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Abstract

:

Oblique impacts of the helmet against the ground are the most frequent scenarios in real-world motorcycle crashes. The combination of two factors that largely affect the results of oblique impact tests are discussed in this work. This study aims to quantify the effect of the friction at the interface between the headform and the interior of a motorcycle helmet at different magnitudes of tangential velocity. The helmeted headform, with low friction and high friction surface of the headform, was dropped against three oblique anvils at different impact velocities resulting in three different magnitudes of the tangential velocity (3.27 m/s, 5.66 m/s, 8.08 m/s) with the same normal component of the impact velocity (5.66 m/s). Three impact directions (front, left-side and right-side) and three repetitions per impact condition were tested resulting in 54 impacts. Tangential velocity variation showed little effect on the linear acceleration results. On the contrary, the rotational results showed that the effect of the headform’s surface depends on the magnitude of the tangential velocity and on the impact direction. These results indicate that a combination of low friction with low tangential velocities may result into underprediction of the rotational headform variables that would not be representative of real-world conditions.
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1. Introduction


According to the World Health Organization, three hundred and seventy eight thousand people died in 2016 as a direct result of a motorcycle collision, amounting to 28% of the world’s road traffic related deaths [1]. Despite the proven effectiveness of helmets in the protection of the head [2,3], head injuries are the leading cause of death and long-term disability after a motorcycle crash [4].



Traditionally, motor-vehicle related head injuries have been grouped according to the injury mechanism [5]. Since Holbourn hypothesized that rotational motion of the brain could explain some head injuries unlikely to be caused by translational motion [6], a substantial amount of research has supported the relationship between head rotation and brain injuries [7,8,9]. The reaction force that the helmeted head experiences in the contact against a rigid surface can be decomposed into two components: a normal component perpendicular to the impact surface and a tangential component parallel to the impact surface. The magnitude of the reaction force normal component is related mainly to the height of the rider’s fall on the ground while the reaction force tangential component is associated to the motorcyclist’s travelling speed [10]. The magnitude of this tangential component is directly related to the rotation experienced by the rider’s head.



Oblique impacts between the helmet and the ground are the most frequent collision scenarios in real world [11,12]. Consequently, different laboratory testing protocols measure the helmet energy absorption capabilities and the resulting kinematics of a headform that represents the human head in oblique impacts [13,14,15,16].



Mills et al. identified the impact velocity component normal to the road, the friction coefficient between the shell and road, and the impact direction as the factors that control the peak headform rotational acceleration in oblique impacts [17,18,19]. Meng et al. showed that the impact velocity component normal to the road needs to be of a certain magnitude to induce the headform angular motion [20]. A follow-up study revealed that, from lower to higher tangential impact velocities, the motion of the helmet transitions from rolling to sliding, which affected head kinematics and its injury outcome for different friction values between the helmet and the ground [21]. However, the effective friction coefficient of the helmet as a whole is a function of the friction coefficient at the road/shell and at the head/liner interfaces [22]. Therefore, the tangential component of the contact force causes not only the rolling/sliding motion of the helmet on the ground but, due to similar underlying mechanics, it can also cause a relative motion between the head and the interior surface of the helmet [23].



To our knowledge, neither experimental nor computational studies have quantified the interaction of friction and tangential velocity in the resulting kinematics of the headform. Thus, the objective of this study is to quantify the influence of the friction between the interior surface of the helmet and the headform in the resulting kinematics of the headform at different magnitudes of the tangential impact velocity.




2. Methods


2.1. Experimental Design and Test Matrix


The experimental method was designed to identify the influence of the two proposed factors (friction and tangential velocity) and their interaction in four kinematically-based head injury predictors (outcome): the Peak of the resultant Linear Acceleration (PLA), the Head Injury Criterion (HIC) [24], the Brain Injury Criterion (BrIC) [25] and the Peak of the resultant Angular Acceleration (PAA).



A factorial analysis with two factors was independently applied to three different impact directions of the helmet and the anvil (front, right side and left side) in order to induce a rotation in each axis of the helmeted headform as shown in Figure 1. Only two friction conditions (low friction: bare headform; high friction: coated headform) were used at the interface between the headform and the interior of the helmet because friction showed a linear response on head angular kinematics [17]. However, three impact speeds (6.5 m/s, 8 m/s and 9.9 m/s) were selected because previous studies showed that varying the tangential velocity had a non-linear effect on head rotational kinematics [21]. These impact speeds were used with three different anvil angles (65°, 45° and 35°, respectively) so that while the tangential component of the impact speed changed, its normal component remained constant (see Figure A2). The values chosen for the friction and the impact speeds were based on the parameters prescribed in existing testing standard procedures [26,27].



Thus, a 2 × 3 factorial design was chosen for each impact direction in which three replicas were carried out per each combination of levels of the selected factors, resulting in a total of 54 drop tests, as shown in Table 1.




2.2. Testing Procedure


The tests were performed at the Impact Laboratory of the University of Zaragoza. A free fall guided impact machine (Model: Quebrantahuesos 6.0, +D, Pozuelo de Alarcón, Spain) was used for the drop tests. In the drop tests, the helmeted headform is placed on a carriage and restrained by pre-cut paper tape to prevent helmet motion during the fall. After releasing the carriage assembly from a specific height, the helmeted headform impacts the top surface of an anvil and the carriage assembly continues to fall onto a cushioned bed plate without interfering with the helmeted headform kinematics.



