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Executive Summary

EXECUTIVE SUMMARY

Motorcyclists are among the most vulnerable of road users. Analysis has shown that there
are typically 4,700 motorcycle fatalities throughout Europe each year and this represents
some 16% of the total road-user fatalities, the second largest group after car occupants. It
was, therefore, considered important that road safety practitioners in Europe have a good
understanding of this problem to decide on future developments in this critical area.

Head injuries cause some three-quarters of all fatalities to motorcyclists, while about one
quarter of all injured riders suffer a head injury. COST 327 was formed to investigate in
detail, motorcyclists’ head and neck injuries.

The COST 327 action was established with seven research topics, with a timetable and
four main objectives, all to be achieved using a wide range of European experience to
determine or modify national approaches.

It is important to note that during the course of the project it was estimated that fatal and
serious head injuries could be reduced by at least 20% per annum across the EC with an
achievable improvement in helmet performance. Thus, 1000 lives could be saved each
year

Topics:

1. Literature review

2. Accident data collection

3. Headform assessment

4. Reconstruction of helmet accident damage

5. Mathematical model of the skull, brain, neck, and helmet
6. Human tolerance to injury

7. Development of test procedures

Objectives:

1. The first was to establish the distribution and severity of injuries experienced by
motorcyclists, concentrating on the head and neck.

2. The second was to determine the most significant head and neck injury mechanisms.

3. Thirdly, the tolerance of the human head, brain and neck to these injuries and injury
mechanisms was to be established.

4. The overall findings were to be used to propose a specification for the future testing of
motorcycle helmets in Europe.

A Working Group with a chairman, was appointed for each of the topics and the main
findings of each of these groups are given below. However, it should be noted that the
project was designed so that the group activities were strongly interrelated, to obtain the
most productive and effective outcome.

Literature Review

In total there are some 8.6 million motorcycles (not counting mopeds) in the 15 European
countries and approximately 5 thousand fatalities annually, accounting for a substantial
proportion (16%) of total road fatalities. Various injury criteria, for the head, have been
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proposed in the past. The most commonly acknowledged and widely applied head injury
criterion is the HIC, which is based on the assumption that the linear acceleration of the
head is a valid indicator of head injury thresholds. This criterion has enabled vehicle
safety to be improved. Nevertheless, it has shortcomings and does not take into account
rotational acceleration, head kinematics and direction of impact. Future research should
be directed to the derivation of a criterion that overcomes these criticisms.

Finite element modelling is the only method that can predict intra- cerebral parameters
such as pressure, principal strains and stresses, as well as relative displacement of the
principal head components. However, a lack of material characteristics and validation
against accident injury mechanisms was identified as two main problems of FE head
models. It was also found that further research was needed to assess the influence of the
human body, especially the thorax, on the outcome for the head in an accident and models
needed to be developed so that this influence was reproduced.

Performance of current helmets was found effective although it was clear that substantial
improvements were possible. Improved Standards were identified as the means of
improvement to helmets. Efficient energy absorption with the optimum impulse,
minimum tendency to induce rotational motion and a comprehensive evaluation of the
whole helmet including the chin guard of a full faced helmet are features for which
standards should require tests.

Accident data collection

Detailed accident data was collected over a two-year period from July 1996 until June
1998 in Finland, Germany and the United Kingdom. Two hundred and fifty three cases
were completed and were used to compile the COST 327 accident database. The COST
database comprised accidents that were selected according to the following criteria:

e motorised two-wheelers
e full or open faced helmet was worn

e (Casualty sustained head/neck injuries Abbreviated Injury Scale (AIS) 1 and above or
known head/helmet contact occurred but without head injuries.

It should be noted that these accidents were a sub-set of a larger database in each country.

The database was analysed in detail to determine the accident mechanisms and the injury
mechanisms to the head and neck. It was found that the object most frequently struck by
the motorcycle was a car, 53.9%. The second most frequent was the road or roadside
furniture resulting from single vehicle loss of control. However, impacts to a HGV, 9%,
were the type most likely to be severe or fatal.

Sixty seven percent of casualties sustained a head injury and 27% a neck injury. Also,
notable were the 57% with a thorax injury and 73% with leg injuries. Injuries were
classified according to the Maximum Abbreviated Injury Scale (MAIS) and it was found
that as the MAIS increased so did the proportion with head injuries, from 38% for MAIS 1
to 81% for MAIS 3 and greater.

Location of helmet damage and speed of head impact were considered critical to the
understanding of head injury causes. Helmet damage was distributed evenly with 26.9%
lateral right, 26.3% lateral left, 23.6% frontal and 21.0% to the rear. Impacts to the crown
at 2.2% were less frequent. It was found that head injury severity increased with head
impact speed quite dramatically. The median was 18km/h for AIS 1, 50km/h for AIS 2-4
and 57km/h for AIS 5/6.
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Head impact energy is proportional to head impact speed, which, in turn, indicates to what
extent helmets need to be improved to give a corresponding reduction in injury severity.
This was calculated and it was estimated that an increase in helmet energy absorbing
characteristics of some 30% would reduce 50% of the AIS 5/6 casualties to AIS 2-4.
Further analysis showed that an increase in energy absorption of some 24% would reduce
20% of the AIS5/6 casualties to AIS 2-4.

The median speed at which brain injury occurred was assumed to be indicative of the
sensitivity of the brain to a given impact severity at different locations. The median speed
for concussion at 43km/h was lower than that for brain injury, 60km/h. Injury to the brain
was not particularly sensitive to the impact location as shown by the median speed. This
was just below 60km/h for the rear, upper and lateral regions and just above 60km/h for
the chinguard and forehead. Concussion was considered separately from other brain
injuries because the location of the injury cannot be determined and was assumed to be
diffused.

Head injuries, and brain injuries in particular, were analysed and related to the direction
and location of force. It was found that 31% were attributed to a direct force, 58% to an
indirect force and 11% specifically to an indirect force directly opposite to the injury
location, "contre coup". Fractures to the base of the skull and injuries to the brain stem
were usually from an indirect force whereas vault fractures and extracranial tissue injuries
were usually from a direct force.

Direction of force indicates to what extent the motion was likely to have been rotational or
linear. When head injuries of AIS2 or greater were considered, rotational motion was
found to be the cause of over 60% of the injuries and linear motion attributed to 30%.
This is consistent with an analysis of body impact angle. This showed that 68% of
impacts occurred at an angle of 30 degrees or less to a line vertically through the body
whereas 32% were at an angle greater than 60 degrees.

Neck fractures were found to occur predominantly with impacts to the face, body angle
less than 15° and impacts where the rider was falling onto the upper area of the head, body
angle greater than 60°. Eighty percent of AIS 1 neck injuries occurred at speeds of up to
60km/h and 80% of injuries AIS 2 or greater occurred at speeds above 45km. Severe neck
injuries, AIS 4 and greater, were always associated with severe head injuries. Analysis
showed that there was a 30% probability of an AIS4 or greater neck injury for head
injuries of AIS 5/6.

The effect of climatic conditions on accident risk was investigated as part of the extension
to COST327. Itis believed that extreme climatic conditions such as very low or very high
temperatures may cause physiological problems for riders and lead to an increase in
accident risk. The COST database was analysed but trends were difficult to identify
because this was a retrospective study and climatic data was available for the area only
and not for each accident site. However, of the 111 accidents investigated, climatic
conditions were estimated to have been the prime cause of 10 accidents, 9%. Of these, 6
(5%) occurred when the temperature was low, less than 10°C combined with high
humidity, greater than 80%. Thus, the tentative link between high humidity at low
temperature and accident risk should be investigated further.

Headform assessment

Headforms are used in all Standards as the means of assessing helmet impact performance.
However, a rigid headform does not represent a human head except by mass and is not
connected to a body mass. It was, therefore, necessary to investigate the behaviour of the
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existing devices, identify shortcomings and explore a novel headform proposed by
Strasbourg University. TRL undertook extensive testing of rigid aluminium and wooden
headforms and a Hybrid II and Hybrid III dummy headform. All headforms were fitted
with a nine-accelerometer array so that linear and rotational motion may be calculated and
the target anvil was instrumented to record helmet contact force. Each headform was
assessed with a variety of helmets, onto flat and oblique anvils at different velocities and
different helmet impact locations. Tests were sufficiently numerous for the results to be
analysed statistically. Development of a Bimass headform designed by Strasbourg
University was also part of the research. This device comprised a dummy headform with
a mass attached to the inside by a damped spring system carefully designed to represent
the dynamic characteristics of a human brain. The headform was fitted with
accelerometers so that the linear and rotational acceleration of both the brain and skull
mass may be separately calculated and compared. This device was tested by EMPA of
Switzerland in a variety of impacts and by TRL in drop tests designed to represent specific
COST 327 accident cases.

Analysis of rigid and dummy headform tests onto a flat anvil showed that the peak linear
acceleration of the wooden headform averaged 17% greater and the aluminium headform
8% greater than that for the Hybrid II at the same velocity. From the same tests the Head
Injury Criterion, HIC, with the aluminium headform was found to be greater than the
Hybrid Il by 13% overall, although the variation between helmet types was large.

Rotational acceleration was identified by the accident analysis to be a principal cause of
head injury. When measured in the oblique impact tests it was found that the Hybrid II
experienced a peak rotational acceleration at a given impact velocity considerably greater
than for either the aluminium or wooden headform. However, the Hybrid II gave the
smallest standard deviations. These results were attributed to the much better grip of the
Hybrid II and hence lower slippage between helmet and headform. It should also be noted
that, for the Hybrid II, the force measured tangential to the helmet correlated well with the
rotational acceleration measured at the centre of the headform.

The results of the Bimass as developed in a Hybrid III headform showed that the risk of
injuries related to the skull-brain motion could be predicted. This was considered a
substantial and important improvement over a conventional headform.

Overall, the research showed that that the dummy headform gave the best repeatability and
the Bimass gave the most realistic injury prediction. However, only the rigid headforms
are available in a range of sizes. It was thus concluded that helmets of the appropriate size
should be tested using a Bimass dummy headform and a rigid headform should be used to
evaluate other sizes. This research provided a vital input to the Test Procedures Working
Group

Reconstruction of helmet damage

Of vital importance to the efficacy of a helmet is the link between the measurements
prescribed by Standards and the tolerance of the human head to injury in an equivalent
impact. Criteria exist for human tolerance to rapid linear motion and it was clearly
identified by the Accident Investigation Working Group that rapid rotational motion was
responsible for over 60% of the head injuries. The main objective of the Reconstruction
Working Group was to provide the Head and Neck Tolerance Working Group with "state
of the art" data on the relationship between test measurements and human injury. This
was achieved mainly through the replication of damage observed on the accident helmet.
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Part of the accident investigation task was to collect the accident helmet whenever
possible. This was then sent to TRL who examined the damage carefully and assessed the
accident report. A new helmet, equivalent to the accident helmet, was drop tested, at
different speeds and angles onto a target, car wheel or specimen of road surface for
example, similar to what was struck during the accident until the damage matched that of
the accident helmet. The headform used was from a Hybrid II dummy and was fitted with
a nine-accelerometer array so that the rotational and linear motion of the headform in three
axes could be calculated. Thus linear and rotational, acceleration, velocity and
displacement, against time, for each of three axes and resultants were available. In
addition, the target was mounted on a transducer to give external force normal and
tangential to the helmet surface. Much of this data was given to the Computer Simulation
Working Group, see below.

This technique of replicating helmet damage was perfected by TRL, UK who replicated 21
COST cases. Five of these were also replicated using the Bimass headform to provide a
comparison of the output of a conventional dummy headform with that of the Bimass
(Chapter 4). The results of the tests were compared with the AIS values of the head injury
and the correlation was examined. The replication tests showed that the limit for
rotational motion should be a peak acceleration of 5,000rad/s/s and a rotational velocity of
40rad/s.

Linear motion was examined and it was found that a HIC of 1000, as used by the
automotive industry, might be appropriate. Peak linear acceleration should be less than
250g. Gambit is a formula that combines the peak linear acceleration and the peak
rotational acceleration and it was considered that this be further analysed by the Head and
Neck Tolerance Working Group.

Also part of the research was the construction, by Valenciennes University, France of a
lumped mass computer model of a motorcycle with dummy rider and a moving car. The
model was used to simulate various accident cases to understand the rider dynamics during
an accident and to assess the influence of the neck on the potential for head injury. The
computer model comprised a Hybrid III dummy rider, a Norton Commander motorcycle
and a moving Ford Mondeo developed in MADYMO. Much care was taken to ensure that
the characteristics of the components of the dummy, the motorcycle and the car were
accurately determined. This necessitated for example, crush testing the wheels and forks
of the motorcycle and the metal panels and sill of the car. Also examined were the
suspension characteristics of the vehicles and the physical properties. The dummy and
helmet material characteristics were similarly determined.

The above model was successfully used to simulate motorcycle accidents of the type
similar to the configuration of the full-scale impact test, S0km/h at 90° into the side of a
stationary car, against which the model was validated. For example, in an accident where a
motorcycle collided with the rear of a stationary van at 20km/h the rider sustained only
minor leg abrasions from contact with the road. The peak linear acceleration predicted by
the simulation, 70g, was similar to the 107g measured in the helmet damage replication
tests. The rotational acceleration 8000 rad/s/s for the simulation was greater than the 5026
rad/s/s measured in the helmet damage replication tests but of the same order of
magnitude.

The influence of the neck on the kinematics of the head in an accident is an important
factor when considering the relationship between the output from drop tests and the
motion of a rider in an accident. This was investigated in the computer model using a neck
developed to study the kinematic motion in slow speed rear car impacts as a replacement
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for the Hybrid III neck. The results showed that although the linear acceleration was
similar, the rotational acceleration was somewhat greater for the modified neck,
9,000rad/s/s, compared with 6,000rad/s for the standard neck. The stiffer the neck the
more it will tend to resist rotational motion. This substantiates the belief that the Hybrid I1I
neck is stiffer than a human neck and will lead to predictions of rotational acceleration that
are too low. The effect of a dummy neck was further investigated by the Test Procedures
Working Group, see below.

Mathematical model of the skull, brain, neck, and helmet.

It was essential that the link between accident impact mechanisms and the injury outcome
be investigated for a range of circumstances far greater than was possible with
experimental methods. Finite element simulation was identified in the literature review as
the most appropriate method and a unique "state of the art" FE model of the skull, brain,
neck and helmet was constructed and validated. Strasbourg University was responsible for
the construction of all but the neck, which was completed by Polytecnico Milano.

The skull model was meshed using data obtained by digitising, in detail, the inner and
outer profiles of a human skull. The model is unique in the extent to which the various
parts of the head and brain are defined. Of particular note is the representation of the
subarachnoid space between the brain and skull with brick elements, which in this model
were used to simulate the cerebral-spinal fluid. Overall, the head model comprised 11939
nodes and 13208 elements divided in 10395 bricks and 2813 shells and it had total mass of
6.7 kg.

The head model was successfully calibrated against the well-known Nahum cadaver data
and was shown to give accurate predictions at all the five sites within the brain as
examined by Nahum. Impact force, pressure at the impact site and opposite to it and the
distribution of von Mises stresses were simulated sufficiently accurately to give
confidence that the model may be used, as intended, for the investigation of head injury
mechanisms over a wide range of input parameters.

The helmet model was developed by meshing from three-dimensional data, supplied by
TRL, of the outer profile of a glass fibre helmet. The model was calibrated against data
from impact tests of the helmet on a headform, supplied by TRL and Strasbourg
University.

The neck model was developed by Polytecnico Milano, first as a multi-body lumped mass
model and then as a finite element model, in PAM CRASH. It was linked, with the model
of the skull brain and helmet by Strasbourg University. The neck comprised eight rigid
vertebrae, six non-linear viscoelastic invertebral discs, 34 non-linecar viscoelastic
ligaments, 17 nonlinear facet joints and 13 pairs of muscles. The model was successfully
calibrated against published human volunteer data obtained from sled tests. Particularly
good agreement was obtained for the head acceleration and neck rotation. It should be
noted that the inclusion of non-linear visco-elastic ligaments was essential to obtain good
agreement of the head rotation with time.

A copy of the model was transferred to TRL who analysed the head impact parameters of
the finite element model of the skull and brain. This was important to understand the
behaviour of the model and thus have confidence in the results of the accident simulation
described below. The head model was struck with an impactor at two velocities over a
wide range of values for the parameters of the brain. Also the impactor mass and stiffness
were varied.

The results of the parameter study showed that:
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1. The brain bulk modulus has a significant influence on the peak pressure and von Mises
stress of the brain, although large changes in the bulk modulus of the brain are needed to
arouse significant changes in these model responses,

2. The short time shear modulus of the brain has a significant impact on the peak von
Mises stress of the model, but an insignificant influence on the peak pressure,

3. In general, Young’s modulus of the CSF has an insignificant influence on the peak
pressure and von Mises stress of the brain in the head model,

4. The peak von Mises stress of the brain was about five orders of magnitude more
sensitive to a unit change (KPa) in the brain short time shear modulus than it is to a unit
change (KPa) in the bulk modulus of the brain,

5. Both the mass and stiffness of an impactor have an important impact on the peak
pressure and von Mises stress in the brain,

6. Both the peak pressure and von Mises stress of the brain are around a thousand times as
sensitive to a unit change (Kg) in the mass of an impactor striking the forehead, as they are
to a unit change (KPa) in the stiffness of the impactor.

An FE mesh of a motorcycle helmet was added to the model, which was then used to
simulate 13 motorcycle accidents selected from the COST 327 Action database. The
damage to the accident helmets had been replicated by drop tests at TRL during which
rotational and linear acceleration and external forces were measured. The output from the
model was compared with the head injuries recorded for each case. It was concluded that
AIS does not correlate well with the conventional test criteria such as acceleration, HIC
and GAMBIT.

However, Southern General Hospital, Glasgow had provided details of the brain injuries,
for the serious and fatal casualties. This data was determined from a neuropathological
study of the brain. For the fatal cases the brain was sliced and examined under a
microscope. The serious cases were analysed from CAT scans. This presented a unique
opportunity to compare the output from the model directly with the brain injuries that
occurred during the accident under the same kinematic conditions. When the results were
examined, the four distinct groups emerged: uninjured, concussion, sub-dural haematoma
and skull fracture.

The accident simulation was very encouraging and lead to the following tentative
proposals for injury criteria as follows:

1) Intra-cerebral von Mises stress of 10kpa for short duration concussion
2) Intra-cerebral von Mises stress of 20kpa for long duration concussion

3) Strain energy in the cerebro-spinal fluid of approximately 4J for sub-dural
haematoma

4) Skull fracture was identified but not assessed in this study but should be
included in future research.

The Computer Simulation Working Group believes, with good supporting evidence, that
this overall model represents the state of the art for a finite element model of the skull,
brain, neck and helmet.

Human tolerance to injury

Critical to the success of the whole project is the clear identification of the tolerance of the
human head to impact parameters, which is essential if future Standards are to be
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improved. The prime objective of the Human Tolerance Working Group, led by Munich
University, was to examine, statistically, data produced by the preceding groups. Data
was analysed to determine the probability of injury severity against, impact speed, linear
acceleration, head injury criterion, rotational acceleration, rotational velocity, GAMBIT,
external force (normal and tangential) and liner deformation.

The correlation was examined using ALL of the data available from accident
investigation, headform drop tests to replicate the helmet damage, including those using
the Bimass headform and computer simulation. Correlation of injury was by AIS given in
the accident case analysis, by specific brain injury as given in the neuropathological
analysis and by values of the brain parameters as given by the FE model.

Injury severity was correctly predicted in 25% of cases using the speed estimated from
accident reconstruction and 24% of cases using speed measured in the damage replication
drop tests. The human tolerance values were AIS 2 at 30km/h for the accident
reconstruction and AIS 2 at 30km/h and AIS3 at 40km/h for the helmet damage
replication. Speed and injury correlated better in the helmet damage replication tests than
in the accident reconstruction.

Resultant linear headform acceleration gave a better correlation and the AIS was
accurately predicted for 29% of cases. Injury severity of AIS 2 at was predicted to occur
at 180g and AIS 3 at 220g. However, the most accurate estimate and the best correlation
was with HIC for which 33% of cases were accurately predicted with a correlation
coefficient of 0.8. In addition, injury severity of AIS 2 was predicted for HIC 1000 and
AIS 3 at 1500, which is consistent with previous research.

Analysis against GAMBIT showed that the human tolerance was AIS 2 for a GAMBIT of
1 but the correlation was very poor and only 10% of cases were accurately predicted.

Rotational acceleration was much better with 25% of cases accurately predicted and injury
severity of AIS 2 at 8000 rad/s/s and AIS 3 at 19,000 rad/s/s.

The replication of helmet damage and FE numerical analysis of cases using the Bimass
headform were separately analysed for a range of variables. Of these, the skull-brain
relative linear acceleration analysis accurately predicted the injury in 50% of the accident
cases. Skull-brain relative rotational acceleration, brain rotational acceleration and skull
linear acceleration all accurately predicted the injury in 44% of cases. The Bimass relative
measures provided the second best correlation coefficients.

The corresponding human tolerance values were calculated as follows:

AIS 2 AIS3
Skull-brain relative linear acceleration 80 G 150 g (50%)
Skull-brain relative rotational acceleration 35,000rad/s? 65,000rad/s? (44%)
Brain rotational acceleration 36,000rad/s? 70,000rad/s?
Skull linear acceleration 160g 280g

It should be noted that the values in the above table cannot be related to measurements
from a solid headform and should not be compared when considering tolerance to injury.
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Development of test procedures

This was the last step needed to determine a new Standard for Europe. This research
explored the relationship between rotational motion measured at the centre of the
headform and forces measured at the helmet surface. This was examined both for a
headform alone and for a whole dummy in an attempt to correlate research test methods
with those prescribed by Standards.

It was clear from the conclusions of three Working Groups that rotational motion is a
substantial cause of injury and should be evaluated when helmets are tested. However,
although measurement at the centre of the headform is a direct means of assessment, this
requires a nine-accelerometer array and a computer programme to analyse the results. In
theory, measurement of force tangential to the helmet surface should give an accurate
indication of the potential to induce rotational motion. This was investigated.

A Hybrid II headform was drop tested onto an oblique abrasive anvil at impact velocities
of 6.0 m/s, 7.5 m/s, 8.5 m/s, 10.0 m/s and 12.0 m/s, using four different helmet types. The
mean values of peak rotational acceleration varied between about 2500 rad/s* and 8500
rad/s* and the rotational velocity varied between about 20 rad/s and 41 rad/s. The mean
tangential force varied from about 800 N to about 2500 N and the anvil tangential impulse
varied between about 9 Ns and 20 Nis.

It was found that the correlation between peak rotational acceleration and peak tangential
force was significantly linear (r = 0.97), and similarly between peak rotational velocity and
anvil tangential impulse (r=0.95). A significant linear correlation (r = 0.91) between
peak linear acceleration and rotational acceleration was also measured. It was thus
established that measurement of force is a reliable method. In addition, the oblique impact
test is a suitable method with which to determine the differences in rotational acceleration
and thus performance of different helmet types that may be caused for example, by
different shell materials, liner density and helmet shape.

Part of the research was to establish the influence of the neck on the outcome in drop tests.
A helmeted Hybrid III dummy was drop tested in 31 tests, onto a flat anvil at three
different impact velocities (4.4 m/s, 5.2 m/s and 6.0 m/s) at the helmet impact points and
body impact angles R/0°, B/30° and P/90°. Mean peak linear accelerations measured were
between about 85g and 165g depending on the impact velocity and the helmet impact
point. Mean peak force normal to the anvil varied between about 6500 N and 15600 N. It
should be noted that the test repeatability was very good.

The helmeted Hybrid III dummy was also drop tested in18 tests, onto an oblique abrasive
at 4.4 m/s, 5.2 m/s and 6 m/s. The mean peak rotational accelerations were low and varied
between about 1900 rad/s® and 3100 rad/s* The mean peak linear acceleration values
ranged from about 27g to 41g and the mean peak tangential forces varied between about
700 N and 1100 N depending on the impact velocity.

Results from the headform tests and dummy tests were compared. It was found that
although the results for a given set of conditions were similar, in general the headform test
needed to be at a slightly greater velocity to give the same results. More specifically
dummy impacts at 5.2 m/s corresponded approximately to headform impacts at 6 m/s.
Dummy measurements at 6 m/s gave results that were between headform measurements at
6 m/s and at 7.5 m/s. The linear relationship between peak rotational acceleration and
peak tangential force in the dummy tests was significant (r = 0.90) and was very similar to
that obtained in detached headform tests (0.97). It was concluded from these tests that a
good replacement for dummy tests onto the oblique abrasive anvil are headform drop tests
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at a slightly greater velocity. However, this does not imply that the dummy tests
accurately replicate a human rider in an accident.

The COST 327 Action was extended to investigate physiological effects on accident
occurrence. However, such effects need to be assessed in Standards if improvements are
to be sought. A novel sweating thermal headform prototype was developed by EMPA of
Switzerland to assess the physiological and ergonomic properties of motorcycle helmets,
including the simulation of sweat. A comparative helmet ventilation test series showed
that there are large differences in the effectiveness of the ventilation openings of different
helmet types and also for the same helmet between the different openings. Generally,
helmet ventilation systems need substantial improvement. The experiments have
demonstrated the need for an objective test method to assess the physiological properties
of helmets and, in particular, to quantify the efficiency of ventilation systems. The
temperatures measured on the sweating thermal headform with the vents set to the open
and closed positions may provide the physiological criteria for future helmet Standards.

A review of literature showed that noise generated by motorcycle helmets can cause
premature deafness. Measuring noise as part of a motorcycle helmet Standard is
recommended and a two part test is proposed. Part A measures the noise level at the ear
and part B assesses the sound attenuation over a range of frequencies.

In conclusion, a specification for a new European Standard was prepared from the findings
above. If this is implemented, COST 327 confidently expects an improvement to
motorcycle helmets that will reduce casualties with fatal and serious head injuries by at
least 20% per annum across the EC. Thus, 1000 lives could be saved each year.
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CHAPTER 1. INTRODUCTION

Motorcyclists are among the most vulnerable of road users. Analysis has shown that there
are typically 4,700 motorcyclist fatalities throughout Europe each year and this represents
some 16% of the total road-user fatalities, the second largest group after car occupants. It
is, therefore, important that road safety practitioners in Europe have a good understanding
of this problem to decide on future developments in this critical area.

It was known that head injuries cause some three-quarters of all fatalities to motorcyclists,
while about one quarter of all injured riders suffer a head injury. COST 327 was formed
to investigate in detail, motorcyclist head and neck injuries.

The COST 327 action was established with four main objectives, to be achieved using a
wide range of European experience to determine or modify national approaches.

The first was to establish the distribution and severity of injuries experienced by
motorcyclists, concentrating on the head and neck.

