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Blind footballers direct their head 
towards an approaching ball 
during ball trapping
Takumi Mieda1* & Masahiro Kokubu2

In blind football, players predict the sound location of a ball to underpin the success of ball trapping. 
It is currently unknown whether blind footballers use head movements as a strategy for trapping a 
moving ball. This study investigated characteristics of head rotations in blind footballers during ball 
trapping compared to sighted nonathletes. Participants performed trapping an approaching ball 
using their right foot. Head and trunk rotation angles in the sagittal plane, and head rotation angles 
in the horizontal plane were measured during ball trapping. The blind footballers showed a larger 
downward head rotation angle, as well as higher performance at the time of ball trapping than did the 
sighted nonathletes. However, no significant differences between the groups were found with regards 
to the horizontal head rotation angle and the downward trunk rotation angle. The blind footballers 
consistently showed a larger relative angle of downward head rotation from an early time point after 
ball launching to the moment of ball trapping. These results suggest that blind footballers couple 
downward head rotation with the movement of an approaching ball, to ensure that the ball is kept in a 
consistent egocentric direction relative to the head throughout ball trapping.

Blind football is designed to enable blind and partially sighted individuals to take part in the sport. Players local-
ize the positions of the ball, teammates, and opponents by listening to sounds during games and daily training. 
The ball contains a sound system that causes it to make a noise when it bounces and rolls1, which enables players 
to localize the changeable position, as well as the initial position. In ball trapping, players need to predict the 
trajectory of the upcoming ball and intercept the ball corresponding to the position. Therefore, accurate localiza-
tion of the ball using auditory information is necessary to underpin the success of ball trapping.

Previous studies have indicated that blind footballers accurately localize sound direction using auditory cues 
that humans are known to benefit from when localizing a sound2. For example, blind footballers are more precise 
than blind and sighted individuals in identifying the direction of sounds emitted from static loudspeakers3,4. 
Velten et al. also reported that blind footballers showed less-frequent front–back confusion4—that is, when a 
stimulus in front of a subject is localized to the rear, or vice versa5—which occurs due to the so-called “cone of 
confusion”6,7. A more recent study by Mieda et al.8 revealed that blind footballers had faster choice reaction times, 
but not simple reaction times, compared to sighted footballers when executing a stepping response towards the 
perceived direction of the static loudspeakers. They suggest that blind footballers identify sound direction more 
rapidly based on auditory cues, while also maintaining accuracy, compared to sighted footballers and nonathletes. 
Based on these findings, it is reasonable to assume that rapid and accurate identification of sound direction with 
auditory cues represents a strategy of blind footballers. However, to our knowledge, there has been no study on 
the strategy of blind footballers to identify the direction of a dynamic sound source, such as a moving ball, which 
is necessary to perform ball trapping.

Two aspects are important to increase the accuracy of sound localization. The first is to move the head; it is 
well known that head movements increase the accuracy of sound localization (i.e., identification of sound direc-
tion) when listeners are allowed to move their head during sound presentation. Previous studies have reported 
that head movements can reduce front–back confusion9–11, and improve accuracy of sound localization in the 
horizontal9,12 and elevation13,14 planes. The effect of head movements on sound localization has been studied 
previously by identifying the direction of the static sound source. Even in the case of localizing moving sound 
sources, some studies15 have reported that head movements also improve the accuracy of sound localization 
(i.e., smaller moving minimum audible angle thresholds) when listeners moved their head while audio signals 
were moved, compared to when listeners remained still during the audio signal motion. Taken together, head 
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movements appear to be important in ball trapping, which requires the accurate identification of the direction 
of a dynamic sound source (i.e., a moving ball). Here, we investigate whether blind footballers use horizontal 
and vertical head movements to underpin the success of ball trapping.

The second aspect is to direct the head towards the sound source, which is necessary for accurate localization16. 
Previous studies have reported that sound localization is particularly accurate when the sound is in front of the 
listeners’ heads17–19. For instance, Makous & Middlebrooks19 showed that the size of errors and response vari-
ability were smallest for sounds presented in front of the listeners’ heads, while they were increased when the 
sounds were presented at more peripheral stimulus locations. Therefore, it is important for sound to be localized 
in front of the head using head rotation when localizing sounds from peripheral locations.

Auditory–motor performance, such as reaching and pointing to auditory targets, is also influenced by the 
location of a sound source in relation to the listeners’ heads. For instance, pointing error to auditory targets has 
been found to be smaller at the height of the chest than at the height of the feet20. Furthermore, higher accuracy 
of pointing to auditory targets was observed under the condition in which listeners showed a larger heading angle 
to the targets, as well as with a larger amplitude of head movements21. The authors suggest that the accuracy of 
pointing to auditory stimuli could be due to the contribution of heading towards the target providing a more 
accurate frame of reference for the anticipated control of pointing. Collectively, it is predicted that the direction 
of the auditory stimulus relative to the position of the head could affect the performance of auditory–motor 
tasks in blind footballers.

For other sports, such as cricket22 and baseball23–25, skilled batters have been shown to couple their head 
direction to the movement of the ball, known as a “head-ball coupling” strategy, in order to track the target. 
For instance, elite batters demonstrated a head-ball coupling movement when the ball direction was kept in a 
constant direction corresponding to the head in real batting22,24,25. Crucially, Mann et al.22 indicated an advantage 
to keep the target in a consistent direction relative to the head, because visuo–motor tasks, such as catching and 
hitting, are controlled in an egocentric manner. Based on the previous findings showing that sound location was 
mainly coded in head-centred reference frame26,27, it is likely to be important to track the ball in a consistent 
egocentric direction relative to the head, even in the case of auditory–motor tasks such as ball trapping. Thus, it 
is reasonable to expect that blind footballers would utilize a strategy to couple the head direction relative to the 
movement of the ball during trapping.