The helmet used was a full-face motorcycle helmet (model: FF104 RAPIDE, MT, Cartagena, Spain) (Figure A1). In total, 18 full face helmets of the M (57–58) size were used (using three impact locations per helmet, although each impact location on each helmet was tested just one time). The outer shell of the tested helmet was made of Fibre Reinforce Composite (FRC). The liner of the helmet was made of expanded polystyrene (EPS). The retention system of the helmet was based on a double D-ring buckle. The helmet complied with the United Nations Economic Commission for Europe (UNECE) regulation and Department of Transportation (DOT) standard.



The baseline case was a drop test performed at an impact velocity of 8.0 m/s onto a 45° oblique anvil, which originated two impact velocity components (normal and tangential) with the same magnitude of 5.66 m/s. The tangential velocity component (VT) of this test set-up was altered approximately ±40%, while keeping constant the normal velocity component (VN). Therefore, six helmets were drop tested at 6.5 m/s onto a 60° oblique anvil, obtaining a VN of 5.66 m/s and a VT of 3.27 m/s. Finally, six more helmets were drop tested at 9.9 m/s onto a 35° oblique anvil to obtain the same VN and a VT of 8.08 m/s. These two test conditions are referred as −40% VT and +40% VT respectively (Figure A2).



The oblique anvils were made from a solid steel cylinder with the diameter of 130 mm. The impact surface of the anvil was covered with a sheet of grade 80 close-coat aluminium oxide abrasive paper, that was replaced after significant damage or after three impacts. There was not variation of the friction between the anvil surface and the exterior helmet surface. All the helmets were tested with a 575-size magnesium alloy full headform (Model: 100_04_FMH, Cadex Inc., Saint-Jean-sur-Richelieu, QC, Canada).



To vary the value of the friction between the interior of the helmet and the surface of the headform, half of the helmets per test condition were tested with the original metallic surface of the headform (bare headform) and half of them were tested with the headform covered with a uniform thin layer of high-performance silicone rubber (Model: Dragon Skin 10, Smooth-On, Inc., Macungie, PA, USA). A total of 40 g of silicone rubber was uniformly spread in order to meet the thickness requirement of the FRHPhe-01 standard [27]. A spring balance method was used to provide an indication of the friction associated to the coating treatment. The average coefficient of friction (COF) measured between a woven cotton fabric and the bare headform and the covered headform were 0.20 and 0.78, respectively.



The headform was positioned inside the helmets using a helmet positioning index (HPI) of 40 mm. The retention system was adjusted under the chin of the headform and tightened to a tension of 75 N [27]. Before each impact, the helmet was re-positioned and the retention system re-tensioned.



Three new helmet samples were used per each tangential velocity and headform surface condition. Each helmet was tested on front (Y-rot), left side (X-rot) and right side (Z-rot) (see Figure 1 for the position and orientation of the helmet coordinate system). The first impact was a frontal impact, leading to rotation in the sagittal plane around the Y-axis. The second impact was a parietal impact on the left side, leading to rotation in the frontal plane around the X-axis. In these two impacts, the central vertical axis (Z-axis) of the headform was aligned to the vertical. The third impact was a temporal impact on the right side, leading to rotation in the transverse plane around the Z-axis. For this oblique impact, the sagittal plane of the headform was positioned parallel to the impact surface of the anvil and the transverse plane of the headform was coincident with the vertical plane of symmetry of the anvil. Figure 1 shows the three oblique impact directions.



A wireless system (Model: iCONO, +D, Pozuelo de Alarcón, Spain) was used to measure linear acceleration and angular velocity at the centre of gravity of the headform. The wireless system incorporates three linear accelerometers (Model: 64C-2000, MEAS, Nanshan District Shenzhen, China), three angular rate sensors (Model: ARS PRO-8k, DTS, Seal Beach, CA, USA) and an acquisition system (Model: SLICE NANO, DTS, Seal Beach, CA, USA). Data were recorded at 10 kHz. Head linear acceleration signals were filtered using a low-pass filter CFC-1000 and angular velocities signals were filtered using a CFC-180. High-speed video was captured at 1000 Hz (Model: Eosens mini, Mikrotron, Unterschleissheim, Germany). The end of the impact was estimated when the measured acceleration was lower than 5 g, which correlated well with the instant in which the helmeted headform separated from the anvil. Data post-processing was performed using an in-house developed and validated script of Matlab (Matlab R2013b, MathWorks, Natick, MA, USA).




2.3. Data Analysis


Data were sorted first by impact direction (front, left side & right side), and then by the two factors: tangential velocity (−40% VT, base case & +40% VT) and headform friction condition (bare headform & covered headform). Thus, for each impact direction, a two-way analysis of variance (ANOVA) was used to estimate how each injury predictor changed according to the levels of tangential velocity and headform friction surface. The two-way ANOVA also checks for interactions between the two factors—for example, if the effect of the covered headform depends on the levels of the tangential velocities. When there were not significant differences in the interaction, the one-way ANOVA and the Tuckey’s HSD post-hoc test were performed to study each factor individually. In case of a significant interaction, the two-way ANOVA is transformed into a one-way ANOVA and the Tuckey’s HSD post-hoc test was performed to study each possible combination between the two factors. Significance level used for all statistical tests was α = 0.05. To increase the statistical power of the post-hoc tests that resulted in significant differences, only those comparisons with the largest effect sizes (as measured by Cohen’s d) were considered in this study. Statistical analysis was performed using an Excel add-in (Real Statistics Resource Pack).





3. Results


3.1. Front Impact Kinematics


Figure 2 shows high-speed video captures at t = 14 ms, ilustrating the change in the angle between a reference line on the helmet shell (initially parallel to the horizontal direction) and a reference line on the neck of the headform, due to the relative motion between the helmet and the bare headform for each VT. However, in the case of the high friction of the coated headform, the angle remained almost constant regardless of the VT value.



