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Abstract

:

Heading the ball is an important skill in soccer. Head impacts are of concern because of the potential adverse health effects. Many elite players now wear GPS (that include inertial monitoring units) on the upper spine for location tracking and workload measurement. By measuring the maximum acceleration of the head and the upper spine, we calculated the acceleration ratio as an attenuation index for participants (n = 8) of different skill levels during a front heading activity. This would allow for in-field estimates of head impacts to be made and concussive events detected. For novice participants, the ratio was as high as 8.3 (mean value 5.0 ± 1.8), whereas, for experienced players, the mean ratio was 3.2 ± 1.5. Elite players stiffen the neck muscles to increase the ball velocity and so the torso acts as a support structure. Electromyography (EMG) signals that were recorded from the neck and shoulder before and after a training intervention showed a major increase in mean average muscle activity (146%, p = 3.39 × 10−6). This was accompanied by a major decrease in acceleration ratio (34.41%, p = 0.008). The average head-ball impact velocity was 1.95 ± 0.53 m/s determined while using optical motion capture. For this low velocity, the impact force was 102 ± 19 N, 13% of the published concussive force. The voluntary action of neck muscles decreases isolated head movements during heading. Coaches and trainers may use this evidence in their development of junior players.
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1. Introduction


1.1. Background


Soccer is regarded as one of the oldest sports with its first formal set of rules being created in 1848 in England [1]. It is now the world’s most popular sport, with over 250 million participating and more than 1.4 billion having an interest [2]. On a global scale, soccer and related businesses are worth more than $250 billion annually and they continue to gain more popularity [3]. Unlike other sports, soccer requires minimal equipment and little to no physical contact enabling people of different ages and economic class to participate. However, with no specific training, the risk of injury can increase particularly in skills that require accurate form and techniques, one such being heading a ball [4]. Over the past decade, concussion has been a big concern within sports, predominantly in full contact sports, such as American football and rugby [5,6]. Despite soccer having minimal player-to-player contact, like American football and rugby, the technique of heading whereby players voluntarily use their head to impact the ball has been the centre of research regarding concussion in soccer [7]. On average, a professional soccer player will make head to ball contact 6–7 times in a match [8] and, in the midfield positions, a high percentage of heading is linear as players return the ball from the direction it came [9]. Kirkendall and Garrett [1] stress the importance of contracting the neck muscles to stablise the head during a soccer header. An unprepared head increases the ball mass-contact mass ratio and increases the risk of injury due to the force of the ball hitting the head and accelerating it backward. This suggests that higher neck strength is a key factor in reducing the severity of head impacts. A range of literature has investigated this association [10,11] and very recently a novel testing device to assess the effect of neck strength on risk of concussion has been developed [12].




1.2. Literature Review


An in depth review of scientific literature investigating head impacts and neck strength in sport (mainly soccer heading) was conducted. Table 1 presents the key findings of this review.



The literature survey by Peek et al. [10] identified that higher neck strength is associated with lower head acceleration in soccer heading (p = 0.05). Clearly, this paper contradicts the conclusions of Mansell et al. [11], but it is supported by Dezman et al. [15] and Schmidt et al. [16].