Finocchietti et al.28 studied the movement patterns of blind footballers compared to sighted footballers in 
a fast and repetitive ball passing task against a wall. The authors found that the blind footballers presented a 
greater trunk flexion angle at the lumbar (L1/T12) and thoracic (T9/T8) levels, but not at the cervical (T1/C7) 
level, when compared to those of sighted individuals while performing passes. They imply that forward lean-
ing of the trunk seems to be a strategy related to maximizing the quality of auditory inputs to guide postural 
control during passing/receiving the ball. However, they did not examine movement patterns, such as the head 
and trunk, to localize the ball position during receiving, because the study was designed to analyse movement 
patterns immediately before and after kicking the ball. To clarify this issue, we investigated whether downward 
head rotation or forward tilt of the trunk could contribute to accurate sound localization for ball trapping.

The purpose of the present study was to determine the strategy of blind footballers to localize a dynamic 
sound source, such as a moving ball. Specifically, we investigated the characteristics of head rotations in blind 
footballers compared to sighted nonathletes when trapping an approaching ball. We hypothesized that blind 
footballers utilize larger head rotations in order to accurately perform ball trapping.

Methods
Participants.  Participants were blind male footballers (n = 6; mean age, 27.3 ± 6.8 years; playing experience, 
7.4 ± 3.5 years) and age-matched healthy sighted nonathletes (n = 6; mean age, 28.0 ± 5.2 years; no regular blind 
football training). This study adopted its experimental design, comparing blind footballers with sighted con-
trol groups, based on a previous study28. Their foot preferences (i.e., the leg preferred to kick a ball) were self-
declared; of the 12 participants, 11 were right-footed and the remaining participant was a left-footed nonathlete. 
The group of “blind footballers” included totally blind and low-vision individuals who played, and regularly 
trained in blind football. Three players were in B1; two players were in B2; one player was in B3, according to 
the classification rules of the International Blind Sports Federation29. B1 players are those who have a visual 
acuity lower than LogMAR 2.6, B2 players are those who have visual acuity ranging from LogMAR 1.5–2.6 and/
or visual field constricted to a diameter of less than 10 degrees, and B3 players are those who have visual acuity 
ranging from LogMAR 1.4–1.0 and/or visual field constricted to a diameter of less than 40 degrees. The char-
acteristics of the blind footballers are shown in Table 1. One B1 player lost his vision before the age of 2 years, 

Table 1.   Characteristics of blind football players.

Participants Age Class Age at onset of visual impairment

BF1 29 B1 23

BF2 22 B2 10

BF3 22 B3 12

BF4 24 B2 Congenital

BF5 40 B1 28

BF6 27 B1 1.5
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and two lost their vision between the ages of 20–30 years. One B2 player had congenital visual impairment, and 
one had visual impairment at the age of 10 years. One B3 player had visual impairment at the age of 12 years. All 
participants were screened for possible hearing impairments by audiometry. Audiometry was performed with a 
pure tone audiometer (AA-32W1; Rion Co., Ltd., Tokyo, Japan), and the presented frequencies ranged from 250 
to 4000 Hz. Hearing threshold levels were calculated for each ear by averaging the threshold for four frequencies: 
500, 1000, 2000, and 4000 Hz. Neither the hearing threshold level at each frequency, nor the average hearing 
threshold levels of each participant were more than 20 dB. Audiometry was used to confirm that none of the 
participants had hearing impairment. The present study was conducted in accordance with the Declaration of 
Helsinki and was approved by the Ethics Committee of the Faculty of Health and Sport Sciences, University of 
Tsukuba. Informed consent was provided by all participants prior to the experiments.

Apparatus and task.  Figure  1 shows a top-down view of the experimental setup. The experiment was 
conducted in a non-anechoic room (7.3 m × 7.3 m × 2.5 m). The present experiment was reasonably performed 
under a reverberant listening condition4,28, because this reflects an actual condition in playing blind football 
and therefore has an ecological approach. The floor of the room was covered by joint mats (B0013HF3DS; TOEI 
LIGHT Co., Ltd., Tokyo, Japan) to prevent the risk of injury by fall. Thin threads were attached to the mat sur-
face to provide the participants standing on the mat with spatial information about the original position. The 
reference point was defined as the intermediate position between the two threads. An infrared camera motion 
system with 10 cameras (OptiTrack Flex13, 120 fps; NaturalPoint Inc. Corvallis, OR, USA) was used to compute 
the three-dimensional position of reflective markers attached to the body of each participant. The cameras were 
placed around the ball and the participant’s body (see Fig. 1), such that we could focus on every infrared reflec-
tive marker with at least three cameras at the same time to ensure optimal recordings. Each participant was 
outfitted with a total of 16 infrared reflective markers (14 mm in diameter). Three infrared reflective markers 
were arranged on the head to form a triangle, according to a previous study30, with the marker on the top of head 
as the tip. Other reflective markers were attached as follows: One marker on the superior margin of the sternum 
(breastbone), one marker on each shoulder, each greater trochanter, each lateral epicondyle of femur, each lateral 
malleolus, each toe, and each heel.

The official ball approved by the Japan Blind Football Association was used in the experiment. The ball, 
with infrared reflective tape, was launched to the participants using a self-made apparatus, which contained an 
aluminium rail to adjust the ball speed and direction. The inclination of the rail was 45 degrees to the ground. 
The ball was released manually by the experimenter from one of three different height positions on the rail, such 
that the ball speeds were 2.4 m/s, 2.2 m/s, and 1.92 m/s. The distance between the ball launching point and the 
reference point was 4.5 m. The ball direction (i.e., the angle of the vector from the ball launching point to the 
ball trapping point relative to the vector from the ball launching point to the reference point) was changed by 
adjusting the direction of the rail trial-by-trial to prevent the participants from anticipating the ball direction 
prior to launching. Moreover, there was some noise each time the rail was moved by the experimenter. For this 
reason, the experimenter intentionally generated the noise by moving the rail for each trial, even when a ball 
was continuously launched to the same direction as the previous trial, so that we could prevent participants 
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Figure 1.   Experimental set-up. Reflective markers were attached to the body of each participant. The three-
dimensional position of the reflective markers was computed using an infrared camera motion system with ten 
cameras. The cameras were placed around the ball and the participant’s body. The ball was launched towards 
four different directions (right far, right near, left far, and left near). The near space ranged between 0 and 75 cm 
laterally away from the reference point, and the far space ranged between 75 and 150 cm laterally away from the 
reference point.
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from anticipating the ball direction prior to launching. Four directional conditions were set as shown in Fig. 1 
(i.e., right far, right near, left far, and left near). Near conditions ranged from 0 to 75 cm laterally away from the 
reference point, and far conditions ranged from 75 to 150 cm laterally away from the reference point, so that the 
ball direction ranged between − 18 and 18 degrees.