The comparison of the time history plots of the resultant linear acceleration is shown in Figure 3. The −40% VT case (light grey traces) resulted in higher peak resultant linear acceleration and slightly shorter impact durations than the other two tangential velocities. This result might be influenced by the different location of the impact point between the helmet and the anvil, which was dependant on the tangential velocity component, as shown in Figure A3: reducing the magnitude of VT shifted the impact point in the negative X direction. Within each value of VT, the peak resultant acceleration of the high friction cases was consistently higher than the ones in the bare headform cases.



Figure 4 and Figure 5 show the time history plot of the resultant angular velocity and the resultant angular acceleration. As expected, the influence of the magnitude of VT in the angular velocity can be clearly identified in Figure 4. Regardless of the friction, the higher the magnitude of VT, the higher the peak value of the angular velocity. Within each value of VT, the coated headform (higher friction) resulted in higher magnitudes of angular velocity and a distinct maximum of the data trace, while the tests with the bare headform resulted in a monotonously growing curve.



The largest peak angular acceleration was obtained for one of the tests with the +40% VT, while the other two repeats of the same condition resulted in two different responses and were comparable in peak magnitude to the −40% VT cases (Figure 5). This lack of repeatability was attributed to the detachment of the helmet front vent in these two latter tests of the high friction tests. Note that these tests were not further included in the statistical analyses of the study. In the comparison between the baseline and the −40% VT case, where there were not repeatability issues, the decrease in VT is associated to a decrease in peak acceleration and shorter duration of the acceleration pulse. However, the peak angular acceleration did not show important differences between the different magnitudes of VT while the duration of the acceleration pulse increased as the VT increased in the low friction tests. Regardless the value of VT, coating the headform with the silicone resulted in higher angular acceleration levels and shorter durations of the pulse, indicating a better coupling between the headform and the helmet.




3.2. Left Side Impact Kinematics


Figure 6 shows the high-speed video frames of the left-side impacts at t = 14 ms. Similarly to the previous configuration, the angle between a reference line on the helmet and the vertical central axis of the headform illustrated the relative motion between the helmet and the headform for each tangential velocity, that increased as the tangential velocity increased. In the +40% VT case, when there was no additional room for the bare headform to move within the helmet, the shell of the helmet even deformed elastically. In the covered headform tests, the relative motion of the headform was reduced substantially.



No important differences were observed in the time history plots of the resultant linear acceleration (Figure 7) in left-side impacts: slightly lower peaks were observed in the lower friction tests, but the differences were not relevant.



It is in the rotational behaviour of the headform where the differences began to arise. Figure 8 shows that the slopes of the traces corresponding to high friction are more similar than the slopes of the curves for the low friction at different magnitudes of VT. As there was no relative motion between the headform and the helmet in the covered headform tests, the unique factor that influenced these slopes was the different magnitudes of VT. On the contrary, in the bare headform tests, in which the relative motion increased as the VT increased, there was a higher increase of the slopes of the curves as the magnitude of the tangential velocity increased resulting in that the +40% VT slope was similar to the slopes of the high friction tests. This similitude at the highest VT can be explained as the relative motion between the headform and the helmet is limited by the interaction of the geometry of the two solids. Higher values of VT made this interaction to occur, and the headform and the helmet moved without relative motion increasing suddenly the slope and the magnitude of the angular velocity. Figure 9 shows completely different kinematics depending on the friction between the helmet and the headform: while the higher friction tests showed an initial global maximum and then a second local maximum, in the case of the lower friction tests, the first maximum was local with the global maximum occurring about 8–10 ms later. The duration of the acceleration curve was longer also in the case of the lower friction tests. As for the influence of the magnitude of VT, and independently of the value of the friction, higher values of VT resulted in higher angular acceleration peaks.




3.3. Right Side Impact Kinematics


Attending to the images from the high-speed video (Figure 10), it can be seen two different relative motions (indicated by the two dotted white lines in the Figure). The first one is a relative rotation around the Z-axis because of the tangential input applied to the helmet, which was mainly observed with the bare headform and increased as the VT increased (illustrated by the angular misalignment of the two dotted white lines). The second one is a relative rotation around the X-axis because of the torque created by the distance from the impact point and the centre of gravity of the helmeted headform. It is observed with both headform friction conditions and remained almost constant for the different magnitudes of the VT (illustrated by the parallel misalignment between the two dotted white lines).



Similarly to the left-side impacts, the time history plot of the resultant linear acceleration did not show differences associated to either the magnitude of VT or the friction condition (Figure 11).



Again, it is the rotational magnitudes the ones that were influenced by the change in these two parameters. The peak of the angular velocity was higher for higher values of VT, independently of the friction condition (Figure 12). Increasing the friction between the helmet and headform resulted in a more identifiable angular velocity maximum, while the response of the bare headform produced slower increasing curve of the angular velocity, especially in the larger VT cases. In the case of the angular acceleration, Figure 13 shows that higher values of VT resulted in higher peaks of angular acceleration only when the headform was coated (high friction). When the friction was low (bare headform), no important differences were identified between the different values of VT.




3.4. Data Statistical Analysis


The effect of the two factors and their interaction were analysed using a two-way ANOVA method for each injury predictor and each impact direction.



In addition, the post-hoc tests after the ANOVA allowed to quantify the effect of the headform surface treatment (bare vs. coated) for each level of the tangential velocity and the effect of the tangential velocity with respect to the base case level.