1.3. Assessments of Wearable Technology


The viability of using a commercially available smart soccer ball to detect and assess head impacts has been tested [17]. The researchers concluded that the sensing capabilities are limited in its current form; however, if the properties of the sensor technology embedded in the ball is improved, then it does show promise. Moreover, there is concern with data ownership, availability, and fair play regulations when a neutral object is used for data collection in a competitive game. The use of wearable technology is becoming increasingly popular in sport training and competition [18,19]. Wearable technology often consists of global positioning system (GPS) units with inbuilt inertial measurement unit (IMU) sensors. IMU sensors generally consist of three axis accelerometers, gyroscopes, and magnetometers, and have sample rates that are greater than 100 Hz [20,21,22,23]. Many elite sports codes (e.g., soccer, rugby, field hockey etc.) allow players to wear a GPS/IMU unit at the location of the third thoracic (T3) spinal vertebra [24]. This location is regarded as the safest location in sports where the potential for direct impacts is minimal. There is potential in using the acceleration data from the T3 sensor in order to estimate the head acceleration and so to assess the severity of head impacts. There is also a possibility of being able to analyse player head-neck rigidity and, in turn, amend the heading technique of novice players, so that the impact acceleration directly absorbed by the head is minimized. Alternative commercial technologies used for head impact monitoring, such as the X2 Biosystems Xpatch [25], Reebok checklight [26], and the Triax SIM-P [27], do not incorporate a T3 sensor and, thus, assessment of neck muscle involvement is not possible.




1.4. Research Questions


The research question addressed in this paper has three parts:



Can a T3 located IMU sensors be used to quantify the head accelerations (linear and angular) during soccer ball impacts?



Can appropriate instruction to activate neck muscles increase head stability and as a result reduce the impact acceleration directly on the head?



Can a novel acceleration impact ratio metric (head impact/T3 impact) indicate neck muscle activation and provide meaningful feedback to players regarding the safety of their heading technique?



These research questions were addressed in three ways. Firstly, laboratory tests were conducted in order to verify acceleration measurements while using optical motion capture. Data from the optical motion capture system were used to determine soccer ball velocity, ball acceleration, and the header impact force. The next stage of the investigation looked at the impact ratio between the maximum acceleration measured at the head and that measured at the T3 as compared across participants of various skill levels. Should this be consistent for an individual, and then T3 located acceleration can be used to estimate the head acceleration. Finally, an intervention study was conducted while using electromyography (EMG) signals. The intention of the intervention study was to assess whether instructing a novice soccer player to consciously activate their neck muscles reduced the impact ratio and ultimately the impact acceleration directly on their head.





2. Materials and Methods


2.1. Instrumentation


2.1.1. Inertial Sensors


The inertial sensor technology used was manufactured in-house and contains a three-axis accelerometer (±16 g), three-axis gyroscope (±2000 °/s), and magnetometer (±7 Gauss) (SABELSense, Griffith University, Nathan, Australia [20,28,29,30]). The sampling rate of the sensor was set to 250 Hz—the highest capture speed for these units. The dimensions of the sensor are 55 mm × 30 mm × 13 mm (L × W × H) and weighs approximately 23 g. The sensor has a sync function that pulses a red LED, allowing for the user to synchronise sensor data with video footage. There is also an option for real-time data streaming using wireless connectivity (2.4 GHz).




2.1.2. Optical Motion Capture


A 12 camera OptiTrack (Freedspace Laboratories, Melbourne, VIC, Australia) optical motion capture system sampling at 100 Hz was used as a validation tool for measurements that were recorded by the IMUs. The motion capture space was calibrated specifically for the procedure. Table 2 shows the calibration report.




2.1.3. Surface Electromyography System


An electromyography (Bortec Biomedical, Calgary, AB, Canada) was used to measure neck muscle activity during the heading trials. Surface silver chloride (Ag-AgCl) electrodes were applied to the skin over the muscle bellies of the right sternocleidomastoid. A ground electrode was placed over the clavicle. The amplifier gain was set to 500 and an input impedance of 10 GΩ. All of the EMG signals were recorded at a sampling frequency 1000 Hz. A PicoScope (Pico Technology, Cambridge, UK) oscilloscope with a sampling frequency of 1 GS/s produced real-time acquisition of both muscle EMG signals which was viewed on the PicoScope software on a laptop. All of the trials were recorded using a single video camera. The video files were downloaded and aligned with the EMG signal and IMU sensor recordings while using the respective peak values.





