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Preface 
 
This document outlines the procedure that has been used to test football helmets for the National 
Football League’s Head, Neck & Spine Engineering Subcommittee.  The current test procedure follows 
the protocol developed by Viano et al. (2012).  Testing has been conducted using Biokinetics’ linear 
impactor test apparatus, and illustrations in this document reflect this fact.  However, the document has 
been written to accommodate other makes of test equipment. 
 
1. Test Equipment 
 
1.1 Impactor 
 
The impactor was a linear ram having a mass of 14.3 kg.  The ram was constrained to translational 
movement in one axis.  The impactor face consisted of extruded nylon 6/6 in the shape of a spherical 
cap (5.0” radius sphere, 1.0” thick, 5.0” diameter cap) (see drawing in Appendix I).  The spherical cap 
was attached via Velcro to a cylindrical piece of vinyl nitrile foam (VN600, DerTex, Inc.) (1 ⅝” thick, 5.0” 
diameter), which was in turn attached via Velcro to a circular metal backing plate (5.0” diameter) on the 
ram.  
 
The ram was accelerated up to its desired test speed and then disengaged from the propulsion source so 
that it struck the specimen while coasting.  A compressed air supply dumped into a cylinder has been 
found to be a suitable and repeatable propulsion source; however, other methods may also be used. 
 
1.2 Head Positioning 
 
The head and neck from a certified Hybrid III 50th percentile male anthropomorphic test device (ATD) 
was mounted to a sliding carriage having a mass of 17.7 kg.  The neck cable was torqued to 12 in-lbs. in 
accordance with the Hybrid III assembly instructions and checked periodically during testing.  The 
carriage was oriented parallel to the ram such that it was free to slide in the direction of impact.  For 
reference, a right-hand laboratory coordinate system was defined in which –x was the impact direction 
and +z was up (Figure 1).   
 

 
Figure 1.  Biokinetics slider table and carriage.  The impactor ram travels in the –x direction. 
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The mounting hardware to the carriage was constructed so that the initial position and rotation of the 
head was adjustable in all three dimensions.  The head and neck were placed on a pivot that was 
connected to the carriage and rotated about the lab y-axis.  In addition, the head and neck could be 
rotated about their local z-axis on the pivot.  These two angular adjustments allowed the head to be 
positioned in a wide range of orientations.  The entire table could be raised and lowered to adjust the z-
axis position of the head.  Lateral slots in the base plate for the carriage allowed for adjustment along 
the y-axis.  The last step in the positioning procedure was simply to slide the carriage along the 
laboratory x-axis to the desired impact point (just after the ram cleared the velocity measurement 
system while coasting).    
 
Eight impact locations were defined based on the initial angle and position of the head (Figure 2).  Four 
impact locations were on the helmet shell, two were on the central facemask, and two were on the edge 
of the facemask.  The impact locations were specified in terms of rotational and translational table 
adjustments for the particular carriage assembly used by Biokinetics (Appendix II).  The positioning 
adjustments were made with the dummy neck initially upright and the head facing the ram in the +x 
direction with the centerline of the ram collinear with the center of gravity of the head.   
 

 
Figure 2.  Impact locations. 

 
In order to characterize the impact locations more generally, the location of the Hybrid III head center of 
gravity was calculated relative to the centerline of the ram based on the table adjustments.  For the 
Biokinetics carriage, the pivot point for the head/neck assembly was 309.3 mm inferior and 17.8 
posterior to the design point for the Hybrid III head center of gravity.  Based on these offsets (zoff = 309.3 
mm, xoff = 17.8 mm), the table adjustments (ytable, ztable), and the neck angle adjustments (α, β), the 
location of the head center of gravity relative to the centerline of the impactor in the laboratory 
coordinate frame (yCG, zCG) was calculated:  
 

