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SUMMARY 

Sport helmet certification standards solely prescribe the use 

of vertical drop towers in their protocols; a mechanism 

which mimics the head impacting the ground.  Athletes are 

more commonly injured via collisions with other players 

however, and the current certification standards do not 

incorporate this mechanism of injury in their test 

methodologies.  The purpose of this study was to determine 

whether the dynamic response of a head form subjected to 

impacts on a monorail vertical drop tower differed from the 

response on a horizontal linear impactor.  Impacts were 

directed through the un-helmeted head form’s centre of 

mass in the front location over a range of neck compliances 

and inbound velocities.  A factorial analysis of variance 

(ANOVA) was used to determine significance.  The results 

indicate that the monorail drop tower generates more severe 

responses than the horizontal linear impactor apparatus. 

 

INTRODUCTION 

Sports and recreational activities are common platforms for 

head and brain injury, affecting a reported 17,000 

Canadians and as many as 3.8 million Americans per year 

[1, 2].  These injuries range from mild to severe, and often 

have long-lasting and devastating consequences [3, 4].  

Sport helmets were developed to mitigate the risk of 

suffering head and brain injury by dispersing impact forces 

away from the skull, and attenuating impact energies [5].  

The design, protective capacity and certification of sport 

helmets are regulated by safety standards which dictate 

specific impact test protocols to assess performance [5].  

Current helmet designs are sport-specific, with energy 

attenuation abilities based on impacts common to the sport 

[5].  Sports-related head and brain injuries are typically the 

result of two fundamental mechanisms; the first (fall-type) 

involves a moving head impacting the ground (a stationary 

surface of large mass) while the second (collision-type) 

involves the head being impacted by a moving object of 

considerably smaller mass, such as another player or object 

[6, 7, 8, 9, 10].  Surprisingly, all certification standards 

currently in use solely prescribe guided freefall apparatuses 

to test and certify helmets (an apparatus which simulates 

fall-type injuries).  There is a disconnect between what 

takes place in sport and what is tested in the industry as 

current sport helmet safety standards fail to account for this 

second common mechanism of head injury.  Neglecting to 

address the different injury mechanisms in sports may 

result in the production of helmets that lack essential 

protective qualities.  Thus, understanding the relationship 

between head injury mechanisms and test apparatus 

characteristics is imperative as it gives equipment 

manufacturers and standard organizations knowledge to 

improve the development of safety helmets in sports.  The 

purpose of this study was to determine whether the dynamic 

response of a Hybrid III head form subjected to impacts on 

a monorail vertical drop tower differed from the response 

on a horizontal linear impactor, in terms of peak 

translational and rotational acceleration.  These response 

characteristics were examined over a range of inbound 

velocities and neck compliances. 

 

METHODS 

A monorail vertical drop tower and a horizontal linear 

impactor were used to deliver impacts to a Hybrid III head 

form outfitted with nine accelerometers mounted in the 3-2-

2-2 array [11].  Data were collected across three levels of 

velocity (2.0, 3.0 and 4.0 m/s) and neck compliance (rigid, 

compliant and unrestrained).  All impacts were directed 

through the un-helmeted head form’s centre of mass in the 

front position, 30 ± 1 mm above the reference plane at a 

neck angle of 25 ± 2  from the axis of impact.  The 

impacting surface consisted of a 1” modular elastomer 

programmer (MEP) pad.  To examine the severity of the 

impacts, acceleration data were collected at 20 kHz, and 

filtered via low pass filter at 300 Hz.  Velocity data were 

gathered at 3 kHz.  The peak resultant translational and 

rotational acceleration data were then examined.  

 

RESULTS AND DISCUSSION 

Mean peak resultant translational and rotational 

acceleration values along with standard deviations (SD) for 

each impact condition are reported in Tables 1 and 2. 

 

Table 1: Mean peak resultant translational acceleration (g) 

and standard deviation values. 
Neck 

Compliance 

Velocity 

(m/s) 

Linear Impactor Monorail 

Peak a (g) SD Peak a (g) SD 

Rigid 2.0 57.08 0.61 74.53 2.14 

 3.0 99.70 0.26 120.61 2.27 

 4.0 146.34 1.23 172.11 1.61 

Compliant 2.0 59.51 0.46 76.79 0.66 

 3.0 105.47 0.44 136.78 0.60 

 4.0 152.27 0.78 190.44 1.71 

Unrestrained  2.0 59.61 0.86 76.83 1.14 

 3.0 104.76 0.68 131.07 1.21 

 4.0 151.73 0.62 188.41 1.26 

 

Table 2: Mean peak resultant rotational acceleration 

(rad/s
2
) and standard deviation values. 