2.2. Participant Slection


Prior to participation, all of the participants who volunteered for this study were briefed about the protocol and asked to sign a consent form. All the participants completed a questionnaire collecting some personal details (height, weight, age), including their self-assessed soccer playing level. This research was conducted under Griffith University Ethics Committee (approval number 20/07/2017).



2.2.1. Motion Capture Heading Tests


One participant (n = 1) was recruited for the laboratory heading test has 18 years of experience playing for amateur level soccer clubs and once played at the academy level. The participant’s position is center-back and, thus, has developed a strong heading technique.




2.2.2. Field Heading Tests


The participants selected for the field heading tests (n = 8, height 175 ± 11.8 cm, weight 76.4 ± 13.5 kg, age 27 ± 7.2 years) ranged from novice to semi-professional ranked by the highest level of soccer played. The field consisted of natural grass and it is regularly used in soccer competition.




2.2.3. Neck Muscle Activity (EMG) Intervention Test


One healthy male volunteered to participate in the study. The participant had no prior experience of playing competitive soccer.





2.3. Protocol


2.3.1. Inertial Sensor Validation with Optical Motion Capture


The first stage of the protocol was implemented in order to validate the inertial sensor measurements while using an optical motion capture system. A size 5 soccer ball and the participant were instrumented with passive retroreflective markers. The participant was instrumented using The Rizzoli Trunk Protocol marker set (15 markers, Figure 1), designed for tracking multi-segment trunk kinematics [31]. The two main body segments tracked using this setup are the pelvis and thorax; however, it also tracks a segment in the cervical zone. This was the simplest marker set that met the requirements that are needed to validate an inertial sensor located at the third thoracic vertebrae (T3). A set of four markers were placed on a non-reflective hat (Figure 1c) designed for motion capture to create a rigid body for tracking head movement while using the commercial software. While the ball is slightly compressed on impact, the determination of the velocity before and after impact of the center of mass will be accurate to within millimeters. This rigid body was used to validate an inertial sensor located in close proximity to the participant’s occipital bone perturbance. The soccer ball was fitted with four asymmetrically placed markers and a rigid body was created marking the center of the ball (Figure 1c).



The T3 inertial sensor was fixed to the participant using a specially designed sports bra, which contains a tight pocket for the sensor on the back. The second inertial sensor was fixed to the posterior of the participant’s head (occipital bone) while using a fabric headband. This method of fixture was found to be reliable and not prone to excessive vibration given the relatively low impacts in these trials. The experimental phase started after the participant was instrumented with both the motion capture suit and inertial sensors located at the T3 and occipital bone. The efficacy of the sports bra in holding the IMU was validated using the motion tracker software. The experiment consisted of the participant executing five soccer headers while keeping both feet on the floor. The ball was thrown to the participant using an under-arm technique from a 3 m distance. The participant was instructed to head the ball back to the thrower, mimicking a linear header that commonly occurs in midfield positions.




2.3.2. Inertial Sensor Field Testing


This experimental procedure was conducted outside of a laboratory setting on a natural grass soccer field. The protocol consisted of participants performing 10 headers in the forward direction from a soccer ball that was gently thrown from a distance of 5 m. Figure 2 shows the experimental arrangement. A computer on the monitoring table wirelessly triggered the sensors. All of the ball contacts were recorded using a Panasonic HC-V750M video camera (120 frames per second) fixed to a tripod. The video records were used as a synchronization reference for the inertial sensor data. The field testing procedure was identical to the laboratory validation protocol, except for an increase to a five meter distance between the thrower and the participant. The inertial sensors were again fixed to the T3 and the back of the head using a sports bra and headband, as described previously.




2.3.3. Inertial Sensor with Electromyography (Intervention Test)


The procedure for front direction headers was repeated while using the inertial sensors along with surface electrode electromyography (EMG). The target muscle of the EMG was the sternocleidomastoid. Before the electrodes were placed, the participant’s skin was cleaned with alcohol wipes. EMG surface electrodes were placed over the right sternocleidomastoid muscle belly; the orientation is shown in Figure 3. A ground electrode was placed over the clavicle bone. The inertial sensors were again fixed to the T3 and head while using a sports bra and headband, identical to the field test procedure.