The second was to determine the most significant head and neck injury mechanisms.

Thirdly, the tolerance of the human head, brain and neck to these injuries and injury
mechanisms was to be established.

The overall findings were to be used to propose a specification for the future testing of
motorcycle helmets in Europe. It is important to note that during the course of the project
it was estimated that fatal and serious head injuries could be reduced by at least 20% per
annum across the EC if the proposed specification is implemented. Thus, around 1000
lives could be saved each year

Seven topics were identified as essential to achieving these objectives:
e Literature review

e Accident data collection

e Headform assessment

e Reconstruction of helmet accident damage

e Mathematical model of the skull, brain, neck, and helmet

e Human tolerance to injury

e Development of test procedures

A timetable based upon four and a half years was agreed for the overall project and a
Working Group with a chairman was appointed for each of the above topics. The project
was structured such that the findings of any one group would be needed by other groups,
in the belief that that this was the best way to achieve the objectives. This final report
describes the work of each of the groups and the their inderdependency.

The literature reveiew was necessary to understand the findings of existing research and to
identify gaps in knowledge. Of critical importance was the need for more detailed
accident information, particularly relating to the head and neck injury causes and
mechanisms.

Thus, the need for a COST 327 accident database and analysis was identified.
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Accident data was collected mainly by Southern General Hospital, Glasgow, UK, Medical
School Hannover and Munich University, Germany and also by the Road Accident
Investigation Team (RAIT) Finland but this data was provided toward the end of the
project. The COST database was assembled by the Medical School Hannover. Details of
the accident data collection and analysis are given in Chapter 3.

Collecting and analysing accident data was a vital part of the project and one on which all
other groups depended. The research findings are thus presented in some detail.

Part of the research was to formulate a specification for the future testing of helmets sold
in Europe. Identifying the characteristics of existing test headforms and exploring the
possible benefits of new ideas for headforms was an important part of the research of the
Headforms Working Group. Of particular importance was the development of a Bimass
headform by Strasbourg University. This device was constructed with a mass representing
the brain fitted inside a dummy headform to which it was attached with a damped spring
system. This was designed to provide the headform with a response more human like than
a conventional rigid headform. A full description of the mathematics, construction and of
the finite element modelling that was used in the development of the Bimass is given in
chapter four. Also given are details of the tests and results on conventional headforms.
Each of these was fitted with a nine-accelerometer array so that rotational and linear
acceleration could be measured. Tests were sufficiently numerous for the results to be
analysed statistically and the chapter concludes with recommendations for the use of
headforms in a new European standard.

Of vital importance to the efficacy of a helmet is the link between the measurements
prescribed by Standards and the tolerance of the human head to injury in an equivalent
impact. Criteria exist for human tolerance to rapid linear motion and, although, it is
known that rapid rotational motion is equally, if not more, injurious a criterion has yet to
be established. The main objective of the Reconstruction Working Group was to provide
the Head and Neck Tolerance Working Group with "state of the art" data on the
relationship between test measurements and human injury.

This was achieved mainly through the replication of damage observed on the accident
helmet. A new helmet, equivalent to the accident helmet, was drop tested, at different
speeds and angles onto a target, car wheel or specimen of road surface similar to that
struck during the accident, until the damage matched that of the accident helmet. This
technique was perfected by the Transport Research Laboratory (TRL) UK and was applied
to a selected number of cases with the Bimass headform.

Also part of the research was the construction, by Valenciennes University, France of a
lumped mass computer model of a motorcycle with dummy rider and a moving car. The
model was used to simulate various accident cases to understand the rider dynamics during
an accident and to assess the influence of the neck on the potential for head injury. The
reconstruction research is described in chapter five.

It was essential that the link between accident impact mechanisms and the injury outcome
be investigated for a range of circumstances far greater than was possible with
experimental methods. Finite element simulation was identified in the literature review as
the most appropriate method and chapter six describes the construction and validation of a
unique and "state of the art" FE model of the skull, brain, neck and helmet. Strasbourg
University was responsible for the construction of all but the neck, which was completed
by Polytecnico Milano. During the course of the project, a copy of the head and brain
model was supplied to TRL who analysed head parameters. TRL supplied extensive data
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from the replication process and this was used as part of the validation procedure. It was
also used in the investigation of accident cases using the FE model. A full description of
the research of the Computer Simulation Working Group is given in chapter six.

Critical to the success of the whole project is the clear identification of the tolerance of the
human head to impact parameters, which is essential if future Standards are to be
improved. The prime objective of the Head and Neck Tolerance Working Group, lead by
Munich University, was to examine statistically, data produced by the preceding Working
Groups. Chapter seven provides details of this extensive analysis. This leads to chapter
eight, test methods, which is the last part of the process to determine a new Standard for
Europe. This research has explored the relationship between rotational motion measured
at the centre of the headform and forces measured at the helmet surface. This was
examined both for a headform alone and for a whole dummy in an attempt to correlate
research test methods with those prescribed by Standards.

Toward the end of the project, an extension was granted to investigate the effect of
physiological parameters on motorcycle riders. The accident data was analysed to
examine the effect of climate on accident risk, see chapter three. The Test Procedures
Working Group examined how best to measure physiological parameters using a
revolutionary new headform developed by EMPA of Switzerland who lead the test
procedures research.

It was believed that motorcyclists can suffer premature deafness from the noise generated
by the helmet. Literature was reviewed and reported on.

Finally, the report gives a specification for a new helmet standard that, if implemented, is
expected to result in helmets that offer substantially better protection than the helmets
currently on the market.
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CHAPTER 2. LITERATURE REVIEW

2.1. INTRODUCTION

It is well known that motorcycling carries a very high accident risk and yet almost the only
protection afforded to a motorcyclist is the helmet he wears. In spite of the high wearing
rate in most European countries, head injuries are still the cause of the vast majority of
fatal and serious injuries to motorcyclists. COST 327 action committee was convened to
investigate means whereby helmets can be improved and thus provide better protection.
However, in order to improve the protection afforded by helmets, it is first necessary to
gain a proper understanding of the ways in which motorcycle accidents happen, and in
particular the ways in which head and neck injuries occur. Nevertheless, whilst some
improvement to helmets may be possible from a better understanding of injury
mechanisms and helmet construction, the process will only be truly successful if human
tolerance to head injury is further investigated and better understood.

The purpose of any literature review is to provide researchers with detailed information on
what has previously been achieved so that the research does not duplicate, unnecessarily,
what has gone before. The COST 327 review was no exception and is summarised below
under the appropriate headings.

The review concludes with a list of the 305 references used in its compilation. These are
given below each section by author and date.

2.2. ACCIDENTS AND INJURY MECHANISMS

Casualty rates, accident causes and configurations, injury mechanisms, head injury
patterns and skull and neck injuries are reviewed. The main conclusion was that, in total,
there are some 8.6 million motorcycles (not counting mopeds) in the 15 European
countries, and approximately 5 thousand fatalities annually, accounting for a substantial
proportion (9%) of total road fatalities. In Europe, motorcycling tends to be a minority
mode and yet the risk of injury is considerably higher than for car users and by a factor of
ten per kilometre travelled.

The majority of collisions, particularly those causing head injury, are head-on impacts,
where the motorcycle is at roughly 90 degrees to the front or side of the target vehicle, and
the rider is thrown forward over the handlebars into the side, front or rear of the vehicle.
Although the majority of these collisions are with cars, the head hitting the road or
roadside furniture causes most serious head injuries. Most motorcycle collisions take place
at relatively low speeds of around 30 km/h. Skull fractures occur at speeds of 30 km/h
upwards but brain injuries can be sustained at relative speeds as low as 11 km/h.
Therefore, there is some hope that better protection might be afforded. At the moment,
progress in research is hampered by inadequate accident data, especially on accident
configurations, so more effort needs to be put into this area of investigation.

Most head injuries are sustained at the front of the head, with more than two thirds of skull
fractures involving chin impact. The type and severity of these injuries depends upon the
speed and angle of impact. A high proportion of fatalities with head injuries sustained base
of the skull fractures, almost always caused by direct impact, through the chin guard, to
the facial skull, and in turn through to the skull base. Thus the chin guard is an area of the
helmet that requires particular attention.
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2.3. BIOMECHANICS OF HEAD INJURY

The biomechanics of head injury was reviewed with particular reference to the different
types and mechanisms of brain injury and it should be noted that injuries from a wide
variety of causes were described and discussed. Head injury tolerance and associated
criteria were also included and the findings are given below.

Defining the causes of head injury is not an easy task because several different types of
head injury can originate from the same accident. Certain head injuries, for example
extensive axonal damage and subdural haematoma, have more severe consequences than
others and will, therefore, determine the overall outcome.

The various forces to the head during an accident tend to combine in two different ways.
First, the individual effects of simultaneous forces can influence each other as occurs with
an oblique force, which induces both linear and rotational acceleration. The two types of
force combined result in deformations of the brain that differ considerably from the effects
seen from the individual forces. Second, the effects of subsequent forces can accumulate.
For example, when the brain is first pushed toward the skull base and then forced to slide
against it, the effects of the contact between the cortical tissues and the highly irregular
skull base will be much more severe than in either of the individual cases. Therefore,
knowledge of the complete loading sequence of the head in the most common accidents is
a pre-requisite for a clear understanding of the causes of head injury.

Injuries from an impact can occur at, or remote from, the site of contact. The effects of the
impact at the site of contact are fairly well understood and are known to cause
deformation, fracture and penetration of the skull (mainly the vault), whereas the effects
remote from an impact are still not clearly understood. Remote effects are thought to be
the cause of basilar skull fractures by means of skull distortion in vault impact, by
transmission of the impact force through the mandible in facial impacts, and by hyper
motions of the head from an impact. However, there is no detailed information available
on the overall deformation of the skull in an impact, on the impact force transmitted by the
mandible and on the extent of the effects of the hyper motions of the head. Further
research in this area is necessary.

The response of the brain to loading of the skull may be frequency dependent and this may
explain the differences in injuries found after long duration (low frequency) and short
duration (high frequency) impacts. However, the response of the brain to a load on the
skull remains largely unknown.

The theory that translational acceleration was not injurious to the brain, but that brain
injury was caused by shear strains produced by rotational acceleration was first postulated
by Holbourn in 1943. Subsequent research showed that rotational and linear acceleration
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almost always occurred together in an accident and both cause injury. A detailed analysis
of the effect of rotational motion has shown that in one set of tests a rotational acceleration
of 4,500 rads™ proved fatal whereas in other experiments a value of 16,000 rads™ caused
no injury. However, duration is thought to be critical to the outcome and research should
be directed to finding the threshold of injury from rotational motion.

Various injury criteria, for the head, have been proposed in the past. The most commonly
acknowledged and widely applied calculation of injury parameters is the head injury
criterion (HIC), which is based on the assumption that the linear acceleration of the head is
a valid indicator of head injury thresholds. The literature suggested that HIC 1000, used
as a pass/fail criterion in the automotive industry, corresponds to a probability of death of
some 10% and HIC 2000 of some 50%. The HIC has enabled vehicle safety to be
improved. Nevertheless, it has shortcomings and does not take into account rotational
acceleration, head kinematics and direction of impact. Future research should be directed
to the derivation of a criterion that overcomes the criticisms.

Peak linear acceleration is widely used in potential head injury assessment. Fatal injuries
are estimated to have occurred at 200g and above which is consistent with Newman
(1986) who suggested that 200g-250g corresponds to AIS4, 250g-300g to AISS5 and
greater that 300g to AIS6.

The greatest gaps in head injury research are the knowledge of the kinematics of the head
in an accident, the resulting behaviour of the intracranial structures, and the quantification
of the potential for injury from rotational motion.
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Ommaya et al. (1964), Ommaya et al. (1969), Oppenheimer (1968), Patrick et al. (1963),
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and Shelden (1946), Ryan et al (1989), Sellier and Unterharnscheidt (1963), Shatsky et
al. (1974a), Shatsky et al. (1974b)., Shelden et al. (1944), Simpson et al. (1989), Skold
and Voight 1977), Slattenschek and Tauftkirchen (1970), Smith and Dehner (1969),
Strich (1956), Strich (1961), Strich (1969), Strich (1970), Symonds (1962), Thom and
Hurt (1993), Thomas et al. (1973), Tomlinson (1970), Trotter (1924), Unterharnscheidt
and Higgins (1969), Versace (1971), Viano (1988), Viano (1995), Voigt and
Lowenhielm (1974), Voight and Skold (1974), Walker (1973), Zimmerman and Bilaniuk
(1978).

2.4. MATHEMATICAL MODELLING OF THE HUMAN HEAD AND NECK

Mathematical modelling of the head and the neck is a difficult and diverse subject and is
discussed at length with the head and neck reviewed separately. Of particular importance
is the review of physical and mechanical properties of tissues. Values chosen by some
modellers have caused considerable difficulty and, therefore, a table of values used in a
wide range of models is provided.

Among the conclusions of the section on head modelling is that all the discrete models
(lumped mass) have the same severe limitations. Neither the location nor the severity of
the head injuries can be predicted and the type of injury is only inferred from the
measurements on the assumption that if certain values for the parameters are exceeded
then a certain range of injuries may be predicted. None of the models was properly
validated against experimental data such as that obtained from cadavers or other
biomechanical experiments.

Finite element modelling is the only method that can predict intra- cerebral parameters
such as pressure, principal strains and stresses, as well as relative displacement of the
principal head components. The variation in total skull thickness is well reproduced in
some models and ‘sandwich’ elements have been used to estimate skull deformation
correctly. Different anatomical head characteristics such as the foramen magnum, the falx
cerebri, and the tentorium have also been incorporated in the more recent models

The neck joint boundaries have been neglected. Further research is needed to assess the
influence of the human body, especially the thorax, on the outcome for the head in an
accident and models need to be developed so that this influence is reproduced.

The neck is described anatomically, some examples of typical neck injuries are given and
lumped-mass and finite element models of the neck are compared. The principal findings
are as follows. Mathematical modelling of the neck has the potential to provide a detailed
description of the dynamics of the neck. Injury potential is also likely to be accurately
predicted when the limit of the tissue tolerance is exceeded.

The majority of neck models developed over the last 20 years have considered the
vertebrae to be rigid bodies linked together by deformable elements, often modelled as
beams or massless springs. The importance of describing the actual geometry of the
vertebrae and the global lordosis of the neck was emphasised by several authors. This was
particularly so, when the head was subjected to compressive loading. An accurate
description of the anatomy of the ligaments and muscles and their disposition around the
bones was also found to be very important and especially so, when large displacements
and rotations are likely to occur. In long duration impacts, it was demonstrated that the
muscular contraction changes the global dynamics of the head-neck system.
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The more recent three-dimensional models demonstrated, in most cases, good agreement
with experimental tests. Where discrepancies did occur, these were eventually attributed
to the inadequate description of the materials used in the model and/or to the poor
anatomical definition of the structural components.

Of great importance are the mechanical properties of neck tissue. The neck structural
components are the vertebrae, made of cortical and spongy bone; the almost
incompressible discs, that consist mainly of water (nucleus polposus) and fibrous tissue
(annulus fibrosus), and the ligaments and muscles, that consist of fibrous connective
tissue. All of these materials have been studied in the past 20 years and their mechanical
characteristics are available from the literature. It should be noted that, in most cases, the
studies have not been conducted specifically on the cervical tissues. An extrapolation is,
therefore, necessary to model the materials of interest.

Bone tissue elasticity of the vertebrae was demonstrated to have a considerable influence
on the mechanical behaviour of the neck. The review strongly recommends, therefore,
that this characteristic is included in future neck models; techniques offered by finite
element procedures make this readily possible.
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2.5. MOTORCYCLE HELMETS: PERFORMANCE AND CURRENT STANDARDS

Current helmets and how they perform is linked very closely to the requirements of
existing Standards. The benefits and problems with current helmets and ways in which
helmets may be improved are described and discussed. Current standards are also
reviewed and the main requirements of the leading standards from around the world are
tabulated for ease of reference. It was found that wearing a helmet reduces the risk of a
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fatality by about a half and the frequency and severity of head injuries with their
considerable associated costs are also reduced. There is no evidence that wearing a helmet
increases the risk of neck injury, although head injuries may be slightly more frequent
with full-face than with open-face helmets. However, full-face helmets offer better
protection than open-face helmets for the face and chin area.

Helmets could be improved: current designs are too stiff and too resilient and energy is
absorbed efficiently only at values of HIC well above those which are survivable. Helmet
shells and helmet liners should absorb energy efficiently from HIC of about 1000
upwards. Rotational acceleration is also an important cause of injury and helmet design
should ensure that the potential for rotation is minimised. Work should also be done to
reduce the problems of noise and heat subjected to the rider by the helmet.

The route for helmet improvement is through improved standards. Efficient energy
absorption with the optimum impulse, minimum tendency to induce rotational motion and
a comprehensive evaluation of the whole helmet including the chin guard of a full faced
helmet are features for which standards should require tests. Currently only the British
Standard 6658 includes tests for rotation and the chin guard, and only Regulation 22-04
requires an assessment against HIC (time dependent criterion). Although ECE Regulation
22-04 (recently amended from -03) is widely used, it does not require tests for rotation or
the chin guard. It was also found that penetration is a very infrequent cause of injury and
it is recommended that Standards follow the example of Regulation 22-04, which does not
require a test for penetration.
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CHAPTER 3. ACCIDENT INVESTIGATION

3.1. INTRODUCTION

This chapter was prepared by the Accident Investigation Working Group and describes the
patterns of injury for helmeted motorcyclists. Four different research groups were responsible
for the data collection: the Universities of Hannover and Munich in Germany, Glasgow in the
United Kingdom and VALT, operated by insurance companies, in Finland. The data was
collected from in-depth investigations by teams comprising technical and medical experts
who concentrated on the causes of head and neck injury.

The accident data recording began in July 1995 using forms developed especially for the
COST 327 database. The forms were then sent to Hannover where the data were coded and
entered onto the COST database. Each organisation completed an original case file for its
own use and the COST data file sent to Hannover was a summary of the original file together
with special information such as computed vehicle speed and identification of the helmet
impact location and direction. Each case was discussed in detail within the Accident
Investigation expert group of COST 327 during Working Group meetings. The task of these
expert discussions was to determine the injury mechanisms, magnitude and direction of forces
to the head and to select cases for replication by the Reconstruction Working Group. There
were also links to other Working Groups especially to the Head and Neck Tolerance Working
Group.

This chapter describes the structure of the database and the analysis of 253 accident cases that
were collected within a three year period from July 1995 until June 1998 in Finland, Germany
and the United Kingdom and entered in the COST 327 database at Hannover.

The following criteria were used for selecting accidents for inclusion in the COST 327
database:

two-wheel motor vehicles
helmet, full face (integral) or open face (jet), worn
head and or neck injuries of AIS 1 and above

known head/helmet contact but without head injuries

3.2. DESCRIPTION OF THE COST 327 DATABASE

The COST database was stored using SIR (Scientific Information Retrieval). SIR is a
comprehensive database management and application development system with facilities to
organise and store data, to process and manage the data and to produce statistical and other
outputs. DBMS (Data Base Management System) is the main SIR module and provides a
relational database and application development system.

The COST 327 data bank comprises six record types at four different hierarchical-levels as
described in the following flow chart. Each record type may have one or more variables
defined as keys, which are used to identify each individual record. The description of the
database and all record types is known as the database schema.

11
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Accident Location
n =253

Vehicle Data Two-Wheeler
n =255

Medical and Personal Data
n=271

Individual Injuries Head Load Analysis
n=2511 n = 267

It was necessary, for the analysis, to have as much information as possible on the head impact.
In particular, the injuries, the damage to the helmet, the type of target and contact location,
and the vehicle damage and impact location when relevant. Thus, with this information, it
was possible to obtain detailed and high quality analyses of the head injury mechanisms.

The database comprises the following number of accidents from each investigation area:

Area Country

Hannover = Germany n= 111
Munich Germany n= 55
Glasgow  United Kingdom n= 52
Finland Finland n= 35
Total COST 327 database n= 253

It should be noted that in all cases the casualties were complying with the appropriate national
law for helmet wearing. It should also be noted that the data collected on accidents contains
mainly information generally accessible at the scene. However, it also contains personal
information relating to the casualties and witnesses and this is recorded strictly under the
requirements of all countries’ Data Privacy Laws. For example names are not stored in the
database, it is not possible to identify any person retrospectively and information is never
given to third parties.

3.3. ACCIDENT SAMPLING AREAS
The four different investigation areas within COST 327 are described below.

3.3.1. Accident Research Unit - Medical University Hannover / Germany

The Hannover Accident Research Unit (ARU) has been operational since 1973. It is based at
the Medical University of Hannover and is directly funded by the Federal Highway Research
Institute (Bundesanstalt fiir StraBenwesen, Bergisch-Gladbach). About 1000 accidents, to all
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categories of road user, are investigated annually and detailed accident and injury information
is recorded and entered into a database. Since 1985 the accidents have been selected for
investigation using a statistical sampling procedure to ensure that the database is
representative and can be related to national statistics (Otte, 1994a). It should be noted that the
accidents are investigated by teams working two six-hour shifts during a 24 hour period. The
cases for the COST database are a sub-sample of the overall database based upon the criteria
defined below.

The investigation area extends from the urban to the rural regions of Hannover with a radius
of approximately 60 km. About 1.2 million people live in this region and it covers 2,289
square kilometres of which about 10% are defined as urban. This is typical of the Federal
Republic of Germany, thus Hannover may be considered representative.

The comparison of the accidents in the official statistics with those documented by the team
shows that they correspond to each other in respect of a multitude of variables although, a
weighting is necessarily applied to the following variables:

e Injury severity (minor, severe, fatal)
e Accident location (rural, urban)
e Time of the accident investigation period.

Apart from the primary data sampling at the site of the accident with the use of pre-prepared
check-lists, there are also police reports, medical reports from the hospitals, X-ray photos of
the injuries, and questionnaires sent to persons involved in the accidents. These are archived
and the information is used to complete the database records.

The data collected on accidents contain largely information generally accessible, regarding the
site of accidents, environmental conditions and technical data on vehicles. But it also contains
personal information that is recorded under the requirements of the German Data Privacy
Laws. For example, names are not stored in the database and it is not possible to identify any
person retrospectively. During the accident evaluation, names and addresses of involved
persons are needed and these are deleted later.

3.3.2. Department of Neuropathology, Glasgow/UK

The Motorcycle Accident Injury Study at the Southern General Hospital in Glasgow started in
1984. It is carried out with the co-operation of the Department of Neuropathology, the
Department of Transport Vehicle Inspectorate, Strathclyde Police and the Crown Office
(Scotland).

The investigation area is the Strathclyde Police region. Within this region there are densely
populated urban areas, for example, central Glasgow which has a population of 24,031 in an
area of 2.5 sq. miles and also relatively sparsely populated rural areas (Dumbarton, Argyll &
Bute division) with a population of 145,900 dispersed over an area of 2,900 sq miles. The
Strathclyde Police region as a whole has an area of 5,500 sq miles, and a population of
2,306,000.

All reported accidents involving motorcycles in the Strathclyde region are passed to the
Department of Neuropathology from Strathclyde Police. The Department investigates any
motorcycle accident for which the following criteria apply:

A rider or pillion passenger who has sustained a head injury

A rider or pillion passenger who has sustained an injury rated AIS level 2 or above
(Abbreviated Injury Scale 90)

A rider or pillion passenger who has spent 24 hours or more in hospital.

13
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Three sets of forms are completed for each case:

Accident and Vehicle Data Forms - these are completed by the Vehicle Inspectorate,
from information gained from questionnaires, examination of vehicles involved and
examination of the accident locus. Wherever possible the Vehicle Inspectorate will
also obtain photographs of the case vehicles, accident locus, helmet and clothing.

Injury Data Forms - are completed by the Department of Neuropathology, with data
from questionnaires and medical records or post mortem reports, obtained from
hospitals and Procurators Fiscal.

Brain injury diagrams are completed in the Department of Neuropathology from
examination of the brain in fatal cases or from neuro-radiology in serious cases.

Occupant names are removed and case numbers assigned as soon possible, to ensure
confidentiality. The cases are then reviewed to determine accident cause, mechanism, and the
contact points, to clarify injury mechanisms. The COST-cases are a sub-sample of this overall
sample.

3.3.3. Institute for Legal Medicine, Munich University / Germany

IFR activities include biomechanical analysis and assessment of forensic traffic accident cases
commonly based on autopsy data, police reports, technical expert investigations, and special
investigations using IFR staff. More than 2,000 autopsy cases are currently investigated each
year of which one-third represent all kinds of fatal traffic accidents including a considerable
number of motorcycle accidents. Additionally, some non-fatal motorcycle cases are also
investigated, for which injury data are derived from clinical files.

The selection of the IFR-cases is not as strictly related to a defined sampling procedure as in
the Hannover and Glasgow studies. It is determined more by criminal or liability relevance,
for example, to determine the seating positions and seat-belt use for vehicle occupants and
helmet use for motorcyclists. Usually, police and/or prosecutors decide whether or not
forensic investigation is needed and, for some cases, insurance companies request analysis of
the accident as evidence of liability. For this COST 327 project only, those motorcycle
accidents where a helmet was worn, were selected.

The area from which IFR cases are selected for forensic investigation is the City of Munich
and the surrounding area of Southern Bavaria, enclosing a region with population of
approximately 3 million. Additionally, a few cases come from other states or countries, for
example Austria and Luxembourg.

For IFR autopsy cases, detailed injury data is available and, if relevant, a neuropathological
analysis of the head injuries is obtained. Clinical files of the non-fatal cases comprise an
injury description and documentation by means of x-rays, CT-and/or NMR-scans.

3.3.4. Road Accident Investigation Teams (RAIT), Finland

The data compiled on motorcycle accidents in Finland are based on the database of the Traffic
Safety Committee of Insurance Companies (VALT), which is an organisation run by the
Finnish insurance industry. This database includes information from all the fatal road
accidents.

In Finland there are about 3.45 million motor vehicles registered, out of which 72,000 are
motorcycles and almost 100,000 are mopeds. Of the total area of 338,000 square kilometres,
61.8 billion passenger kilometres are covered by these vehicles annually, 0.9 billion
kilometres of which are by motorised two-wheelers. In 1998 of all the 6,887 accidents
involving personal injuries, 365 cases were fatal to at least one of the casualties.
Respectively, there were 9,083 injuries and 398 fatalities in these accidents.
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All of the fatal cases were investigated by special voluntary-based Road Accident
Investigation Teams (RAIT) led by a representative of the police and consisting of experts in
vehicle engineering, road engineering and medicine. If necessary, the team was helped by a
member with expertise of behavioural sciences. On average, the team arrives at the site in one
or two hours after it has been notified by the local police.