Neck 

Compliance 

Velocity 

(m/s) 

Linear Impactor Monorail 

Peak α 

(rad/s2) 

SD Peak α 

(rad/s2) 

SD 

Rigid 2.0 1851.44 60.60 2431.89 61.57 

 3.0 2969.11 182.8 4210.22 84.93 

 4.0 3854.67 91.65 5953.22 128.72 

Compliant 2.0 2998.11 37.65 3749.22 45.19 

 3.0 5469.11 55.52 6751.44 90.28 

 4.0 7717.33 59.04 9023.11 62.32 

Unrestrained  2.0 3102.56 63.65 3916.56 51.10 

 3.0 5617.67 36.56 6785.56 127.88 

 4.0 8018.22 50.07 9893.11 101.90 



Two three-way ANOVAs were conducted to examine the 

effects of impact system on the dynamic response of a 

Hybrid III head form subjected to impact.  Following post 

hoc Bonferroni analyses, significant differences were found 

between the two impact systems (p < 0.001) across all three 

levels of velocity and compliance for each acceleration 

(Figure 1).  This indicates that the two test systems are 

indeed fundamentally different. 

 

 
Figure 1: Comparison of the mean peak resultant 

translational acceleration (g) and mean peak resultant 

rotational acceleration (rad/s
2
) values for the monorail 

vertical drop tower and the horizontal linear impactor.  

Error bars represent standard deviations; asterisks denote 

significance. 

 

These differences may be explained by the kinetic energies 

of the systems.  For the horizontal linear impactor system, 

the amount of energy transfer varied with each compliance 

and velocity condition.  At 2.0 m/s, the greatest amount of 

energy was transferred away from the impactor during the 

rigid neck trials, followed by the compliant neck trials, and 

the least amount of energy was transferred when the 

unrestrained head and neck system was employed.  At 3.0 

and 4.0 m/s, the trend was different: again, the greatest 

amount of energy was transferred away from the impactor 

during the rigid neck trials; however, this was followed by 

the unrestrained head and neck system and then the 

compliant neck trials.  The energy transfer values can be 

found in Table 3.   

 

Table 3: Kinetic energy transfer data for the horizontal 

linear impactor. 
   Kinetic Energy (J)  

   

 Total  

 inbound 

 

 Total    

 outbound 

Total 

energy 

transfer 

(%) 

Energy 

transferred to 

head-neck 

system (%) 

2.0 m/s Rigid neck 36.15 0.109 99.7 24.49 

 Compliant neck 38.31 7.757 79.75 25.96 

 Unrestrained neck 37.14 9.284 75.00 73.07 

3.0 m/s Rigid neck 80.14 0.110 99.86 16.81 

 Compliant neck 74.32 15.83 78.70 37.02 

 Unrestrained neck 95.92 16.65 82.64 57.75 

4.0 m/s Rigid neck 143.8 0 0 14.52 

 Compliant neck 131.5 18.58 85.87 28.51 

 Unrestrained neck 120.2 15.69 86.95 54.93 

Conversely, on the monorail drop tower, the energy was 

entirely transferred out of the head form, as indicated by a 

rebound.  Immediately prior to impact, the head form had a 

certain velocity in the downward direction.  Upon impact, 

the velocity was reduced to zero momentarily as the head 

form contacted the MEP. pad, and was followed by a 

bounce caused by elastic deformation of the impact surface 

and the head form.  The energy was not entirely transferred 

to the impacting surface, however, as a portion went into 

the neck.  Further, since the head form was released from a 

different height than it ended at, the impacts on the 

monorail also experienced a change in potential energy. 
 

CONCLUSIONS 

The results indicate that the monorail vertical drop tower 

produced higher peak translational and peak rotational 

accelerations than the same impacts on the horizontal linear 

impactor for all conditions of inbound velocity and neck 

compliance.  The greatest accelerations were also seen at 

the higher velocities, implying that higher velocity impacts 

are linked with a greater risk of brain injury.  The 

relationship was non-linear between neck compliance and 

translational acceleration, however rotational acceleration 

increased with increasing system compliance. 

 

Researchers and helmet developers are faced with 

attempting to refine the performance capabilities of 

helmets.  In order to do so, more sophisticated means of 

testing may be required.  Therefore, it is important to 

understand the various mechanisms of injury seen in sports 

and recreational activities to ensure that the safety standards 

are accommodating these mechanisms.  Until the safety 

standards undergo a refinement process, the performance 

capabilities of the helmets will not improve. 
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