The participant warmed-up by performing five trial headers. Three trials consisting of five headers each were performed with a ten-minute rest period between each trail. The thrower gently tossed the ball at a constant velocity (3.5 m/s estimated from the video recordings) towards the participant’s head. The participant was directed to head the ball forcefully back to the thrower. The EMG recording was stopped and saved to the computer during the rest period after each trial.





2.4. Algorithm


2.4.1. Inertial Sensor Validation with Optical Motion Capture


The optical motion capture data were saved as a csv file and the inertial sensor data were downloaded onto a PC. The agreement between the optical motion capture data and inertial sensor data were assessed while using an algorithm created on MATLAB (MathWorks, Natick, MA, USA). The magnitude of the optical motion capture position data was calculated and then filtered using a fourth order low-pass digital Butterworth filter with a cut-off frequency of 5 Hz to remove high frequency signal components. The position data were filtered, as noise in the raw displacement data is amplified by differentiation [32]. The second derivative of the filtered position data was then calculated while using Newton’s method to obtain the optical motion capture measure of acceleration.



The magnitude of the inertial sensor acceleration was calculated as the root mean square sum of the three orthogonal acceleration components. The acceleration signal was down sampled from 250 Hz to 100 Hz using linear interpolation to allow for synchronization of the data from the motion capture system.



The relative impact velocity between the head and the ball was calculated from the rigid body positions in a three-dimensional space as a function of time. The minimum distance between the two rigid bodies is the approximate sum of the head and ball radii, which indicated that the ball compressions were slight.




2.4.2. Inertial Sensor Field Testing


The data were downloaded from the headband and T3 mounted inertial sensors onto a PC and post processed using software created on MATLAB (MathWorks, Natick, MA, USA). A peak finder algorithm was used to automatically detect header events. Video analysis was used to confirm that the impact peaks were associated with soccer headers. The magnitude of the acceleration was calculated for both sensors and used for analysis. For each header event detected, the impact acceleration magnitude that was recorded by the headband sensor was divided by that detected by the T3 sensor to obtain the impact ratio between the sensors. The distribution of impact ratios of each header was then displayed visually using box and whisker plots.




2.4.3. Inertial Sensor with Electromyography (Intervention Test)


For the inertial sensor data, the bespoke algorithm was used in order to calculate the impact ratios. MATLAB was used to rectify each EMG signal and calculate the RMS values, allowing for a digital Butterworth filter (cut-off frequency of 10 Hz) to be applied and smooth the data. The maximum voltage for each trial was taken as a percentage of the participant’s maximum voluntary contraction (MVC) in order to normalize and allow for comparison between individuals. The MVC was determined by recording the filtered maximum EMG signal during maximum voluntary muscle contraction with the electrodes positioned for the tests. Box and whisker plots were used to visually assess the relationship between muscle activity and impact ratio recorded by the inertial sensors, and this was statistically verified using a t-test probability.






3. Results


3.1. Inertial Sensor Validation with Optical Motion Capture


Figure 4 shows the superimposition of 10 headers (dashed lines) for acceleration signals as a function of time, recorded by the IMU sensor and optical motion capture. The thicker lines in both plots correspond to the mean acceleration values. Figure 4a shows the acceleration signals of the IMU located on the head, while Figure 4b shows the acceleration signals of the sensor located at T3.



There is an observable difference in the mean profiles of both IMU and motion capture for both locations, because the IMU had a sampling speed (250 s/s) of 2.5 times the motion capture sampling speed (100 s/s). Acceleration peaks can be observed in the IMU data, with magnitudes of approximately 5.5 g (head) and 1.2 g (T3). Such peaks represent the time and magnitude of the ball impact and they provide useful information that cannot be obtained by motion capture. It can be used to determine, for example, the severity of the impact, the heading power of a particular player, the characterization of heading impacts for training purposes, etc. Figure 4 provides confidence in using the IMU sensor during field measurements of head impacts, where systems, such as motion capture, are not viable. However, the motion capture provides accurate measures of position and space orientation.