Regarding the peak of the resultant linear acceleration (PLA), there were significant differences in the effect of the coating factor for the front and left side impacts. The tangential velocity factor was significantly different for the three impact directions and the interaction term was not statistically significant at all (Table 2). Descriptive statistics of the test results and statistical results from the post-hoc tests for the PLA are presented in Table 3. Eight of the eighteen PLA post-hoc comparisons resulted in significant differences (portrayed as shaded cells in Table 3). However, attending to the effect size only two comparisons (both in frontal impacts) were considered relevant: the increased PLA between the −40% VT and baseline for the bare headform (167 ± 1 g vs. 135 ± 3 g) and the increased PLA between the −40% VT and baseline for the covered headform (180 ± 5 g vs. 149 ± 6 g).



Concerning the head injury criterion (HIC), there were significant differences for the coating and the tangential velocity factors for the three impact directions (see Table 4). The interaction between the factors was significant in the left and right-side impacts. Nine of the eighteen HIC post-hoc comparisons resulted in significant differences but attending to the effect size (Cohen’s d), only five were considered relevant (Table 5). The identified relevant differences were the following: the increased HIC between the −40% VT and base case for the bare headform (1213 ± 30 vs. 870 ± 11) and covered headform (1382 ± 25 vs. 1058 ± 12) in the front impact; the decreased HIC between the −40% VT and base case for the covered headform (1099 ± 116 vs. 1378 ± 11) in the left side impact; and the decreased HIC between the bare and covered headform for the base case (1056 ± 20 vs. 1378 ± 11) and for the +40% VT case (1145 ± 68 vs. 1552 ± 102) in the left side impact.



Regarding BrIC, the two-way ANOVA resulted in significant differences for the two factors and their interaction in the three impact configurations (Table 6). All BrIC post-hoc comparisons were statistically significant (Table 7). The effect size revealed significant differences for all comparisons. Due to the magnitude of the effect size, it is worth highlighting the differences between the baseline case and the +40 VT case for the bare headform in the left side impact (0.280 ± 0.008 vs. 0.540 ± 0.002) and in the right-side impact (0.750 ± 0.007 vs. 1.060 ± 0.015).



Finally, significant differences of the two-way ANOVA for the peak of the resultant angular acceleration (PAA) were found both for the coating factor, the magnitude of the tangential velocity and their interaction in all three impact directions (Table 8). In this case, all post-hoc comparisons for the covered headform resulted in significant differences and the effect size revealed strong differences in most cases. On the contrary, in the case of the bare headform, only one comparison for the tangential velocity with the bare headform resulted in significant differences (Table 9). This comparison was between the base case and the +40% VT case in the left side impact (3330 ± 233 rad/s2 vs. 6241 ± 277 rad/s2).





4. Discussion


This study investigated the combined effect of the friction force between the interior surface of the helmet and the headform and different tangential velocities in helmet oblique impacts. The experimental data included in this manuscript are particularly relevant to design helmet oblique testing protocols capable of including real-world like characteristics. The data gathered here highlight the importance of the interaction between the friction between the head and the helmet and the tangential velocity in the resulting kinematics of the head.



4.1. The Variability of the Friction between the Human Skin and the Helmet Inner Liner


Human skin has been shown to exhibit a complex and highly variable friction behaviour. Ebrahimi et al. obtained an average friction coefficient between the interior of the helmet (nylon fabric) and the human skin of 0.683 [23]. However, other experiments using human cadaver heads estimated substantially lower values for the coefficient of friction between the interior of the helmet (polyester fabric, a common material used in the interior liner of helmets) and the scalp (0.29 ± 0.07) [28]. In a tactile perception study unrelated to helmets, Ramalho et al. reported a COF about 0.7 between polyester fabric and the volar forearm of in vivo volunteers [29]. This value could be even higher in the case of the head, as other experimental studies have revealed that friction coefficients at the volar forearm were lower (COF = 0.26) than those measured on the forehead (COF = 0.34) [30]. The variation of friction coefficients measured for the human skin has been suggested to depend on skin hydration [31], with moisture increasing the value of the COF between the skin and the fabric up to a maximum and then decreasing it, when there is excess of water in the interface [31,32]. As sweating is very common among helmeted riders specially in warmer weathers, this study is essential to understand how the performance of helmets can be affected by changes in the COF.



Although the influence of the COF had been addressed already in [23], to our knowledge, this is the first time that an experimental study combines the effect of varying the tangential component of the impact velocity and the COF at the same time. Our data shows that the combination of different magnitudes of VT and of COF influences differently the helmet performance.




4.2. Linear Acceleration-Based Injury Predictors


The experimental results included here regarding the VT variation are consistent with two computational studies which concluded that the influence of increasing tangential velocity on the linear acceleration is insignificant [17,21]. In the right-side impacts, where the impact point was the same for the three tangential velocities, the PLA and HIC magnitudes decreased slightly as the tangential velocity increased (Figure 11). This slight decrease can be explained by an increased helmet rotation caused by higher values of VT, which could bring new areas of uncrushed liner into the impact area, contributing to the decrease of PLA and HIC magnitudes [33].



It is true that in the front and left side impact directions the statistical analyses resulted in significant differences for the PLA and HIC magnitudes. However, for these impact directions, the central vertical axis (Z-axis) of the headform was aligned to the vertical and, consequently, the impact point location changed with the angle of the anvil (see Figure A3). PLA and HIC magnitudes decreased as the VT increased in the front impacts while they increased as the tangential velocity increased in the left side impact direction. This opposite trend suggests that these differences are due to the variation of the impact point location and not due to the change in VT.