The examination process of the fatal accidents concentrates on the pre-crash phase by
collecting data from all the participants, vehicles, road and its surroundings. If possible, the
team reconstructs the accident on the site. The database of VALT has been built up by storing
the data collected by the RAIT’s into a computer file. It consists of four categories: accidents,
participants, occupants and risk factors. The oldest data from this database are for the year
1971.

Annually, the Finnish road accident statistics include 10 to 15 cases that are fatal either to
motorcycle drivers or pillion passengers. Because of a relatively short driving season, most of
these accidents take place during a period of a few months beginning at the end of May and
lasting up to mid-October.

The data, for the purposes of this research project, were selected from the database of VALT.
COST 327 began in July 1995, therefore, the Finnish data was also taken from the years 1995-
1998. The information from the database was obtained form the RAIT final reports and
transferred to the COST 327 forms as completely as possible. However, because of the
variation in the availability and the accuracy of some details (especially photographs and
drawings), it was not possible to provide all of the information needed. The impact points and
impact angles were estimated whenever it was possible.

The data describing the condition of the helmets, their types and impact points were not often
available from the reports. A pilot project aimed at creating a method of collecting
information that is more detailed, began in the Helsinki area in 1998 and this has been
expanded to the whole country since spring 1999.

3.4. ANALYSIS TECHNIQUE AND DEFINITIONS

3.4.1. Injury severity

The Abbreviated Injury Scale (AIS 90) developed by the Association for Automotive
Medicine was used. This AlIS-scale was developed to provide researchers with a simple
numerical method for ranking and comparing injuries by severity, and to standardise the
terminology used to describe injuries.

The Abbreviated Injury Scale (AIS) is a consensus derived, anatomically based system that
classifies individual injury by body region on a 6-point ordinal severity scale ranging from
AIS 1 (minor) to AIS 6 (currently untreatable). The AIS does not assess the combined effects
of multiple injuries.

The Maximum AIS (MAIS), which is the highest single AIS code for a patient with multiple
injuries, has been used by investigators to describe overall severity. In the tables in this report
grades have been combined as follows: AIS 1, slight/minor, AIS 2-4 serious/severe, AIS 5/6
very severe and fatal. This classification enabled the results to be compared with national
statistics.

It has been established (Otte, 1995) that MAIS 1 corresponds to 88% minor, MAIS 2 to 4 to
80% serious, and MAIS 5/6 with 75% fatal as classified in the official national statistics
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3.4.2. Impact speed determination

The accident case file contains information on vehicle deformation, contact location, skid
marks, injuries, pre-impact and collision speeds and the driver behaviour. Each of these is
necessary for scientific analysis of the accident and injury causes and mechanisms for which
information on the impact speeds is essential.

The collision speed, however, can be evaluated only by a mathematical impact analysis using
the basic principles of physics. Evidence of the vehicle movement and deformation pattern
and the statements relating to the driving behaviour prior to the collision, must be taken into
consideration.

The accuracy of the results depends upon the skill of the accident investigation team in
collecting the data required for the mathematical accident reconstruction for which the
following information must be available: accurate scale drawings, extensive photographic
documentation of the vehicle deformation and accident traces, for example skid and scrape
marks. The use of photogrammetric procedures provides for a high quality of measuring
precision for trace reproduction. The extent of the vehicle damage is used for the assessment
of impact directions and the collision angle as well as the energy absorption during the
impact.

3.4.3. Head impact speed

The head impact speed was evaluated from the calculated speed of the motorcycle, an analysis
of the body kinematics during the accident, the position of the body at the point of impact
against the road surface and/or vehicle parts or other obstacles.

3.4.4. Head and body impact angle

3.4.4.1 Body Impact Angle

The body impact angle was determined for every case, and is defined as the angle between the
body longitudinal axis and the surface of the impacted obstacle.

Figure 3.1. Body impact angle

3.4.4.2 Head Impact angle

The head impact angles were classified in accordance with the following co-ordinate system.
ZX and XY together describe the position of the head related to the direction of force to the
head. These angles were estimated for every head impact and assigned to every head injury.
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Figure 3.2. Head impact angle

The angle ZX is defined by a horizontal axis through the head and the impact direction. A
horizontal impact is a 0 degree-impact, it can be frontal, rear or a side impact. A vertical
impact to the top of the head is a 90 degree-impact. For impacts at an angle from the top, the
angle ZX can be from 1 degree up to 89 degree. Impacts with a head impact angle ZX of plus
46 degrees or more are defined as impacts from the top, angles of minus 46 degrees or less are
impacts from the bottom.

The angle XY describes the direction of the impact in the view from the top. A frontal impact
is characterised by 0 degree, from the back it is £180 degrees. The lateral right side is marked
by positive XY angles, at the left side they are negative between minus 1 and minus 179
degrees.

3.4.5. Collision types

For COST 327, "collision types" were defined according to the classification developed by
Koch (1986) and Otte et al (1994) plus a further collision type for obstacle collisions; this
gave a representative selection.

3.4.6. Definition for mechanisms
The head injury mechanisms were divided into consequences of force transmission:

e direct impact
e indirect impact
e contre coup (injuries on the opposite impact side)

The load mechanisms were classified as

e compression

e direct force transmission
e inertial load

e penetration

The results of mechanisms were considered as

e translation
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e rotation around the z-axis
e rotation around the y-axis

e rotation around the x-axis

3.4.7. Replication process

All cases were discussed in the Accident Investigation Working Group and some were
selected for replication, which consisted of drop testing to simulate real head impact
conditions.

3.5. LINKAGE OF COST DATABANK TO NATIONAL STATISTICS

The COST databank consists of a number of cases, compiled by the investigators local to the
defined areas of UK, Germany and Finland. Detailed results are summarised in the Working
Group report “Accident Description and Analysis of Motorcycle Safety Helmets” (March
1999).

The COST accident data for each of the groups compared favourably with the corresponding
national statistics for motorcycle accidents. Results of this comparison are given in Table 3.1,
which shows that 53.9% are collisions with cars, compared with 63.7% for Germany, 64.9%
for UK and 51.1% for Finland, figure 3.3. Nearly one fifth of the accidents belong to the
"single vehicle" category where the collision is with the road or roadside furniture such as a
tree or lamppost etc.

Collisions with a ‘truck’, HGV, were generally severe and appear to be more frequent, 9% in
the COST Database compared with 5,5% for Germany, 6,1% for the UK and 5,4% for Finland
for the national statistics.

Table 3.1 Accident severity related to the other vehicle.

Collision partner Total Severity of accident
n %
slight severe fatal
n % n % n %
alone (object, road, etc.) 66 26.9 19 35.2 15 27.8 32 27.6
truck 22 9.0 3 17.6 3 17.6 16 13.8
car 132 | 53.9 41 33.3 34 27.7 57 49.1
powered two-wheeler 2 0.8 - - 1 50.0 1 0.9
bicycle 3 1.2 2 66.7 1 33.3 - -
pedestrian 5 2.0 2 40.0 2 40.0 1 0.9
others 15 6.1 4 44.5 2 22.2 9 7.8
Total 245 1100.0 71 29.0 58 23.7 116 | 473

Source: COST database. (100%=all accidents;)
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Figure 3.3. Collision partners of motorcycles in different countries
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Of more relevance in this study is the comparison of injury severity of documented cases in
the different countries. In the COST study, 16% of those admitted to hospital sustained a
head injury of AIS 2-4 and just fewer than 20% sustained a head injury. In the UK 74.4% of
casualties were categorised as slight, compared with 66% in Germany and 87.6% in Finland,
figure 3.4. Fatal motorcyclist casualties were between 1.8% to 2.9% and thus similar in all of
the countries.

B Germany (n=39.126)

B UK (n=26.768)
o Finland (n=542)
100 2

87.6

80 744

322

1.8 1.9 2.9

slight severe fatal

Source: StBA ; Stats 19 ; Finnish Motor Insurer's Centre (1996)

(100%= all injured persons in accidents with motorcycles)

Figure 3.4. Comparison of injury severity of accidents in different countries - total

3.6. RESULTS OF THE ANALYSIS OF THE COST ACCIDENT DATABASE

3.6.1. Effect of age

Accident and injury severity are known to be age related and the frequency distribution by age
is given in figure 3.5. For all accidents, there are far more for young than for older riders with
60% of casualties in the 18 to 35 age group. However, it is surprising that the majority are in
the 26 to 30 age group and that the 31 to 35 age group, 17%, is only slightly smaller than the
18 to 25 age group, 20%. This contrasts with previous studies for which the 18 to 25 group
was by far the largest of all categories. The maximum in the overall distribution 22.6% in the
age group 26 to 30 is not seen as maximum in the severe cases AIS 2+.

Trends within each area are similar to each other but there are some notable differences. In
the under 18 age group, the proportion from Glasgow, 2%, was very small compared with
11% from Munich and 5% from Hannover. For the 18 to 25 group, Hannover and Glasgow
were similar at 23% and 22% whereas for the 26 to 30 age group Hannover was 27% whereas
Glasgow was 18%. In the 31 to 35 group Glasgow and Munich were similar, 24%, but
Hannover was much less at 14%. Variations in other groups can be seen but some of the
differences may be exaggerated because of the small number of cases in a particular age

group.
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Figure 3.5. Source: COST database; Motorcycle casualties by age distribution

3.6.2. Helmet mass distribution and loss

Table 3.2 below shows helmets grouped by mass and it is interesting to note that the range of
mass, 0.780 kg to 1.650 kg, is more than two to one. However, a large majority, 59%,
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(unknown excluded) lay in a narrow band between 1 kg and 1.2 kg. Mass did not affect the
injury outcome there was no evidence of a greater risk of injury when wearing an open faced
helmet.

Table 3.2 Distribution of helmet mass of the motorcyclists (total registered)

Mass of helmets [g] N % % portion
(known) | AIS Head 2+
%
780g - 930g 4 1.6 4.4 50.0
1000g - 1200g 53 19.6 58.9 83.0
1240g - 1425¢ 17 6.5 18.9 17.6
1450g - 1650g 14 5.2 15.5 -
Unknown 181 66.8 - 40.9

Source: COST database); shadowed fields: all motorcyclists with AIS Head 2+ (n=123),
portion 100% of each weight group

Table 3.3 Type of helmet

Type of helmet N % (known) portion
AIS Head 2+
%
helmet (not further specified): 12 4.9 58.3
full face helmet 209 85.3 459
open face helmet 24 9.8 37.5

Source: COST database; (unknown n=25, 1 motorcyclist without helmet); shadowed fields:
all motorcyclists with AIS Head 2+ (n=112), portion 100% of each type

The vast majority, 85.3%, were full faced and this would partly explain the mass grouping
noted above, although, type of helmet was recorded for all but three cases whereas mass was
not.

Table 3.4 Loss of helmets

Loss of helmets: (unknown n = 38)
no n=199 85.8%
yes (not further specified): n= 7 3.0%
yes, before first impact n= 3 1.3%
yes, after first impact n= 19 8.2%
yes, after second impact n= 4 1.7%

Source: COST database; (100% = all motorcyclists)

It is encouraging that the loss of a helmet prior to impact was low at 1.3 % by comparison
with the 12.9 % loss during the impact sequence. Thus, there is a need for improvement of
retention during an impact.

3.6.3. Injury distribution

It is important to note that the sample of cases for Munich was restricted to severe and fatal
cases whereas the cases of Finland included fatal cases only. Hannover was randomly
selected whereas Glasgow cases involved an injury or a head impact. COST 327 was based
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upon a selection from each area that satisfied the criteria that a head impact, although not
necessarily a head injury, had occurred. For the COST database, there were 66.7% with a
head injury and 26.7% with a neck injury; figure 3.6 below illustrates this distribution. Also
notable were the 57.0% with a thorax injury and 72.9% with leg injuries. It is not surprising
that, when the injuries were classified, as the MAIS increased, so did the proportion with head
injuries, from 38% for MAIS 1 to 81% for MAIS 3 and greater.

The overall pattern for the COST 327 database shows that risk of sustaining a head injury
increases as MAIS increases, a similar pattern to that for the abdomen. The motorcyclists
with severe head injury severity often have suffered additional injuries to thorax, arms and
legs.

Injured body regions

all motorcyclists
n =270

54.8

30.7 [%]

motorcyclists with MAIS 1 motorcyclists with MAIS 2 motorcyclists with MAIS 3+

n =69 n=53 n =144
27.5 47.2 76.4
42.0 41.5 67.4
5.8 9.4 51.4
11.6 17.0 28.5

66.7 A‘ 66.0 79.9

Source: COST database

Figure 3.6. Injured body regions of motorcyclists (100% = all motorcyclists)

3.6.4. Head injury severity and related factors

3.6.4.1 Helmet damage and head injuries

Table 3.5 gives the location and extent of the damage observed on the accident helmet. For
ease of identification, the helmet is divided into 17 areas and each area has a unique two-digit
number. The first digit indicates the side of the helmet, one for right and two for left as per
normal body convention, and three for the crown; the second digit indicates vertical and
horizontal position. Frontal, lateral, and rear are used to augment the numbers and further
clarify the position.
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Location of damage is distributed fairly evenly with 26.9% lateral right, 26.3% lateral left,
23.6% frontal and 21.0% to the rear, slightly fewer than the other regions. Other locations of
importance, and frequently damaged, were the chin guard, 15.4% (sections 18 and 28), and
the right upper temporal fossa region, 9.6% (sections 13 and 14) and left, 8.8%, (sections 23
and 24), 18.4% total. The lower temporal fossa (sections 15, 16, 25 and 26) was the next most
frequently impacted region, 15.1% total for both sides. The crown, section 35, received with
only 2.2% of the impacts.

Not surprisingly, laceration (sliding mark) was the most frequent type of damage followed by
deformation and then cracks; frequency of occurrence for each type of damage was largely
consistent with the overall frequency as discussed above. However, the area most likely to be
cracked was the chin guard and the area in the region of the visor attachment. This may
indicate that the impacts to these areas were severe or that these parts of the helmets are
weaker than other areas. It is likely that the visor area is slightly weaker and that the impacts
to the chin guard are particularly severe. Helmet standards should include tests that reflect
these findings, particularly in relation to the chin guard and the temporal fossa region, which
is known to be particularly vulnerable to skull injury.

Whether or not injuries occur at the location of impact is often debated particularly in relation
to brain injuries, hence the suggestion, although disputed by some researchers, that “coup”
and “contra coup” injuries occur. Table 3.5 indicates the location of damage on the helmet.
There is some notable correlation between the damage and head injury region but also some
possible exceptions. Both are important in understanding how head injuries occur, how helmet
design may affect injuries and, in turn, how the design may be changed to improve protection.

It is clear that injuries to the side of the head (lateral injuries) and injuries to the rear correlate
exactly with the damage location. However, injuries to the face, upper and lower, occur not
only with frontal impacts as may be expected, but also with lateral impacts. The reason for
this is not clear but it is possible that loads to the side of the helmet are transmitted to the face.
Damage to the upper part of the helmet seems to be evenly distributed around the helmet and
probably correlates with the injury location.

3.6.4.2 Helmet target shape and head injury
Table 3.6 below gives the distribution of accidents by injury and shape of object struck.

A round object was the most frequently struck, 79%, and the severity of injury was fairly
evenly distributed. An edge object, for example a kerbstone, was the least likely to be struck,
4%, but the most likely to cause a severe, AIS 5, injury. A flat object was struck in 9% of
cases but was the least likely to cause an injury.
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Table 3.5 Location of the external damage to the helmet

Type of damage
Total | deformation [ laceration | crack other
Location on helmet n % N % n % n % n | %
Crown 17 | 2.2 3 176 | 12 | 706 | 2 |11.8]| - -
Section 35
Lateral right 212 1269 39 184 |151| 712 120|194 | 2 |09
Sections 11 to 19
Lateral left 207 |26.3]| 44 21.3 (123|594 | 40 {193 0 | 0.0
Sections 21 to 29
Frontal 186 [23.6] 28 151 |115] 61.8 | 41 |22.0( 2 [ 1.1
Even sections 12 to 28
(excluding 20) plus 19
and 39
Rear 166 [21.0] 24 145|129 777 | 11 | 6.6 | 2 | 1.2
Odd sections from 11 to
27 (excluding 17 and
19) plus 16
Total 788 [ 100 | 138 | 17.5 |530| 67.3 (114|145 6 | 0.8

Source: COST database; (100%= all damages of each sector)

Table3.6 Head injury severity related to impact target shape.
(100%=all head injuries)

shape of impact objects

total round edge flat no information
AIS Head n % n % n % n % n %
uninjured 80 32.0 | 61 | 305 2 200 | 9 | 39.1 8 47.1
AlIS 1 47 188 | 37 | 185 1 100 | 6 | 26.1 3 17.6
AIS2 27 108 | 25 | 125 - - 1 4.3 1 5.9
AIS3 20 8.0 13 | 65 1 10.0 | 2 8.7 4 23.5
AlIS 4 18 7.2 14 | 7.0 2 200 | 2 8.7 - -
AIS 5 30 120 | 25 | 125 4 40.0 | 1 4.3 - -
AIS 6 28 11.2 | 25 | 125 - - 2 8.7 1 5.9
Total 250 100 | 200 | 100 10 100 | 23 | 100 17 100
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3.6.4.3 Head injury type, and severity, and impact speed

Within the COST 327 database, 180 of the motorcyclists sustained a head injury and 87
suffered no head injury at all (excluding the unknown). Thirty—three percent of the riders and
passengers suffered an impact to the helmet/head but were protected by the helmet and did not
sustain a head injury. Of those suffering a head injury, 28.9% sustained only a minor (AIS 1)
and 16.7% a moderate (AIS 2) head injury; 15.6% of the motorcyclists sustained a head injury
of AIS 6 and almost the same proportion (16.7%) sustained a critical head injury (AIS 5);
11.1% suffered AIS 3 and the same proportion suffered AIS 4 head injuries.

Of particular interest was the relationship between head impact speed and head injury (figure
3.7). Not surprisingly (Table 3.7) the majority of low speed impacts were associated with
minor head injury (< 10 km/h and AIS 0 = 72.7%) and the higher the impact speed, the more
likely it became that the head injury was critical or fatal. For example, between 61 and 70
km/h, 36.4% were AIS 6 and between 71 and 80 km/h, 57.1% were AIS 5. Even very high
speed head impacts were not always associated with severe head injury. This is evident from
Table 3.7 where, in five cases, an impact with the road surface occurred at a speed exceeding
80 km/h without head injury. In addition, two cases with impact speeds exceeding 100 km/h
resulted in head injury of only AIS 3.

Table 3.7 AIS Head in relation to head impact speed

AlIS Total AIS 0 AIS 1 AIS 2 AIS 3 AIS 4 AIS 5 AIS 6
Head
Head
impact n| % |n| % |n % |(n| % (n| % |n| % |n| % [n| %
speed
<10 11 166 |8 [72.7 |2 | 182 |- - - - - - 1 91 | - -
11-20 16 {95 |2 |125 |10 | 625 |3 | 188 |- | - 162 |- - - -
21-30 |32 ({19.0 |14 |43.7 |10 | 313 |3 | 94 |- | - - - 2 162 |3 |94
31-40 16 |95 |3 |188 |4 | 250 (3 |188 |- | - |2 |124 |3 |188 |1 |6.2
41-50 |25 (1498 |32.0 |4 | 160 |5 (20.0 |1 |4.0 |- - 2 180 |5 |200
51-60 |25 (1495 (200 |2 | 80 |5(200 (-] - |5 (200 |3 |12.0 |5 |20.0
61-70 11 165 |2 |182 (3 |273 |1 |91 |- | - - - 1 191 |4 |364
71-80 14 |83 | - - - - 1|71 |1 |71 |2 (143 |8 (572 |2 (143
81-90 5 130 |1 |20.0 | - - - - - | - |2 1400 |1 |20.0 |1 |20.0
91-100 | 8 (4.8 |3 |37.5| - - - - 1 {125 |1 |125 |1 |12.5 | 2 |25.0
>100 5 130 |1 |20.0 | - - - - 2 140.0 |1 |20.0 | - - 1 |20.0
Total (168 100 |47 |28.0 (35 | 20.8 |21 | 125 |5 | 3.0 (14 | 8.3 |22 |13.1 |24 |14.3

Source: COST database (100%= all motorcyclists of each speed range, 74 unknown AIS-Head or
unknown head impact speed)
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AIS Head in relation to head impact speed
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Figure 3.7. AIS Head in relation to head impact speed

Nevertheless, there was a trend for the head injury severity to increase as the head impact
speed increased as shown in figure 3.7.

Figure 3.8 illustrates the cumulative frequency of estimated head impact speed for all 181
cases where the speed was known. The 50% cumulative frequency occurs at approximately
44 km/h, which appears surprisingly high when compared with the typical 20 km/h impact
speed for drop tests in helmet Standards at which life threatening head accelerations are
measured. Therefore, the test speed should be raised to that of the 50% cumulative frequency.

However, such exceptions as shown in Table 3.7 may explain the high median of the head
impact speed.

The cumulative frequency of the estimated head impact speed was determined for different
regions of the head. figure 3.9 shows the analysis for the forehead, face, and side and top of
the head. It is evident that impacts to the side and the top of the head occurred at higher

speeds (50%, median = 59 km/h) compared with those to the face and forehead (50%, median
= 49 km/h).

estimated speed of head impact
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Source: COST database
Figure 3.8. Estimated speed of head impact

Further analysis of the data illustrated in figure 3.7 showed that an increase in injury severity
of AIS 2-4 to AIS 5-6 was the consequence of an increase in the median speed, 50-57 km/h
equivalent to an increase in energy of some 30%. Thus, if helmets could be made to absorb
24% more energy then it is postulated that some 20% of the AIS 5-6 casualties would sustain
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injuries of only AIS 2-4. This is based upon the energy difference of AIS 2-4 and AIS 5-6 at
20% cumulative speed (AIS 2-4 24km/h, AIS 5-6 34km/h). The energy at 50% cumulative
speed at AIS 2-4 (50 km/h) was used as the reference to determine the percent.

This result is somewhat surprising when the biomechanical injury tolerance of different head
regions is considered. For example, the frontal bone is much stronger than the temporal bone
and therefore, it may have been expected that the median impact speed would have been
greater for the forehead than the side of the head. However, for this particular relationship the
helmet protection may have been the decisive factor whereby less protection is provided in the
facial region.

In accordance with biomechanical principles, figure 3.10 illustrates that low severity soft
tissue injury and moderate concussion occurred at a head impact speed of 45 - 50 km/h (50%
median). This is significantly lower than that for fractures and other more severe head injuries
for which the 50%, median, was 60 km/h as is also illustrated in figure 3.10. This
demonstrates that helmets can protect against skull fracture and severe brain injuries.

head injuries
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Figure 3.9. Estimated speed of head impact for each head region
(100%= each head  region), n=86 unknown
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Figure 3.10. Estimated speed of head impact for each type of head injury,
(100% all motorcyclists of each type) n=86 unknown
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Figure 3.11 to figure 3.15 show the relationship between impact speed and four types of
injury, soft tissue, skull fracture, facial fracture, concussion and brain injury, for five different
locations of impact on the helmet. Of particular interest is the median speed at which brain
injury occurs, which may be assumed to be indicative of the sensitivity of the brain to a given
impact severity at different locations. For the face and upper head the median speed is
approximately 60 km/h whereas for the head lateral and head rear, the median speed is
approximately 50 km/h. This indicates that the rear and lateral regions are similarly
susceptible to injury. It was also noticed that the median speed for concussion was always
lower than that for brain injury, which is entirely consistent with what may be expected.
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Figure 3.11. Cumulative speed of head
impact for each type of head injury,
impact on lower face of helmet
(100%=all motorcyclists of each type)
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Figure 3.13. Cumulative speed of head
impact for each type of head injury,
impact on rear head area of helmet.
(100%=all motorcyclists of each type)

Source: COST database

Figure 3.12. Cumulative speed of head
impact for each type of head injury,
impact on upper face area of helmet,
(100%=all motorcyclists of each type)
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Figure 3.14. Cumulative speed of head
impact for each type of head injury,
impact on upper head area of helmet.
(100%=all motorcyclists of each type)
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Impact on helmet lateral region
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Figure 3.15. Cumulative speed of head impact for each type of head injury, impact on
lateral head area of helmet, (100%=all motorcyclists of each type)

3.6.4.4 Head injury type and head impact angle

Determining the impact angle of the body and the head was an important part of the
reconstruction of the accident. The body impact angle was determined for every head impact
and it was found that 43% of AIS 2+ injured motorcyclists impacted with a shallow body
angle of less than 15 degree, nearly parallel to the opponent, such as road surface (figure
3.16). A further 17.5% (13.7% of AIS 2+) collided at an angle of the body of between 16 and
30 degrees and 32.5% (43.2% AIS 2+) impacted with a body impact angle above 30 degrees.
It is seen that oblique impact angle has a much higher incidence of severe injuries.

However, the body angle is not necessarily indicative of the head impact angle and this was
analysed separately according to the convention given below in Table 3.8. The head impact
angle needed to be known relative to three dimensions to establish the location and direction
of the impact to the head. This enabled the impact to be identified as direct and likely to
induce largely linear acceleration or oblique and likely to induce a substantial rotational
component.

The analysis showed that 25.6% were at 0° and thus perpendicular to a line vertically through
the body. 22.6 % were between 6° and 30° to this vertical and toward the top of the head
whereas 10% were in this range, toward the base of the skull. However, Table 3.8 gives the
analysis in the horizontal plane. This shows that most of the recorded head impacts (64.8%)
were at an impact angle XY between minus 45° and plus 45° and led to a dorsal flexion of the
cervical spine and rapid rotational motion. Only 12.1% occurred at the rear of the helmet
within the range of 180° £ 30°. About 23.1% were side impacts.