Figure 5 shows the ball and head trajectories in three-dimensional space during a soccer header.



The ball and head positions were used to determine the relative difference between the geometric centers of the participant’s head and the ball (Figure 6).



The relative distance was differentiated in order to obtain a velocity measurement (Figure 7) and differentiated again to obtain the relative acceleration (Figure 8). The distance measurement was used to determine the ball acceleration, given the very small head movement. The maximum velocity for the ball derived from the position data is similar to the velocity obtained when using the relative distance between the ball and head, showing that the optical motion capture was accurately tracking the two rigid bodies.



Newton’s second law (F = ma) was used to calculate the force F that was generated on impact, where m is the mass of the ball (0.45 kg) and a the acceleration or time differential of the velocity v, which is


  F = m   ∆ v   ∆ t    



(1)







Figure 8 shows an example of the acceleration in (m/s2) of the ball on impact for one header. The peak value shows the acceleration of the ball directly after impact. The optical motion capture equipment recorded five ball-head impacts. The mean average impact force was calculated as 102 ± 19 N.




3.2. Inertial Sensor Field Measurments


Raw data that were extracted from the headband and T3 inertial sensors of a semi-professional (a) and novice participant (b) for five headers is shown in Figure 9. There is an impact spike in the T3 sensor for each header. The consistency in technique of the semi-professional player as compared to the novice player is demonstrated by the repeatability in their signal.



Figure 10 shows the variation in the acceleration ratio between the head and T3 acceleration impact in the direction of the ball for eight participants with different skill levels. The novice participants have a much larger ratio and larger range of values when compared to the more experienced and semi-professional players. This is thought to be the result of a lack of neck muscle activity before, during, and after the impact.




3.3. Inertial Sensor with Electromyogaphy (Intervention Test)


To explore this further, an experienced player gave a novice player instruction to activate the neck muscles at the time of impact. The level of muscle activity was measured while using EMG and compared with the impact acceleration. The participant was asked to head the ball 15 times in their usual manner and then 15 times with an emphasis on tightening the neck muscles. Figure 10 shows the before and after data of both the acceleration ratio and the EMG activity of the sternocleidomastoid muscle (Mean = 37 mV and 90 mV, SD = 14.5 and 27.49, respectively). A paired sample t-test found a significant difference in EMG voltage before and after muscle activation (p = 3.39 × 10−6). A paired sample t-test also found that there was a significant difference between the impact ratio before and after muscle activation (p = 0.008). Furthermore, the box and whisker diagrams (Figure 11) show that there is a clear increase in the muscle activity and decrease in the acceleration ratio. There was also a mean percentage decrease of 34% in the impact ratio after muscle activation (Mean = 2.00 and 1.49, SD = 0.58 and 0.32) before and after, respectively.





4. Discussion


Figure 4 shows the mean acceleration signals that were recorded by the optical motion capture system and IMU sensor superimposing 10 headings. It is clear that an impact estimated by the contact between the head and ball during a soccer header is identifiable in both measurement systems (the figure shows 10 head impacts). Visually, the signals from the two measurement systems are similar. It is evident that as the acceleration approaches its maximum and minimum values, there is a reduced agreement between the two systems. The position data recorded by the optical motion capture were low pass filtered, as the numerical differentiation amplifies high frequency jitter (noise) in a signal. This explains the difference in measurement at the magnitude extremities. The inertial acceleration sensors prove advantageous when monitoring acceleration during impacts. Filtering the position data prior to differentiation might eliminate important information that is relevant to the biomechanical processes that are involved in soccer head impact monitoring. This is evident in Figure 4, which highlights that the raw acceleration signal recorded by the inertial sensor has two peaks in acceleration present, whereas the differentiated optical motion capture acceleration signal has one.