The participants were instructed to stand at the original position wearing socks. They were blindfolded with 
an eye mask during the task to prevent them from gaining knowledge of the experimental setup. The participants 
performed trapping an approaching ball by using their right foot in the natural condition, without instruction 
on head movements. They were instructed to trap the ball at their feet as accurately as possible. The participants 
returned to the original position after ball trapping to confirm that they were ready for the next trial.

Procedure.  The participants performed the ball trapping task on different types of trials, that differed 
according to the ball speed and direction. A total of 12 practice trials were performed: Three trials for each of 
the three different speeds (2.4 m/s, 2.2 m/s, and 1.92 m/s), and four different directions (right far, right near, 
left far, and left near) in order to familiarize themselves with the task. After the practice trials, the participants 
completed 36 experimental trials (12 trials × 3 blocks). The order of the ball speed and direction was counterbal-
anced. Participants had a 5-min break between the blocks. All participants completed a total of 48 trials during 
the experiment.

Analysis.  Marker position data were low pass filtered with a cut-off frequency of 5 Hz. A custom-written 
MATLAB code (R2019a, The MathWorks Inc., Natick, MA, USA) was used to calculate the kinematic variables. 
Some variables related to head and body movements were defined: Head rotation angle in the sagittal plane (i.e., 
pitch), head rotation angle in the horizontal plane (i.e., yaw), trunk rotation angle in the sagittal plane, and ball 
angle. The head rotation angle in the sagittal plane (θHDs) was derived from two vectors (see Fig. 2A): The vector 
from the midpoint between the markers on both ears to the top of the head, and the unit vector on the z-axis 
(vertical direction). Downward and upward head rotations with reference to the z-axis were defined as negative 
and positive values, respectively. The head rotation angle in the horizontal plane (θHDh) was derived from two 
vectors (see Fig. 2B): The vector from the marker located on the right ear to the marker located on the left ear, 
and the unit vector on the x-axis (medio-lateral direction). Leftward and rightward head rotations with reference 
to the x-axis were defined as negative and positive values, respectively. The trunk rotation angle in the sagittal 
plane (θTRs) was derived from two vectors (see Fig. 2C): The vectors from the midpoint of both greater trochant-
ers to the midpoint of both shoulders, and the unit vector on the z-axis. Downward and upward trunk rotations 
with reference to the z-axis were defined as negative and positive values, respectively. The ball angle (θB) was 
derived from two vectors (see Fig. 2C): The vectors from the ball to the midpoint between markers on both ears, 
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Figure 2.   Measurement of head, trunk, and ball angles. (A) shows the head rotation angle in the sagittal plane 
(θHDs). Downward and upward head rotations with reference to the z-axis were defined as negative and positive 
values, respectively. (B) shows the head rotation angle in the horizontal plane (θHDh). Leftward and rightward 
head rotations with reference to the x-axis were defined as negative and positive values, respectively. (C) shows 
the trunk rotation angle in the sagittal plane (θTRs). Downward and upward trunk rotations with reference to the 
z-axis were defined as negative and positive values, respectively. (C) also shows the ball angle (θB); in all cases, 
the ball angle refers to a negative value, because the ball is directed and launched towards the participant.
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and the unit vector on the y-axis (anterior–posterior direction). In all cases, the ball angle refers to a negative 
value, since the ball was directed and launched towards the participant.

To calculate the variables at different time points, we defined the time of ball launching as the first frame when 
the ball bounced to the floor. The time of ball trapping was defined as the first frame when the ball made contact 
with the participants’ right foot. In the absence of ball contact, the time of ball trapping was defined as the first 
frame when the distance between the ball and the midpoint between the toe and heel on the right foot was below 
0.20 m on the y-axis. This was because the total distance calculated by adding the radius of the ball and half the 
width of right foot was approximately 0.20 m on the axis if the right foot contacted the ball.

Kinematic variables related to head and trunk rotations included the angle at the time of ball launching 
(Fig. 3A), the angle at the time of ball trapping (Fig. 3B), and the peak-to-peak amplitude (Fig. 3C) calculated 
by the difference between the maximum and minimum angles from the time of ball launching to the time of 
ball trapping.

In order to explore the relationship between the head direction and the ball position during ball trapping, 
the coefficient of correlation value between the angle of head rotation in the sagittal plane and the ball angle 
was measured as variable of head-ball coupling. As a valid analysis for head-ball coupling, our study applied the 
method of correlation analysis, which was used to reveal a correlation between head directions and bat positions 
at the time of bat-ball contact in the previous study24. The head and ball movement trajectory for each trial was 
normalized to 101 time points (1–101); this was accomplished by resampling the time of each trajectory using 
the interp1 function of MATLAB. The head rotation angles in the sagittal plane relative to those at the time of 
ball launching were also calculated for each 10% time point.

With regards to performance variables, the absolute error (AE) and variable error (VE) were calculated from 
the distances between the centre of the ball and the midpoint between the toe and the heel on the right foot at the 
ball trapping point. If the right foot did not make contact with the ball, that is, the ball passed by the participant’s 
foot, the error value was calculated based on the local minimum between the distances on the x-axis. AE was 
defined as an absolute value of the distance between the centre of the ball, and the midpoint between the toe and 
the heel on the right foot on the x-axis. VE was defined as the standard deviation of the constant error, which 
was calculated by the distance between the centre of the ball and the midpoint between the toe and the heel on 
the right foot on the x-axis. These performance variables of the ball trapping task did not seem to be affected by 
footedness (i.e., the skill of the foot movements). In fact, the left-footed participant’s performance within the 
sighted group was 3rd and 4th in AE and VE, respectively. It was clear that a significant negative result was not 
found in the participant; the data were therefore treated in the same way as for the other participants.