An oblique impact from the top often leads to a compression of the cervical spine when the
head is in an upright position in relation to the body. Otherwise the impact results in dorsal,
ventral or lateral flexion of the neck and the cervical spine in combination with a
compression. 25.6% of all head impacts were frontal impacts with 0 degree, 9.1% were rear
impacts with 180 degrees.
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Body Impact Angle
0

angle all body impacts with AIS 2+ head
n % n %
<15° 100 50.0 41 43.2
16 — 30° 35 17.5 13 13.7
31 —45° 16 8.0 5 5.3
46 — 60° 11 5.5 6 6.3
> 60° 38 19.0 30 31.6
Total 200 100.0 95 100

Source: COST database; Shadowed fields: Body impact angle for head injuries with AIS Head 2+;
n=36 body impact angle unknown

Figure 3.16. Body impact angles for head injuries in degrees [°]
(100% = 200 angles - all head injuries); n=70 body impact angle unknown

Table 3.8 Head impact angles XY in degrees [°]

Head Impact Angle XY
I
o @ 0254 : \1;<—*180i

L

Head Impact| 0 | 1- |46-|91- | 136- [+180((-179) -((-135) -[(-90) - (- 45) - | total
Angle XY 45 [ 90 | 135 | 179 (-136) | (-91) [(-46)| (-1)

N 51145120 3 4 18 2 8 15 33 199
% 25.6(22.6|10.1| 1.5 | 2.0 | 9.1 1.0 4.0 7.5 16.6 | 100

Source: COST database;
(100% = all head injuries); n=68 unknown

3.6.5. Collision configuration

When differentiated according to collision types, Table 3.9, it is evident that 41.5% were type
7, a single vehicle accident. However, in this study there were no collisions with pedestrians
or pedal cyclists. Type 4, an oblique collision of the two-wheeler with the side of a car, was
the most frequent collision configuration, 28.5%. It is interesting to note that type 3, a frontal
collision of a two-wheeler against the car side is over-represented in the COST database with
14.6% compared with only 5.3% for the national rate. It is also notable that serious injuries
were more frequent in the COST study than is typical given that, in general, 75% of two
wheeler riders are only slightly injured. In particular, for collision type 2, 58.3% were
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seriously or fatally injured with MAIS 5/6 and 57.3% suffered very serious or fatal head
injuries, AIS 5/6.

Too few cases in some collision types prevented statistical analysis. This arose, partly,
because it was possible to determine the collision angle in only 140 of the 253 cases.

The frequency and seriousness of the injuries to different body regions were also analysed.
Head injuries were particularly prevalent in type 2 where 92% of riders sustained an injury of
AIS2 or greater. However, in types 3 and 4 although only 50% were seriously inured, 67%
sustained serious head injuries. In oblique collisions against the motorcycle, injuries to other
parts of the body, thorax, abdomen and pelvis were frequent as shown in Table 3.9. In
particular, the legs were frequently injured, 75% in type 3 and 80% in type 4. In addition,
25% of these leg injuries were serious, AIS 2-4. Only 25% of two-wheeler casualties did not
sustain a leg injury.

Table 3.9 Collision types in relation to the maximum injury severity

Collision types Total Maximum Injury Severity of motorcyclists
n=140 | Uninjured | MAIS1 | MAIS2-4 | MAIS 5/6
100%  |-------------- 100%
type 1 1.5% - 50.0% 50.0% -
100.0% - - -
type 2 9.2% - 8.3% 33.3% 58.3%
16.7% 8.3% 16.7% 58.3%
type 3 14.6% 5.3% 42.1% 31.6% 21.1%
52.6% 10.5% 21.1% 15.8%
type 4 28.5% - 51.4% 29.7% 18.9%
51.4% 18.9% 24.3% 5.4%
type 5 4.6% - 50.0% 50.0% -
50.0% 50.0% - -
type 6 - - - - -
type 7 41.5% 1.9% 25.9% 29.6% 42.6%
20.4% 24.1% 31.5% 24.1%
Source: COST database;
Shadowed fields: Collision types in relation to the maximum head injury severity.

n=271 total of which 131 were unknown.
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Table 3.10 Collision types in relation to injured body regions

Collision types Injured Body Region of motorcyclist
total n =140 Head | Neck | Thorax | Arms | Abdomen | Pelvis | Legs

type 1 uninjured 100%| 100%| 50.0%| 50.0% 100%| 100%| 50.0%
AlIS 1 - - -| 50.0% - -| 50.0%
AlS 2-4 - -l 50.0% - - - -
AlIS 5/6 - - - - - - -

type 2 uninjured | 14.3%| 71.4%| 21.4%| 21.4% 42.9%| 57.1%| 28.6%
AIS 1 14.3% - 7.1%| 28.6% 14.3%)| 14.3%| 28.6%
AIS 2-4 14.3% -l 42.9%| 50.0% 28.6%| 28.6%| 42.9%
AIS 5/6 57.1%| 28.6%| 28.6% - 14.3% - -

type 3 uninjured | 55.0%]| 85.0%| 60.0%| 55.0% 85.0%| 85.0%| 25.0%
AIS 1 10.0%| 5.0%| 15.0%]| 25.0% -| 10.0%]| 50.0%
AIS 2-4 20.0%| 10.0%| 15.0%| 20.0% 15.0%| 5.0%| 25.0%
AIS 5/6 15.0% -l 10.0% - - - -

type 4 uninjured | 52.5%| 77.5%| 60.0%| 27.5% 80.0%| 77.5%| 20.0%
AlIS 1 17.5%| 12.5%| 12.5%| 47.5% 7.5%]| 15.0%| 50.0%
AIS 2-4 25.0%| 7.5%| 12.5%| 25.0% 12.5%| 7.5%| 30.0%
AIS 5/6 5.0%| 2.5%| 15.0% - - - -

type 5 uninjured | 50.0%| 66.7%| 66.7%| 66.7% 83.3%| 83.3%| 50.0%
AIS 1 50.0%| 33.3%| 16.7%| 33.3% 16.7% -| 16.7%
AIS 24 - -l 16.7% - -| 16.7%| 33.3%
AIS 5/6 - - - - - - -

type 6

type 7 uninjured | 24.1%| 79.3%| 54.2%| 45.8% 70.2%| 84.5%| 25.4%
AIS 1 22.4%| 6.9%| 153%| 32.2% 5.3%| 6.9%]| 40.7%
AIS 2-4 31.0%| 3.4%| 11.9%]| 20.3% 15.8%| 6.9%| 33.9%
AIS 5/6 22.4%| 10.3%| 18.6%| 1.7% 8.8%| 1.7% -

Source: COST database; (100% = all motorcyclists without unknown; for n=2 motorcyclists the injured body
region was unknown)

Objects that the head struck were recorded in detail and given in Table 3.11. It was possible
to analyse 270 head injuries from 140 motorcyclists in relation to the defined collision types;
26.5% of the head injuries occurred as a result of impacting the road. An impact of the head
on the road was particularly frequent when the two wheeler struck the car side, collision types
3 / 4, but infrequent in collisions with the car front, types 1, 2 and 6, where 67% of the head
injuries were caused by the vehicle structure.

Although 60% of all injuries were from the first impact, which was with the opposing vehicle,
approximately 64% of the subsequent collisions were with the road. Only 2.3% of all
motorcyclists have more than two collisions.
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Table 3.11 Collision types in relation to injury causing parts

A number of n=208 head injuries could not be assigned to these 7 collision types; total
number of head injuries n=560

Collision types | Total Injury causing parts of all head impacts
opposite vehicle
S |5 |8 |2 |g8]F |25 |8 B |= |2 (= |8 |E
& |= |3 S |o |3 >3 £ =2 |= | =
= = - £ = 5 s £ St Gt g = =
2|2 |3 |z | E 2 |3 £z |°
2 |z |2 = = |2 > |°
€ |5 &
~
z
=
Total] N=260] 4 9169 | 2|5 | 27|52 |4]4 8 5 2 11213
% 100%| 1.5 | 35(265]08 (227104200 (15|15 (311908 ]|46]|12
100%
type 1
type 2
208 | - |130| 74 | - - - | 704174119 - | - | - | - | -
type 3
9.6 - | - [360] - - - | 120] - |12.0|320/ 40| - |40 -
type 4
196 | - 39152913939 - (216] - | - | - |39] - 79|20
type 5
1.2 - - |667] - - - - - - - 333 - - | -
type 6
type 7
488 |32 - |213| - [448|213| - -l - -108|16|55]|16

Source: COST database; Collision types in relation to injury causing parts
(100% = all injuries of the head without unknown collision types; n=208)

3.6.6. Neck injury

Figure 3.17 presents the distribution of neck injury severity related to head impact speed.
Excluding the 83 cases with unknown head impact speed the relative frequency of neck injury
is still consistent with the overall distribution of neck injury severity, for which the vast
majority of the riders and pillions sustained no neck injury, 74.8% or only a minor neck
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injury, AIS 1, 10.1%. There is no evidence that high head impact speed is necessarily
associated with severe neck injury.

Eighty per cent of all neck injuries of AIS 1, so called whiplash, occurred at a speed up to 60
km/h, while 80% of all severe neck injuries of AIS 2 and greater occurred above 45 km/h, see
figure 3.17.

n = 130 motorcyclists

100 7
80 / /
260 '/
2 )
40 AIS Neck
£ —AIS 0 (n=134)
520 —AIS 1 (n=16)
o /
%/ —AIS 2+ (n=27)
0 T T

A
=
o

20 30 40 50 60 70 80 90 100 =>100

estimated speeds of head impacts [km/h]

Source: COST database; (100%=all motorcyclists of each speed range,
1 unknown AIS-Neck and 83 unknown Speed head impact)

Figure 3.17. AIS Neck in relation head impact speed

Except in two cases where the neck injury was AIS 6 and the head was AIS 0, not injured,
Table 3.12 shows that severe neck injuries, AIS 4 and greater, occurred only in combination
with severe head injuries, AIS 4 and greater. When the head injury did not exceed AIS 3 in
the vast majority, 82% of cases, the neck was not injured, AIS 0, and in only 5% of cases a
neck injury AIS 2 or AIS 3 occurred; neck injuries greater than AIS 3 did not occurr with
head injuries of up to and including AIS 3.

In cases with fatal head injury, 25% of the motorcyclists also sustained a fatal neck injury and
a further 14% sustained a critical neck injury, AIS 5. However, for half of the fatalities, the
neck injury was minor, AIS 1, or the neck was not injured, AIS 0.

Critical head injury, AIS 5, was associated with 24.1% AIS 5 neck injury and 6.9% AIS 6
fatal neck injury. Twenty-five percent of those with a fatal, AIS 6, head injury sustained a
fatal, AIS 6, neck injury. However, 56% of the casualties with an AIS 5 or AIS 6 head injury
and 60% with an AIS 4 head injury did not sustain a neck injury. AIS 2 and AIS 3 neck
injuries were very infrequent with AIS 5 and AIS 6 head injuries.
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Table 3.12 AIS Head in relation to AIS Neck (100%=all motorcyclists)

AIS Head
Total AIS 0 AIS 1 AIS 2 AIS 3 AIS 4 AIS 5 AIS 6

n [ % | n|[{%|n | %| n|{%|n|%| n|%|n|%| n|%

AIS
Neck

AISO0 | 199 | 74.8]| 75 |862| 45 |865| 26 |86.7| 9 |450( 12 |60.0| 18 [62.1| 14 |50.0
AIS1| 27 |102] 9 |103| 5 |96 3 |100| 6 |300( 2 |100( 1 (34| 1 |36
3
2

AIS2| 9 |34 1 | 11| 1 |19 1 |33 150 2 |100| - - 1 |36
AIS3| 5 | 19| - - 1 [19] - - 100 1 | 50| - - 1 |36
AIS4| 1 | 04| - - - - - - - - - - 1 |34 - -

AISS| 13 | 49| - - - - - - - - 2 1100 7 (241 4 |143
AIS6 | 12 | 45| 2 | 23| - - - - - - 1 |50 2 |69 7 |250

Total | 266| 100| 87| 100( 52| 100 30| 100| 20| 100| 20| 100( 29| 100| 28| 100
Source: COST database; 1 unknown AIS Neck, 3 unknown AIS Head)

Table 3.13 gives the location of the injury for a single fracture of the cervical spine and Table
3.14 gives the location when two fractures occurred.

Table 3.13 Cervical spine fractures. Table 3.14 Multiple cervical spine fractures.
Location of injury n % Location of injury n %
C1 6 18.8 major combined

2 5 15.15 fractures

C3 3 9.09 Cl+C2 4 33.3
C4 5 15.15 C3+C4 3 25.0
C5 2 | 606 C4+C5 1 8.3
co 2 | 606 C6 + CT 2 | 167
7 & 52 Cl+C7 1 8.3
dens 1 3.03 -
n.fs 6 | 188 C2+C5 ! 8.3
Total 36 100 Total 12 100
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The distribution of body impact angle was determined for 97 neck injuries, see Table 3.15.
The neck injury types are classified as follows: cervical spine strain, so called Distortion,
AIS 1, cervical fractures AIS 2 and greater, soft tissue injury, and other injury, for
example, ligament and spinal cord rupture; 51.5% of the neck injuries were fractures to the
vertebrae, 23.7% were soft tissue injuries, 8.2% cervical strain injury and 16.5% other
neck injuries

The impact conditions were critical for the occurrence of a fracture of the cervical spine.
In particular, if a relatively large angle occurrd between the body longitudinal axis and the
impact object then neck injury was highly likely, Table 3.14. Thus, 33% of all cervical
fractures occurred at impact angles between body and object of over 60°. However,
injuries to soft parts and also the cervical spine strains occurred at angles of up to 30°.
Skull fractures were particularly frequent when the head, obviously in horizontal plane,
impacted primarily in the area of the middle face or back of the head, when hyperflexion
or hyperextension of bending movements were induced.

Table 3.15 Body impact angle in relation to neck injury location

Body impact angle

location of neck injuries
total cervical cervical spine | soft tissue other
spine strain fracture injury
Body impact n % n % n % n % n | %
angle [0]
<15 39 402 | 4 50.0 21 42.0 4 17.4 | 10 | 62.5
16 - 30 12 | 124 | 3 37.5 - - 9 39.1 - -
31-45 5 5.2 - - 3 6.0 1 4.3 1 |62
46 - 60 9 9.3 - - 4 8.0 5 21.7 - -
> 60 32 1330 1 12.5 22 44.0 4 17.4 5 1313
< 100% >
total 97 | 100 | 8 8.2 50 515 | 23 | 23.7 | 16 |16.5

Source: COST database; (100%=each neck injury location; 33 unknown body impact angle)

3.7. HEAD AND NECK INJURY MECHANISMS

A special additional COST 327 study “Data Gathering Analysis Study on Motorcycle
Safety Helmets” (September 1999), was commissioned to determine the detailed injury
mechanisms for head and neck injuries. This study was needed because it was not
possible simply to interrogate the COST 327 database for this analysis because the data
was recorded as coded values for discrete variables. Therefore, it would not have been
possible, for example, to determine information such as body trajectory during the impact,
the direction of the impact force to the head and the head impact speed related to the
mechanisms that caused the skull and brain injuries.
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This task needed very detailed accident reconstruction with a multi-disciplinary
assessment to relate medical information with the physical parameters describing the
linear and rotational motion of the head and the type and direction of the forces. It was
decided that the study should be confined to cases where the head injury was AIS 2 and
greater because much more detail was available in these cases. The database contained
n=128 cases of motorcyclists with head injuries AIS 2 and greater but of these only n=81
cases were sufficiently comprehensive for a detailed analysis as indicated in Table 3.16.

Table 3.16 Head injury severity

COST database

total number cases for special study
AIS Head n % n %,
uninjured 87 32.6 - -
AlIS1 52 19.5 - -
AIS 2 30 11.2 8 9.9
AIS 3 20 7.5 14 17.3
AIS 4 20 7.5 11 13.6
AIS S 30 11.2 23 28.4
AIS 6 28 10.5 25 30.8
Total 267 100.0 81 100.0

Head injury severity grades of COST database and gathering study
(n=3 AIS unknown in COST database)

A mechanism was determined for each injury even when a casualty sustained multiple
injuries and for the 81 cases 409 injuries were analysed. The forces were divided into
direct, indirect or contracoup and the results are given in Table 3.17.

The study has shown that 57.5% of the forces transmitted to the head were indirect 31.3%
were direct and 11.3% were considered to be contracoup, Table 3.17.

Table 3.17 Force related to injury location

Absolute Frequency Relative Frequency
Impact force direct 128 31.3%
Impact force indirect 235 57.5%
Contre Coup 46 11.3 %
Total 409 100.0 %

Most of the contusions, laceration wounds, comminuted fractures and teeth defects were
correlated to direct impact force transmission, Table 3.18. The complicated middle face
fracture, Le Fort III, also occurred from a direct force. A so-called “concussion” which is
defined as unconsciousness was always caused by an indirect impact force. Brain ruptures
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or vascular separation and subarachnoid bleeding, brain oedema, were caused mostly by

an indirect force.

Table 3.18 Type of injury and force.

Total Impact Impact Contre
force force Coup
direct indirect

Type of injury Lo 100%---------------- >
Total n =409 31.3% 57.5% 11.2%
Injury NFS 0.5% 50.0% 50.0% -

soft tissue
Contusion 2.9% 91.7% 8.3% -
Haematoma 1.7% 71.4% 28.6% -
Abrasion 13.4% 87.3% 12.7% -
Laceration 0.5% 50.0% 50.0% -

skull
Luxation 0.2% - 100.0% -
Fracture 22.5% 50.0% 50.0% -
Ring fracture 0.5% 50.0% 50.0% -
Comminuted fracture 0.2% 100.0% - -
Teeth defect 0.2% 100.0% - -

brain
Concussion 0.5% - 100.0% -
Contusion 10.3% 7.1% 66.7% 26.2%
Haematoma (subdural) 12.0% 2.0% 69.4% 28.6%
Haematoma (epidural) 2.2% 11.1% 66.7% 22.2%
Brain oedema 2.4% 10.0% 90.0% -
Subarachnoid bleeding 15.9% 1.5% 78.5% 20.0%
Intracerebr. bleeding 4.6% 15.8% 73.7% 10.5%
Ventricle bleeding 0.7% - 100.0% -
Rupture 8.1% 6.1% 81.8% 12.1%
Vascular separation 0.2% - 100.0% -
Anisocoria 0.2% 100.0% - -

Table 3.18 presents the location of injury related to the type of force. This table indicates
that most of the injuries to the middle face structure are correlated with a direct impact
force whereas most of the brain injuries and even some skull fractures in the upper region
of the head were caused by an indirect force.
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Table 3.19 Location of injury and consequences of transmission

Total Impact force | Impact force| Contre
direct indirect Coup
Location of injury D — 100%---------------- >
Total n =409 31.3% 57.5% 11.2%
head injury NFS 2.4% 80.0% 20.0% -
scalp 2.2% 88.9% 11.1% -
vault 5.1% 85.7% 14.3% -
bony occiput 0.7% 66.7% 33.3% -
base of skull 11.2% 8.7% 91.3% -
forehead 1.0% 100.0% - -
orbit 1.0% 100.0% - -
face NFS 4.6% 100.0% - -
frontal sinus 0.5% 100.0% - -
middle part of face 1.2% 100.0% - -
eye 1.2% 60.0% 40.0% -
eyelid 1.2% 100.0% - -
ear 0.5% 100.0% - -
ear drum 0.2% - 100.0% -
nose 1.7% 100.0% - -
nasal bone 1.2% 100.0% - -
lower part of face 0.2% 100.0% - -
cheek 0.2% 100.0% - -
upper jaw 0.7% 100.0% - -
lower jaw 2.0% 87.5% 12.5% -
teeth 0.2% 100.0% - -
lip 1.0% 100.0% - -
chin 1.2% 80.0% 20.0% -
Brain NFS 42.5% 5.2% 72.4% 22.4%
cerebrum 2.7% 9.1% 81.8% 9.1%
cerebellum 3.9% - 81.2% 18.8%
Tentorium cerebelli 0.5% - 100.0% -
brain stem 6.8% 3.6% 85.7% 10.7%
ventricle 0.7% - 100.0% -
brain basilar artery 0.2% - 100.0% -
Neck cervical vertebra 0.7% - 100.0% -

(NFS = not further specified)

The location of each of the 409 injuries was related to the type of force that caused the
injury and the results are given in Table 3.19. The direct impacts were distributed evenly
over the entire head, with the greatest numbers of fractures, 4.4%, located at the vault.
One hundred and seventy six, 75%, of the indirect impacts were located at the brain and
brain stem and 42, 18%, were fractures of the base of the skull. The contre coup injuries
were located only at the brain or brain stem.

Skin and soft tissue injuries, with only few exceptions, were caused by direct impact.
Fractures of the vault were caused mainly in direct impacts, 86%, with a few, 14.3%,
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caused by indirect impacts. Conversely, 91% of fractures of the base of the skull, 82% of
the cerebrum lesions and 81% of the cerebellum lesions were caused by indirect impacts.
Contracoup impacts were responsible for 9% of cerebral lesions and 19% of cerebella
lesions.

Thirty-four percent of the injuries were located on the right side of head, 30% on the left
side and 21% were to the front; occipital injuries were infrequent.

Risk of injury with increasing speed of head impact did not differ greatly with the three
types of force as is shown figure 3.18. In only four cases was the impact speed less than 30
km/h and, therefore, statistically, each of the curves begins at above 30km/h.

= direct impact force
= jndirect impact force
= contre coup

100 [%]

. ﬁ
) Ve il
40

\ 7

0

10 20 30 40 50 60 70 80 90 100 >100
Head Impact Speed

COST database injuryspeed

Figure 3.18. Consequences of force transmission related to head impact speed

Figure 3.19 demonstrates brain injury risk for the cerebrum in relation to head impact
speed and figure 3.20 shows similar curves for other parts of the brain, cerebellum, brain
stem, cerebral ventricle and blood vessels. It can be seen that injuries to these other parts
often tend to occur at high speeds.

m direct impact force
= indirect impact force
== contre coup
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Figure 3.19. Brain injury risk for injuries of cerebrum
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= direct impact force
== indirect impact force
= contre coup
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Figure 3.20. Brain injury risk for injuries without cerebrum

The mechanisms were analysed for the tendency to occur in translation and rotation about
the x, y and z-axes. It can be seen from figure 3.21 and table 3.20 that 30% of the injuries
AIS 2 and greater were caused by translation, 23% by rotation in the y axis and 27%
resulted from a combination of linear and rotational motion.

Resulted force transmission
%

30.1

not specified translation rotation Z rotation Y rotation X rotation combined
force transmission
COST database

Figure 3.21. Resulted force transmission

Neck injury - cervical spine fracture, was examined in relation to three force mechanisms:
direct transmission, compression and inertial loading without impact. Table 3.21 gives the
results for single fractures and Table 3.22 for multiple fractures and in both sets, by far the
dominant mechanism was direct impact. This is further evidence that the helmet does not
increase the risk of injury to the neck.
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Table 3.20 Results of force transmission related to head injury type

not trans- rotation around

total | specified | lation | Z Axis | Y Axis | X Axis | combined
‘L(?cation of < 100% <
injury
Total n =409 7.3%| 30.1%| 0.8%| 27.7% 9.2% 24.9%
head injury NFS 2.4% 33.3%| 33.3% -1 11.1% - 22.2%
scalp 2.4% - 222%| 11.1%| 33.3% - 33.3%
vault 5.5% 14.3%| 42.9% -1 14.3% 9.5% 19.0%
bony occiput 0.8% -| 33.3% -| 33.3% - 33.3%
base of skull 11.8% 8.9%| 33.3% - 24.4% 11.1% 22.2%
forehead 1.0% -1 50.0% -1 25.0% - 25.0%
orbit 1.0% - - -1 50.0% - 50.0%
face NFS 3.7% 14.3%| 35.7% -1 28.6% - 21.4%
middle part of 1.0% - - -1 100.0% - -
face
frontal sinus 0.5% -1 100.0% - - - -
eye 1.0% -1 50.0% -1 25.0% - 25.0%
eyelid 1.3% -1 20.0% -1 20.0% - 60.0%
ear 0.3% - - - - - 100.0%
nose 1.8% -1 57.1% - 14.3% - 28.6%
nasal bone 1.3% -1 20.0% -1 60.0% - 20.0%
lower part of 0.3% - - -1 100.0% - -
face
cheek 0.3% -1 100.0% - - - -
upper jaw 0.8% - - - 66.7% - 33.3%
lower jaw 2.1% - - -1 50.0% - 50.0%
teeth 0.3% - - - - - 100.0%
lip 0.5% -1 50.0% -1 50.0% - -
chin 1.3% -1 40.0% - - - 60.0%
brain NFS 43.5% 7.8% 1.3% 1.2%| 23.5% 12.7% 23.5%
cerebrum 2.6% 10.0%| 30.0% -1 20.0% - 40.0%
cerebellum 3.4% -1 30.8% - 46.2% 7.7% 15.4%
tentorium 0.5% - - - - - 100.0%
cerebelli
brain stem 6.8% 3.8%| 11.5% -1 53.8% 15.4% 15.4%
ventricle 0.8% 33.3%| 66.7% - - - -
brain basilar 0.3% - - -1 100.0% -
artery
neck cervical 0.8% - - -1 333%| 33.3% 33.3%
vertebra

(NFS = not further specified)
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Table 3.21 Cervical spine fracture related to force mechanism.

Location of Mechanisms of force
injury

No. Direct force | Compression Isol. inertial

transmission load

Cl 6 4 1 1
C2 5 4 - 1
C3 3 1 - 2
C4 5 3 - 2
C5 2 2 - -
Co6 2 2 - -
C7 3 2 1 -
dens 1 1 - -
n.fis 6 5 1 -
Total 33 24 (72.7%) 3(9.1%) 6 (18.2%)

Table 3.22 Multiple cervical spine fractures related to force mechanism.

Location of Mechanisms of force

Injury No. Direct force | Compression | Isol. inertial
major combined transmission load
fractures

Cl+C2 4 3 -

C3+C4 3 1 - 2
C4+C5 1 1 - -

C6 +C7 2 2 - -
Cl+C7 1 - 1 -
C2+C5 1 1 - -
Total 12 8 (67%) 1(8%) 3 (25%)

3.8. EFFECT OF CLIMATIC CONDITIONS ON ACCIDENT RISK

3.8.1. Introduction

This section is a description of the effect of climatic conditions on accident risk and is
included as part of the extension to COST 327. The data used for analysis were collected
by the research groups at the University of Hannover, the Central Organisation for Traffic
Safety in Finland, and Glasgow Southern General Hospital.

The data used was a sub-set of the COST 327 database and was collated on a form devised
specifically for the purpose of examining the data to study the possible adverse effect of
climatic conditions on the potential for increasing the risk of a motorcycle accident. It
should be noted that the most appropriate method would have been to study the direct
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consequences of unfavourable physiological conditions such as sweating from excess
body temperature and extreme cold. However, because this was a retrospective study such
data was not available. Thus, the study was based upon an analysis of accidents and the
prevailing weather conditions. One hundred and forty six (146) cases, 111 from Hannover
and 35 from Finland were analysed.

3.8.2. Analysis
The climatic conditions obtained in relation to the occurrence of the accidents was as

follows:
- temperature
- humidity
- air pressure
- wind speed

For the Hannover cases, the monthly reports of the German Meteorological Service at
Langenhagen airport was used. For the Finnish cases, only temperature could be collected
for Helsinki and the Lapland area.

It is difficult to analyse the influence of climatic conditions retrospectively because
although weather conditions are an indication of potential problems for the rider it is not
possible to be certain that adverse conditions were a principal cause. The following
diagram is an attempt to identify the link between poor physiological conditions, human
factors and the consequences.

