psychological fear of
running-related injuries makes it difficult for nonrunning
habit groups to form running habits [19], which hinders
the widespread development of running.

Thus, several studies show a biomechanical difference
between novice and experienced runners. Schmitz et al.
found that there were no significant differences in impact
peak, loading rate, peak nonsagittal hip kinematics, or
strength among the novice runners and competitive run-
ners. However, novice runners showed larger peak hip
internal rotation and a decrease in trunk side-plank endur-
ance [20]. When novice runners and competitive runners
ran in a state of fatigue, novice runners showed larger
hip abduction and peak trunk lean during midswing
[21]. Van Mechelen proposed that about 50% to 75% of
sports injuries may be due to overuse injuries caused by
the repeated repetition of the same action. Factors related
to running injuries include a history of previous sports
injuries, a lack of running experience, participation in run-
ning competitions, and running long distances per week
[22]. Moreover, the effect of running experience on the
kinematics and kinetic energy of the lower limb remains
unclear. Thus, the purpose of this study was to determine
the effect of running experienced on lower limb biome-
chanical changes during the stance phase at 3.3m/s among
both experienced runners and novice runners. The
hypotheses were that the novice runners’ group would
show higher changes in kinematics and kinetics when
compared with experienced runners.

2. Methods

2.1. Participants. Two populations were recruited using
flyers around the society and university: experienced run-
ners and novice runners. The experienced runners con-
sisted of 12 males that had been running at least 20
miles per week and the running experience was more than
5 years. The novice runner consisted of 12 males who ran
2 or 5 miles per week. A novice runner was defined as an

individual having no former experience in running and
never taken part in a running competition. All informa-
tion about the 24 endurance runners is given in Table 1.
Only subjects having the target foot length of US size 9
(±0.5) and self-reported as right leg dominant (defined
as the preferred kicking leg) were included. Exclusion cri-
teria consisted of any spinal or lower extremity surgery or
any knee ligament or cartilage pathology in the past year.
For this test, all the participants were rearfoot strikers
(RFS) [23]. Written informed consent was obtained from
the subjects, and the testing procedures were approved
by Ningbo University.

2.2. Biomechanical Modeling and Collecting. An eight-
camera motion analysis system (Vicon, Metrics Ltd.,
Oxford, UK) was used to capture the sagittal plane kine-
matics of the dominant lower extremity at a frequency of
200Hz [24]. Participants were required to wear tight-
fitting pants and T-shirts. All subjects ran with the right
foot stepping on a single embedded force plate (Kistler
Type, 9281B, Kistler Instrument AG, Winterthur, Switzer-
land) with dimensions of 600 × 900mm, which was fixed
in the middle of the 15m walkway and was utilized to col-
lect the ground reaction force (GRF) at a frequency of
1000Hz. The heel strike and toe-off were determined
when the vertical GRF crossed a 30N threshold level
[21]. Kinematic data were collected including angle
changes of the lower limb joints (hip, knee, and ankle)
in sagittal planes during the stance phase. Kinetic parame-
ters were ground reaction force, joint moment, and joint
power.

Retroreflective markers were placed on the subjects
according to previous research which included thigh,
shank, and ankle [25] (Figure 1). Twenty-five retroreflec-
tive markers (diameter: 14.0mm) were used to define the
knee, ankle, and hip segments. The marker locations
included right and left anterior superior iliac spine, left
and right posterior superior iliac spine, right and left
greater trochanter, first and fifth metatarsal heads, distal
interphalangeal joint of the second toe, medial and lateral
malleoli, and medial and lateral epicondyle of the femur;
tracking clusters were placed on the lateral thigh, shank,
and right heel (Table 2).

2.3. Running Protocol. All participants wore the same type
of running shoe, Anta (Flashedge, China). Participants
were instructed to warm up with light jogging and

Table 1: The basic demographics of subjects (n = 24).

Characteristic Experienced Novice

Age (years) 26:20 ± 4:10 25:60 ± 4:70
Weight (kg) 63:40 ± 7:50 67:50 ± 6:80
Height (cm) 170:00 ± 8:28 173:00 ± 7:28
BMI (kg/m2) 21:75 ± 2:60 22:89 ± 3:20
Running experience (years) 5:20 ± 3:00 2:10 ± 1:60
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stretching in the common shoes. They then ran for at least
5 minutes in the laboratory at a self-generated comfortable
speed. Runners performed each trial by running through a
laboratory that was 15m long and exiting into a hallway.
On both sides of the force platform was a speed-
measuring instrument (smart speed, Fusion Sport Inc.,
Burbank, CA, USA) to control the speed of the subjects.
The distance between the speed-measuring instrument
was 3.3m. All the subjects ran at a speed of 3.3m/s. Each
test collected six successful trials (Figure 2).