The Shapiro–Wilk test was used to assess whether the data were normally distributed (p > 0.050) based on 
the analysis performed by the Finocchietti et al.28, and Levene’s test was used to assess the homogeneity of vari-
ance (p > 0.050). A two-tailed Student’s t-test was used to compare the variables between blind footballers and 
sighted nonathletes. The nonparametric test (two-tailed Mann–Whitney U-test) was used when the assumption 
of normality was violated. A repeated measures ANOVA (3 blocks) was used to confirm whether practice effects 
led to improvements in task performance through 3 blocks (36 trials) in the sighted nonathletes who were not 
familiar with performing the ball trapping task. No significant main effects of the block were confirmed either 
on AE or VE; therefore, the data of 36 trials in the AE and the VE of the sighted nonathletes were combined and 
analysed. Data of one trial from two sighted nonathletes were excluded from the actual analysis as they were not 
recorded correctly. Analysis was conducted using IBM SPSS Statistics software (ver. 24.0; IBM Corp., Armonk, 
NY, USA). The alpha level was set at 0.05.
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Figure 3.   Illustration of rotation in the sagittal plane and the calculation of each angle: (A) the head angle at 
ball launching, (B) the head angle at ball trapping, and (C) the peak-to-peak amplitude.
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Results
Performance.  The AE of the blind footballers (5.37 ± 1.02  cm) was significantly smaller (t [10] = 8.04, 
p < 0.001) than that of the sighted nonathletes (11.52 ± 1.57 cm), as shown in Fig. 4A. Furthermore, the VE of 
the blind footballers (7.1 ± 1.23 cm) was significantly smaller (t [10] = 9.11, p < 0.001) than that of the sighted 
nonathletes (13.66 ± 1.27 cm), as shown in Fig. 4B.

Head rotation angle in the sagittal plane.  With regards to the head rotation in the sagittal plane, there 
was no significant difference in the head angle at the time of ball launching (t [10] = 1.29, p = 0.227) between 
the blind footballers (− 3.1 ± 5.8 deg.) and the sighted nonathletes (1.7 ± 6.9 deg), as shown in Fig. 5A. However, 
there was a significant difference in the head angle at the time of ball trapping (t [10] = 2.42, p = 0.036) between 
the blind footballers (− 37.3 ± 17.2 deg.) and the sighted nonathletes (− 14.3 ± 15.8 deg.), as shown in Fig. 5B; 
these results indicated that the blind footballers directed their head more downward than the sighted non-
athletes. There was also a significant difference in the peak-to-peak amplitude of the head angle (t [10] = 2.53, 
p = 0.030) between the blind footballers (− 36.2 ± 14.5 deg.) and the sighted nonathletes (− 18.8 ± 8.4 deg.), as 
shown in Fig. 5C; these results indicated that the blind footballers showed a larger downward head rotation than 
the sighted nonathletes.

Head‑ball coupling.  Figure 6 shows the trajectories of the head rotation angles in the sagittal plane at each 
time point. Figure 6A,B show the trajectories of all trials for one representative in the blind footballers and the 
sighted nonathletes, respectively. Although strong correlations were observed between the head rotation angle 
in the sagittal plane and the ball angle in both groups (blind footballers: r = 0.95 [range: 0.83–0.97], sighted 
nonathletes: r = 0.88 [range: 0.56–0.95]), there was no significant difference in the mean of the coefficient of cor-
relation between the groups (U = 9, Z = − 1.441, p = 0.150). Furthermore, the relative angles of the head rotations 
in the sagittal plane at each time point were significantly larger in the blind footballers than those in the sighted 
nonathletes at all time points (Fig. 6C). These results indicated that more downward head rotations were con-
sistently observed in the blind footballers (10%: − 2.0 ± 1.2 deg., 20%: − 4.8 ± 2.5 deg., 30%: − 8.0 ± 3.4 deg., 40%: 
− 10.7 ± 5.0 deg., 50%: − 13.8 ± 6.8 deg., 60%: − 18.3 ± 8.4 deg., 70%: − 23.3 ± 10.6 deg., 80%: − 28.9 ± 12.8 deg., 90%: 
− 33.4 ± 14.2 deg., and 100%: − 34.3 ± 14.9 deg.), when compared to the sighted nonathletes (10%: − 0.3 ± 0.4 deg., 
20%: − 0.6 ± 0.8 deg., 30%: − 1.5 ± 2.0 deg., 40%: − 2.8 ± 3.4 deg., 50%: − 4.7 ± 4.1 deg., 60%: − 6.7 ± 5.0 deg., 70%: 
− 9.1 ± 5.6 deg., 80%: − 12.2 ± 6.8 deg., 90%: − 14.6 ± 8.4 deg., and 100%: − 16.0 ± 9.8 deg.).
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Trunk rotation angle in the sagittal plane.  With regards to the trunk rotation in the sagittal plane, there 
was no significant difference in the trunk angle at the time of ball launching (t [10] = 0.15, p = 0.883) between 
the blind footballers (− 18.2 ± 10.1 deg.) and the sighted nonathletes (− 17.0 ± 17.8 deg.), as shown in Fig. 7A. 
Furthermore, there was no significant difference in the trunk angle at the time of ball trapping (t [10] = 1.16, 
p = 0.275) between the blind footballers (− 20.4 ± 8.6 deg.) and the sighted nonathletes (− 12.7 ± 14.1 deg.), as 
shown in Fig. 7B. There was no significant difference in the peak-to-peak amplitude of trunk angle (t [10] = 0.61, 
p = 0.554) between the blind footballers (− 13.0 ± 3.2  deg.) and the sighted nonathletes (− 12.0 ± 2.5  deg.), as 
shown in Fig. 7C.