Regarding the coating effect, the PLA and HIC magnitudes obtained were always higher for the tests with high friction. The relative motion of the headform in the helmet, which depends on the tangential velocity for the bare headform, modified the crushing liner area depending on the geometry of the headform close to the impact point. Therefore, depending on the liner density around the impact point and the crushing liner area variation, the PLA and HIC could decrease, remain constant or even increase. This is supported by Ebrahimi et al., that found that the average linear acceleration of the headform with the highest friction for the 15° anvil decreased by 26% while it increased by 10% for the 30° anvil [23].




4.3. Angular Motion-Based Injury Predictors


The significance of the interaction of the two analysed factors in the two-way ANOVA for the two angular injury predictors showed that the effect of the friction depends on the magnitude of the tangential velocity. This dependence of the friction effects with the VT is mainly due to the combination of the rolling and sliding phenomena at the helmet/anvil interface, which was observed in the high friction tests and it was studied in detail by Meng et al. [21] and to the relative motion between the headform and the helmet, which was observed in the low friction tests.



In the case of the coated headform, brain injury criterion (BrIC) and peak of the resultant angular acceleration (PAA) increased as the tangential velocity increased for the three impact directions. Interestingly, our experiments showed that the relative increase of the angular injury predictors was higher from the −40% VT case to the base case than from the base case to the +40% VT case. As demonstrated in Meng et al., the effect of increasing VT in the rotation of the helmet is negligible once the helmet is sliding [21]. This suggest that from −40% VT case to the base case the helmets were in rolling phase while from base case to the +40% VT case the helmets were in the transition phase from rolling to sliding.



In the bare headform tests, BrIC also increased as the VT increased but PAA did not in the front and right-side directions, in which PAA were almost constant. In this case, in which the helmet was also rolling on the anvil for lower values of VT as in the case of the coated headform, the lower friction between the headform and the helmet caused the bare headform to slide inside the helmet. This sliding motion limited the maximum angular acceleration (slope of the angular velocities curves) but not the maximum angular velocity, which also depends on the duration of the angular acceleration, which was higher for the higher VT values (see Figure 5). In the left side impacts, the relative motion of the headform inside the helmet was prevented by the interaction of the geometry of the headform and the geometry of the helmet, as the VT increased. In the +40% VT case, the relative motion came to an end and helmet and headform moved jointly increasing the headform rotational motion significantly.




4.4. Implications for Helmet Testing Programs


The existing interaction of the friction between the helmet and the headform and VT needs to be recognized when a testing program is being planned. Existing helmet testing methods have been shown to use speeds which are lower than those found in real world situations, mainly due to limitation of the height of the helmet drop facilities of the testing laboratories [21]. This implies lower magnitude for the tangential component of the velocity than those found in real world situations. Therefore, on top of the underestimation caused by a lower tangential velocity, there may be an additional underestimation of the rotational motion of the head if the friction between the headform and the helmet is low and, consequently, the headform slides inside the helmet without being stopped by the interaction between the geometries of the headform and the helmet. As discussed above, there is evidence showing that the friction coefficient between the human head and the liner of the helmet can be around 0.7. This friction is expected to increase if there is sweating, which can be common especially in warm weathers [32]. Thus, as several existing testing programs are starting to investigate different injury metrics related to the rotation of the headform and these programs should be looking into testing the helmets so that they are effective in a worst-case (but possible) scenario, our study suggests that the friction at the interface helmet/headform in oblique helmet programs should be high enough to guarantee the joint motion of the unit without sliding of the headform.



In addition, most helmet standards call for helmets to be tested in linear impacts (without tangential component) at the highest levels of severity ignoring the helmet response to lower severity impacts. Recently, some helmet standards such as FRHPhe-01 [27] and ECE 22.06 [26] included a low severity linear impact test at 5 m/s and 6 m/s respectively in their test methods in order to avoid that helmets transmit unacceptably high levels of linear acceleration in low severity impact events. Beside of these low severity impact tests, these standards also include an oblique impact test at 8.0 m/s against a 45-degree anvil, which originate two impact velocity components (normal and tangential) with the same magnitude of 5.66 m/s. This study supports that the oblique impact test also included in these helmet standards could be sufficient to characterize the linear acceleration in low severity impacts without the need of a specific low severity test. Since the influence of the VT on the linear acceleration is insignificant and the magnitude of the normal component of the impact velocity of the oblique test (5.66 m/s) is already within the range of the low-speed tests recently included in the aforementioned standards.




4.5. Limitations of the Study and Future Work


As aforementioned, the high-speed video analysis revealed that the front vent of the helmet was detached during the impact in two of the three replicas of the +40% VT case with the headform covered. This fact was the cause of the low repeatability obtained for the angular velocity and angular acceleration in the mentioned condition. In consequence, these tests were not considered in the statistical analysis.



The rigid magnesium EN960 headforms do not have an outer layer to simulate the scalp tissue or hair because they are not designed to respond like a human head to impact. Therefore, slippage between the scalp and skull, the effect of the hair (which could reduce the head/helmet friction) and the tensioning effect of the skin were not covered in this work [33,34]. Even if a study identified that scalp tissue affects head biomechanics in a significant way [28], it also concluded that the friction coefficient of the outer layer of the headform and the interaction with the helmet reduced the relative effect of the scalp.



The influence of the neck and body in the kinematics of the headform was not included in this study. Several studies suggest that the neck and body play only a small role during helmeted head impacts [35,36] whereas other studies suggest that the presence of the neck and body have a significant influence on head kinematics and that it is strongly dependent on the impact configuration [37,38]. Isolated head surrogate was used in this study due to its simplicity and because this is the condition used in the European helmet testing regulation [26].



Despite tissue-based metrics such as Maximum Principal Strain (MPS) are desirable for assessing brain injury risk since they are a measure of the primary injury mechanism, this study looked only into four kinematic-based metrics (PLA, HIC, BrIC and PAA). These were the parameters that could be obtained directly from test measurements. In addition, BrIC has been shown to have a good correlation with several tissue-based metrics in a bicycle helmet study [39].