2.4. Data Analysis. This study paid more attention to the var-
iation of the sagittal plane as the main data [26]. Visual 3D
(C-motion, Germantown, MD, USA) was used to process
the data. First, a fourth-order low-pass zero-lag Butterworth
filter was used to filter the marker trajectories at 15Hz and
force plate data at 100Hz [26].

Sagittal plane hip, knee, and ankle angles were calculated
using Cardan angles with the distal segment expressed rela-
tive to the proximal segment in Visual 3D. The net internal
joint moments and joint powers were calculated using a stan-
dard inverse dynamics approach. Segment masses, the center
of mass locations, and inertial properties were calculated for
the thigh, shank, and foot using anthropometric data [27].
The joint kinetic and the GRF variables were normalized by

the subject’s body mass. Joint angles, joint moments, and
powers were normalized to the stance phase over 101 data
points. Max angles were defined as the maximum joint angle
during the stance phase, while participants ran the 15m dis-
tance. Min angles were defined as the minimum joint angle
during the stance phase. The range of motion was defined
as the maximum angle minus the minimum angle. The aver-
age vertical loading rate (VALR) and vertical instantaneous
loading rate (VILR) were calculated over the portion of the
vertical GRF (vGRF) vs. time curve between 20 and 80% of
the time to peak impact according to Equations (1) and (2)
(Milner et al., 2008).

VALR = F80% − F20%
t80% − t20%

, ð1Þ

VILR = ΔFmax
Δt

where t20% < t < t80ð Þ, ð2Þ

Kinematic variables of two groups of runners included
eversion and dorsiflexion angles (ankle, knee, and hip), as
well as joint (ankle, knee, and hip) angle velocity in the sagit-
tal plane (Figure 3). Kinetic variables included contact time,
average vertical loading rate (VALR), vertical instantaneous
loading rate (VILR), first peak, joint moment, and joint
power.

2.5. Statistical Analysis. All data are given as mean ±
standard deviation. Normal distribution and homogeneity
were assessed using the Shapiro-Wilk test and Levene’s test,
respectively. Using SPSS (SPSS Inc., Chicago, IL), an inde-
pendent samples t-test was used to assess group differences
for kinematic and kinetic parameters. The level of signifi-
cance was set to p = 0:05.

3. Results

3.1. Kinematics of Ankle, Knee, and Hip Joints. The Shapiro-
Wilk tests revealed that all parameters were normally distrib-
uted. There was no significant difference in the max knee

Figure 1: Placement of combined marker set consisting of retroreflective cluster markers and single 14mm retroreflective markers.

Table 2: Anthropometric data.

Segment Definition
Center of
mass (%)

Radius
gyration (%)

Foot
Lateral malleolus/head

metatarsal II
1.37 4.415

Shank
Femoral condyles/medial

malleolus
4.33 4.395

Thigh
Greater

trochanter/femoral
condyles

14.16 40.95
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angular velocity, min hip angle, andmax hip angular velocity.
When analyzing the changes in the joint angles of novice
runners during the stance phase (Table 3), maximum ankle
angle (p < 0:01), minimum ankle angle (p < 0:05), ROM of
ankle joint (p < 0:01), maximum hip angle (p < 0:01), ROM
of the hip joint (p < 0:01), and ROM of knee joint (p < 0:01
) were increased. In addition, decreased changes were
observed in the maximum knee angle (p < 0:01) and mini-
mum knee angles (p < 0:01) in the novice runners (Figure 4).

3.2. Kinetics of Ankle, Knee, and Hip Joints. Minimum
moment of the hip joint (p < 0:05) and the maximum power
of the hip joint (p < 0:05) were significantly smaller in the
novice runners than in the experienced runners (Table 4).
The minimum ankle moment was significantly greater in
the novice runners than in the experienced runners
(Table 4) and (Figure 5). However, there were no significant
differences in the maximum moment, maximum power,
minimum power of ankle joint, maximum moment, and

Start Finish 

Vicon camera 

Smart speed 

Force plate 

Running direction Position to step on 

Figure 2: Participant motion capture setup.