Head rotation angle in the horizontal plane.  As for the head rotation in the horizontal plane, there 
was a significant difference in the head angle at the time of ball launching (t [10] = 2.29, p = 0.045) between the 
blind footballers (2.4 ± 3.0 deg.) and the sighted nonathletes (− 0.8 ± 1.7 deg.), as shown in Fig. 8A; these results 
indicated that the blind footballers directed their head more rightward than did the sighted nonathletes. In con-
trast, there was no significant difference in the head angle at the time of ball trapping (t [6.41] = 0.42, p = 0.689) 
between the blind footballers (22.8 ± 5.7 deg.) and the sighted nonathletes (20.1 ± 15.0 deg.), as shown in Fig. 8B. 
Moreover, there was no significant difference in the peak-to-peak amplitude of the head angle (t [5.74] = 0.03, 
p = 0.979) between the blind footballers (25.7 ± 3.8 deg.) and the sighted nonathletes (25.6 ± 14.1 deg.), as shown 
in Fig. 8C.

Discussion
The purpose of the present study was to investigate the strategy of blind footballers when localizing a dynamic 
sound source, such as a moving ball. In particular, we focused on the characteristics of head rotations in blind 
footballers compared to sighted nonathletes when trapping an approaching ball. The error of ball trapping in 
the blind footballers was smaller than that of the sighted nonathletes. Furthermore, the downward head rotation 
angle of the blind footballers was larger than that of the sighted nonathletes at the time of ball trapping, but not at 
the time of ball launching. The relative angle of downward head rotation of the blind footballers was significantly 
larger than that of the sighted nonathletes from an early point after ball launching to the moment of ball trapping.

Importantly, we observed significantly larger downward head rotations in the blind footballers than in the 
sighted nonathletes, as shown by the group differences in the angle at the time of ball trapping, as well as the 
peak-to-peak amplitude. There are some possible explanations for these results. Firstly, the large downward head 
rotations observed in the blind footballers in the present experiment seem to be important to enable participants 
to use dynamic cues provided by the head rotations, and to localize the approaching ball in front of the head. 
Indeed, dynamic cues provided by head rotations have been shown to improve sound localization accuracy9,12,13. 
It is reasonable to assume that the blind footballers used dynamic cues provided by the head rotations for accurate 
localization of the ball location. Secondly, previous studies have shown that sound localization is accurate when 
sound is presented in the frontal space31,32, especially in front of the listeners’ heads17–19 rather than in peripheral 
locations. These previous findings support the idea that localizing a sound in front of the head with downward 
head rotation is an effective strategy to accurately localize the sound of the ball approaching participant’s foot. 
Moreover, it is probable that sighted individuals visually ‘capture’ the location of the sound source without 
completing the head turning when searching for the auditory target. In other words, due to the free movement 
of the eyes, there is no need for sighted individuals to complete the turning movements of the head in order 
to accurately localize the sound source by vision33–35. In contrast, blind footballers such as blind individuals in 
general, cannot use this strategy, and therefore must indeed turn the head in the direction of the sound source in 
order to accurately localize it. Taken together, the present results suggest that blind footballers use a larger down-
ward head rotation to localize the ball more directly in the front of the head when sound is localized accurately.

A previous study has suggested that the forward leaning of the trunk observed in blind footballers could be 
used as a strategy to maximize the quality of auditory inputs to guide postural control during passing/receiv-
ing a ball28. However, in this previous study, the kinematic movement patterns of the head and the trunk when 
receiving the ball were not confirmed. The present study demonstrated no significant differences between the 
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individual. The bars represent the standard deviation. *p < 0.05.



9

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20246  | https://doi.org/10.1038/s41598-020-77049-3

www.nature.com/scientificreports/

blind footballers and the sighted nonathletes with regards to all parameters related to the trunk rotation angles 
in the sagittal plane. The difference between the present findings and those of Finocchietti et al.28 may be due to 
differences in the characteristics of the task. For instance, in the previous study, ball passing against a wall (i.e., 
a sequence of kicking and receiving the ball) was the main task, wherein the trunk flexion angle was extracted 
from data averaged between − 250 and 250 ms around the foot contact with the ball. For the reason, it is possible 
that the forward tilt of the trunk observed in the blind footballers may be attributed to a specific movement to 
kick the ball, rather than localize it. In contrast, receiving the ball was the main task in the current study; thus, 
localization of the ball was necessary, and it seems that the blind footballers used a strategy to rotate the head 
towards the ball in order to accurately localize it. The present study has added a new finding to this field, in that 
the strategy of blind footballers to accurately localize a ball in trapping is not attributed to the forward tilt of 
the trunk, but rather to the larger downward head rotation. The strategy observed in the present study could 
be specific to the ball trapping task. It is expected that further studies will lead to a greater understanding of 
a strategy for sound localization in other auditory–motor tasks related to the actual playing of blind football.

A previous finding has suggested that blind footballers can develop specific strategies to localize a dynamic 
sound to maximize the quality of auditory inputs, due to long-term training in blind football28. More than just 
localizing the sound source, blind footballers can also develop strategies for interacting with that sound source 
through their training in blind football. Indeed, it is possible to assume that the present task is not only about 
localizing a sound, but also to interact with the source of sound. This interaction affects the manner that the 
players perceive the sound and its location. This assumption is in accordance with the common coding approach 
to perception and action35–38 and with the theory of event coding39. According to these approaches, perceived 
events and planned actions share a common representational domain, and therefore, the manner one perceives 
events is influenced by his/her typical or intended interaction with them. From these findings, it seems that 
blind athletes can use a strategy to couple the perception of a dynamic sound source and the planned action 
for trapping. Thus, the planning of ball trapping should indeed be different between the blind footballers and 
the sighted nonathletes, not only because the blind footballers are thought to be more accurate in localizing the 
sound source, but also because their typical interaction with that sound source differs from that of the sighted 
nonathletes. For these reasons, it is reasonable to explain that the large downward head rotation of the blind 
footballers is due to the experience of playing blind football.