Increasing temperature

sweating < |
humidity

Increasing temperature

viewing Handling

misuse

ventilation

Increasing temperature

@ transmission visor

Figure 3.22. Identification of links between human factors

This study has investigated the effect of climatic conditions on the likely conditions within
the helmet and on road conditions and, in turn, on the accident risk. Loss of control, in
particular, was studied.
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Table 3.23 Head injury severity

COST 327 database
Total number Basis of gathering Climate study<
COST database study

AIS Head n % n % n %
Uninjured 87 32.6 - - 64 40.8
AIS 1 52 19.5 - - 37 23.6
AIS 2 30 11.2 8 9.9 22 14.0
AIS 3 20 7.5 14 17.3 7 4.5
AIS 4 20 7.5 11 13.6 11 7.0
AIS 5 30 11.2 23 28.4 10 6.4
AIS 6 28 10.5 25 30.8 6 3.8
Total 267 100.0 81 100.0 157 100.0

3.8.3. Comparison of climate conditions in the different countries

For the countries within the study, the distribution of the mean monthly temperature is
shown in figure 3.24. For Finland, sub-zero temperatures occur from December until
March for the Helsinki area and from November until April for the Lapland area. The
highest mean temperature for the summer period in Finland is less than 20°C compared

with 20°C for Hannover. Figure 3.24 below shows the average temperatures in the years
1996 to 1999.

3.8.4. Climate conditions in accidents

The weather conditions in most of the accidents was good because, in general,
motorcyclists do not travel in very bad weather conditions such as when there is snow and
ice on the road. Wind speed and air pressure were studied but found to have little
influence on the accidents and the analysis has been excluded from this section.

The distribution of temperature for all of the cases from Germany (Hannover) and Finland
that were analysed is shown in figure 3.23. The overall mean value was 16°C for the
accident cases whereas the mean annual value for Hannover was 9.4 °C, for Helsinki
5.7 °C and for Lapland -0.75 °C. This illustrates that the accidents tended not to occur in
very cold weather.
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COST 327 - Climatic conditions
Temperature (n=146)
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Temperature in Finland (n=35)
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COST 327 - Climatic conditions
Temperature in Hannover (n=111)
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Figure 3.23. Distribution of temperature of COST cases (100% all accidents with

motorcycles)
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COST 327 - Climatic conditions
Average Temperatures in Helsinki

°C
25

20

10

STl

-10

April
May
June
July

Majr

-15

‘D 1996 M 1997 01998 M 1999

COST 327 - Climatic conditions
Average Temperatures in Lapland
°C

20

15

10

-10 4

-15 4

-20

-25

11996 M1997 (01998 WM 1999

COST 327 - Climatic conditions
Average Temperatures in Hannover

°C
25

20

15

June
July
Oct.
Nov.
Dec

en
=
<

Sept.

-
<
=

Jan
Feb.
April

n
March

‘51996 W1997 01998 WM 1999

Figure 3.24. Official average temperatures.
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The distribution of humidity for the accident cases of Germany (Hannover) only is shown
in figure 3.25. The mean value lies at 69% whereas the mean annual value for Hannover
is a humidity of 76%.

COST 327 - Climatic conditions
Humidity (n=111)
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Figure 3.25. Distribution of humidity

It was found that there was a relationship between humidity and temperature at the time of
the accidents as may be expected.
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Figure 3.26. Distribution of humidity and temperature
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COST 327 — Climatic conditions
Month of accident (n=146)
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Figure 3.27. Monthly reported motorcycle accidents in different areas
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3.8.5. Visor condition and accident risk.

Tables 3.24 and 3.25 give a general comparison between the weather and visor conditions.

Table 3.24 Visor and weather condition compared.

Precipitation
Total Yes |None |Rainfall |Hail |[Snow | Freezing | unknown
n.f.s. rain

Total 146 1 136 9 - - - -
Condition of visor

Not 27 - 23 4 - - - -
applicable

Good 27 - 27 - - - - -
Scratched 39 - 34 5 - - - -
Cloudy 1 - 1 - - - - -
unknown 52 1 51 - - - - -
Total 100% - 100% | 100.0% - - - -
Condition of visor

Not 28.7% - 271% | 44.4% - - - -
applicable

Good 28.7% - 31.8% - - - - -
Scratched 41.5% - 40.0% | 55.6% - - - -
Cloudy 1.1% - 1.2% - - - - -
Total [100.0% | 0.7% [ 932% | 62% | - | - [ - -
Condition of Visor

Not 100.0% - 85.2% 14.8% - - - -
applicable

Good 100.0% - 1100.0% - - - - -
Scratched | 100.0% - 87.2% 12.8% - - - -
Cloudy 100.0% - 1100.0% - - - - -
Unknown | 100.0% | 1.9% | 98.1% - - - - -

A substantial number of helmets were fitted with visors in poor condition; excluding the
unknown, 41.5% were scratched. A combination of a scratched visor and rainfall was
considered to be the condition in which an accident was most probable and this occurred
in 55.6% of cases. It should be noted that in 28.7% of all cases the helmet was not fitted
with a visor ("not applicable" in the Tables 3.24 and 3.25).
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Table 3.25 Visor condition and rainfall.

Precipitation rate
Total No rain Light Medium | Heavy Unknown

Total 146 136 5 5 - -
Condition of visor

Not 27 23 3 1 - -
applicable

Good 27 27 - - - -
Scratched 39 34 1 4 - -
Cloudy 1 1 - - - -
Unknown 52 51 1 - - -
Total 100.0% | 100/0% 100.0% 100.0% - -
Condition of visor

Not 28.7% 27.1% 75.0% 20.0% - -
applicable

Good 28.7% 31.8% - - - -
Scratched 41.5% 40.0% 25.0% 80.0% - -
Cloudy 1.1% 1.2% - - - -
Total 100.0% 93.2% 3.4% 3.4% - -
Condition of Visor

Not 100.0% 85.25 11.15 3.7% - -
applicable

Good 100.0% | 100.0% - - - -
Scratched 100.0% 87.25 2.6% 10.3% - -
Cloudy 100.0% | 100.0% - - - -
Unknown 100.0% 98.1% 1.9% - - -

3.8.6. Analysis and results

3.8.6.1 Cases influenced by climatic conditions
Fifteen cases, six from Finland and 19 from Hannover, Germany, were identified in which
climatic conditions were considered a contributory cause. These cases are listed below
together with the cause.

15 (UPK 28/95) road was poorly lit, motorcyclist travelling too fast

18 (OPK 43/96) cloudy dim night

20 (HPK 86/95) tinted visor, darkness

30 (POPK 6/98) tinted, scratched visor, darkness

34 (PIPK 12/98) darkness

35 (PIPK 13/98) possibly glare, motorcyclist overlooked the turning camper van
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114202
114658
114865
115475

115796
115995

116134
116216
116267

possibly wetness caused loss of handling
fog approximately 100 m caused reduction of view, too fast
wetness and mud on the road

heavy rain, car began to slide, motorcyclist lost the handling of his
motorcycle

probably reduction of view due to rain

possibly reduction of view due to rain, sliding motorcycle caused by
wet road?

loss of handling due to wetness
possible glare
integral helmet without visor, possible reduction of view due to rain

3.8.6.2 Analysis of the 146 cases.

In most of the cases, 88 %, the road was dry and in 93%, there was no precipitation. It
was raining in 7% of cases. Seventy-one percent of all the accidents occurred in daylight,
20 % at night and 9% at half-light (dusk/dawn). The weather conditions caused loss of
handling in two of the 146 cases, 1.4%, and speed of the motorcycle inappropriate to the
road conditions was the cause of nine accidents 6.2%.

Poor visibility caused 7, 4.8%, of accidents: four from heavy rain, two from fog and one
from glare from the sun. Extreme physiological conditions were investigated as a possible
cause. Two cases were found: one with high temperature and high humidity and one with
very low temperature and snow. In addition, there were three cases where the temperature
was high and the riders were wearing leather clothes. It is possible, though not confirmed,
that these conditions were uncomfortable and contributed to the accident.

Two cases have been included below to clarify the analysis.
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Case 35 (PIPK 13/98) Finland

Course of events during accident:

The driver of a motorcycle (Yamaha) rode along a rural road exceeding the speed limit.
From the opposite direction, a camper van drove on the street. He was starting to turn
without noticing the approaching motorcycle. The motorcyclist was killed in this
accident.

Photo of helmet:

Climatic condition:

The weather was half-clouded with a temperature of 18°C. The road surface was dry. The
motorcyclist failed to notice the turning camper due to glare from the sun.

Collision situation:

Photo of motorcycle:
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Case 14.658 Germany / Hannover

Course of events during accident:

A motorcycle (Honda CB 500) driver wanted to pass a passenger car, which was slowly
driving at the end of a traffic jam. The weather condition was not good, the sight distance
was approx. 100m due to fog and the road surface was wet. The motorcyclist failed to
notice a truck (IVECO MAG) which was driving on the opposite site of the road. The
motorcycle collided frontal with the front parts of the truck. The Honda driver was
severely injured in this accident (AIS 5).

Photo of helmet:

Climatic condition:

The driver of the motorcycle tried to overtake some cars despite the reduction of visibility
caused by the fog. He didn't notice the oncoming truck and collided with it. An influence
on climate related to high humidity can be assumed.

Collision situation:

V=65 km/h

=B
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3.9. CONCLUSIONS

1. The COST 327 action has provided the first European database compiled from a
detailed study of motorcycle accidents. Cases were drawn from Glasgow UK, Hannover
and Munich, Germany and Helsinki and Lapland, Finland. From the national statistics of
these countries, it was found that, overall, only 20% of riders admitted to hospital suffered
a head injury. This indicated that current helmets offer good protection. However, 16%,
overall, sustained a head injury of AIS 2-4 and this indicated that improvements to helmets
would offer a worthwhile saving in injuries.

2. Analysis of the COST database showed that 66.7% of the casualties sustained a head
injury and 26.7% a neck injury. Fifty seven percent sustained a thorax injury and 72.9%
leg injuries. When the injuries were analysed by MAIS it was found that the proportion
with a head injury increased from 38% for MAIS 1 to 81% for MAIS 3 and greater. It was
thus concluded that the risk of sustaining a head injury increased as the MAIS increased.

3. Location of helmet damage was distributed evenly with 26.9% lateral right, 26.3%
lateral left, 23.6% frontal and 21.0% to the rear. Other frequently damaged locations were
the forehead 16.1% and the chinguard, 15.4%. Impacts to the crown at 2.2% were less
frequent.

4. It was found that head injury severity increased with head impact speed quite
remarkably. The median was 18km/h for AIS 1, 50km/h for AIS 2-4 and 57km/h for AIS
5/6. Thus, it was estimated that an increase in helmet energy absorbing characteristics of
some 30% would reduce 50% of the AIS 5/6 casualties to AIS 2-4. Further analysis
showed that 20% of AIS 5-6 casualties could be reduced to AIS 2-4 if the energy absorbed
by the helmet could be increased by some 24%.

5 Of particular interest was the median speed at which brain injury occurred, which may
be assumed to be indicative of the sensitivity of the brain to a given impact severity at
different locations. The median speed for concussion (considered separately to other brain
injury types) at 43km/h was lower than that for brain injury, 60km/h. Injury to the brain
was not particularly sensitive to the impact location, as shown by the median speed. This
was just below 60km/h for the rear, upper and lateral regions and just above 60km/h for
the chinguard and forehead.

6. Mass of a helmet did not affect the type or severity of an injury. Open-faced helmets
were as protective as full-faced helmets except when the impact was to the face.

7. Angle of body impact was investigated and it was calculated that 68% occurred at an
angle of 30 degree or less to a line vertically through the body and thus with the potential
to induce substantial rotational motion to the head. Thirty two percent were at an angle
greater than 60 degree. This is consistent with a separate analysis that showed that
rotational motion contributed to head injury in over 60% of casualties.

8. Neck fractures were found to occur primarily with impacts to the face whilst bending
moments from low severity head impacts tended to be the main cause of neck strain, AIS
1. Eighty percent of AIS 1 neck injuries occurred at speeds of up to 60km/h and 80% of
injuries AIS 2 or greater occurred at speeds above 45km. Severe neck injuries, AIS 4 and
greater, were always associated with severe head injuries. Analysis showed that there was
a 30% probability of an AIS4 or greater neck injury for head injuries of AIS 5/6.

9. The effect of climatic conditions on accident risk was investigated as part of the
extension to COST327. Trends were difficult to identify because this was a retrospective
study and only regional climatic data was available and not for the location of each
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accident. However, of the 111 accidents investigated, climatic conditions were estimated
to have been the prime cause of 10 accidents, 9%. Of these, 6 (5%) occurred when the
temperature was low, less than 10°C and at high humidity, greater than 80%. Thus, the
tentative link between high humidity at low temperature and accident risk should be
further investigated.
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CHAPTER 4. HEADFORM ASSESSMENT

4.1. INTRODUCTION

A helmet is a very effective device to protect the head of a motorcyclist against severe head
injuries. Helmets currently sold within the European Community must comply with the
requirements of a Standard such as UNECE Regulation 22 for which helmets need to be
tested dynamically using a headform. The protection afforded by the helmet is judged by the
results of these tests, which, in turn depend critically upon the choice of the headform and
associated instrumentation. Standards specify the use of headforms made of a rigid material,
usually metal, as in Reg. 22, but sometimes wood as in BS 6658. These headforms resemble
the human head only in mass and shape and, therefore, may not be the best tool for evaluating
helmets; a typical dummy head is similarly constructed but is covered with a plastic material
to represent flesh.

The purpose of the research undertaken by the Headforms Working Group was to investigate
the performance of these existing headforms and then compare the results with those from a
novel, more human like, device. This novel device known as the Bimass headform represents
the skull and brain with two masses connected by damped springs and carefully constructed
to give the correct modal frequency response. The Bimass described here is the version based
upon a Hybrid III headform developed by Strasbourg University which was granted a study
contract by the EC. Included in this development was the construction of a FE model of the
new headform, which was used to assist with the physical model development. It was also
used in accident reconstruction in parallel with the physical headform. Experimental tests can
be time consuming and the FE model provided a convenient and inexpensive means of
examining a wide range of impacts. The original version of the Bimass was based upon an
Onser dummy and was evaluated as part of the Working Group research. The tests and
results are fully described in the final report of the Working Group on Headforms.

A detailed description of all of the headforms used in the tests including details of the
construction and performance of the Bimass headform is given in section 4.2. The results of
the wide range of tests are given in section 4.3. A discussion of the selection of headforms is
given in section 4.4 and the conclusions are in section 4.5.

4.2. CHARACTERISTICS OF EXISTING HEADFORMS

Rigid headforms are generally used in standard tests to approve helmets. They may be made
of wood or of aluminium. Crash dummy heads (with or without modification) may also be
used to assess the protection afforded by safety helmets.

4.2.1. Wooden headform

Wooden headforms are normally used for shock absorption and penetration tests with fixed
headform and helmet assembly. Shape and sizes may correspond to EN 960 (see also section
2.2).

4.2.2. Aluminium headform

This kind of headform is mainly used for the falling headform test method. EN 960
‘Headforms for use in the testing of protective helmets’ of December 1994 describes the
details of the commonly used headforms in Europe. There are significant differences between
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those and the headforms used for the testing of helmets for drivers of motorcycles in northern
America.

Main properties of the EN 960 headform:

Material: Magnesium/Zirconium binary alloy with 0.3 to 0.8 per cent
Zirconium.
Density 1.79 kg/dm’

Resonance frequency of the headform not below 3000 Hz

Size: 15 sizes (A to Q) are defined, starting with a circumference of 500
mm up to 640 mm with intervals of 10 mm.

Mass: Only 5 sizes are designed for shock absorption tests and for
these sizes only, the masses are defined:

Letter Code Circumference in mm Mass in kg
A 500 3.1+0.10
E 540 4.11+0.12
J 570 4.7+0.14
M 600 5.6%0.16
O 620 6.1 £0.18

Shape and geometry: In contrast to other helmet standards EN 960 defines not only the
shape of the upper part of the head, but also gives figures for the
lower head, including the chin.

A point G is defined for the mounting of the accelerometers. This
point should lie near the centre of gravity.

4.2.3. Hybrid II dummy head

The Hybrid II dummy was developed by General Motors in 1972 to assess the integrity of the
lap/shoulder belt systems. The Hybrid Il dummy exists only in the 50th percentile size, and is
fully specified in the PART 572 of FMVSS 208. The Hybrid II dummy is considered to have
a limited impact response biofidelity, and is used to test the resistance of protection devices
rather than assessing injury protection level.

4.2.4. Hybrid III dummy head

The Hybrid I1I is the result of a research programme performed in the early 1970’s aimed to
develop a biofidelic anthropometric and anthropomorphic test device. The Hybrid III dummy
was designed by General Motors and first presented in 1977. The first version of the Hybrid
III dummy represented the 50th percentile of the male adult, and more recently it has been
completed with a small female (5th percentile female.) and a large male (95th percentile
male).

4.2.5. Bimass head form

The experimental analysis of the in vivo human head's dynamic response revealed a natural
frequency at about 120 Hz accompanied by a "decoupling" of about 1 kg mass (figure 4.1).
This leads to the hypothesis that there is "decoupling" of the brain with respect to the skull. In
vitro epidemiological studies have revealed focal contusions, which appears to confirm the
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hypothesis of "decoupling". These studies form the basis of a lumped model, which
distinguishes between the brain mass and other masses present such as the frontal bone and
the rest of the skull. This work was conducted by the University of Strasbourg.
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Figure 4.1. In vivo head mechanical impedance

This was achieved by reducing the mass of a Hybrid III dummy head and attaching a
component in the centre, equivalent to the removed mass, to represent the brain. The two
masses were linked by means of a plastic element with geometrical and mechanical properties
to give a natural frequency of the head at 150 Hz.

In order to complete the design rapidly, a finite element (FE) model of the new dummy head
was developed, (figure 4.2) and tested in the frequency and temporal domains. The FE model
was also a fundamental part of the theoretical accident reconstruction used in parallel with the
human head FE modelling (see section 3.4). Instrumentation was added to the physical head
to record and analyse multi-directional impacts so that 3D translation and rotation of the
"skull" could be recorded as well as the 3D motion of the "brain" within the "skull". This was
achieved by fitting each body with four three-axial accelerometers.

The outputs of this physical head model are the skull acceleration, the brain acceleration and
the brain-skull relative acceleration. Each one of these parameters can be related to a specific
head injury mechanism. Skull acceleration can be related to skull deformation and related
lesions such as extradural haematoma and skull fracture. The brain-skull relative motion is
indicative of subdural haematoma and focal cerebral contusions and, finally, linear brain
acceleration remains the main indicator of intracerebral contusions and haematoma.

Figure 4.2. Numerical and physical model of the Bimass 150 dummy head prototype.
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The prototype headform was validated using modal analysis on the frequency response
measured in the horizontal plane in a variety of directions. This response conformed to
expected results both in terms of the natural frequencies and modal shapes. A de-coupling of
a mass of about 1 kg occurred at the natural frequency of 140 - 150 Hz, with a damping of
10%. This validated the Bimass against the human head in the 10 - 500 Hz frequency range.

In the temporal domain, the prototype was first subjected to non-helmeted direct impacts on a
flat anvil at a 2 m/s speed. Figure 4.3 below shows the linear skull and brain acceleration
amplitude for two parietal impacts and the theoretical result obtained by simulating this
impact with the dummy FE model. In the temporal domain, the physical model has good
reproducibility and its response agrees with that of the FE model. Results from the Bimass
were compared with those from a conventional Hybrid II headform and it was found that the
Bimass gave greater values of acceleration. It was concluded that the headforms are too
different for comparison to be productive.
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Figure 4.3. Non helmeted Bimass 150 parietal impact on a flat anvil at 2 m/s. Graphics
show the linear skull and brain acceleration amplitude for two experiments (dotted
lines) and for the FEM simulation (solid line).

4.3. IMPACT RESPONSE

4.3.1. Introduction

There are currently a number of headforms used to test crash helmets throughout the world.
This can cause uncertainties when results obtained using different headforms are compared
with each other. The aim of this study was to compare the results from drop tests on the four
most common headforms used at TRL; a wooden headform to BSI specification, a Hybrid II,
a Hybrid IIT and an aluminium headform used in Regulation 22. The headforms were tested
both for rotational and linear acceleration by conducting drop tests onto an oblique anvil and a
flat anvil respectively. The test procedures are described in detail below. These results were
compared with equivalent tests from the prototype Bimass headform performed at EMPA, see
section 4.3.3.

4.3.1.1 Aims

4.3.1.1.1 Tests for linear acceleration
The aims of the linear impact tests onto a flat anvil were as follows:-
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1. To establish the differences in linear acceleration levels recorded by different headforms
during impact at a given velocity.

2. To investigate which of the following headform parameters; mass, kinetic energy (i.e. the
variation between headforms at the same velocity), surface (e.g. skin covering on the Hybrid
headforms) and helmet construction have most effect on the measured acceleration.

3. To assess the importance of the impact site on the helmet.

4.3.1.1.2 Tests for rotational acceleration
The aims of the rotational impact tests onto an oblique anvil were as follows:-

1. To establish the differences in rotational acceleration levels recorded by different headforms
during impact at two velocities (i.e. Sm/s and 10m/s).

2. To investigate the effects of headform inertia, helmet inertia and friction between the
headform and the helmet and to ascertain which of these is the most significant.

3. To find which headform yields the most consistent results. In the past, at TRL, a large amount
of variability has been observed when the wooden headform has been used in oblique impact
tests. It was hoped that the work described in this report would confirm or refute this.

4. To find which headform is the most suitable for oblique impact tests and to determine the
reasons why.

4.3.1.2 Equipment

Table 4.1 below, shows the masses and moments of inertia of the headforms considered here and
Table 4.2 shows the masses and moments of inertia of the different helmets used. The
headforms and helmets were weighed on a Mettler optical balance while their moments of inertia
about the vertical axis (z-axis) were measured using a torsional pendulum facility. The z-axis for
the headforms is the standard anatomical z-axis which passes through the centre of gravity of the
head. The z-axis for each helmet is the same as that for the Hybrid III headform when placed on
the headform so that it complies with the peripheral vision requirements of BS6658.

Table 4.1 Headform Specifications

Wooden Aluminium | Hybrid II Hybrid III | Bimass
Size L,590 mm |J, 570 mm J, 570mm J, 570 mm J, 570mm
Mass [kg] 5.07 4.94 4.27 4.81 5.61
Moment of inertia 17,200 19,100 14,700 19,200 17,670
about Z axis [kg.mm?’]

Accelerometers Nine accelerometer array

It can be seen in Table 4.1 that the moment of inertia for the Hybrid III headform is about 30%
higher than that of the Hybrid II. This difference is due to the fact that the mass in the Hybrid I1I
is concentrated more towards the perimeter of the headform than in the case of the Hybrid II. It
should be noted that the Bimass (see 4.3.3) is included here for completeness.

Four helmet types were used, two open faced and two full-faced each in thermoplastic glass fibre
reinforced plastic (gfrp). The wooden headform required the use of a larger, size 3, helmet while
size 2 helmets were used on the other headforms.
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Table 4.2 Helmet Specifications

Model New Ace Nimrod Spectra Wasp
Type Full-face Full-face Open face Open face E
Material GFRP Thermoplastic GFRP Thermo-plastic
Size Size2 | Size3 | Size2 | Size3 | Size2 | Size3 | Size2 | Size3
Mass [kg] 1.60 1.65 1.35 1.48 1.27 1.29 1.01 1.14
Moment of 22,36 | 23,176 | 19,179 | 20,413 | 14,760 | 14,916 | 10,635 | 12,941
inertia about Z
axis [kg.mmz]

4.3.1.3 Procedure

4.3.1.3.1 Tests

The headforms were tested for both rotational and linear acceleration. The tests selected were
based on the shock absorption and oblique impact tests outlined in BS 6658:1985 and the same
impact velocities were incorporated here. Thus most of the oblique impact tests were conducted
at an impact velocity of 10m/s and a few were conducted at a quarter of the kinetic energy (i.e.
Sm/s ) for comparison purposes. It was decided to base the experimental work on BS 6658:1985
because the outcome of this work may influence the design of future helmet test standards.

4.3.1.3.2.Method

Linear acceleration was measured by dropping the helmeted headform onto a flat anvil with an
impact velocity of 7.5 m.s™. This is equivalent to the shock absorption test in BS 6658: 1985 for
a type A helmet. The anvil was a Kistler type 9293 force transducer set to measure the normal
force during impact. Each helmet was positioned for an impact to the forehead region, figure
4.5. It was found, afterwards, that the results from impacts at this particular site were sensitive to
the curvature of the helmet, thus a number of further comparative tests were conducted using the
rear of the helmet.

Rotational accelerations were measured by using the oblique impact test procedure given in BS
6658: 1985. The apparatus used for this test method is shown in figure 4.4. In the TRL helmet
impact facility the helmeted headform is not guided after being released from a pre-selected
height but is allowed to fall freely under gravity. Each helmeted headform was dropped onto an
anvil inclined at 15° to the vertical with an impact velocity of 10 m.s™. A few tests with each
helmet type were also conducted at 5 m.s™. The anvil was a Kistler type 9255 force transducer
allowing the measurement of both normal and tangential force. An abrasive sheet of grade 80
aluminium oxide was attached to the anvil's impact surface. Each helmet was impacted twice,
once on the left and once on the right side.
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Table 4.3 Mean performance of headform/helmet combination

Peak Normal [N] Peak Linear [g] HIC

Wood Al Hybrid | Wood | Al | Hybrid | Wood Al | Hybrid
1I 1T 1I

New 12742 10729 | 8829 217 189 | 185 1916 1549 | 1396
Ace

Nimrod | 12182 | 10699 | 8250 |206 178 | 176 1765 1657 | 1423
Spectra | 13192 | 9995 8901 251 194 | 208 2477 1574 | 1741
Wasp 12119 | 11781 |9449 |224 272 | 216 1986 1977 | 1739
Overall | 12552 | 10825 | 8739 |225 208 | 192 2053 1736 | 1542

The results are shown in Table 4.3. In general, the wooden headform experienced greater
peak accelerations and normal forces and higher HICs than the Hybrid II and aluminium
headforms. The results were reasonably consistent for a given helmet and headform
combination except for some of the results obtained with the Wasp helmet. Two of the
tests on the Wasp helmet using the Hybrid II headform gave high forces and accelerations.
The precise reasons for this are unclear but the most likely cause is the interaction between
the anvil and a press-stud on the front of the Wasp helmet during impact. In the first of
these three tests, which produced a lower acceleration and anvil force than in the latter
two, it was noticed that the damage to this stud was more severe indicating that it had
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absorbed some of the impact energy. Table 4.3 shows the average performance with each
helmet type and the overall mean results. Peak linear acceleration was 17 % higher for the
wooden headform than the Hybrid II for all helmet types except the Spectra for which the
wooden headform experienced accelerations 21 % greater. This correlates well with the
difference in mass between the two headforms, the wooden head is 19 % heavier than the
Hybrid I and so has a correspondingly higher kinetic energy at impact which must be
absorbed by the helmet.