Z Z Z Z Z

Figure 3: Pictorial illustration of the running gait cycle during the stance phase at 3.3m/s.

Table 3: Ankle, knee, and hip joint kinematics during the stance phase (n = 24).

Joint Variables Experienced Novice p value

Ankle

Max angle (°) 8:20 ± 1:60 23:70 ± 1:11 p < 0:01 ∗
Min angle (°) −14:51 ± 2:66 −8:20 ± 3:47 p < 0:01 ∗
ROM (°) 22:72 ± 2:53 31:90 ± 3:89 p < 0:01 ∗

Max angular velocity (°/s) 180:98 ± 29:20 205:19 ± 15:19 0.026∗

Knee

Max angle (°) −7:70 ± 3:00 −20:50 ± 2:56 p < 0:01 ∗
Min angle (°) −32:82 ± 3:01 −49:06 ± 2:09 p < 0:01 ∗
ROM (°) 25:11 ± 2:98 28:56 ± 4:31 0.041∗

Max angular velocity (°/s) 181:71 ± 33:05 205:86 ± 63:13 0.277

Hip

Max angle (°) 26:07 ± 2:89 32:69 ± 2:15 p < 0:01 ∗
Min angle (°) −1:63 ± 4:98 −2:58 ± 2:90 0.059

ROM (°) 27:71 ± 4:10 35:27 ± 2:57 p < 0:01 ∗
Max angular velocity (°/s) 19:11 ± 18:64 21:91 ± 45:06 0.851

Note: ∗significant difference between experienced runners and novice runners (p < 0:05).
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minimum power of hip joint. No significant differences
existed in the kinematic parameters of the knee joint
(Table 4).

3.3. Kinetics of Ground Reaction Force. Contact time
increased significantly among novice runners compared to
the experienced runners (p < 0:01) (Table 5). No significant
difference was observed in the vertical average loading rate,
contact time, and first peak. Besides, the vertical instanta-
neous loading rate was lower in the novice runners in com-
parison to the inexperienced runners (p < 0:01).

4. Discussion

Future research directions may also be highlighted [28, 29].
Compared with the ankle variables, the plantar flexion, dor-
siflexion, ROM, plantar flexion torque, and maximum angu-
lar velocity were significantly increased in novice runners
when compared to inexperienced runners. Long-distance
running may cause plantar fasciitis and metatarsal stress
fracture-related running injuries.

A previous epidemiological investigation found that
the knee joint of novice runners is the most prone to
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Figure 4: Sagittal ankle, knee, and hip joint kinematics for novice runners (the solid blue line is the mean and the shaded area is the standard
deviation) and experienced runners (dashed red line is the mean). Note: the dotted box indicates a significant difference between the two
groups of runners, p < 0:05.

Table 4: Ankle, knee, and hip joint kinetics during the stance phase
(n = 24).

Joint Variables Experienced Novice p value

Ankle

Max moment (Nm) 0:50 ± 0:24 0:43 ± 0:14 0.356

Min moment (Nm) −1:85 ± 0:32 −2:22 ± 0:11 0.002∗

Max power (W/kg) 10:43 ± 2:87 11:44 ± 2:35 0.379

Min power (W/kg) −3:15 ± 0:85 −4:03 ± 0:77 0.018

Knee

Max moment (Nm) 0:93 ± 0:23 1:08 ± 0:44 0.379

Min moment (Nm) −2:71 ± 0:22 −2:63 ± 0:27 0.295

Max power (W/kg) 1:02 ± 0:43 1:15 ± 0:58 0.530

Min power (W/kg) −9:52 ± 2:36 −9:16 ± 1:87 0.681

Hip

Max moment (Nm) 0:82 ± 0:24 0:80 ± 0:12 0.747

Min moment (Nm) −4:37 ± 0:45 −3:67 ± 0:48 0.002∗

Max power (W/kg) 17:09 ± 2:81 12:45 ± 3:30 0.002∗

Min power (W/kg) −1:24 ± 0:60 −1:15 ± 3:26 0.748

Note: ∗significant difference between experienced runners and novice
runners (p < 0:05).
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injury [30]. Our study results showed that the maximum
knee angle and minimum knee angles were smaller than
experienced runners. Dierks et al. found that increased
knee flexion helps reduce the risk of a knee injury. How-
ever, in this study, novice runners observed larger knee
flexion than experienced runners [31]. The ROM of the
knee joint was larger in the novice runners than experi-
enced runners, and this finding is in agreement with
Agresta et al. [32]. This could be attributed to novice run-
ners having poor running mechanics, which results in
higher loads on musculoskeletal tissue, especially at the
tibia and the knee.