With regards to the auditory–motor performance of ball trapping, the blind footballers showed a better per-
formance compared to that of the sighted nonathletes. The accuracy of auditory–motor performance, such as 
reaching and pointing to auditory targets, has been shown to be influenced by the position of the sound source in 
relation to the head20,21. Pointing accuracy to auditory targets was higher under the long sound duration condi-
tion, in which listeners showed a larger amplitude of head movements (i.e., range of motion) and a larger final 
heading angle towards targets21. The authors suggested that the accuracy of pointing to long stimuli could be due 
to the contribution of heading towards the target, thereby providing a more accurate frame of reference for the 
anticipated control of pointing. They also suggest that the heading direction is coded in a body-centred reference 
frame, and can be used directly by the reaching motor command that shares the same reference frame; the results 
of the present study are in agreement with those of these previous studies. The fact that the sighted nonathletes 
were blindfolded during the task could lead to an awkward or inefficient posture and worse auditory–motor 
performance. A previous study compared the postural control of blind footballers to sighted footballers and 
sighted individuals during unstable standing balance tasks under closed-eyes conditions, showing no difference 
of the balance performance between the blind footballers and the other groups before and after training40. There-
fore, it seems that the lower performance in the sighted nonathletes did not necessarily result from an awkward 
or inefficient posture due to the blindfolded condition. Our results indicate that precise ball trapping in blind 
footballers can be not only due to the accurate frame of reference by head rotation towards the ball, but also the 
head-centred reference frame that is similarly shared and used by the motor control of the foot in ball trapping.

No significant difference in the groups was found regarding the coefficient of correlation value between 
the head rotation angle and the ball angle; this demonstrates that both groups rotated their heads downward 
according to the approaching ball. However, the relative angle of the downward head rotations in the sagittal 
plane at each time point was significantly larger in the blind footballers than in the sighted nonathletes from the 
early time point after ball launching to the moment of ball trapping. These results may indicate that the blind 
footballers kept the ball in a more consistent direction relative to the head throughout the ball trapping phase. 
Previous studies report a strategy of head-ball coupling that couples the head direction to the movement of the 
ball to track the target in skilled batters22–25. For instance, elite baseball batters have been found to rotate their 
heads until bat-ball contact, indicating the possibility that they made head rotation according to the prediction 
of ball trajectories24. Elite cricket batters have also been found to have a tighter coupling between the ball and the 
head, such that the ball was kept in a consistent egocentric direction throughout batting22. The study by Mann 
et al.22 indicates the functional advantage of this behaviour to keep the target in a consistent direction relative 
to the head, since visuo–motor tasks, like catching and hitting, are understood to be controlled in an egocentric 
manner. These findings also highlight the importance of keeping the ball in a consistent egocentric direction 
relative to the head in the auditory–motor task, which requires the prediction of ball trajectories and intercep-
tion of the ball. Spatial location of an object is, in principle, coded with an egocentric and allocentric reference 
of frames41. Though sound location can be represented in multiple coordinate frames42,43, it is mainly coded in 
a single head-centred reference frame26,27 that is processed based on auditory cues, such as interaural level and 
time difference cues, and monaural spectral cues44. These previous findings can explain why the blind footballers 
continued to rotate their head to keep the ball in a consistent head-centred egocentric direction in tracking the 
approaching target, in terms of its localization on the basis of auditory cues. Therefore, our study suggests that 
blind footballers couple the downward head rotation with the movement of an approaching ball, while ensuring 
that the ball was kept in a consistent egocentric direction relative to the head throughout ball trapping.
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The head rotation angle in the horizontal plane at the time of ball launching was slightly, but significantly 
larger in the blind footballers than that in the sighted nonathletes. Differences in the timing and intensity of 
sounds arriving at the two ears are well-documented cues that can be used to judge the direction of the sound 
source45. In general, binaural cues, like interaural time and interaural level differences, are mentioned as the 
primary cues for sound localization in the horizontal plane5,46. Even though the ball direction was random in 
each trial in the present study, the initial point of the ball launching remained constant. It may be possible that 
the blind footballers could prepare for quick prediction of the ball trajectory based on auditory cues provided 
by the slightly increased horizontal head rotation angle at the time of ball launching.

Various studies have reported that blind individuals have supra-normal auditory abilities in comparison to 
sighted individuals regarding sound localization47–49, pitch discrimination50–52, and sound motion53, indicating 
that the abilities of blind individuals are assumed to be attributed to compensating for visual loss. Recent findings 
suggest that rapid and accurate identification of sound direction in blind footballers can be due to long-term 
training in blind football3,4,8. Furthermore, Velten et al.3,4 reported that blind footballers are more precise than 
blind individuals in terms of the identification of sound direction; this indicates that the results are not solely due 
to the absence of vision and enhancement in auditory perception accuracy, but are also related to the practice 
of blind football. Regarding the years of blind football playing experience, Mieda et al.8 demonstrated that the 
more experienced group showed a tendency to identify sound direction more rapidly than did the less experi-
enced group. Thus, their results indicate that rapid identification of sound direction in blind footballers can be 
attributed to a long period of blind football playing experience. Taken together, it is reasonable to assume that 
the long-term experience of blind football, but not the visual impairments, could enable the blind footballers to 
localize the ball more accurately than the sighted nonathletes.

Despite the present findings, the question remains whether the large downward head rotation adopted by 
the blind footballers was due to the lack of vision. If this is the case, blind nonathletes should present a similar 
pattern, even with differences in the performance of ball trapping. One possibility for this is that blind individu-
als may focus on self-induced motion of the surrounding sound sources resulting from active head and/or body 
movements much more intensely than sighted individuals to utilize the reliable information about the deviation 
between perceived and physical sound-source locations53. Another possibility which may be considered is that 
blind individuals use the egocentric frame of reference due to the loss of vision when localizing a sound54,55, which 
could result in keeping a moving ball in a consistent egocentric direction relative to the head. Future studies 
could address this question by clarifying the characteristics of head rotation of blind footballers compared with 
blind individuals during ball trapping.

Conclusions
The present study demonstrated a higher performance of ball trapping and a larger angle of downward head 
rotation in the blind footballers compared to the sighted nonathletes. However, no significant difference in trunk 
rotation angle was found between the groups. These results suggest that blind footballers use a larger downward 
head rotation as a strategy for precise ball trapping, ensuring localization of the ball towards the front of the 
head. These results also suggest that the strategy of blind footballers to accurately localize a ball in trapping is 
not attributed to forward tilt of the trunk, but rather to downward rotation of the head. The relative angle of the 
downward head rotation of the blind footballers was consistently larger than that of the sighted nonathletes from 
an early time point after ball launching to the moment of ball trapping. Our study suggests that blind footballers 
couple the downward head rotation with the movement of an approaching ball, ensuring the ball is kept in a 
consistent egocentric direction relative to the head throughout ball trapping.