The peak acceleration, normal force and HIC values for the aluminium headform lie between
those of the wooden and Hybrid II headforms. This is to be expected because the mass of the
aluminium headform is between those of the other two headforms (Table 4.1).

The median headform force versus displacement curves for the three tests on each helmet
type were plotted and examined. Figure 4.6 shows the Spectra helmet as an example. The
graphs showed that the wooden headform experienced a higher peak force but less
displacement, i.e. there is less liner crush. The differences in the peak forces experienced by
the three different types of headform are closely related to their different masses. More
displacement, of the order of several millimetres, is generally seen to occur with the Hybrid 11
and aluminium headforms than with the wooden headform. The reasons for this are because
the wooden headform was a larger size than the other two and, therefore, required a larger
helmet. To accommodate this, the liner for the larger helmet (size 3) was only 32mm thick
compared with 40mm for the size 2 helmets used with the Hybrid II and aluminium
headforms. This meant that for the wooden headform, the inside diameter of the liner is
larger which results in a greater surface area over which to distribute the force. Furthermore,
the thinner liner will appear to be stiffer because its density will increase at a greater rate with
increasing displacement and this will result in a lower total displacement.

The greater mass of the wooden headform would normally be expected to result in a higher
deflection compared with the Hybrid II but it seems that this may be counteracted by the
larger surface area of the wooden head distributing the force so that the wooden headform has
less deflection. From this, it could be expected that a wooden headform r, of a similar size to
the Hybrid II and aluminium headforms, should give closer results.
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Figure 4.6. Headform force v. displacement. Spectra helmet

An additional factor in the different displacements may have been the covering of the Hybrid
IT headform. It is possible that compression of this covering could result in greater
displacements of the headform by 2 to 3mm. However, a comparison of the Hybrid II and
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aluminium headform results shows that this effect is not significant since the displacement of
the Hybrid II is generally not more than that of the aluminium headform.

An example of the time histories of the median accelerations is shown, for the Spectra
helmet, in figure 4.7. The initial part of the three curves for a particular helmet is similar up to
an acceleration of about 500ms™ (51g). Beyond this point, the Hybrid II and aluminium
headforms experience a lower rate of acceleration increase and peak between 0.5 and 2 ms
later than the wooden headform reaches peak acceleration. In general, the acceleration pulses
for the Hybrid II and aluminium headforms tend to be between 0.5 and 4ms longer than those
for the wooden headform. Since the Hybrid II and aluminium headforms compress the liner
further, it should be expected that the peaks in the acceleration occur later and that it takes
longer to complete the pulse.
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Figure 4.7. Linear acceleration. Spectra helmet

Figure 4.8 shows all three forces versus displacement results for the aluminium headform
when tested inside a Nimrod helmet. It can be seen that there is a considerable degree of
scatter in the results. Initially, it was thought that the large amount of scatter in the aluminium
headform results, seen in figure 4.8, might be due to the choice of impact site at the front of
the helmet. As a consequence of the curvature of the helmet and because of the closeness of
the front of the helmet to the facial opening, it is believed that the dynamic mechanical

properties in this area might be particularly sensitive to the exact location of the point of
impact.
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Figure 4.8. Headform force v displacement for the aluminium headform in three
different tests using a Nimrod helmet
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Further comparative drop tests were conducted with the three headform types using the rear
of a Spectra helmet, which should be less sensitive to the position of the impact point.
However, a similar degree of scatter was also seen in these results. Unfortunately, a
considerable amount of 'ringing' was recorded with the wooden headform in these tests which
made the results invalid. The aluminium and Hybrid II results were more consistent in terms
of peak force but there was still 2 or 3mm variation in the displacement. Nevertheless, the
rear of the helmet is probably a more suitable impact site for use in future work.
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Figure 4.9. HIC v linear acceleration for all helmet types.

Figure 4.9 shows plots of HIC versus acceleration for all the flat anvil tests. The points for
the Hybrid II and aluminium headforms are reasonably close to each other and below those
for the wooden headform. In general, the wooden headform experiences higher accelerations
and consequently produces higher HIC values because of its greater mass and larger surface
area.

Peak linear acceleration is plotted against normal anvil force in figure 4.10. The grouping
between individual helmet types is close with each headform except for those results obtained
with the Wasp helmet. Visual inspection of the graph reveals that the wooden headform
gives the least amount of scatter in these results. However, the Hybrid II results appear to be
consistent if one ignores the two outlying Wasp results which were discussed earlier.
Unfortunately, the Hybrid III headform was not available during the linear impact testing
phase.
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Figure 4.10. Peak linear acceleration v normal force. All helmet types
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4.3.2. Rotational acceleration
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Figure 4.11. Rotational acceleration versus tangential force. All helmet types

Oblique impacts were performed at velocities of 10 m.s” and 5 m.s”". Oblique impact tests
were also conducted using a Hybrid III headform. A summary of the results is given in
Tables 4.4 and 4.5 which show average peak rotational accelerations and tangential forces
respectively.

Although the overall average tangential forces agree within +£10%, the peak rotational
accelerations for the Hybrid II and Hybrid III are considerably higher than those for the
wooden and aluminium headforms. This is in some part due to the lower moment of inertia
of the Hybrid II headform, but the main reason is that the friction between the headform and
the interior of the helmet is greater for the Hybrid II and III than for the other headforms. In
the series of impact tests using the aluminium headform described in this report, it was found
that this headform tended to slip several centimetres out of position after each impact. In
contrast, very little relative movement is observed between the Hybrid Il headform and the
helmet during impact and, after impact, the Hybrid II appeared to still be in its original
position inside the helmet.

Included in Tables 4.4b and 4.5b are the standard deviations from the means of the helmet
results considered here. They give an indication of the degree of scatter in the data. In Table
4.4b, the results for the Hybrid III headform have the largest standard deviations revealing
that the amount of scatter for these tests is greater than for those with the Hybrid II and
wooden headforms (overall standard deviation = 13%). Table 4.5b indicates that there is a
smaller amount of scatter in the measured tangential forces with the Hybrid II headform
producing the most consistent results (overall standard deviation = 7.6%).

Peak rotational acceleration against peak tangential force at the anvil is plotted in figure 4.11
for all of the oblique impact test results. On the assumption that tangential force is linearly
related to rotational acceleration, least squares regression lines have been also been plotted
for the four headform types.
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In figure 4.11, it can be seen that the regression lines for the Hybrid II, Hybrid III and
aluminium headforms are more or less parallel. The Hybrid II headform tends to have the
highest rotational acceleration for a given tangential force because it has the lowest moment
of inertia (see Table 4.1). The Hybrid III and aluminium headforms have similar moments of
inertia but the line for the Hybrid III lies above that for the aluminium because there is more
frictional coupling between the headform and the helmet with the Hybrid III than with the
aluminium headform. The relatively low correlation coefficient of 0.62 for the Hybrid III
results is an indication of the large amount of scatter in them although the reasons for this
scatter are uncertain.

The amount of slippage between the wooden headform and the helmet, which occurred
during impact is even more pronounced than with the aluminium headform and consequently
the rotational accelerations tend to be lower. This in part accounts for the different gradient
of the regression line for the wooden headform. Another factor, which may have affected the
gradient of this line, is that the wooden headform is a larger size than the other headforms and
the helmets fitted to it had slightly larger moments of inertia than those fitted to the other
headforms (see Table 4.1).
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Figure 4.12. Rotational acceleration v tangential force. Hybrid II and III headforms
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Figure 4.13. Rotational acceleration v tangential force. Hybrid II and Al Headform

For clarity, the results have been plotted separately for each headform in comparison with
those for the Hybrid II in figures 4.12 to 4.14. Figure 4.12 shows that there is good
agreement between the Hybrid II and Hybrid III results at both Sm/s and 10m/s. This is to be
expected because of the similar structure of these headforms.

Figure 4.14 shows that, at 10m/s, the range of tangential force over which the wooden
headform results for all helmet types are scattered, is larger than that of the other headforms
even though the consistency for a particular helmet type is reasonably good (Table 4.5b). It
would appear that the rotational acceleration recorded by the wooden headform is influenced
by the inertia of the helmets fitted onto it more than is the case with the other headforms. In
figure 4.14, it can be seen that the results for the full face helmets, which have higher
moments of inertia (Table 4.2), give higher rotational accelerations and higher tangential
forces.
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Figure 4.14. Rotational acceleration v tangential force. Hybrid II and wooden
headform
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The aluminium headform results, displayed in figure 4.13, also show a large amount of
scatter over a wide range of tangential force. It is this wide spread of results for both the
aluminium and wooden headforms, which produces the higher correlation coefficients of
0.84 and 0.81. The Hybrid II results at 10m/s are concentrated over a smaller range of
tangential force and so the regression line is not quite such a good fit to the data as indicated
by the lower correlation coefficient of 0.76. Overall, when both tangential force and
rotational acceleration are considered, the Hybrid II headform would seem to yield the most
consistent results as indicated by the relatively low standard deviations in Tables 4.4 and 4.5.

Table 4.4a Average peak rotational accelerations (rad. s7) for oblique drops at Sm/s

Hybrid IT Hybrid IIT Aluminium Wooden
New Ace 3293 1970 1872 1983
Nimrod 3452 3024 2116 2120
Spectra 3273 3284 2476 2411
Wasp 3099 2981 2492 2117
Overall 3279 2815 2239 2157

Table 4.4b Average peak rotational accelerations, R (rad.s'z) for oblique drops at
10m/s {s.d = standard deviation}

Hybrid IT Hybrid I1I Aluminium Wooden
R s.d. R s.d. R s.d. R s.d.
New Ace 5948 | 1322 | 5013 | 1572 | 4578 1059 4214 408
(22%) (31%) (23%) (10%)
Nimrod 6022 769 5336 | 1439 | 4880 865 5026 795
(13%) (27%) (18%) (16%)
Spectra 7402 765 5570 | 2046 | 5625 1475 4798 311
(10%) (37%) (26%) (6.5%)
Wasp 7455 754 6570 | 2562 | 6216 1169 4362 801
(10%) (39%) (19%) (18%)
Overall 6707 903 5622 | 1905 | 5325 1142 4600 579
(13%) (34%) (21%) (13%)

Table 4.5a Average peak tangential forces (N) for oblique drops at Sm/s

Hybrid II Hybrid III Aluminium Wooden
New Ace 806 774 1213 899
Nimrod 1013 999 1275 1139
Spectra 1010 1021 950 1079
Wasp 865 873 1096 909
Overall 924 917 1133 1007
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Table 4.5b Average peak tangential forces, T (N) for oblique drops at 10m/s
{s.d. = standard deviation}

Hybrid II Hybrid III Aluminium Wooden
T s.d. T s.d. T s.d. T s.d.
New Ace 1937 126 1883 73 1913 320 2129 215
(6.5%) (3.9%) (17%) (10%)
Nimrod 1951 72 2074 126 2096 130 2577 312
(3.7%) (6.1%) (6.2%) (12%)
Spectra 2022 168 1547 307 2349 501 2007 255
(8.3%) (20%) (21%) (13%)
Wasp 1656 211 1621 204 1974 234 1577 92
(13%) (13%) (12%) (5.8%)
Overall 1892 144 1781 178 2083 296 2082 219
(7.6%) (10%) (14%) (10%)

4.3.2.1 Frictional effects

Examples showing the variation of rotational acceleration and tangential force with time are
given in figures 4.11. The wooden headform takes between 1.5 and 2.5ms longer to reach
peak rotational acceleration than the Hybrid II headform but the tangential force traces for the
Hybrid II and wooden headforms are of similar shape and duration. The rotational
acceleration traces of the wooden headform decay at a slower rate after the peak and in some
cases, there also appears to be a second less pronounced peak as the force reduces.

These initial comparative tests on the Hybrid I and wooden headforms were conducted by a
previous researcher while tests on the aluminium headform were completed over a year later
using TRL's new helmet impact test facility. Results for the aluminium headform are shown
in black in figure 4.11. It can be seen that these results agree most closely with those of the
wooden headform except in the case of the Wasp helmet. For a given tangential force, the
rotational accelerations experienced by the aluminium headform were lower than those
produced with the Hybrid I headform (see also figure 4.11). The same is true of the wooden
headform which also gives rotational accelerations lower than those of the Hybrid II

The larger masses of the wooden and aluminium headforms account for the higher tangential
forces produced upon impact with the anvil at a given velocity. These larger tangential forces
might, at first sight, be expected to produce higher rotational accelerations but the effect is
more than compensated for by the fact that the wooden and aluminium headforms also have
larger moments of inertia. This is one reason why the aluminium and wooden headforms
experience rotational accelerations lower than the Hybrid II. However, the predominant cause
is believed to be the differences in the surface friction between the helmet and the headforms.

Mellor (1995) has suggested that the smooth surface of the wooden headform could explain
the difference in the performance between it and the Hybrid II. Calculations from film
analysis of the original tests showed that the wooden headform slips inside the helmet
substantially more than the Hybrid II. The Hybrid II has a maximum slip between headform
and helmet of approximately 3°. The wooden helmet shows a slip of 10°. To examine this
further, it is possible to calculate the dynamic friction between the headform and the helmet.

Friction can be calculated from:

n=T/N
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where p is the coefficient of friction, T and N are the tangential and normal forces
experienced by the headform. The forces can be calculated from the rotational and linear
accelerations of the headform.

The normal force can be found from:

N=ma
where m is the headform mass and a is the acceleration of the headform.
Tangential force can be found using:

T=1Ia/X

Where I is the mass moment of inertia of the headform about the Z axis, a is the angular
acceleration and X is the distance between the point of application of the force, i.e the surface
of the headform, to the centre of mass of the headform.

Using this method, graphs for the Nimrod and Spectra helmets were produced. The traces for
the Hybrid II headform show that once impact has occurred the dynamic coefficient of
friction rises steadily from about 0.1 up to a peak between 0.5 and 0.6 before falling. This
rise coincides with the rising force. The wooden headform gives a different graph. The
friction begins at between 0.1 and 0.2 it then rises at a much slower rate than the Hybrid II
and is still around 0.2 when the force on the headform is at its peak. As the force decays, the
friction continues to rise until there is a sharp increase to a high level at the end of the impact.

These results can be used to explain many of the differences between the two headforms. A
higher level of friction between the headform and the helmet will permit more of the force to
be transmitted between the two. For the Hybrid II the highest friction coincides with the
highest force and so, when the force is at its peak, there is a high transmission of this force to
the headform resulting in high acceleration. In the case of the wooden headform the level of
friction is much lower during the peak force and so less of the force is transmitted and the
peak acceleration is much lower than that experienced by the Hybrid II. Instead the head will
slip relative to the helmet as shown by Mellor (1995).

The sudden rise in the friction for the wooden headform as the force decays is probably due
to the head suddenly reaching the limit of slip at which point it becomes wedged against the
sides of the helmet and cannot slip further. Because the forces acting on the helmet at this
point are low compared with the peak, this high level of friction does not produce large peak
acceleration. Instead, the lower forces which are transmitted with greater efficiency result in
the slight secondary acceleration peak sometimes seen and the slower decay of the
acceleration pulse.

Comparison of rotational acceleration with tangential force in figures 4.11 to 4.14 reveals that
the wooden headform motion lags the tangential force input whereas, in the case of the
Hybrid II headform, the two are more or less in phase. This is a further indication that the
wooden headform slips for a short period of between one and two milliseconds before
locking into place and then rotating with the helmet. No such effect would appear to occur
with the Hybrid II headform. It is believed that the rotational behaviour of the Hybrid III
headform is similar to that of the Hybrid II because they each have the same skin covering.

Although tests using the aluminium headform were not filmed, it is believed that a similar
amount of slippage occurs during impact with this type of headform as with the wooden
headform, again because of the low level of friction between the surface of the headform and
the helmet. It was observed, after each impact, that the aluminium headform had been
appreciably displaced, something which does not occur with the Hybrid II headform. Thus
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the aluminium headform results are closer to the wooden headform results than those of the
Hybrid II.

4.3.3. Bimass response

More interesting was the prototype Bimass response during impacts when fitted with a
helmet. EMPA of St Gallen, Switzerland were responsible for these tests as part of the
collaboration between the Headforms and Test Procedures Working Groups. Brain
translational and rotational acceleration and brain-skull relative acceleration were
measured and recorded. Figure 4.15 gives the dummy response for a frontal impact on a
flat anvil at a speed of 5.95 m/s. These recordings illustrate results for the brain and skull-
brain dynamics that are typical when using the new dummy head prototype.
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Figure 4.15. Helmeted Bimass 150 frontal impact on a flat anvil at 5.95 m/s.
Graphics show the three components of the linear and angular acceleration of skull
and brain as well as the relative accelerations.
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4.3.4 Bimass and Hybrid IT headforms compared

4.3.4.1 Tests

The Bimass headform was compared with the Hybrid II in two series of tests. Three tests
using a flat, a kerbstone and an oblique anvil and five of the TRL replication tests as
described in Chapter 5. Table 4.6 below gives the test details and Table 4.7 gives the
results for the tests .

Tests using the Bimass headform were initially performed using the same impact
conditions as the best single replication using the Hybrid II headform; helmets of the same
type and model were used where possible. However, the instrumented Bimass at 5.45kg
was 0.95kg heavier than the instrumented Hybrid II and thus the Bimass impacts were
repeated at a lower velocity to give the equivalent energy. Moreover, the Bimass headform
was not fitted with a neck and was thus secured into the helmet with polystyrene between
the headform and chin strap.

Table 4.6 Test configurations

Description/Case Site Anvil Conditioning | Test velocity
Standard 1 Front Kerb Hot 75m/s
10m/s
Standard 2 Crown Flat Cold 75m/s
10m/s
Standard 3 Side 15 ol;hque Ambient 8.5m/s
abrasive
Replication G345 Side 45° asphalt Ambient 6.8m/s
Replication G197 Crown 30° concrete Ambient 9m/s
Replication G372 Front 30° concrete Ambient 12m/s
Replication G196 Side 30° concrete Ambient 7.5m/s
Replication G411 Side 45° lamp post Ambient 9.6m/s

The Bimass output was not directly comparable to that of the Hybrid II and nor was it
intended to be. However, given that the biomes performance is not well known it was
decided to compare the results for interest and understanding. Thus the following two
sections give a comparison of the outputs and potential correlation.

4.3.4.2 Results: linear acceleration

The test data from the ‘high speed’ tests show that the peak linear acceleration of the
Bimass headform skull was proportional to that measured using the Hybrid II for the same
impact conditions. A linear regression analysis gave an r* value of 0.57 for the relationship
1.06 x Hybrid II acceleration = Bimass acceleration.

However, it was noted that for case G411, the linear acceleration for the Bimass headform
was almost 80% higher than the 274g recorded using the Hybrid II headform. This
replication was performed at high speed (normal impact speed = 6.8m/s) onto an
aggressive lamp post anvil. It is likely therefore that the increased mass and consequently
energy of the Bimass headform was in excess of that which could be absorbed by the
helmet for these impact conditions. Indeed, repeating the regression analysis with this data
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set removed (nine data sets) demonstrated an improved correlation with a r? of 0.69. In this
case, the relationship between Hybrid II and Bimass linear acceleration was 0.91:1 i.e.
Bimass acceleration was 10% lower than the Hybrid II.

This was not an unexpected result because the force versus displacement characteristic of
the helmet liner remain the same and thus the same force for an increased mass will be
achieved at a lower deceleration (F=ma). However, this applies only up to the thickness at
which the liner material ceases to absorb energy ‘bottoms-out’. Overall the Bimass brain
linear acceleration was approximately 10% higher than the equivalent Hybrid II skull
results.

4.3.4.3 Results: rotational acceleration.

The force generated at the helmet surface comprises components normal and tangential to
the helmet surface. The tangential force is related to the normal force by the coefficient of
friction between the helmet and impact surface. In this study, the coefficient of friction
and the normal impact force generated by a particular helmet for a particular impact
energy was similar for ‘low-speed’ replications (excluding G411). The difference between
the generated rotational accelerations was considered to be, at least in part, a function of
the inertial properties of the headforms used.

As for the linear acceleration, the most significant correlation between Bimass and Hybrid
IT skull data was achieved for impacts in which the energy rather than the velocity were
equivalent (excluding G411). The r? of 0.75 (8 data sets) indicates much better correlation
than the 12 of 0.35 for the tests at the same velocity. In general the relationship between the
peak rotational acceleration of the Hybrid II headform and the Bimass (skull) was
approximately 2:1 when test at the same energy were compared.
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Table 4.7 Results of test to compare the Bimass with the Hybrid II headform

Configuration Bimass data Hybrid II data
Description/case . : :
il Anvil Test Skgll peak SkI:IH peak Bra.ln peak Brgm peak Test Peak linear Peak rotatl.onal
linear rotational acc. linear rotational acc. acceleration
[m/s] [g] [rad/s?] [g] [rad/s?] [g] [rad/s?]
Crown/Cold 7.5 Flat a04fu 368.6 - 339.0 - b02jv 381.8 -
Front/Hot 7.5 Kerb c04fu 143.9 - 150.5 - 202jv 160.4 -
Side/Ambient 8.5 15° dol1fu 57.4 2239.7 56.4 10421.0 b01jv 67.9 41433
6.8 45° aldgs 243 40597 221 41376 bl4jr 222 24945
G345 (1)
6.2, 45° bl4gs 178 57944 272 49610
9 30° alSgs 118 31885 181 50244 b20cr 167 8341
G197 (1)
8.2, 30° bl6gs 237 41000 168 28531
8 30° cligs 152 26062 168 30557 a20cr 123 3441
G197 (2)
7.3 30° albgs 102 17814 121 25337
G372 12 30° a03is 162 38098 153 52018 e0lcs 206 10284
7
10.9, 30° b03is 287 43215 200 43884
GL96 7.5 30° a07is 86 14313 154 20617 b051q 106 4056
6.2, 30° c07is 64 20868 265 59670
6.5 45° a08is 128 32263 396 99054 a06hs 224 9088
H14.130
5.9, 45° b08is 106 31618 285 84096
G411 10 45° b0lIfu 594 30967 346 60288 a02ir 274 14715

1 Test performed at lower speed to account for additional Bimass headform mass.
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4.4. HEADFORM SELECTION

The selection of headforms to be used in impact tests, aimed to evaluate the safety
performances of helmets, can be made according to three main criteria: the anthropometric
characteristics, the capability to predict realistic injuries and the repeatability of test results.

The anthropometry of rigid headforms is defined according to an ISO standard, which is
universally accepted. The rigid headforms exist in five different sizes, which cover the
variation range of motorcyclists’ helmets. The dummy heads exist in limited sizes: the
Hybrid II head is available only in one size (50th percentile) and the Hybrid III head in three
sizes (95th, 50th and 5th percentiles).

All headforms can be fitted with a nine accelerometer array allowing the determination of the
complete head kinematics, but the head kinematics are controlled by the characteristics of the
neck, and only dummy heads can be attached to a neck. The impact response of the helmet is
also partly controlled by the stiffness of the headform used in the test. Aluminium and wood
headforms are considered as rigid, whereas the dummy headforms have an aluminium skull
covered by a deformable flesh. The design of the Hybrid III head is aimed to have a
biofidelic response based on cadaver test results.

The Bimass headform is able to determine the relative motion between the brain and the
skull. This mechanism is considered important to predict the risk of internal head injuries.
The results of an extensive programme of impact tests with three different helmets indicate
that the Hybrid II headform has the best repeatability and response and because the dummy
heads are built with the same technology it is expected that Hybrid III head will have the
same level of repeatability.

4.5. CONCLUSIONS

1. Different headforms, wooden, metal Hybrid II and III, and Bimass, were evaluated for
use in impact tests to assess the safety performance of helmets. The helmets could be
selected according to three main criteria:

e the anthropometric characteristics
e acapability to predict injuries
e repeatability of the test results.

2. The anthropometry of rigid headforms is defined according to an ISO Standard and
these headforms are available in five sizes. The Hybrid II headform is available in only
50th percentile and Hybrid III in only 50™, 5™ and 95" percentile.

3. All headforms tested can be fitted with a nine accelerometer array so that the complete
kinematics may be determined but the head motion is influenced by the neck and only a
dummy head can be fitted with a neck.

4. In a wide range of tests with rigid and dummy headforms it was shown that the peak
linear acceleration of the wooden headform averaged 17% greater than that for the Hybrid
IT at the same velocity.

5. HIC showed a wide variation between helmet types but the overall trend was for HIC to
be greater when the headform mass was greater. Thus, the wooden headform averaged
from 24% to 42% greater than the Hybrid II headform, depending upon the helmet type.
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6. The Hybrid II experienced a peak rotational acceleration at a given impact velocity
considerably greater than for either the aluminium or wooden headform but the Hybrid II
gave the smallest standard deviations. These results were attributed to the much better grip
of the Hybrid II and hence lower slippage between helmet and headform.

7. When compared with tests at the same energy the Bimass gave some correlation with
the Hybrid II headform, 0.69 for peak linear skull acceleration and 0.75 for peak rotational
skull acceleration. It should be noted that these correlations are an indication of the
performance of the two devices and are not intended to be used for direct comparison of
results.

8. The Bimass, as developed in a Hybrid III headform, allows the risk of injuries related to
the relative motion between the brain and skull to be predicted. This offers a substantial
and important improvement over a conventional headform

9. The overall conclusion was that the dummy headform gave the best repeatability, the
Bimass gave the most realistic injury prediction. Thus, helmets of the appropriate size
should be tested using a Bimass dummy headform and a rigid headform should be used to
evaluate other sizes, as rigid headforms are available in a greater range of sizes.
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CHAPTERS. RECONSTRUCTION OF ACCIDENTS AND
HELMET DAMAGE BY EXPERIMENT AND SIMULATION

5.1. INTRODUCTION

The reconstruction task was linked very closely to the Accident Investigation Working
Group, which is responsible for data collection in Glasgow, Hannover and Munich. A very
important part of the investigation was to collect and examine the helmets and to record
the extent and location of the damage. Also recorded is an estimate of the direction of the
impact force to the head and an estimate of the motorcyclist's trajectory during the
accident. Detailed injury information is recorded and for the serious and fatal cases, this
includes neuropathological data for the brain injuries. The Accident Investigation Working
Group used such information, together with an extensive range of other data, to determine
which accidents were likely to be suitable for replication. This information was then given
to the Reconstruction Working Group.

The purpose of reconstruction was to examine the accident case file and the helmet, and
then to attempt to reproduce the same damage, by drop testing equivalent new helmets.
The test method used was to drop a helmeted headform at different velocities onto a
surface similar to what was impacted during the accident and at the angle identified by the
accident data collection team. The headform was equipped with extensive instrumentation
such that both the linear and rotational acceleration was recorded. These measurements
were compared with the type and severity of head injuries that were identified by clinical
experts and, in particular, the neuropathological analysis provided detailed brain injuries
for the fatal and serious cases.