Data that were recorded by the optical motion capture system were used to calculate the force generated during impact between the ball and the head. Figure 5 shows the position trajectory of the head and the soccer ball during a ball-head impact. The moment of impact between the head and the soccer ball is shown by the minimum relative distance (see Figure 6). In this case, the time of impact between the head and the ball occurs at 0.43 s, when the relative distance is at a minimum. The relative distance then increases as the ball returns to the thrower.



The relative distance position data were differentiated using the built-in function diff in MATLAB (MathWorks, Natick, MA, USA). The mean average velocity of the ball at point of impact was found to be 1.95 ± 0.53 m/s. Figure 7 provides the ball velocity recorded for one header. The impact velocity was measured as 2.62 m/s. The impact force of the soccer headers was calculated using the mass of the soccer ball and the acceleration of its flight, the peak value is the acceleration of the soccer ball directly after impact (Figure 8). The mean impact force was found to be 102.21 ± 19.15 N. A study that was conducted by Levendusky [33] exploring the characteristics of ball dynamics of heading established that balls travelling at 18 m/s collide with a solid object for an impact duration of 10.23 milliseconds, generating a force between 850 N to 912 N. Hodgson et al. [34] reported the range for potential concussive force at greater than 784 N. These measurements of heading force are similar to that found in this investigation when taking the difference in the incoming ball velocity into account (nine times faster).



Figure 10 displays box plot and whisker graphs that represent the impact ratio distribution for participants of different experience levels in a field test environment. It is evident that novices and some amateur players have the largest impact ratio and the largest variation. The participants who had played to an amateur level had a variety of impact ratio distributions. This can be explained by the fact that the level of self-assessed ability across amateur players was quite diverse. Some amateur participants may have been on the border of semi-professional level, whereas others may have played for recreational purposes only. The participant who had played at a semi-professional level had an impact ratio distribution with reduced variation when compared to the majority of amateur players and novices, with 75% of the impact ratio values below 4. This result suggests that players with higher experience have a significantly different heading technique, which reduces the acceleration impact directly absorbed by the head. This is achieved by creating a rigid body between the head and neck during a header, shown by an increase in the T3 impact acceleration, reducing impact ratio as a result. It is evident that the semi-professional participant produced higher impact ratios than some of the amateur participants. A reason for this could be that the participant had focused on heading performance, such as good control and producing high ball velocities, rather than on contracting the neck muscles to reduce the impact directly absorbed by the head. If the player recruited their neck muscles more, it would increase the impact acceleration absorbed by the T3 and reduce the impact ratio as a result. This shows that even semi-professional players can still improve their heading technique.



Figure 11 presents the box plot and whisker diagrams that show the distribution of the impact ratio measured by the IMU sensors and the EMG voltage, recorded on the sternocleidomastoid neck muscle before and after a participant was instructed to consciously tighten their neck muscles before, during and after the ball impact. Contracting the neck muscles during impact between the head and the ball results in the player creating a rigid structure, which ensures that the ball directly makes contact on the forehead, reducing the magnitude of unwanted angular rotation as well as increasing the outgoing ball velocity [10]. This action also produces a greater human mass and increases the transferred force, resulting in a more powerful header. Isometric contraction of the extensor and flexor muscles of the neck also stops the head from being whipped back by the force of the ball. Prior to impact, the trunk hyperextends and flexion at the hip generates the forward force. The greater the extension the greater the forward velocity of the trunk, which results in greater impact on the ball. Essentially, the contraction of the neck muscles provides the support and increases the amount of ball control while the transfer of force from player to ball originates from flexing the trunk at the hip [1].