Another limitation of this work is that only one full-face helmet model and three impact directions were tested. Therefore, the results of this study may vary for other helmet types and other impact directions. Future research should investigate the friction between different materials used as comfort padding and the human scalp, considering the physiological skin condition and the effect of sweat.





5. Conclusions


This study has evaluated the effect of the friction of the headform and the interior surface of the helmet in oblique impacts at different tangential velocities. As oblique testing helmet programs specify a friction in the contact between the headform and the interior surface of the helmet, the value of this friction needs to be chosen carefully. Since the influence of the friction depends on the magnitude of the tangential velocity, the magnitude of these two factors must be chosen jointly. The results of our experiments show that the combination of low friction with lower speeds that the ones occurring in real-world crashes may result into underprediction of the rotational headform variables that would not be representative of real-world conditions, in which a higher VT or the sweat of the rider’s head would increase the rotational motion experienced by the rider’s head.



It has also been shown experimentally that the influence of increasing tangential velocity on the linear acceleration measured by the headform is negligible. Therefore, oblique testing programs including a normal component of the impact velocity that represents a low severity impact would assess if helmets may transmit unacceptably high levels of linear acceleration even in low severity impact events.
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Appendix A. Helmet Model, Impact Velocities Diagram and Impact Point Locations
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Figure A1. MT FF104 RAPIDE full-face helmet. 
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Figure A2. Impact velocities diagram. Modifying the angle of the anvil and the impact speed, the tangential component of the impact velocity can be modified keeping the magnitude of the normal component. 
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Figure A3. Impact point locations for each impact layout and tangential velocity. 






Figure A3. Impact point locations for each impact layout and tangential velocity.
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Figure 1. Oblique impact point layouts and coordinate system. 
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Figure 2. Comparison of the relative motion of the bare and covered headform inside the helmet at 14 ms of the front impact for each tangential velocity. 
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Figure 3. Time-history plot of the resultant linear acceleration for the front impacts. Solid lines correspond to covered headform and dashed lines correspond to bare headform test. 
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Figure 4. Resultant angular velocity for the front impacts. Solid lines correspond to covered headform and dashed lines correspond to bare headform test. 
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Figure 5. Resultant angular acceleration for the front impacts. Solid lines correspond to covered headform and dashed lines correspond to bare headform test. 
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Figure 6. Comparison of the relative motion of the bare and covered headform inside the helmet at 14 ms of the left-side impact for each tangential velocity. 
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Figure 7. Resultant linear acceleration for the left side impacts. Solid lines correspond to covered headform and dashed lines correspond to bare headform test. 
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Figure 8. Resultant angular velocity for the left side impacts. Solid lines correspond to covered headform and dashed lines correspond to bare headform test. 
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Figure 9. Resultant angular acceleration for the left side impacts. Solid lines correspond to covered headform and dashed lines correspond to bare headform test. 
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Figure 10. Comparison of the relative motion of the bare and covered headform inside the helmet at 14 ms of the right-side impact. Dashed lines indicate the headform position with respect to the helmet. The angle corresponds to the relative rotation around the Z-axis. 
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Figure 11. Resultant linear acceleration for the right side impacts. Solid lines correspond to covered headform and dashed lines correspond to bare headform test. 
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Figure 12. Resultant angular velocity for the right side impacts. Solid lines correspond to covered headform and dashed lines correspond to bare headform test. 
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Figure 13. Resultant angular acceleration for the right side impacts. Solid lines correspond to covered headform and dashed lines correspond to bare headform test. 
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Table 1. Test matrix. For N from 1 to 3, indicating repeated tests for a particular condition.
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Resultant Impact Velocity

	
Anvil

	
Headform

	
Impact Point

	
Test ID






	
6.5 m/s

	
60°

	
Bare headform

	
Front (Y-rot)

	
DT0322-0N-01




	
Left side (X-rot)

	
DT0322-0N-02




	
Right side (Z-rot)

	
DT0322-0N-04




	
Covered headform

	
Front (Y-rot)

	
DT0321-0N-01




	
Left side (X-rot)

	
DT0321-0N-02




	
Right side (Z-rot)

	
DT0321-0N-04




	
8.0 m/s

	
45°

	
Bare headform

	
Front (Y-rot)

	
DT0320-0N-01




	
Left side (X-rot)

	
DT0320-0N-02




	
Right side (Z-rot)

	
DT0320-0N-04




	
Covered headform

	
Front (Y-rot)

	
DT0319-0N-01




	
Left side (X-rot)

	
DT0319-0N-02




	
Right side (Z-rot)

	
DT0319-0N-04




	
9.9 m/s

	
35°

	
Bare headform

	
Front (Y-rot)

	
DT0318-0N-01




	
Left side (X-rot)

	
DT0318-0N-02




	
Right side (Z-rot)

	
DT0318-0N-04




	
Covered headform

	
Front (Y-rot)

	
DT0317-0N-01




	
Left side (X-rot)

	
DT0317-0N-02




	
Right side (Z-rot)

	
DT0317-0N-04
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Table 2. Two-way ANOVA results (p-values) for the PLA. p-values < 0.05 portrayed as shaded cells.






Table 2. Two-way ANOVA results (p-values) for the PLA. p-values < 0.05 portrayed as shaded cells.