The COST 327 task of reconstruction began in April 1996 and a Working Group was
convened to determine the overall way to proceed. It was agreed that the proposed
method of replication was the correct way to proceed for the examination of a large
number of cases. Nevertheless, there were concerns that the use of a headform alone may,
in some cases, not adequately represent the correct dynamics of the accident particularly
the head effective mass, which it was thought may be influenced by the thorax mass. It
was agreed that the replication process should be supported by an investigation of the
effects of the overall dummy mass and the thorax mass, on the outcome for head injury
potential in a range of impact conditions.

5.2. MADYMO SIMULATION

5.2.1. Introduction

Statistical studies have assessed the different types of collisions involving motorcycles and
established the body parts of the rider which are most frequently exposed to high levels of
injury. Zellner et al. (1991), have been working on possible solutions which can be applied
to current motorcycles based on these findings. However, to validate these solutions there
is a need to represent the rider’s behaviour during impacts using a simple and economic
tool. Currently, full-scale track tests are very expensive and require a large number of
tests if they are to represent a range of typical impact types.

The main solution, in terms of repeatability, is a mathematical model of whole body
motion in the impact system. Fortran programming has been used in earlier work by J.
Happian-Smith et al. (1994), but more sophisticated multi-body dynamics software is now
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used - the most widely used (in Europe) being TNO’s software, Madymo-3D™. The
software has incorporated ready-to-use hybrid dummies with appropriate articulation
characteristics deduced from experimental testing.

To understand the kinematic behaviour of the model during the accident simulation, a
simple representation of the elements, which are directly involved in the impact, are
modelled dynamically. This allows an exceedingly complex impact to be understood.
Part of this complexity is because of the similarity between the masses of the motorcycle
and the dummy.

Despite their limitations, numerical models are extremely useful. They are much more
sensitive and repeatable than track tests, much cheaper to run than FE models and they
enable statistical studies to be carried out very economically.

5.2.2. Materials and methods

The purpose of the computer model was to identify the forces sustained by the head and
the associated kinematics. The model was validated against a recent Transport Research
Laboratory full-scale side-impact test of a Norton Commander travelling at 50km/h at 90°
into the side of a stationary Ford Mondeo, for which impact loads on the dummy's head
were available. The purpose was to obtain a generic model of a motorcycle impact which,
when correctly validated, could be used to simulate accidents, of similar impact
configuration, selected from the COST database.

There were three main physical components to this simulation: the motorcycle, the dummy
rider and the target vehicle for which appropriate physical properties of the various
interacting elements were required. This data was obtained from the literature, a
biomechanical database, laboratory testing and numerical calculations with appropriate
software. A three dimensional Cartesian co-ordinate system was used to locate the body
segments with respect to each other and this was based upon the ISO standard.

5.2.3. The motorcycle

The motorcycle used was a Norton Commander, a large touring motorcycle with full
fairing. The model of the motorcycle consisted of six rigid components, connected by five
compliant joints, representing the frame, headstock, upper front fork, lower front fork,
front wheel and rear wheel respectively. The frame has six degrees of freedom, being free
to translate and rotate relative to all three global Cartesian axes. A rotational joint
between the motorcycle frame and the headstock represented the motorcycle steering and
similarly a rotational joint between the headstock and the upper front forks represented the
front fork bending system. A translational joint in combination with a Kelvin element
represented the suspension movement of the upper and lower front fork relative to one
another. The wheels were connected to the front fork assembly by means of two rotational
joints. In total, the system had eleven degrees of freedom. A representation of the
motorcycle model complete with the lumped mass and joint positions is shown in figure
5.1.



Chapter 5

motorcycle

motorcycle

motorcycle

vertical axe

D A

- SLATIONAL JOINT ~FREE JOINT
‘PLANAR JOINT

Steg’“};g REVOLUTE
to0 L
e | ,’,JOINT
. ‘aﬁsmc“ oY
A o we UpP X
[ §xov
P Y“‘\‘
| Vo
| Tont Forp
| 78 Svstey,,

Figure 5.1. Motorcycle multibody model.

The principal dimensions of the motorcycle, the mass, centre of gravity and moments of
inertia about the component’s principal axes were all measured experimentally
(McDonough 1993). The results are presented in Table 5.1 below.

Table 5.1 Motorcycle components mass and inertia

Body Mass Ixx Iyy Izz
(Kg) (Kgm’) | (Kgm’) | (Kg.m’)

Frame 197.4 59.4 19.6 39.8
Headstock 0.75 0.2 0.2 0.2
Upper front fork 3 0.001 0.028 0.028
Lower front fork 3 0.001 0.028 0.028
Front wheel 13.3 0.2889 0.5104 0.2889
Rear wheel 13.3 0.2889 0.5104 0.2889

The fundamental shape of the motorcycle was defined using planes and ellipsoids which,
enabled the contact points to be determined. The geometrical model is presented on the

following figure:
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Figure 5.2. Motorcycle geometrical model

In addition to physical dimensions, mechanical properties were defined.

Stiffness values for the upper front-fork system were established through test work
performed by Dr Happian-Smith during his PhD at Brunel University (1988). By
comparing these values with those given in McDonough(1993), it is not possible to say
whether or not they are acceptable unless a parametric study is carried out. Nevertheless,
these values have been used in some model cases where acceptable results have been
obtained. Moreover, damping and force/deflection characteristics of various interacting
elements of the motorcycle during the impact, like the front wheels, the headlamp and the
fairings have been obtained through quasi-static tests performed by the TRL.

The motorcycle steering operation was measured and the resulting steering stiffness can be
seen from the following figure:

Definition of the steering stop stiffening
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Figure 5.3. Steering stop stiffness

The angular damping of the steering systems was defined as 5Ns/m and the front fork
bending system was calculated to be 200Ns/m as shown in figure 5.4 below.



Chapter 5

Definition of the front fork bending spring
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Figure 5.4. Characteristics of the front fork bending

The behaviour of the front fork is managed by a Kelvin element, which is a massless,
uniaxial element that calculates the forces produced by a spring in parallel with a damper.
The non-linear force elongation characteristics of the spring were experimentally defined
as shown in figure 5.5. The downward damping of the front fork was defined at 60Ns/m
whereas the upward damping of the front fork is defined at 90Ns/m. An initial 0.030m
compression of the element was defined to take the rider mass into account.

Definition of the front fork spring
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Figure 5.5. Front fork characteristic

The first point of contact in a head on crash into an obstacle is the front wheel. To model
the motorcycle impact accurately it was important to know the front wheel assembly crush
characteristics. A complete front wheel assembly was crushed across its diameter and the
force -deflection characteristics are given in figure 5.6 below.
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Definition of the contact characteristics of the front wheel
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Figure 5.6. Front wheel characteristic

It was also necessary to measure the stiffness of the motorcycle components at the point of
contact between the dummy and the motorcycle. Initially the feet are in contact with the
footrest and the pelvis is in contact with the seat. The stiffness of these components was
defined by the following characteristics:

Definition of the contact Definition of the contact
characteristics of the footrests characteristics of bottom against
seat

Force (N)
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Figure 5.7. Characteristics of contact of the motorcycle with the dummy

The forces and moments acting on the motorcycle centre of gravity were used to evaluate
its translational and rotational motion. These forces are:

e the gravitational force acting on the motorcycle
e the front wheel load when it impacts the lower front section of the car's frame

e the loading in the front forks, including moments due to their rotation about the
headstock

e the action of the rear-wheel on the road (the rear suspension system was initially
considered to have a negligible effect on the global motion of the motorcycle )
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e The frictional and normal forces on the motorcycle arising from the motion of the rider
along the seat and onto the petrol tank.

The seat and petrol tank were modelled as non-linear spring damper systems with
permanent deformation on the tank. It was found that these features were critical to the
global behaviour of the model during an impact.

5.2.4. The car

The car used was Ford Mondeo, a medium-sized five-door hatchback. The kinematic
model of the car consisted of five rigid components connected by four compliant joints,
representing the chassis and the four wheels. The chassis had six degrees of freedom,
being free to translate and rotate relative to all three global Cartesian axes. Four joints
were free to rotate and translate about a single axis in combination with Kelvin elements to
constrain the motion of the wheel relative to the car frame, thereby simulating the
suspension movement and rotation of the wheel. This gave 14 degrees of freedom for the
total motion of the car. The locations of the lumped masses and the joints are shown in
figure 5.8.

The geometrical model of the Ford Mondeo is defined by planes, ellipsoids and cylinders.
Each wheel was simplified to one ellipsoid and the impact reaction force is calculated
perpendicular to the contact plane. Cylinders were used to represent the overall car shape.

Planes for the
definition of the left
forward door shape

Right
B-Pillar

TRANSLATIONAL

M~ REVOLUTE
JOINTS

Figure 5.8. Car multibody model

Two methods were used to model the car door and its interaction with the vehicle chassis.
The first one (figure 5.9), consisted of a simple representation of the car's door with two
fixed planes placed on the door's frame representing the upper/lower front door and a third
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plane used as the car's right front-sill. Appropriate force/deflection, damping-characteristic
curves and friction coefficient values are given to the respective planes.

The second one (Model B) was designed to be more representative of the interaction and
intrusion of the motorcycle into the car door structure. The door region was represented by
a combination of rigid bodies interconnected by cardan and universal joints, as shown in
figure 5.9. The joints were located in the areas of plastic deformation seen in the test car.
The right sill was defined by six rigid bodies; the lower A-pillar by one rigid body, the
lower B-pillar by two rigid bodies, the door by nine planes and the lateral reinforcing
beam by three rigid bodies. The geometries of the beams’ structures at these joint
locations are identified from a Mondeo car frame, figures 5.10 and 5.11.

Universal joint

Cardan joint

Planar joint

= s S

Point restraint—" Bracket joint
Figure 5.9. Multi-body discretisation of the right-forward door structure

Figure 5.10. Identification of beams’ sections from a Mondeo car frame
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Figure 5.11. Respective geometries of the beams' sections

Approximate masses of the rigid bodies were obtained by cutting through the door frame
structure and the corresponding moments of inertia calculated. Tensile tests were
performed to identify the mechanical characteristics of the door material and surrounding
structure. The beam sections, together with the material data, were implemented in PAM-
SBE™ software where corresponding torque/angle values were calculated for the joints’
characteristics, figure 5.12.

The beams’ geometries are implemented in PAM-SBE software and curves are determined
numerically to be afterwards used as inputs for the joints in the Multi-Body model

=== sill->CARDAN(P

> b + + o } | j
-0.15 -0.1 -0.05 0.05 o sill->CARDAN(T,
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Figure 5.12. Determination of Torque/Angle characteristic curves

The mass of the car as a whole, unladen, was measured to be 1250kg. The moment of
inertia was calculated with the formula of Burg and the Steffan method [Macinnis 1997].
The moments of inertia about the three axes of the car model were also calculated and the
height and fore-aft centre were determined experimentally. The centre of gravity was
measured 429mm above ground and 1.92m behind the front bumper and 12mm to the
right of the car's centre-line when viewed from the rear of the car.
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The car’s suspension stiffness was determined quasi-statically for the front and rear struts
by using a hydraulic press. These characteristic values are used to define the suspension
behaviour modelled by four Kelvin elements, where an initial compression has been
added. The damping for the downward and upward motions of the suspension system was
arbitrarily defined.

5.2.5. The rider

A 50" percentile Hybrid III was used as the dummy model. The dummy’s properties were
taken from MADYMO database (TNO, 1997). The properties included joint stiffness,
body segment dimensions, segment mass and associated moments of inertia. The
mechanical properties of the dummy flesh effect the resulting motion of the dummy during
impact. The non-standard sections of the dummy were given non-linear, velocity and
deflection related stiffnesses and damping characteristics obtained from dynamic tests
performed by the TRL.

It should be noted that the dummy used in the TRL motorcycle test was an MATD 1I
which differs from the standard Hybrid III in several ways, the most important of which is
the neck, which has a modified torsional response, and the legs, which are frangible.

The characteristics of the helmet and head were measured. These included the mass and
moment of inertia of a dummy head, Bieffe helmet and neck and a force deflection curve
to define the helmet material characteristics. The following figures provide the force
displacement curve and the damping force curve used for the helmet characteristics.

Definition of the compressive loading of the helmet
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Figure 5.13. Helmet contact rigidity
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Definition of the damping of the helmet
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Figure 5.14. Helmet contact damping

5.2.6. Contact points

Contact points were assigned to the existing and possible dummy/motorcycle,
motorcycle/target-vehicle and dummy/target-vehicle interactions as deduced from
observation and analysis of the track test results. The ellipsoids, cylinders and planes,
used to define the body elements of the system, were given non-linear velocity and
deformation related stiffness and damping characteristics. These were derived from data
obtained mainly from dynamic and quasi-static tests performed at the Transport Research
Laboratory. There is a paucity of reliable damping data and so damping values were
slightly adjusted so that motion from film analysis could be replicated. Adjustments were
within 5% to 10 % of the energy absorbed by the compressed spring. Quasi-static tests
were applied to some parts of the motorcycle to measure the force displacement
characteristics.  Appropriate friction coefficient values were given to the contacts
depending on the interacting surface characteristics. The values were fine-tuned based on
their simulation performance.

In a frontal impact, the first part of the motorcycle fairing to contact the target vehicle is
the front wheel and the headlight area. The contact points between the dummy and the
motorcycle are the pelvis into the rear of the petrol tank, the knees into both the side of the
tank and the fairing immediately forward of the knees. Specific attention was paid to
these contact points which were judged to be crucial in the resulting system’s kinematics.
It is of particular importance since they form part of the dummy’s action of pitching.
Furthermore, a careful positioning of the dummy’s lower torso on the motorcycle seat was
necessary to ensure that the motorcycle transmitted the vertical acceleration to the dummy
realistically. The rider’s knees/motorcycle’s fairings force-deflection values have been
closely verified and in some cases characteristic values given by Kaleps et al. (1988) have
been used. Again a parametric study was needed to evaluate the model.

A third model (Model C), based on Model B (with partitioned door), was created whereby
the dummy was coupled to the motorcycle to become one system. This model was
necessary because, in earlier models, the dummy lower torso became incorrectly
positioned on the motorcycle seat prior to impact. This was caused by abnormal
oscillations of the dummy during the period up to impact point. Correct positioning of the
dummy at impact point was essential for the dummy to receive the correct upward impulse
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that, in turn, determined the kinematics of the flight of the dummy. The correct impulse
was obtained by coupling the dummy’s lower torso to the motorcycle using a breaking
kinematic joint, which was activated during the simulation.

The model was validated against a full-scale impact test and the impact conditions were
established through video analysis and test results. A linear velocity of 13.89 m/s, a 12.5°
roll angle and an angular rotation of 2.0rad/s were established and imposed on the
motorcycle model and the car was defined to be stationary. The complete model is given
in the following figure.

Figure 5.15. Whole multibody model

5.2.7. Neck models

In order to understand the body mass effect on the acceleration experienced by the head
and the damage sustained by the helmet, two simulations with two numerical models of
the neck are performed.

A two-pivot neck model has been implemented on the standard Hybrid III model of the
MADYMO database. The stiffness of the Hybrid III neck depends on the bending
direction. For large bending angles, the bending stiffness is substantially non-linear. To
account for this, a direction-dependent non-linear bending stiffness was defined for the
neck. Three flexion-torsion restraints were implemented, representing forward bending,
lateral bending and rearward bending, respectively.

A neck model, specially developed to study the head/neck kinematics during low-severity
rear-end collisions, has been inserted into the standard Hybrid III database. The neck
consists of seven rigid segments representing the human cervical vertebrae C1 through C7.
Between the rigid vertebrae, the neck incorporates soft elements representing the
intervertebral disks. This design enables a trajectory and angular range of motion in the
sagittal plane similar of the 50" percentile male human neck in extension. Both
geometrical representation of these models can be seen in the following figure.
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Figure 5.16. Neck models

Each neck model was used in an otherwise identical simulation to examine the differences
between the two types of neck and the results are given below. Similar head linear
resultant accelerations were observed but some differences in the rotational resultant
acceleration can be seen. Currently it is not possible to draw conclusions as to the
influence of the neck. The final objective of these two simulations is to identify the
influence of effective body mass on the head kinematics. However, this was not possible
within the time available.

Comparison of the Head Resultant Linear
Accelerations extracted from the two
different models of the neck
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Figure 5.17. Head linear accelerations
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different models of the neck
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Figure 5.18. Head Rotational Accelerations

93



COST 327

5.2.8. Results and discussion

The kinematics of the simulation can be seen in figures 5.22 and 5.23. First, the
motorcycle front wheel impacted the car’s right sill and the lower plane of the car’s front
door. The motorcycle pitched forward and the dummy femurs struck the petrol tank when
the knees contacted the leg protectors. The dummy was then thrown up the motorcycle.
The helmet impacted and slid across the A-pillar. At the end of the impact the car moved
away from the motorcycle and, consequently, the door of the car recovered elastically and
relaxes. As a rule, the motorcycle kinematics are similar but the main differences
occurred when the dummy separated from the motorcycle.

For all three models (A, B & C), the deceleration of the motorcycle during the first 20ms
of impact, the peak obtained for the dummy head linear acceleration and the

motorcycle/car interaction kinematics closely correlated with track test data, figures 5.19
and 5.20.

Differences were noted in the rotational acceleration of the dummy’s head figure 5.21.
This was due to differences in the dummy's kinematics during impact. In the full-scale
track test the head impacted the A-Pillar when the plane of dummy's back was almost
horizontal. In the numerical models proposed, the back rotated out of position and was
more upright, figure 5.22 and 5.23. The difference was shown to be due to the interaction
of the dummy's lower-torso with the motorcycle's seat.

In the first two models, the dummy was initially positioned correctly on the seat (with a
seat load of about S00N) but oscillated out of the stable position directly influencing the
dummy's pitching mechanism. Model C eliminated this abnormal and undesired
oscillating effect by linking the dummy's lower-torso to the motorcycle seat. A breaking
joint was used and was activated with a positive increase in the Z-acceleration of the
dummy's lower-torso. In this way, the lower-torso followed the induced Z-acceleration of
the motorcycle's pitch before activating the breaking joint. However, the release
mechanism produced an abrupt discontinuity in the lower-torso's Z-acceleration, figure
5.24. This again influenced the dummy's pitching motion and must be further modified to
correct the disagreement.

To understand the difference in the timing of significant events, the full-scale test film was
analysed and the time of events calculated. The results clearly show a good correlation to
the simulation timing. For example, the period between the first contact and that between
the head and the A-pillar was 105 to 110ms which was the same as for the simulation.
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Figure 5.19. Front wheel linear acceleration
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Figure 5.20. Head resultant linear acceleration
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Figure 5.21. Head resultant rotational acceleration

Figure 5.22. Crash simulation kinematics
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Figure 5.23. Crash simulation kinematics (perspective view)
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Figure 5.24. Z-Direction acceleration of lower torso

5.3. COMPUTER SIMULATION OF ACCIDENTS

5.3.1. Selection of cases

As has been described in the previous section, the computer model was calibrated against
a full-scale impact of a motorcycle travelling at 50km/h and at 90° into the side of a
stationary car. It was, therefore, necessary to select accidents that approximated to this
configuration and for which sufficient general accident and injury data was available to
ensure that the results were likely to be a true representation of the accident.
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On this basis, G327, H14.057, G325 G411, H16.226, were selected and simulation
conclusions for each of these are given below. Reasons for the lack of success of the other
cases are also explained.

5.3.2. Simulation of cases

5.3.2.1 G327

This was an accident where a motorcycle collided with the rear of a stationary van at
20km/h. The rider sustained only minor leg abrasions from contact with the road.

The results for the force between the head and the target impacted by the head (rear of
van) are given in figure 5.25 and the time histories for the resultant angular and linear
accelerations are given in figures 5.26 and 5.27 below. Six frames of animation, taken
from the simulation, are given in figure 5.33 at the end of the section. The peak linear
acceleration, 70g, was a little lower than that measured in the helmet damage replication
tests, 107g, whereas the rotational acceleration, 8000 rad/s/s, for the simulation was
somewhat greater than the 5026 rad/s/s measured in the helmet damage replication tests.
However, the simulation showed a very sharp peak in the time history that, if filtered, may
have led to a lower value. HIC agreed more closely, 298 for the simulation and 248 for the
replication test.
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Figure 5.25. Impact forces generated on the dummy's head.
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Figure 5.26. Resultant angular acceleration generated on the dummy's head.
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Figure 5.27. Resultant linear acceleration generated on the dummy's head.

See figure 5.33 for the simulation animation.

5.3.2.2 Case HI4.057

A motorcyclist travelling at 48km/h impacted the rear of a goods vehicle travelling at
16km/h and at an angle of about 30°. These conditions were simulated although the
stiffness for the rear of the goods vehicle was estimated.

The results are given below in figures 5.28. 5.29 and 5.30 and the simulation animation is
given in figure 5.34 at the end of the section. The motorcyclist sustained concussion
equivalent to AIS 3 which is entirely consistent with the damage replication measurements
of 184g peak linear acceleration, 11,000 rad/s> peak rotational acceleration and 1227 HIC.
However, the simulation gave 19g, 1000 rad/s* and 14 HIC, substantially lower values and
not consistent with the injuries.
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Figure 5.28. Impact forces generated on the dummy's head.
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Figure 5.29. Resultant angular acceleration generated on the dummy's head.
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Figure 5.30. Resultant linear acceleration generated on the dummy's head.

5.3.2.4 Case G325

A small motorcycle travelling at 8km/h emerged from a side road into the path of a larger
motorcycle travelling at 88km/h. This accident was simulated because it represented an
unusual case, however, both motorcycles were necessarily given the same characteristics
so the results should be viewed with caution. Nevertheless, the peak linear acceleration at
58g and the peak rotational acceleration at 2,2000 rad/s* compare favourably with those of
the replication tests which were 118g and 3735 rad/s” for the rider emerging from the side

road.

The simulation results are given below in figures 5.31and 5.32 and the animation is given

in figure 5.35.
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Figure 5.31. Resultant linear acceleration generated on the dummy's head.
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Figure 5.32. Resultant angular acceleration generated on the dummy's head.

Figure 5.33. Simulation of case G327
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Figure 5.35. Simulation of Case G325

101



COST 327

5.3.3. Discussion

The computer model has been successfully used to simulate accidents of the type similar
to the configuration of the full-scale impact test against which the model was validated.
However, accidents occur to a wide range of motorcycles in a wide range of circumstances
and it is difficult to obtain information to validate the model for use across the range.
Nevertheless, the model that has been developed is a sophisticated tool and there is
extensive motorcycle impact test data available. Thus it is reasonable to assume that, with
more research, the model could be validated against this data and a wide variety of
motorcycle accident configurations and mechanisms could be investigated.

5.4. REPLICATION OF ACCIDENT HELMET DAMAGE

5.4.1. Introduction

It is believed that an increased understanding of the complex relationship between head
accelerations and brain injuries sustained during head impacts could help to improve the
design of safety helmets and other secondary safety systems.

Although much work is being done to model the brain during impact conditions using
computational techniques, the data can only be meaningful if the dynamics of typical head
impacts are known. In addition, modelling techniques must be validated with
experimental data to ensure the model's accuracy.

The aim of this work was to replicate head impacts sustained during real motorcycle
accidents while measuring the dynamics of the head. In this way, it is possible to correlate
the documented head injuries with the associated instrumentation data.

Essentially, there were four phases to this work:

1. Compile a database to include: accident profiles, casualty injuries and helmet damage
2. Select accident cases that are appropriate for replication

3. Replicate helmet damage in the laboratory

4. Process and analyse the instrumentation data

A full scale crash test, 10P, which incorporated a Hybrid III dummy riding a GPZ 500
motorcycle into the side of a Ford Mondeo car has been replicated by the drop test
method. This test is summarised at the end of this chapter.

Additionally, some cases from Hannover, were judged suitable for replication but,
unfortunately, the helmets were not available. However, detailed photographs of the
accident helmet were provided and it was thus decided to try and estimate the likely
measurements by comparing the damage in the photographs with the damage to the
accident helmets that were replicated.

5.4.2 Accident databases

5.4.2.1 Accident reports

TRL collaborates with the Southern General Hospital Neuropathology Department,
Strathclyde Police Traffic Department and the Vehicle Inspectorate at Bishopriggs, to
provide reports of accidents involving motorcycles. A report includes a full accident
description and information regarding vehicle damage. Each report is allocated a unique
case number.
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The accident description details initial vehicle velocities, trajectories and relevant contact
points. In addition, the final positions of the vehicles and occupants are documented.
Such detail is essential to appreciate the sequence of events and the nature of the impact
that is to be replicated.

5.4.2.2 Occupant injury forms

Injury information was supplied by Glasgow’s Southern General Hospital, chosen because
it is one of the world’s leading head injury hospitals. It is sited within the Strathclyde
region, which is very large geographically and provides a wide range of road conditions.

The occupant injury forms were linked to the correct accident data by means of the case
number. A standard format was used that began by recording the physical attributes of the
casualty, including height, weight and age. Any long term illnesses or complication
resulting directly from the injuries sustained were also described together with the level of
consciousness on admission, using the Glasgow Coma Scale.

Most of the form was used to record each of the casualty’s injuries using the Abbreviated
Injury Scale (AIS). For example, diffuse subdural haemorrhage corresponds to the AIS
code 140650-4. The last digit is an indication of the injury severity ranging from 1
(minor) to 6 (currently untreatable).

The scale does not assess the consequences of injuries and does not indicate the combined
effects for multiple-injury cases. For this reason, the scale cannot simply be used to
measure the threat to life for any single injury although it has been shown to correlate well
with the threat to life for more serious cases (AIS >3).

5.4.2.3 Helmet damage

Each accident report included a description of damage to motorcycle helmets. Detail
included both cosmetic and structural damage and an indication of impact sites. The
accident helmet was also supplied, which enabled TRL to conduct a more thorough
analysis of the damage.

5.4.3. Selection process

TRL prepared a summary of each accident to help with the selection of suitable
replications. Each summary includes the accident description, associated helmet damage
and details of any head injuries sustained.

An assessment of the suitability for replication was usually made using this summary
although a closer examination of the accident helmet was often required. The assessment
was based on three main factors:

1. Severity and type of head injury - it is important to choose cases for replication, which
have a range of head injuries.