Literature exploring the influence of EMG measured neck muscle activity on soccer headers is limited. Articles that report the use of EMG to measure neck muscle activity generally form part of a secondary measurement protocol and, thus, the process is described in less detail. Sunami and Maruyama [35] reported that neck muscles (sternocleidomastoid and trapezius) reach their peak values before impact between the head and the ball in soccer heading, in both frontal and lateral conditions. This concurs with the review of Kirkendall and Garrett [1], and the results of this investigation show a significant increase in EMG measurement of the sternocleidomastoid when heading with proper technique. The results from this investigation suggest that increasing neck muscle activity reduces the impact acceleration of the head and in turn the force experienced solely by the head.




5. Conclusions


A comparison between the acceleration impacts of heading the ball and player experience has demonstrated a significant difference in the preparation for and accommodation of the impact. The ratio between the maximum acceleration of the head and the maximum acceleration of the torso represented by an accelerometer located at the T3 indicates a failure of novice players to adequately prepare for the impact. The participants were instructed to head the ball straight back to the thrower. In the midfield positions, a high percentage of heading is linear as players return the ball from the direction it came [9]. Rotational heading is also common, but usually as an offensive part of the game, with players attempting to redirect a cross or corner into the goal [36]. Therefore, a continuation of this research is to include rotational headers and assess the effect of muscle activity on the impact ratio in this scenario.



The intervention study where a novice participant was asked to head the ball in their usual manner and then tighten their neck muscles resulted in a significant decrease in the acceleration ratio at impact. The increased muscle activity was experimentally observed using EMG signals recorded on the neck. The desirable outcome is for the head impact acceleration to stay consistent while the T3 impact acceleration increases. This results in a reduced impact ratio and demonstrates the participant’s recruitment of neck muscles to produce a rigid body between the head and neck when heading the ball. Further testing will be conducted on a greater sample size in order to assess whether this relationship holds true for a wider range of participants.



While this investigation reported low level head impacts, the outcomes suggest that, for elite players, the T3 accelerometer (commonly worn during matches integrated with a GPS tracker) can be used to estimate head impacts. Moreover, the novel impact ratio metric can be used to provide feedback to players regarding the safety of their heading technique. Further research is needed to match the level of head impacts recorded within a competitive setting, which report average peak linear accelerations of 37.56 g and 39.31 g for high school and collegiate level soccer players, respectively [31]. Although these values are below those that are associated with concussions (>60 g), repetitive head trauma is a serious concern for athletes potentially suffering from chronic brain damage [32] and it is estimated that soccer players head the ball six to seven times per match, exposing athletes to multiple sub-concussive impact accelerations.
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Figure 1. (a) anterior view of Rizzoli Trunk Protocol retroreflective marker set; (b) posterior view of Rizzoli Trunk Protocol retroreflective marker set; and, (c) hat and ball retroreflective markers. During the experiment, a full body motion capture suit was worn to ensure only the markers were reflective. 
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Figure 2. Diagram showing the experimental set-up for the forward heading measurements. The distance between the ball thrower and the participant is 5 m. The arrow indicates the direction of heading. The control station contains a computer and the electromyography (EMG) device. 
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Figure 3. A bipolar electrode configuration over the sternocleidomastoid muscle and a reference electrode placed over the clavicle. A sports bra and headband fixed the position of the inertial sensors. 
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Figure 4. Inertial measurement unit (IMU) sensor and optical motion capture acceleration signals superimposed for 10 soccer heading impacts. (a) IMU located on the head (b) IMU sensor located at T3. Data obtained from participant used in motion capture heading tests. 
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Figure 5. Three-dimensional (3D) position trajectories of the ball (red line) and head (blue line) during a heading impact recorded by the optical motion capture system. 
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Figure 6. The relative distance between the geometric centre of the ball and the participant’s head. The point of impact between head and ball is clear as the minimum separation distance at time 0.43 s. 