	
	Front (Y-Rot)
	Left Side (X-Rot)
	Right Side (Z-Rot)





	Coating
	0.0005
	0.00016
	0.11161



	Tangential velocity
	1.37 × 10−6
	0.00095
	0.00031



	Interaction
	0.72203
	0.99408
	0.73341










[image: Table] 





Table 3. Averages, standard deviation (SD), coefficient of variation (CV) and post-hoc results for PLA. p-values < 0.05 portrayed as shaded cells.
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PLA (g)

	
Front (Y-Rot)

	
Left Side (X-Rot)

	
Right Side (Z-Rot)




	
−40% VT

	
Base Case

	
+40% VT

	
−40% VT

	
Base Case

	
+40% VT

	
−40% VT

	
Base Case

	
+40% VT






	
Bare headform

	
Average

	
167

	
135

	
125

	
149

	
156

	
167

	
163

	
153

	
149




	
SD

	
1

	
3

	
4

	
3

	
1

	
6

	
2

	
3

	
4




	
CV(%)

	
0.64%

	
2.59%

	
2.90%

	
2.19%

	
0.73%

	
3.50%

	
1.28%

	
1.89%

	
2.40%




	
VT effect

	
Cohen’s d

	

	
6.43

	
---

	

	

	
1.41

	
2.21

	

	

	
2.01

	
0.80

	




	
p-value

	

	
0.00011

	
---

	

	

	
0.12211

	
0.03969

	

	

	
0.01523

	
0.38922

	




	
Covered

	
Average

	
180

	
149

	
150

	
164

	
172

	
182

	
165

	
158

	
151




	
SD

	
5

	
6

	
0

	
13

	
2

	
4

	
5

	
6

	
3




	
CV(%)

	
2.98%

	
3.70%

	
0.25%

	
7.78%

	
1.23%

	
2.16%

	
3.09%

	
3.67%

	
2.09%




	
VT effect

	
Cohen’s d

	

	
6.23

	
---

	

	

	
1.61

	
2.01

	

	

	
1.41

	
1.41

	




	
p-value

	

	
0.00239

	
---

	

	

	
>0.05

	
>0.05

	

	

	
0.27546

	
0.27695

	




	
Coating effect

	
Cohen’s d

	
2.61

	
2.81

	
---

	
3.01

	
3.22

	
3.01

	
0.40

	
1.00

	
0.40




	
p-value

	
0.01592

	
0.00186

	
---

	
0.11458

	
0.00032

	
0.01765

	
>0.05

	
>0.05

	
>0.05
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Table 4. Two-way ANOVA results (p-values) for the HIC. p-values < 0.05 portrayed as shaded cells.
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	Front (Y-Rot)
	Left Side (X-Rot)
	Right Side (Z-Rot)





	Coating
	5.23 × 10−7
	7.42 × 10−6
	2.45 × 10−7



	Tangential velocity
	3.76 × 10−9
	0.00012
	0.00692



	Interaction
	0.45659
	0.00319
	0.04017
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Table 5. Averages, standard deviation (SD), coefficient of variation (CV) and post-hoc results for HIC. p-values < 0.05 portrayed as shaded cells.
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HIC

	
Front (Y-Rot)

	
Left Side (X-Rot)

	
Right Side (Z-Rot)




	
−40% VT

	
Base Case

	
+40% VT

	
−40% VT

	
Base Case

	
+40% VT

	
−40% VT

	
Base Case

	
+40% VT






	
Bare headform

	
Average

	
1213

	
870

	
857

	
1049

	
1056

	
1145

	
893

	
825

	
781




	
SD

	
30

	
11

	
15

	
58

	
20

	
68

	
32

	
15

	
16




	
CV(%)

	
2.51%

	
1.31%

	
1.73%

	
5.53%

	
1.86%

	
5.98%

	
3.64%

	
1.81%

	
2.10%




	
VT effect

	
Cohen’s d

	

	
6.93

	
---

	

	

	
0.14

	
1.80

	

	

	
1.37

	
0.89

	




	
p-value

	

	
0.00005

	
---

	

	

	
0.99999

	
0.68434

	

	

	
0.10190

	
0.46244

	




	
Covered

	
Average

	
1382

	
1058

	
947

	
1099

	
1378

	
1552

	
953

	
949

	
936




	
SD

	
25

	
12

	
47

	
116

	
11

	
102

	
39

	
30

	
32




	
CV(%)

	
1.82%

	
1.13%

	
4.96%

	
10.56%

	
0.83%

	
6.59%

	
4.04%

	
3.11%

	
3.47%




	
VT effect

	
Cohen’s d

	

	
6.54

	
---

	

	

	
5.63

	
3.51

	

	

	
0.08

	
0.26

	




	
p-value

	

	
0.00004

	
---

	

	

	
0.00576

	
0.10668

	

	

	
0.99995

	
0.99216

	




	
Coating effect

	
Cohen’s d

	
3.41

	
3.80

	
---

	
1.01

	
6.50

	
8.22

	
1.21

	
2.50

	
3.13




	
p-value

	
0.00179

	
0.00004

	
---

	
0.95603

	
0.00184

	
0.00022

	
0.18190

	
0.00204

	
0.00028
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Table 6. Two-way ANOVA results (p-values) for the BrIC. p-values < 0.05 portrayed as shaded cells.
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	Front (Y-Rot)
	Left Side (X-Rot)
	Right Side (Z-Rot)





	Coating
	6.14 × 10−11
	2.86 × 10−10
	1.73 × 10−12



	Tangential velocity
	2.78 × 10−10
	1.61 × 10−14
	6.35 × 10−14



	Interaction
	4.60 × 10−7
	0.00131
	9.13 × 10−7
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Table 7. Averages, standard deviation (SD), coefficient of variation (CV) and post-hoc results for BrIC. p-values < 0.05 portrayed as shaded cells.