Received: 22 June 2020; Accepted: 5 November 2020

References
	 1.	 Magno Silva, M. P., Morato, M. P., Bilzon, J. L. & Duarte, E. Sports injuries in Brazilian blind footballers. Int. J. Sports Med. 34, 

239–243 (2013).
	 2.	 Doucet, M. E. et al. Blind subjects process auditory spectral cues more efficiently than sighted individuals. Exp. Brain Res. 160, 

194–202 (2005).
	 3.	 Velten, M. C., Bläsing, B., Portes, L., Hermann, T. & Schack, T. Cognitive representation of auditory space in blind football experts. 

Psychol. Sport Exerc. 15, 441–445 (2014).
	 4.	 Velten, M. C., Ugrinowitsch, H., Portes, L. L., Hermann, T. & Bläsing, B. Auditory spatial concepts in blind football experts. Psychol. 

Sport Exerc. 22, 218–228 (2016).
	 5.	 Middlebrooks, J. C. & Green, D. M. Sound localization by human listeners. Annu. Rev. Psychol. 42, 135–159 (1991).
	 6.	 Grothe, B., Pecka, M. & McAlpine, D. Mechanisms of sound localization in mammals. Physiol. Rev. 90, 983–1012 (2010).
	 7.	 Letowski, T. R. & Letowski, S. T. Auditory spatial perception: Auditory localization. Army Research Laboratory Aberdeen Proving 

Ground MD Human Research and Engineering Directorate https​://www.dtic.mil/cgi-bin/GetTR​Doc?AD=ADA56​2292/ (2012).
	 8.	 Mieda, T., Kokubu, M. & Saito, M. Rapid identification of sound direction in blind footballers. Exp. Brain Res. 237, 3221–3231 

(2019).
	 9.	 Perrett, S. & Noble, W. The contribution of head motion cues to localization of low-pass noise. Percept. Psychophys. 59, 1018–1026 

(1997).
	10.	 Wightman, F. L. & Kistler, D. J. Resolution of front–back ambiguity in spatial hearing by listener and source movement. J. Acoust. 

Soc. Am. 105, 2841–2853 (1999).
	11.	 Iwaya, Y., Suzuki, Y. & Kimura, D. Effects of head movement on front-back error in sound localization. Acoust. Sci. Technol. 24, 

322–324 (2003).
	12.	 Thurlow, W. R. & Runge, P. S. Effect of induced head movements on localization of direction of sounds. J. Acoust. Soc. Am. 42, 

480–488 (1967).
	13.	 Kato, M., Uematsu, H., Kashino, M. & Hirahara, T. The effect of head motion on the accuracy of sound localization. Acoust. Sci. 

Technol. 24, 315–317 (2003).

http://www.dtic.mil/cgi-bin/GetTRDoc?AD=ADA562292/


11

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20246  | https://doi.org/10.1038/s41598-020-77049-3

www.nature.com/scientificreports/

	14.	 McAnally, K. I. & Martin, R. L. Sound localization with head movement: implications for 3-d audio displays. Front. Neurosci. 8, 
210 (2014).

	15.	 Brimijoin, W. O. & Akeroyd, M. A. The moving minimum audible angle is smaller during self motion than during source motion. 
Front. Neurosci. 8, 273 (2014).

	16.	 Lentz, J. J. Psychoacoustics: Perception of Normal and Impaired Hearing with Audiology Applications. 183–184, https​://books​.googl​
e.co.jp/books​?id=nuuFD​wAAQB​AJ (Plural Publishing, 2018).

	17.	 Stevens, S. S. & Newman, E. B. The localization of actual sources of sound. Am. J. Psychol. 48, 297–306 (1936).
	18.	 Mills, A. W. On the minimum audible angle. J. Acoust. Soc. Am. 30, 237–246 (1958).
	19.	 Makous, J. C. & Middlebrooks, J. C. Two-dimensional sound localization by human listeners. J. Acoust. Soc. Am. 87, 2188–2200 

(1990).
	20.	 Aggius-Vella, E., Campus, C., Finocchietti, S. & Gori, M. Audio spatial representation around the body. Front. Psychol. 8, 1932 

(2017).
	21.	 Boyer, E. O. et al. From ear to hand: The role of the auditory-motor loop in pointing to an auditory source. Front. Comput. Neurosci. 

7, 26 (2013).
	22.	 Mann, D. L., Spratford, W. & Abernethy, B. The head tracks and gaze predicts: How the world’s best batters hit a ball. PLoS ONE 

8, e58289 (2013).
	23.	 Fogt, N. F. & Zimmerman, A. B. A method to monitor eye and head tracking movements in college baseball players. Optom. Vis. 

Sci. 91, 200–211 (2014).
	24.	 Kishita, Y., Ueda, H. & Kashino, M. Eye and head movements of elite baseball players in real batting. Front. Sports Act. Living. 2, 

3 (2020).
	25.	 Kishita, Y., Ueda, H. & Kashino, M. Temporally coupled coordination of eye and body movements in baseball batting for a wide 

range of ball speeds. Front. Sports Act. Living 2, 64 (2020).
	26.	 Altmann, C. F., Wilczek, E. & Kaiser, J. Processing of auditory location changes after horizontal head rotation. J. Neurosci. 29, 

13074–13078 (2009).
	27.	 Altmann, C. F., Getzmann, S. & Lewald, J. Allocentric or craniocentric representation of acoustic space: An electrotomography 

study using mismatch negativity. PLoS ONE 7, e41872 (2012).
	28.	 Finocchietti, S., Gori, M. & Oliveira, A. S. Kinematic profile of visually impaired football players during specific sports actions. 