The novice did show greater hip joint flexion angle
and ROM of the hip joint in this study. The hip joint
plays a very important role in the movement of the lower
limbs, and the instability of the hip joint is considered to
be an important mechanism of lower limb injuries [9].
In the sagittal plane, the novice runners produced a larger
ROM in comparison to the experienced runners. This may
suggest poor hip stability among novice runners. The
maximum extension torque and the maximum extension
power in the hip joint significantly increased in the expe-
rienced runners. This phenomenon might have been
caused by running miles and running speed. In addition,
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Figure 5: Sagittal ankle, knee, and hip joint power and moment for novice runners (the solid blue line is the mean and the shaded area is the
standard deviation) and experienced runners (dashed red line is mean). Note: the dotted box indicates a significant difference between the two
groups of runners, p < 0:05.

Table 5: Ground reaction force parameter during the stance phase (n = 24).

Parameter Experienced Novice p value

Contact time (ms) 231:00 ± 11:97 230:00 ± 11:97 0.67

Vertical average loading rate (BW/S) 52:58 ± 15:78 48:13 ± 3:60 0.405

Vertical instantaneous loading rate (BW/S) 106:13 ± 41:53 89:00 ± 9:96 0.001∗

First peak (BW) 2:15 ± 0:20 2:45 ± 0:18 0.852

Note: ∗significant difference between experienced runners and novice runners (p < 0:05).
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insufficient hip abductor muscle strength and abnormal
anatomical force lines may also affect it [9, 33]. Also,
larger extension torque and extension power in the hip
joint might lead to the development of iliotibial bundle
friction syndrome.

The curve of the ground reaction force during running
is a typical double-peak curve. Studies suggest that the
increase in the ground reaction force peak and its loading
rate will cause higher risks to lower limb injuries [34–36].
In this study, the peak ground reaction force and the cor-
responding average load rate of the ground reaction forces
were consistent with the results of Schmitz et al., who used
the same test speed in their experiments [20]. However,
the vertical instantaneous loading rate was lower in the
novice runners. Many factors may influence the ground
reaction force parameters.

Although the ground reaction force parameters were
associated with running injuries, our results do not provide
more details into novice runners who have a higher rate of
running injuries than experienced runners. For novice run-
ners, the risk of running injury was higher than experienced
runners. Novice runners should enhance muscle strength in
the hip and choose scientific training methods. During the
training sessions, novice runners should increase the amount
of running and control the running speed on a step-by-step
basis and reasonably.

There are some potential limitations to this study. In this
study, the anteroposterior ground reaction force was not cal-
culated. The data of anteroposterior ground reaction force
might provide a helpful understanding of overuse running
injuries for both novice and experienced runners. Moreover,
the different running speeds should be considered when
compared to the biomechanics parameters. Finally, a further
study should focus on the effect of different gender and dif-
ferent BMI.
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Standing long jump (SLJ) is complicated by the challenge of motor coordination in both the upper and lower segments. This
movement is also considered to be a fundamental skill in a variety of sports. In particular, SLJ is an important test index for
middle school students for assessing their physical fitness levels. This assessment takes the form of a physical fitness test high
school entrance examination in some countries such as China. This minireview summarizes recent studies that have investigated
how to improve the standing long jump performance from different aspects which include arm motion, takeoff angle, standing
posture, warming-up exercise, and handheld weight. The common study limitations, controversial knowledge, and future
research direction are also discussed in detail.

1. Introduction

Jumping is a fundamental movement skill in a variety of
sports that needs the complex motor coordination of upper
and lower limbs to obtain a good performance, such as vol-
leyball, basketball, ski jumping, and some ball sports in which
the high velocity of muscle contractions is required. Standing
long jump (SLJ) is considered a good predictor of sprint and
jump performance, which presents correlations highly with
isokinetic measures of lower extremity force [1].