𝑦𝑦𝐶𝐶𝐶𝐶 = 𝑦𝑦𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝑥𝑥𝑜𝑜𝑜𝑜𝑜𝑜 sin𝛼𝛼        (1a) 
 𝑧𝑧𝐶𝐶𝐶𝐶 = 𝑧𝑧𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑧𝑧𝑜𝑜𝑜𝑜𝑜𝑜(1 − cos𝛽𝛽)− 𝑥𝑥𝑜𝑜𝑜𝑜𝑜𝑜 cos𝛼𝛼 sin𝛽𝛽     (1b) 
 
Using the specifications for head rotation and position in the laboratory coordinate frame (Table 1), it 
would be possible to replicate these impact locations using some other table and carriage system (Table 
1).  When positioning the head, it should be remembered that the Hybrid III dummy head does not sit 



squarely on the neck, but is tilted about 4.75⁰ rearward (extension) when the neck is vertical.  In 
addition, the Hybrid III can develop a set, sag, or damage from repeated testing.  During testing, the 
neck was periodically checked for straightness and damage. 
 

Table 1.  Head angles and positions for each of the 8 impact sites. 
 

 Table adjustment Neck Angle Head CG location 
Impact Site y (mm) z (mm) α (deg) β (deg) y (mm) z (mm) 

Shell       
F 15.0 -75.0 0 15 15.0 -90.1 
C 27.0 -2.0 -95 11 9.3 -7.4 
D 27.0 -2.0 -157 11 20.1 -4.6 
R 15.0 6.0 180 -15 15.0 -9.1 

Facemask       
A 27.0 20.0 -25 7 19.5 15.7 
A' 15.0 35.0 0 -10 15.0 33.4 
B 27.0 -4.0 -55 7 12.4 -7.5 

UT 90.5 39.5 -90 0 72.7 39.5 
 
2. Test Procedure 
 
2.1 Helmet Positioning and Adjustment 
 
For each helmet model, the size that best fit the Hybrid III 50th percentile male head was chosen for 
testing.  For the vast majority of helmets, the large size was tested.  Each helmet to be tested required 
four (4) identical facemasks and four (4) identical chinstraps.  Due to the potential for damage, the 
facemask and chinstrap were replaced during testing after direct high speed impacts.  Two layers of 
nylon stockings were placed over the Hybrid III head in order to make it easier to take the helmet on and 
off the head.  Once donned, the helmet was positioned squarely on the head by eye to eliminate any 
left/right asymmetry.  A helmet positioning index (HPI) of 75 mm was used to position the brow of the 
helmet.  A tool similar to the NOCSAE nose gauge was used to ensure that the vertical distance from the 
bottom of the nose to the brow of the helmet was 75 mm (Appendix I and Figure 3).  Next, the chinstrap 
was adjusted until each strap was taut but could still be snapped or fastened by hand without undue 
effort.  The adjustment position of the straps was recorded either by marking the strap directly or by 
measuring it.  After each test, the facemask and chinstrap were checked for damage and replaced if 
necessary.  The helmet and chinstrap were repositioned prior to each test. 
 

 
Figure 3.  Helmet positioning tool. 



 
2.2 Test Matrix 
 
Each helmet sample was subjected to a total of 24 impact tests comprising the full combination of 3 test 
speeds and 8 impact locations.  The test speeds were 5.5 m/s, 7.4 m/s, and 9.3 m/s, with a tolerance of 
± 0.1 m/s.  The standard protocol was to test 2 samples of each helmet model.   
 
Testing was conducted in a particular sequence to maximize efficiency and minimize the adverse effects 
of equipment damage.  The impact sites on the shell (C, D, R, and F) were tested first.  Tests were 
conducted one site at a time in order to minimize the time required to reposition the table and head 
between sites.  Tests were conducted at all three speeds from slowest to fastest at each impact site 
before moving on to the next site.  For the remaining sites that involved contact with the facemask (A, 
A’, B, and UT), testing was conducted at all impact locations at the slowest test speed first, followed by 
tests at all locations at the intermediate and higher test speeds.  The facemasks and chinstraps were 
replaced according to the following sequence: 
 