Sci. Rep. 9, 10660 (2019).
	29.	 International Blind Sports Federation. Definition of Visual Classes. https​://www.ibsas​port.org/class​ifica​tion/. (Accessed 29 June 

2019)
	30.	 Tonelli, A., Campus, C. & Brayda, L. How body motion influences echolocation while walking. Sci. Rep. 8, 15704 (2018).
	31.	 Aggius-Vella, E., Campus, C., Kolarik, A. J. & Gori, M. The role of visual experience in auditory space perception around the legs. 

Sci. Rep. 9, 10992 (2019).
	32.	 Aggius-Vella, E. et al. Comparison of auditory spatial bisection and minimum audible angle in front, lateral, and back space. Sci. 

Rep. 10, 6279 (2020).
	33.	 Pinek, B. & Brouchon, M. Head turning versus manual pointing to auditory targets in normal subjects and in subjects with right 

parietal damage. Brain Cogn. 18, 1–11 (1992).
	34.	 Carlile, S., Leong, P. & Hyams, S. The nature and distribution of errors in sound localization by human listeners. Hear Res. 114, 

179–196 (1997).
	35.	 Velten, M. C., Bläsing, B. E., Hermann, T., Vorwerg, C. & Schack, T. Response actions influence the categorization of directions in 

auditory space. Front. Psychol. 6, 1163 (2015).
	36.	 Prinz, W. Perception and action planning. Eur. J. Cogn. Psychol. 9, 129–154 (1997).
	37.	 Gallese, V., Craighero, L., Fadiga, L. & Fogassi, L. Perception through action. Psyche. 5, 2 (1999).
	38.	 Hommel, B. & Müsseler, J. Action-feature integration blinds to feature-overlapping perceptual events: Evidence from manual and 

vocal action. Q. J. Exp. Psychol. 59, 509–523 (2006).
	39.	 Hommel, B., Müsseler, J., Aschersleben, G. & Prinz, W. The theory of event coding (TEC): A framework for perception and action 

planning. Behav. Brain Sci. 24, 849–937 (2001).
	40.	 Campayo-Piernas, M., Caballero, C., Barbado, D. & Reina, R. Role of vision in sighted and blind soccer players in adapting to an 

unstable balance task. Exp. Brain Res. 235, 1269–1279 (2017).
	41.	 Galati, G. et al. The neural basis of egocentric and allocentric coding of space in humans: A functional magnetic resonance study. 

Exp. Brain Res. 133, 156–164 (2000).
	42.	 Schechtman, E., Shrem, T. & Deouell, L. Y. Spatial localization of auditory stimuli in human auditory cortex is based on both 

head-independent and head-centered coordinate systems. J. Neurosci. 32, 13501–13509 (2012).
	43.	 Town, S. M., Brimijoin, W. O. & Bizley, J. K. Egocentric and allocentric representations in auditory cortex. PLoS Biol. 15, e2001878 

(2017).
	44.	 Cohen, Y. E. & Andersen, R. A. A common reference frame for movement plans in the posterior parietal cortex. Nat. Rev. Neurosci. 

3, 553–562 (2002).
	45.	 Arthur, B. J. Sensitivity to spectral interaural intensity difference cues in space-specific neurons of the barn owl. J. Comp. Physiol. 

A Neuroethol. Sens. Neural Behav. Physiol. 190, 91–104 (2004).
	46.	 Carlile, S. & Leung, J. The perception of auditory motion. Trends Hear. 20, 1–19 (2016).
	47.	 Röder, B. et al. Improved auditory spatial tuning in blind humans. Nature 400, 162–166 (1999).
	48.	 Voss, P. Early-and late-onset blind individuals show supra-normal auditory abilities in far-space. Curr. Biol. 14, 1734–1738 (2004).
	49.	 Fieger, A., Röder, B., Teder-Sälejärvi, W., Hillyard, S. A. & Neville, H. J. Auditory spatial tuning in late-onset blindness in humans. 

J. Cognit. Neurosci. 18, 149–157 (2006).
	50.	 Arnaud, L., Gracco, V. & Ménard, L. Enhanced perception of pitch changes in speech and music in early blind adults. Neuropsy-

chologia. 117, 261–270 (2018).
	51.	 Gougoux, F. et al. Pitch discrimination in the early blind: People blinded in infancy have sharper listening skills than those who 

lost their sight later. Nature 430, 309 (2004).
	52.	 Wan, C. Y., Wood, A. G., Reutens, D. C. & Wilson, S. J. Early but not late-blindness leads to enhanced auditory perception. Neu-

ropsychologia. 48, 344–348 (2010).
	53.	 Lewald, J. Exceptional ability of blind humans to hear sound motion: implications for the emergence of auditory space. Neuropsy-

chologia. 51, 181–186 (2013).
	54.	 Vercillo, T., Tonelli, A. & Gori, M. Intercepting a sound without vision. PLoS ONE 12, e0177407 (2017).
	55.	 Vercillo, T., Tonelli, A. & Gori, M. Early visual deprivation prompts the use of body-centered frames of reference for auditory 

localization. Cognition 170, 263–269 (2018).

Acknowledgements
This work was supported by the grants from JSPS KAKENHI (Grant numbers: 19J13848, 17KT0133) and 
Advanced Research Initiative for Human High Performance (ARIHHP), University of Tsukuba. T. Mieda is 
the recipient of a research fellowship for young scientists from the Japan Society for the Promotion of Science.

https://books.google.co.jp/books?id=nuuFDwAAQBAJ
https://books.google.co.jp/books?id=nuuFDwAAQBAJ
https://www.ibsasport.org/classification/


12

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20246  | https://doi.org/10.1038/s41598-020-77049-3

www.nature.com/scientificreports/

Author contributions
T.M. and M.K. conceived the research, designed and performed the experiments, analysed data, and wrote and 
reviewed the manuscript.

Competing interests 
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

© The Author(s) 2020

www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Blind footballers direct their head towards an approaching ball during ball trapping
	Methods
	Participants. 
	Apparatus and task. 
	Procedure. 
	Analysis. 

	Results
	Performance. 
	Head rotation angle in the sagittal plane. 
	Head-ball coupling. 
	Trunk rotation angle in the sagittal plane. 
	Head rotation angle in the horizontal plane. 

	Discussion
	Conclusions
	References
	Acknowledgements