Table 7. Averages, standard deviation (SD), coefficient of variation (CV) and post-hoc results for BrIC. p-values < 0.05 portrayed as shaded cells.





	
BrIC

	
Front (Y-Rot)

	
Left Side (X-Rot)

	
Right Side (Z-Rot)




	
−40% VT

	
Base Case

	
+40% VT

	
−40% VT

	
Base Case

	
+40% VT

	
−40% VT

	
Base Case

	
+40% VT






	
Bare headform

	
Average

	
0.210

	
0.310

	
0.400

	
0.170

	
0.280

	
0.540

	
0.620

	
0.750

	
1.060




	
SD

	
0.004

	
0.007

	
0.001

	
0.020

	
0.008

	
0.002

	
0.040

	
0.007

	
0.015




	
CV(%)

	
1.88%

	
2.35%

	
0.27%

	
11.88%

	
2.78%

	
0.43%

	
6.54%

	
0.98%

	
1.44%




	
VT effect

	
Cohen’s d

	

	
6.15

	
---

	

	

	
6.76

	
15.99

	

	

	
7.99

	
19.06

	




	
p-value

	

	
1.02 × 10−6

	
---

	

	

	
2.46 × 10−6

	
2.86 × 10−10

	

	

	
9.23 × 10−5

	
1.03 × 10−8

	




	
Covered

	
Average

	
0.350

	
0.580

	
0.680

	
0.260

	
0.440

	
0.630

	
0.770

	
1.140

	
1.430




	
SD

	
0.011

	
0.008

	
0.158

	
0.022

	
0.002

	
0.010

	
0.013

	
0.029

	
0.004




	
CV(%)

	
3.03%

	
1.33%

	
23.25%

	
8.47%

	
0.49%

	
1.63%

	
1.73%

	
2.51%

	
0.30%




	
VT effect

	
Cohen’s d

	

	
14.14

	
---

	

	

	
11.07

	
11.68

	

	

	
22.75

	
17.83

	




	
p-value

	

	
2.03 × 10−9

	
---

	

	

	
1.32 × 10−8

	
6.84 × 10−9

	

	

	
1.15 × 10−9

	
1.95 × 10−8

	




	
Coating effect

	
Cohen’s d

	
8.61

	
16.6

	
---

	
5.53

	
9.84

	
5.53

	
9.22

	
23.98

	
22.75




	
p-value

	
9.96 × 10−8

	
9.29 × 10−10

	
---

	
1.95 × 10−5

	
5.14 × 10−8

	
1.21 × 10−5

	
3.24 × 10−5

	
7.58 × 10−10

	
1.21 × 10−9
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Table 8. Two-way ANOVA results (p-values) for the PAA. p-values < 0.05 portrayed as shaded cells.
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	Front (Y-Rot)
	Left Side (X-Rot)
	Right Side (Z-Rot)





	Coating
	1.10 × 10−10
	3.02 × 10−11
	4.61 × 10−14



	Tangential velocity
	0.00009
	2.43 × 10−9
	9.12 × 10−8



	Interaction
	3.56 × 10−6
	0.00280
	2.04 × 10−8
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Table 9. Averages, standard deviation (SD), coefficient of variation (CV) and post-hoc results for PAA. p-values < 0.05 portrayed as shaded cells.






Table 9. Averages, standard deviation (SD), coefficient of variation (CV) and post-hoc results for PAA. p-values < 0.05 portrayed as shaded cells.





	
PAA (rad/s2)

	
Front (Y-Rot)

	
Left Side (X-Rot)

	
Right Side (Z-Rot)




	
−40% VT

	
Base Case

	
+40% VT

	
−40% VT

	
Base Case

	
+40% VT

	
−40% VT

	
Base Case

	
+40% VT






	
Bare headform

	
Average

	
2681

	
2168

	
2241

	
2305

	
3330

	
6241

	
8171

	
7955

	
7753




	
SD

	
14

	
101

	
51

	
248

	
233

	
277

	
641

	
127

	
166




	
CV(%)

	
0.51%

	
4.66%

	
2.26%

	
10.76%

	
7.01%

	
4.43%

	
7.84%

	
1.60%

	
2.15%




	
VT effect

	
Cohen’s d

	

	
1.41

	
---

	

	

	
2.82

	
8.00

	

	

	
0.59

	
0.55

	




	
p-value

	

	
0.08917

	
---

	

	

	
0.09604

	
2.56 × 10−5

	

	

	
0.97741

	
0.98343

	




	
Covered

	
Average

	
6702

	
9106

	
7141

	
5864

	
9050

	
10607

	
11524

	
16055

	
17173




	
SD

	
433

	
70

	
2778

	
663

	
161

	
646

	
308

	
339

	
421




	
CV(%)

	
6.46%

	
0.77%

	
38.90%

	
11.30%

	
1.78%

	
6.09%

	
2.67%

	
2.11%

	
2.45%




	
VT effect

	
Cohen’s d

	

	
6.60

	
---

	

	

	
8.75

	
4.28

	

	

	
12.45

	
3.07

	




	
p-value

	

	
5.20 × 10−6

	
---

	

	

	
1.00 × 10−5

	
0.00729

	

	

	
5.39 × 10−8

	
0.03035

	




	
Coating effect

	
Cohen’s d

	
11.05

	
19.06

	
---

	
9.78

	
15.71

	
12.00

	
9.21

	
22.25

	
25.88




	
p-value

	
9.34 × 10−8

	
1.81 × 10−9

	
---

	
3.08 × 10−6

	
1.50 × 10−8

	
3.26 × 10−7

	
1.55 × 10−6

	
6.99 × 10−11

	
7.61 × 10−12
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