Figure 6. The relative distance between the geometric centre of the ball and the participant’s head. The point of impact between head and ball is clear as the minimum separation distance at time 0.43 s.



[image: Electronics 09 00834 g006]







[image: Electronics 09 00834 g007 550] 





Figure 7. Instantaneous velocity measured using the relative distance between head and ball and position tracking data for head and ball. 






Figure 7. Instantaneous velocity measured using the relative distance between head and ball and position tracking data for head and ball.



[image: Electronics 09 00834 g007]







[image: Electronics 09 00834 g008 550] 





Figure 8. Instantaneous ball acceleration obtained by differentiating the velocity signal with respect to time, for one header (impact point at 0.43 s). 
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Figure 9. (a) Raw signal data extracted from the headband inertial sensor (blue) and T3 inertial sensor (orange) for a semi-professional participant; (b) raw signal data extracted from the headband inertial sensor (blue) and T3 inertial sensor (orange) for a novice participant. Head impacts are denoted by a yellow star and T3 impacts are denoted by a purple star. 
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Figure 10. Impact ratio quartile distributions for each participant obtained in field measurements (N is novice, A is amateur and SP is semi-professional). 
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Figure 11. (a) Impact ratio measured by the IMU sensors; and, (b) voltage measured by EMG upon header impact, before and after the participant was told to tighten neck muscles. 
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Table 1. Key descriptors and findings extracted from reviewed scientific literature investigating head impacts and neck strength.
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	Citation
	Sport
	Number of Subjects
	Measurement Technology
	Biomechanical Movement
	Performance Metric
	Research Findings





	[13]
	Soccer
	100
	6DOF Inertial sensor (Accel/Gyro) Fs = 1 kHz
	Soccer heading
	Linear head accelerations; rotational head accelerations
	Females (40.9 ± 13.3 g; 3279 ± 1065 rad/s2) Males (27.6 ± 8.5 g, 2219 ± 823 rad/s2)



	[14]
	NA
	7
	Angular velocity sensor
	NA
	Angular velocity (with/without loading)
	Angular velocity of head significantly decreased when muscles were activated due to loading (18% and 20% for backwards and forwards head impacts).



	[11]
	Soccer
	36
	2-D motion capture system; Video camera

Fs = 60 Hz; EMG system Fs = 960 Hz; Force load cell
	Maximum voluntary isometric contractions
	Neck flexion and extension strength pre and post training intervention.
	15% increase in neck strength (neck girth increased by 3%). No kinematic, EMG or stiffness training effects were seen.



	[15]
	Soccer
	16
	14 camera optical motion capture system (Vicon MX3) Fs = 450 Hz; Dynamometer
	Soccer heading
	Linear head accelerations; rotational head accelerations
	Neck strength difference was related to head acceleration (p = 0.05)



	[16]
	American football
	49
	Head telemetry system; load cell Fs = 2 kHz; Ultrasound; Electromagnetic motion capture system

Fs = 100 Hz; EMG
	Head impacts
	A range of descriptive statists relating to head and neck strength.
	Players with greater cervical stiffness had reduced odds of sustaining both moderate and severe head impacts.



	[10]
	Soccer
	5 cross sectional studies (literature review)
	NA
	Soccer heading
	NA
	Higher neck strength is associated with lower head acceleration (p < 9.95, r < −0.5)
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Table 2. Optical motion capture calibration report.






Table 2. Optical motion capture calibration report.





	Overall Reprojection
	Worst Camera
	Triangulation
	Overall Wand Error
	Ray Length





	Mean 3D error: 1.147 mm
	Mean 3D error: 1.282 mm
	Recommended: 3.1 mm
	Mean error: 0.334 mm
	Suggested max: 5.7 m



	Mean 2D error: 0.188 pixels
	Mean 2D error: 0.284 pixels
	Residual mean error: 1.2 mm
	-
	-



	Excellent
	Excellent
	-
	Exceptional
	-











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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