The SLJ is an important physical fitness test index for
middle school students in China. This assessment metric
takes the form of a physical fitness test high school entrance
examination in China. More often than not the outcome of
this physical fitness test determines the eligibility of the stu-
dent to be admitted to their high school of choice. Therefore,
the SLJ score is of particular importance, and examining
methods to effectively improve SLJ performance could be
beneficial to middle school students. Previous researchers
have also investigated various aspects of the SLJ ([2–4]. These
studies have investigated body configuration and joint func-
tion of both upper and lower segments between adults and
preschool-age children [3] and explored the significant corre-

lations between a variety of isometric, kinetic, kinematic, and
SLJ performance parameters [2, 4]. The category of jumps
can be divided according to the arm motion. i.e., jumps with
restricted arm motion (JRA) and jumps with free arm move-
ment (JFA). In terms of comparing the JRA and JFA jump
categories, the influence of arm movement on SLJ perfor-
mance was explored with respect to understanding whether
the jumping distance could be increased by arm swing [5].
To detect more biomechanical mechanisms for improving
the movement performance, the optimum takeoff (TO) angle
29°-38° of SLJ in adult males was found, although the biome-
chanical evidence for this result is unclear [2, 3, 5]. Mean-
while, the different TO positions for SLJ have also been
studied by Mackala and associates where the different results
of parallel or straddle foot starting placement for the quality
of SLJ were determined [6]. Moreover, Koch et al. explored
the potential effects of stretching and warm-up activities on
the SLJ in moderate and well-trained subjects. The results
presented show that warm-up activities had a slight effect
on jumping performance, while maximum muscles strength
showed a significant correlation with jumping ability [7].
On the other hand, according to the research by Minetti
and Ardigo, the hand with halteres increased the TO speed
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in the SLJ mainly because the muscle exerted more force in
the moderately loaded subjects in comparison to the non-
loaded scenario [8]. The researchers compared the effects of
hand-holding different weights on the kinematic and
dynamic characteristics of SLJ subjects, and the relationship
between the hand-held weight and jumping performance
was clarified (Fukashiro et al. 2005; [8]).

Besides, the biomechanical characteristics of SLJ from a
computer modeling perspective have been investigated by
Hickox et al. Hickox and colleagues verified the effectiveness
of SLJ modeling based on the two-dimensional sagittal plane
evaluation, and the results showed that plane analysis was
sufficient to detect lower limb movement [9]. In addition,
Ashby and Delp documented that arm activity can improve
the SLJ performance by using the optimal control simulation
method [10]. These have provided us with an insightful
understanding of the sports coordination mechanism of SLJ.

To date, a narrative review on the effect of motor activity
on the standing long jump performance remains unavailable
in the literature. Therefore, the purpose of this article was to
summarize the methods for coaches and trainers to improve
the SLJ performance from the perspective of several aspects
based on previous studies.

2. The Different Analytical Aspects of the
Standing Long Jump

2.1. The Role of Arm Motion in the Standing Long Jump.
Many previous studies have elucidated the role of arm move-
ments in various jump activities [11]. There are several ben-
efits to arm motion, such as arm swing increases the velocity
of the body’s center of gravity (CG) at TO, acquires the larger
peak magnitude of the vertical ground reaction force, and
creates an additional downward force on the body which
allows for greater muscle force development [11–13]. To be
more specific, Ashby and Heegaard have revealed the biome-
chanical mechanism of the role of an arm in the SLJ [5]. They
conducted a comparative study between JFA and JRA sub-
jects; the results showed that the average distance improved
by 21.2% in the JFA group compared to JRA, the average
velocity of the CG increased by 12.7% at TO, and the hori-
zontal displacement of CG before TO significantly increased
among the JFA subjects when compared to JRA subjects. In
terms of kinetics, the peak value of horizontal ground reac-
tion force (HGRF) in the JFA group was also significantly
increased when compared to the JRA group. Additionally,
it was considered that majority of the improvements
observed in the SLJ were attributed to the increased CG
velocity at TO during arm movements.

Three different theories have been proposed to explain
the principle of how CG velocity was increased by armmove-
ment at TO. The theory of “hold back” indicated that the
lower limb extensor was activated by arm motion during
the propulsive phase to limit excessive forward rotation,
which would achieve an optimal landing. On the contrary,
if arm motion was restricted, the jumper must “hole back”
to limit the lower limb extensor thereby avoiding excessive
forward rotation of the trunk and legs that would limit
proper landing [5]. The theory of “joint torque augmenta-

tion” suggests that the arm swing creates a downward force
on the shoulder, which slows down the shortening velocities
of the lower extremity joint extensors thus resulting in a
greater muscle torque [11, 12]. The “energy transfer” theory
is that muscles in the shoulder and elbow joints transfer
energy to the rest of the body before takeoff, increasing the
speed and displacement of the CG in both horizontal and
vertical directions [12]. Ashby assessed the reliability of all
three theories in jumping movement by using the optimal
control simulations; it was found that the “energy transfer”
theory is the primary mechanism for increasing the velocity
of the CG in JFA at TO, because the large work of the upper
limb joint muscles is produced by free arm movement which
can be effectively transferred to the lower limb [14]. Above
all, jumping with a free arm movement can significantly
improve SLJ performance.