• C @ 5.5 m/s, 7.4 m/s, & 9.3 m/s 
• D @ 5.5 m/s, 7.4 m/s, & 9.3 m/s 
• R @ 5.5 m/s, 7.4 m/s, & 9.3 m/s 
• F @ 5.5 m/s, 7.4 m/s, & 9.3 m/s 
• A’, UT, B, & A @ 5.5 m/s 
• A @ 7.4 m/s, change facemask and chinstrap 
• A @ 9.3 m/s, change facemask and chinstrap 
• B & A’ @ 7.4 m/s 
• UT @ 7.4 m/s, change facemask and chinstrap 
• UT, B & A’ @ 9.3 m/s 

 
A minimum wait time of five (5) minutes was required between each test.  All testing was conducted at 
room temperature in an indoor climate-controlled environment. 
 
2.3 Instrumentation and Data Processing 
 
The Hybrid III head was instrumented to measure head kinematics in all six degrees of freedom.  The 
testing at Biokinetics was conducted using a standard nine-accelerometer array package (NAP) in the 
head.  The NAP data were processed using programming code supplied by the National Highway Traffic 
Safety Administration (DiMasi 1995).  Other instrumentation schemes are acceptable so long as they 
measure head kinematics in all six degrees of freedom.  The standard procedure was to install the 
Hybrid III 6-axis upper neck load in the dummy.  If the upper neck load cell is not used, a structural 
replacement should be inserted in its place.  The velocity of the ram was measured using an optical gate 
immediately before impact while the ram was coasting.   
 
Instrumentation data were collected at 10 kHz.  Head accelerometer data were low-pass filtered to a 
frequency cutoff of 300 Hz (CFC180) prior to NAP processing.  Other head instrumentation schemes may 
require different filtering algorithms in order to perform optimally.  Every test was also recorded with 
high-speed video (1000 Hz). 
 



Basic kinematic data for the dummy head were calculated: namely, peak translational acceleration at 
the center of gravity of the head, peak translational velocity of the center of gravity of the head, peak 
rotational acceleration of the head, and peak rotational velocity of the head.  In addition, the Head 
Injury Criterion was calculated: 
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where t1 and t2 are the initial and final times in seconds that maximize the HIC value and a(t) is the 
resultant acceleration at the center of gravity of the head expressed in the dimensionless unit of 
gravities (g).  The maximum HIC interval (t2 – t1) was limited to 15 milliseconds (HIC15). 
 
A new ad-hoc injury metric was developed in order to rank the overall performance of each helmet 
model relative to other helmets in a group.  This injury metric, called the Combined Metric (CM), was 
calculated by adding the peak rotational head acceleration (αpeak), peak rotational head velocity (ωpeak), 
and HIC15 values, each normalized by the grand average of all helmets over all test conditions.  For each 
helmet model, the CM was averaged over all 24 test conditions: 
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As more helmets have been tested, the average kinematic values for the group have changed, but only 
slightly (Table 2).  By definition, the average CM value for any group of helmets being compared is 
exactly 3.  Lower CM values indicate better helmet performance in this particular test protocol. 
 

Table 2.  Normalization values used for calculating the Combined Metric (CM). 
 

Year αave (rad/s2) ωave (rad/s) HIC15ave 

2015 4102 37.8 209 
2016 4127 38.0 208 
2017 4088 37.7 202 
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Appendix I – Drawings for the nylon end cap and the helmet positioning nose gauge. 
 

 
 

 



 
Appendix II – Head position and orientation at each impact location 
 

 
Figure A2.1 – Impact site F. 
 

 
Figure A2.2 – Impact site C. 
 

 
Figure A2.3 – Impact site D. 



 

 
Figure A2.4 – Impact site R. 
 

 
Figure A2.5 – Impact site A. 
 

 
Figure A2.6 – Impact site A’. 
 



 
Figure A2.7 – Impact site B. 
 

 
Figure A2.8 – Impact site UT. 
 