2.2. The Optimum Takeoff Angle of CG. The trajectory of CG
movement can be likened to a projectile in the flying phase of
the SLJ. Therefore, an appropriate projection angle is identi-
fied as a crucial factor to develop an ideal performance. Pre-
vious studies have suggested that the projection angle
between 29° and 38° has been considered as an optimum
TO angle for jumpers, but the biomechanical reasons for this
projection angle option are not well explained [2, 3, 5]. How-
ever, the results showed that the TO angle was not the main
factor contributing to a successful SLJ performance, espe-
cially that the distance affecting by TO speed was more
important than TO angle [15]. In order to obtain maximum
TO speed, the optimum TO angle in SLJ was suggested to be
less than 45° [15]. Additionally, the authors also suggested
that spiked shoes should be used at very low takeoff angles
to increase traction at TO phase so as to reach a greater jump
distance. There are few researches that have been done on the
optimum takeoff angle in SLJ movement. Further studies
should be conducted in the future to verify the role of
appropriate TO angle in SLJ.

2.3. The Standing Posture of SLJ. The coordination strategies
of a jumper can be affected by different standing postures.
Despite the conclusions by previous researches suggesting
that jump distance is insensitive to the initial position, which
is determined by angle of knee flexion and posterior angle of
the trunk at TO phase, the initial postures play an important
role in SLJ movement for attaining a good performance [16].
Actually, the effects of various foot positions on the quality of
SLJ have been studied extensively specifically from parallel
and straddle position perspectives. The parallel SLJ setup
involves placement of the feet at shoulder width apart or
more and parallel to the starting line. The straddle SLJ setup
contrastingly involves placement of the feet in self-selected
straddle position ranging from 30 cm to 40 cm with one of
the feet in front. Mackala and colleagues have investigated
the effect of the differences in kinematics and kinetics
between parallel and straddle placement in SLJ movement.
In their study, three related muscle group activities were eval-
uated by electromyography (EMG) in different foot place-
ment groups. The results showed that the average distance
can be improved by 5.18% in the straddle position when
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compared to the parallel position. More specifically, larger
flexion angles at the trunk, hip, and knee joints were observed
in the straddle position. Larger peak joint moments were also
found at straddle feet placement in comparison to the parallel
position. The subject’s whole body was more likely to tilt for-
ward in the straddle position and produce a lower center of
mass that can generate a larger momentum in the forward
and upward movements, thus contributing to a better perfor-
mance. In contrast to parallel posture, the greatest muscle
activation was observed in the gluteus maximus and biceps
femoris during the push-off phase in the straddle starting
foot position, and the lower limb extensor muscles such as
gluteus maximus and biceps femoris could exert more force
in the straddle position compared to parallel position [6].

Besides the experimental measurement of SLJ, long jump
simulation researches have also been conducted. The numer-
ical simulation could take the advantage of decreasing the
biased effects. In order to effectively study the influence of
starting posture on SLJ, a planar 4-segment human model
has been established by Cheng and Chen [18] to detect the
joint torque activation level and TO time in SLJ movement.
Three different starting postures included the squat, low
squat, and high squat were tested; the height of the squat
was determined by the initial center of mass heights at
78 cm, 88.4 cm, and 62.9 cm, respectively. However, the
results showed that the jump distance was slightly dependent
on the initial posture [18]. It is a little difficult to draw a con-
clusion based on the current researches regarding whether
SLJ performances can be influenced by starting posture, since
different strategies of starting posture in selected articles have
been used. One of the articles focused on the feet placement
[19], and another was concerned about the height of squat
[20]. We may be able to get some information from limited
studies including preliminary studies to provide clarity in
understanding the effects the straddle starting feet placement
may have on jump distance during the SLJ movement. To
fully understand the complexities associated with improving
performance in the SLJ, further investigations into feet place-
ment, different squatting heights, and other postures associ-
ated with the SLJ need to be investigated and understood so
that future projects can provide more valuable information
to the jumper and coaches.

2.4. The Effect of Warm-Up on the SLJ. The warm-up exer-
cises are considered as an important factor for injury preven-
tion and a prerequisite for good athletic performance.
Stretching movements have been widely applied in warm-
up exercises for training and competition purposes in a vari-
ety of sports [7]. Researchers have shown that after warming
up, the muscle’s stiffness is reduced and relevant muscles
have more compliance before the sporting activity is started
[21]. Furthermore, some studies have found that stretching
contributes to a negative effect on muscle strength, perfor-
mance, and strength endurance. [22–25]. Similarly, Koch
et al. also detected the negative effect of different warm-up
exercises which included stretching, high force, and high
power in trained and untrained men and women. According
to this research, the results revealed that no significant differ-
ences were found in any warm-up exercise routines [7]. It

was demonstrated that the effect of warm-up exercises on
SLJ performance was not obvious, and the muscle strength
was strongly associated with jump ability. This finding is con-
sistent with the conclusion drawn by Koch and colleagues
who found that no effect on sports performance was observed
during their investigation of a static stretch involving a stan-
ding/seated toe touch and standing/seated quadriceps stretch
[7]. Even in the vertical jump movement, previous researches
have indicated that a small (3%) reduction in height of the
vertical jump was found after the performance of propriocep-
tive neuromuscular facilitation stretching [8]. Above all, the
adverse effects of warm-up exercises on SLJ sports perfor-
mance have been consistently confirmed by previous
researches; therefore, the warm-up exercises are not recom-
mended for SLJ movement.

2.5. The Function of Handheld Weight on SLJ Performance.
The effect of handheld weights on jumping performance
has been conducted by a few studies [8, 26]. Papadopoulos
and associates demonstrated that each hand carrying a 3 kg
load would contribute to a 6% increment in the jump dis-
tance performed at the same TO speed. In addition, the com-
puter simulation presented when subjects were jumping with
2 kg to 9 kg weights in each hand showed that the velocity of
TO can be increased by 5-7% [27]. The loading effect during
jumping allowed muscles to exert larger strength which led to
a reasonable muscle contraction [27]. Researchers have com-
pared the different effects of various handheld masses on the
kinematic and dynamic features of SLJ [8]. They suggested
that better SLJ performance could be achievable with extra
weights between 3 kg and 6 kg due to the larger horizontal
translation of the COM and the greater GRF that was yielded.
This conclusion is consistent with Lenoir and associates who
showed that a jump distance of 13:88 ± 0:70 cm was achieved
without loads while the distance was significantly increased
with extra weights (14:64 ± 0:76 cm) [28]. Ashby also indi-
cated that jumpers who carried a 4.6 kg loading increased
their jump distance by 0.39 cm [26]. Furthermore, using a
simulation analysis, Minetti and Ardigo noted that a 5 kg to
6 kg load is the optimal weight for increasing jump distance
[27]. Subsequently, Huang et al. tested the optimal weights
for SLJ jumpers and found it to be 5.6 kg (Huang et al.
2005). According to the analysis presented, the improvement
in SLJ performance by extra weight is mainly attributed to
greater GRF force and greater takeoff velocity of COM in
the horizontal direction. Therefore, the method of holding
extra loading to improve SLJ performance can be applied in
a training program for different sports purposes.

3. Conclusion

Many studies reveal the effect of the object on standing long
jump from a different perspective. The five methods that
could influence the SLJ performance were included in this
mininarrative review, in which the arm motion, takeoff angle
less than 45°, and 5 kg-6 kg handled weight play a positive
effect on SLJ performance. All these biomechanical variables
identified as the main factors to achieve an ideal SLJ perfor-
mance generally improved takeoff velocity of COM and
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increased the power of the lower extremity. On the other
hand, warm-up exercises have presented a negative influence
on SLJ movement since it reduces the muscle’s stiffness and
increases muscular compliance. There was a contradictory
view in the starting posture of SLJ movement as indicated
by the different strategies of starting posture in selected arti-
cles. Further studies on muscle activities in the lower extrem-
ities during the SLJ movement are needed since muscle
strength is a determining factor to achieve better perfor-
mance. On the other hand, the application of specialist jump-
ing shoes in SLJ movement is also an important research
topic since running shoes have been extensively investigated;
however, to date, no research has focused on jumping shoes.
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