2. Accident kinematics - it is important that the helmet impact can be replicated within the
laboratory.

3. Helmet damage - damage to the helmet must be replicated in the laboratory and is
related to the nature of the impact. For example, a long abrasion due to the helmet sliding
along a road cannot be replicated by a single impact.
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5.4.4. Experimental method

5.4.4.1 Procedure

TRL replicated the helmet damage using a purpose-built helmet drop test facility. The
method allowed impact parameters - including impact speeds, angles and targets, to be
controlled and quantified. By inspection of the helmet, it was possible to modify the
impact parameters until the desired damage was produced.

Instrumentation was used to measure the dynamics of the impact and ultimately enabled
the accelerations, likely to have been experienced by the accident casualty, to be
estimated.

Analysis of the damage to the shell and liner was used to identify kinematics of the
impact. Surface scratches, scuffs and paint chips often relate to the impact speed, angle
and target shape. The accuracy of the replication was judged by comparing the replicated
damage with the accident damage.

The test helmet was an identical make and model to the accident helmet to ensure similar
performance during the impact. When this was not possible, a similar helmet was used.

5.4.4.2 The TRL helmet impact test facility

5.4.4.2.1 Drop test rig

TRL replicated helmet damage using the drop test method whereby the impact velocity
was controlled by the drop height. This facility has a maximum drop height of 13m
allowing a maximum impact speed of approximately 16m/s (almost 60km/h). The facility
includes a guidance system to control the impact position.

5.4.4.2.2 Instrumentation and acquisition

An instrumented headform was fitted inside the test helmet during the impact. This
enabled measurement of linear and rotational accelerations. A load cell was fitted to the
impact anvil to measure normal and tangential forces. Data was acquired using digital
recorders at the rate of 100,000 samples per second. All instrumentation conforms to SAE
J211. A helmet impact produced, typically, 50ms of data.

5.4.4.2.3 Instrumented headform

Rotational acceleration is believed to contribute to brain injuries. Current BS and Snell
standards are not required to measure rotational acceleration and require only a single
accelerometer to measure linear acceleration along a single impact axis. In order to
quantify rotational and linear accelerations TRL has modified a Hybrid II dummy
headform to include a nine accelerometer array. This allowed linear and rotational
acceleration to be measured in three axes.

The headform, consisting of a metal skull with flesh like skin, is well suited to this work
because the rubber skin tends to fit helmets well and is able to transmit impact forces
(particularly rotational) without any significant slippage between headform and the
helmet. In addition, the headform has a full chin structure making it easily secured inside
a test helmet.
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5.4.4.2.4 Instrumented load cell

A tri-axial load cell with a platen area of 260mm x 260mm was used to measure impact
loads at the anvil. The load cell has a natural frequency of 1500Hz. There is provision to
fit the load cell to an angled anvil as well as to fit various target materials to the platen.

5.4.4.2.5 Anvil and targets

In order to replicate road surface impacts, various textured slabs were typically used. For
other, profiled surfaces some standard drop test targets were found suitable. Standard
targets available to TRL include:

e Hemisphere - 50mm.radius (BSI 6658:1985)

e Kerbstone - 125mm in length, angle of 105 (ECE regulation)
e Bar - 50mm diameter, 200mm length (SNELL SA-95)

e Steel edge - 180mm by 6.3mm (SNELL SA -95)

If the accident involved an impact onto a part of a car then the appropriate part of the car
was used as the target. For example a wheel and a car door were used.

The impact very seldom occurs at 90° (perpendicular) and to enable the impacts to be at
different angles, TRL constructed a range of anvils at angles of 15°, 30°, 45°, 60°, 75° and
90° to the vertical. The load transducer was fitted to the surface of these anvils.

5.4.5. Analysis and processing of results

5.4.5.1 Helmet damage

Analysis of helmet damage involved inspection of the exterior damage to the shell surface
and interior damage to the liner. Direct measurement of the residual liner deformation,
crack length, intrusion depth and the area of material loss, quantified the damage.

It was found that the exterior damage to the shell indicated the type and profile of the
target whereas the severity of damage to the liner and shell structure indicated the impact
angle and speed. It was, therefore, essential that the replicated damage was accurate in
both of these aspects. For example, it was inappropriate to assume that helmet damage was
accurately replicated if the shell damage was visually identical but measured liner
deformation was more severe.

5.4.5.2 Processing of instrumentation data

Instrumentation data must be processed for it to become entirely meaningful. TRL uses
commercially available processing software for this purpose. The processing software
includes digital filters, conforming to SAE J211b channel class 1000 (1850Hz), which are
used to remove noise from the data.

TRL has written specific software routines to process the data from the nine accelerometer
array so that the resultant linear and rotational acceleration of the headform can be
deduced.

5.4.5.3 Co-ordinate System Convention

5.4.5.3.1 Summary data for TRL replication studies
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TRL provides a summary of the test data with each accident replication report. The
summary includes the peak linear acceleration of the headform, HIC, peak rotational
acceleration and rotational velocity. The co ordinate system for this data is as follows;

The impact trajectory is detailed in terms of the angle relative to the impact surface and
velocity (relative between the impact surface and the helmet). The peak forces exerted on
the helmet at the impact surface are detailed in terms of normal and tangential components
(relative to the impact surface). The coefficient of friction is calculated, based on these
results.

5.4.5.3.2 Detailed information for modelling purposes

For computer modelling purposes, the information provided in the summary was
insufficient because it did not enable the impact kinematics to be defined accurately.
Therefore, TRL provided the following information to the Computer Simulation Working
Group.

(1) Local co-ordinate system for the headform (x, y and z)
(1) Position of impact site on the helmet

(ii1) Direction of impact on the helmet (using local co-ordinate system relative to impact
site)

(iv) Local co-ordinate system for target structure (x, y and z)
(v) Position of impact on the target structure

(vi) Direction of impact on the target structure

5.4.6. Replication of a full scale test (10P)

The main difference between a replication test and the associated accident impact is that
the latter includes the whole of the motorcyclist’s body and not just an isolated head.
What is not fully understood is the magnitude of the effect of body mass on the
acceleration sustained by the head. For this reason it was decided to replicate a full scale
crash test 10P, which incorporated a Hybrid III dummy riding a motorcycle into the side
of a car, by the drop test method.

5.4.6.1 Stage I - Full scale impact (10P)

The test (10P) was an impact between a Kawasaki GPZ500 motorcycle travelling at
30mile/h (13.4m/s) into a stationary Ford Mondeol.8LX hatchback car. The angle
between the direction of travel of the motorcycle was perpendicular to the centre line of
the car. The motorcycle impacted the front right hand side door. The test was conducted
in accordance with the specifications of ISO DIS 13232.

The "rider" was a Hybrid III dummy fitted with frangible legs. Included in the dummy
instrumentation was a nine-accelerometer array fitted inside the headform. The array
allowed linear and rotational accelerations to be measured. High-speed cine cameras were
used to film the impact. Subsequent film analysis enabled the impact angle and impact
velocity of the helmeted headform to be estimated.

Examination of the helmet revealed slight shell damage with mainly surface marks. A
large yellow paint mark, close to the upper edge of the visor opening, indicated the point
where it struck the car. Helmet liner damage was more severe particularly at the front
edge close to the visor opening where the level of residual damage suggested that it had
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probably bottomed out during the impact. Two cracks in the liner running from left to
right across the front of the helmet were also seen.

Damage to the top of the car door resulting from the head impact was also slight. The
damage consisting of a slight dent above the door window was about Imm depth and
identified the target impact point to be used in the replication tests.

5.4.6.2 Stage 2 - Helmet damage replication

The experimental arrangement used for the replication of damage to the helmet of the full-
scale test was typical of that used previously by TRL in accident replication studies.

The impact conditions of the full-scale test, 10P, were reconstructed in the laboratory as
closely as possible. The type of helmet used in every test was a Bieffe B10 (size 56,
small), identical to that used in the actual full-scale test. Also, the same Hybrid III
headform was used in these replication tests.

To reproduce the target realistically, an undamaged section of roof rail was removed from
an identical model of Ford Mondeo and used to support the top of an identical undamaged
door. An original rubber seal was used between the door and frame while sandbags and
wooden platforms were used at the base of the door to secure it firmly. The door frame
was bolted onto a load cell which was supported by a 1000kg steel block.

The damage observed on the car indicated that the impact point between the vehicle and
the helmet was at the top of the front right side door. The replication test helmet
(complete with instrumented headform) was suspended above the desired impact position
on the door and adjusted to the correct orientation. The angle of impact to the forehead of
the helmet was determined using film analysis of the track test.

Initial drop tests were made with an impact velocity of 7.5m/s, which was the relative
velocity between the head and the car at the time of impact in test 10P. Inspection of the
helmets following the tests revealed that the liner damage was less severe than that which
had resulted in 10P. Three further tests were therefore conducted at 10m/s and one final
test at 12m/s; there were six impact tests in total with car doors being reused whenever
possible.

5.4.6.3 Results

A summary of the results obtained from full-scale test 10P and 6 replication tests are given
below.

Peak linear and rotational accelerations were calculated using the instrumented headform
data. The HIC value was an indication of the impact severity and was calculated by
analysis of the resultant linear acceleration. The peak anvil force was the maximum
resultant force observed at the load cell that was used to support the door frame. Depths
of indentation to the top of each door resulting from the helmeted headform impact were
measured using a Vernier gauge to an accuracy of £0.1mm.
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Table 5.2 Summary of Results

Test | Impact | HIC Peak Peak Peak anvil Door
velocity resultant resultant force indentation
linear rotational
acceleration acceleration
(m/s) (2) (rad/s/s) (kN) (mm)
10P 7.5 254 98 14000 12.5(calculate 1
d)
1 7.5 1144 151 3300 3.7 1.3
2 7.5 1018 149 4300 Signal clipped 1.6
3 10 2006 229 9000 12.7 1.5
4 10 2251 219 8200 11.7 1.6
5 10 2107 204 6600 12.9 1.4
6 12 3563 275 7000 16.6 2

5.4.6.4 Findings

Permanent liner damage to helmets used in 7.5m/s replication tests was slight and did not
match that of the helmet liner from 10P. Replication tests at the higher velocity of 10m/s
produced damage of similar severity to that of the liner from 10P.

For equivalent levels of helmet damage, peak rotational acceleration, recorded in the
full-scale test, was far greater than that in the replication tests. Conversely, the resultant
linear accelerations and HIC values observed were significantly higher in the replication
tests than for the full-scale test 10P.

During a full-scale impact the headform is attached to the dummy and any force acting on
the head will be transmitted by the neck to the body. Resulting linear acceleration to the
head will consequently be lower for the same impact force than in helmet drop tests, due
to an increase in the effective mass of the headform. This can be demonstrated by force
and energy considerations for the full-scale tests 10P and the 10m/s replication tests that
had equivalent levels of helmet damage.

It was assumed that the same force was required to produce the same helmet damage,
me X a=m;X a

where the effective mass of the helmeted dummy head in test 10P was m,, its acceleration
was a, the mass of the helmeted headform in the replication test was m; and its
acceleration a;. Therefore;

mex 98 =6.5x217
m, ~ 14kg

Similarly, it was assumed that the same energy was required to produce the same helmet
damage,

(me Ve 2)/2 = (m, v; 2)/2
mex7.5°=6.5x 10"
m, ~ 12kg
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The large rotational acceleration occurring in 10P can also be explained by the momentum
of the dummy body, which forced the head to rotate inside the helmet. The force reaction
at the impact point on the car door and the resultant neck force in the dummy act as a
couple which produces a rotation of the head. In the replication drop tests, however,
forces at the neck were absent and so less rotation of the head was generated.

The results of this work revealed some interesting insights into the biomechanics, which
were in agreement with earlier TRL replications, which incorporated an OPAT dummy.
Generally, the experiment demonstrated that helmet damage can be accurately replicated
in the laboratory with good results.

The complex inertial effects of body mass acting on the head through the neck were not
replicated in the laboratory and indeed it is known that the Hybrid III neck is much stiffer
than a human neck. It should therefore, be noted that the differences recorded in this
experiment may be greater than for a human being.

5.4.7. Analysis of Hannover and Finland accident cases

Only two helmets were available from Hannover and one from Finland and damage was
replicated experimentally as described in the previous section. However, photographs of
the damaged helmets were available from Hannover. These were compared with damage
to helmets that were available and for which the damage had been replicated. Where the
damage to the tested helmet was very close to the damage in a photograph the result was
recorded for the Hannover case. However, this was attempted as an exploratory method
and the results were not used in this analysis. The details are given in the Reconstruction
Working Group final report.

5.5. ANALYSIS OF REPLICATION DATA

Laboratory replication of helmet damage, as described in section 5.4.7 was performed to
determine the relationship between the test parameters and the injury type and severity
sustained. The following were calculated from the instrumentation output:

Resultant peak linear acceleration,
Head Injury Criterion (HIC).
Resultant peak rotational acceleration
Rotational velocity

Impact velocity

GAMBIT

Figures 5.36, 5.37, 5.38, 5.39, 5.40 and 5.41, show the above parameters plotted against
AIS for the head injury severity. It should be noted that, as may be expected, there is some
scatter but the following interesting trends have emerged.

Linear acceleration: injury did not occur below 100g peak resultant linear acceleration
and fatal injury occurred at values above 250g. However, injuries of AIS 5, normally
considered very serious, occurred at values of approximately 200g or less.

HIC: AIS 1 to 2 usually occurred at values between 500 and 1100. AIS 5 occurred at
values around 1500. Both fatal cases were at very high values of about 9000 or greater;
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there was an AIS 5 at only about 200 but this was a very unusual case of a basal skull
fracture that occurred on contact with a windscreen.

Rotational Acceleration: there was little evidence of injury below approximately 5000
rad/s/s, peak resultant, but a substantial risk of AIS 3 to 5 at values between 10,000 rad/s/s
and 15,000 rad/s/s. An injury of AIS 1 or 2 was highly likely at values between
5000rad/s/s and 10,000 rad/s/s. Fatal injury occurred at values above 30,000rad/s/s.

Rotational Velocity: the trends were not obvious but it was clear that injury is highly
likely at values above 40rad/s. Indeed there was a fatality at just below 70rad/s and
evidence that injury is bound to occur at values in excess of 50rad/s.

Impact velocity: this was included to identify the velocity that is most appropriate for
helmet Standards. It is clear that a value between 7m/s and 12m/s should be considered.

GAMBIT: this is a criterion developed by Newman of Biokinetics and is a formula that
combines peak linear and peak rotational acceleration. The results indicate that injury
tends to occur between values of 1.5 and 2. Above 2 is almost certain to be injurious but
the most severe injuries, AIS 3 to 5, occurred at less than 2.

It is clear that values of the above parameters that are likely to cause injury have been
identified. In particular a limit of rotational acceleration of 5,000rad/s/s should be used a
basis for Standards requirements, but this should be considered in combination with a limit
for rotational velocity of 40rad/s.

HIC was less well defined but the research shows that a value of 1000, as used by the
automotive industry, may be appropriate. Peak linear acceleration should be less than
250g. Gambit should be considered after further analysis.
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Figure 5.36. Peak resultant linear acceleration vs AIS
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Figure 5.38. Peak resultant rotational acceleration vs AIS
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5.6. CONCLUSIONS

1 A computer model of a Hybrid III dummy rider and Norton Commander motorcycle,
and a moving Ford Mondeo car has been developed in MADYMO and successfully
validated. Much care was taken to ensure that the characteristics of the components of the
dummy, the motorcycle and the car were accurately determined. This necessitated, for
example, crush testing the wheels and forks of the motorcycle and the metal panels and sill
of the car. Also examined were the suspension characteristics of the vehicles and the
physical properties. The dummy and helmet material characteristics were similarly
determined.

2 The above model has been successfully used to simulate motorcycle accidents of the
type similar to the configuration of the full-scale impact test, 50km/h at 90° into the side
of a stationary car, against which the model was validated. For example, in an accident
where a motorcycle collided with the rear of a stationary van at 20km/h the rider sustained
only minor leg abrasions from contact with the road. The peak linear acceleration
predicted by the simulation, 70g, was similar to the 107g measured in the helmet damage
replication tests. The rotational acceleration 8000 rad/s/s for the simulation was greater
than the 5026 rad/s/s measured in the helmet damage replication tests, but of the same
order of magnitude.

3 Accidents occur to a wide range of motorcycles in a wide range of circumstances and
it is difficult to obtain information to validate the model for use across the range.
Nevertheless, the model that has been developed is a sophisticated tool and there is
extensive motorcycle impact test data available. Thus, with more research, the model
could be validated against this data and a wide variety of motorcycle accident
configurations and mechanisms may be investigated.
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4 A neck developed to study the kinematic motion in slow speed rear car impacts was
used as a replacement for the Hybrid III neck. The purpose of this was to examine the
influence of the neck on the kinematic motion of the head in motorcycle accidents. The
results showed that although the linear acceleration was similar, the rotational acceleration
was somewhat greater for the modified neck, 9,000rad/s/s, compared with 6,000rad/s for
the standard neck. This substantiates the belief that the Hybrid III neck is stiffer than a
human neck and will lead to predictions of rotational acceleration that are too low.

5 Helmet damage seen in accident helmets was replicated in drop tests and the
accelerations, rotational and linear, and external forces were measured.  These
measurements were compared with the injury severity, expressed as AIS, to establish
"state of the art" information on human tolerance criteria. Twenty cases were investigated.

6  The replication tests have enabled values of measured parameters that are likely to
cause injury to be identified. In particular, the work suggested that a limit of rotational
acceleration of 5,000rad/s/s may be useful as a basis for Standards requirements, together
with a limit of rotational velocity of 40rad/s. HIC was less well defined but the research
showed that injuries up to AIS 5 occurred at a HIC of 1000 or less. Similarly injuries up to
and including AIS 5 occurred at a peak linear acceleration of 250g or less.

7.  This research has produced a substantial amount of data and information relating to
the human tolerance of the head that has previously not been available. This data has been
used by the Computer Simulation Working Group and, in turn, the Head and Neck
Tolerance Working Group to provide state of the art data on the tolerance of the human
brain to injury.
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APPENDIX SI. MOTORCYCLE ACCIDENT REPLICATION RESULTS (2 EXAMPLES)
REPLICATION OF ACCIDENT G140

Accident description:

= Rider final
postion

........................................... f
v v

y Grassland

\2! Yamaha FZR 1000 | Speed <96km/h

Rider approaches left hand bend and loses control on
damp surface. The rider falls with bike onto left side
and veers across carriageway and up embankment.
The rider, still mounted, then collides heavily with the
wire fencing and wooden posts along the
embankment. The bike was reported to have been on
its right side at the point of impact. The rider
sustained fatal head injuries from the impact with a
fence post. The motorcycle damage included a large
dent in fuel tank, broken front forks and missing front
wheel. The rider was assumed to have been riding
below the signposted speed limit.

Casualty | Rider Fatal: Y | Male | Age: 35
Max head AIS: 4 Base of skull fracture

Other sig. AIS: 1 Contusions left elbow

Other head Vault of skull fracture (AIS 3), Diffuse bilateral subarachnoid staining (AIS

injuries:

3), Contusion left temporal pole (AIS 3), Contusion on undersurface of left

frontal lobe (AIS 3), Laceration with underlying haematoma (deep) of right
occipito-parietal scalp (AIS 2), Contusions of left eyelid and neck below right

ear (AIS 1).
Make: Shoei
Model: GRV
Type: Full face
N S———— Retained: Y
Material: GRP

Shell crack, 17cm long (including Scm tear at base),
running from behind right temporal region to base of
helmet. Paint cracking and loss surround the shell
crack forming an ellipse 10cm wide. Residual liner
deformation adjacent to the shell crack with
approximately 25% reduction in original 30mm liner
thickness. Other minor scuffs and chips elsewhere on
helmet, some pre-accident.

Replication results Target used: Wooden fence post

Linear acceleration Peak (HIC) 1242g (27550)

Rotational acceleration Peak (Integral) 92798 rad/s® (110rad/s)

Impact velocity Resultant and Angle 15.6m/s @ 90 degrees

Impact force Normal and Tangential 38425N and 3410N
Coefficient of Friction 0.09
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REPLICATION OF ACCIDENT H14.130

Accident description:

]

V1. BMW K 100 Speed: 49km/h

V2: VW Golf Mk. 2 | Speed: 7km/h

V2 failed to give way to an oncoming
motorcycle and turned left in front of V1who
was going straight-ahead over the junction. The
motorcycle was unable to avoid V2, and
impacted the car in an upright position at an
oblique angle. The impact caused severe crush
damage to the car body and some frame damage
to the bike. The rider was thrown over the car
onto road surface.

k

Casualty Rider Fatal: N Male Age: ?
Max head AIS: 2 Concussion
Other sig. AIS: 1 Abrasion and contusions to thorax and limbs
Helmet Make: BMW
Model: System 3
Type: Full face
Retained: Y
Material: GRP with thermoplastic
chin guard

Damage: Abrasion damage to left side
of helmet towards rear and crown. The
abrasion is made wup of irregular
scratches and scuffs over a circular area
of approximately 6cm diameter. The
scuffs are generally deep and short.
There are some additional abrasions and
paint loss at helmet base due to
secondary impact.

Normal and Tangential

Replication results Target used: Concrete slab

Linear acceleration Peak (HIC) 224¢ (1059)
Rotational acceleration Peak (Integral) 9088rad/s” (33rad/s)
Impact velocity Resultant and Angle 6.5m/s (@ 30degrees

3.3m/s and 5.63m/s

Impact force

Normal and Tangential
Coefficient of friction

8179N and 2003N
0.24
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CHAPTER 6. FINITE ELEMENT MODELLING AND
SIMULATION OF HELMET, HEAD AND NECK

6.1. INTRODUCTION

Mathematical modelling was an important part of the Action and this section describes the
construction and use of a finite element model of a skull, brain, neck and motorcycle
helmet. Louis Pasteur University, Strasbourg and Polytecnico Milano developed the finite
element models. The Transport Research Laboratory was responsible for helmets, much
helmet data and supplying detailed brain injuries for some of the accident cases.

All of the models have been constructed in finite elements and Strasbourg University has
constructed the brain, skull and helmet models in RADIOSS. Milano have constructed the
neck, initially as a lumped mass multi-body model in VeDyAC, then as a finite element
model in PAM CRASH. The multi-body model was used as a development tool to
investigate the type of muscle control that may be needed to ensure a human-like response.
It was important that the simulations were properly validated and a brief description of this
process is included for each of the models. The brain was validated against published
cadaver data, the neck against published human volunteer data and the helmet against data
from test results at TRL and Strasbourg University. New and hitherto unpublished
materials data, obtained by Strasbourg University, was used for the skull and also for the
brain.

This report describes the construction and validation of the models and gives details of,
and justification for, the material characteristics selected. Section 6.2 describes the brain
and skull, section 6.3 the neck and section 6.4 the helmet. TRL was responsible for the
study of head parameters to investigate the change in peak pressure and peak von Mises
stress to variations in the bulk modulus and visco-elastic shear modulus of the brain, and
Young's modulus of the cerebrospinal fluid. This was then followed by an investigation of
the variation in the model output to changes in the mass and stiffness of an impactor
striking the forehead.

The model was then used to investigate the behaviour of the brain in accident conditions
specified from the range of accidents that were replicated by TRL as part of the process of
the reconstruction of helmet damage.

6.2. HEAD MODELLING

6.2.1. Model development

The geometry of the inner and outer surfaces of the skull was digitised in the Strasbourg
laboratory from a human skull and information given in an anatomical atlas by Ferner.
This data was used to mesh the human head using the Hypermesh code. Figure 6.1 below
shows the 3D skull surface obtained by digitising external and internal surfaces of a
human skull and the meshed model.

Figure 6.2 shows a cross section of the model and illustrates the anatomical features of the
skull and the brain and the position of the brain within the skull. The main anatomical
features modelled were the skull, falx, tentorium, subarachnoid space, scalp, cerebrum,
cerebellum, and the brain stem.
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Figure 6.2. Three dimensional human head model

(falx and tentorium (a), brain (b) representations and overview (c))

The finite element mesh is continuous and represents an adult human head. The falx and
tentorium were simulated with a layer of shell elements, the skull comprised a three
layered composite shell and the remaining features were modelled with brick elements.

Of particular importance, and rarely modelled, is the subarachnoid space between the
brain and the skull, which in this model was represented by a layer of brick elements to
simulate the cerebral-spinal fluid. The tentorium separates the cerebrum and the
cerebellum, and the falx separates the two hemispheres and brick elements were again
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used to simulate the cerebral-spinal fluid that surrounds these membranes. The scalp,
which surrounds the skull and facial bones was also modelled by a layer of brick elements.
Overall, the current head model consists of 11939 nodes and 13208 elements divided in
10395 bricks and 2813 shells and it has total mass of 6.7 kg.

6.2.2. Material properties.

Material characteristics are very important to the success of a finite element model and
Table 6.1 below lists the properties of the materials used in the model.

Table 6.1 Material properties of the head model

Part Material Material Value Element Shell
property parameter type thickness
(mm)
Face Elastic Density 2.5E+03 Kg.m™ Shell 10.0
Young’s modulus | 5.0E+03 MPa
Poisson’s ratio 0.23
Cranium Elastic Plastic | Density 1.9 E+03 Kg.m™ Shell 2.0
(Cortical) Orthotropic | Young’s modulus | 1.5E+04 MPa
Poisson’s ratio 0.21
Bulk modulus 6.2 E+03 MPa
UTS 90.0 MPa
UCS 145 MPa
Cranium Elastic Plastic | Density 1.5E+03 Kg.m™ Shell 3.0
(Trabecular) |Orthotropic | Young’s modulus |4.6E+03 MPa
Poisson’s ratio 0.05
Bulk modulus 2.3E+03 MPa
UTS 35.0 MPa
UCsS 28.0 MPa
Scalp Elastic Density 1.0E+03 Kg.m” Solid |  -----
Young’s modulus | 1.67E+01 MPa
Poisson’s ratio 0.42
Brain Viscoelastic | Density 1.04E+03 Kg.m™ Solid |  -----
Bulk modulus 1.125E+03 MPa
Short time shear|4.9E-02 MPa
modulus
Long time shear|1.62E-02 MPa
modulus
Decay constant 1.45E-01
CSF Elastic Density 1.04E+03 Kg.m™ Solid |  --—--
Young’s modulus |0.12E-01 MPa
Poisson’s ratio 0.49
Falx Elastic Density 1.14E+03 Kg.m™ Shell 1.0
Young’s modulus |3.15E+01 MPa
Poisson’s ratio 0.45
Tentorium | Elastic Density 1.14E-09 Kg.m™ Shell 2.0
Young’s modulus |3.15E+01 MPa
Poisson’s ratio 0.45

119




COST 327

Material properties of the cerebral spinal fluid, scalp, facial bones, tentorium and falx are
all isotropic and homogenous. The viscoelastic properties assigned to the brain were
scaled from Shuck et al 1972. The behaviour in shear was defined by:

G(t)=G. +(G,—G.)Exp(-B 1)
G, : Short term shear modulus
G_.: Long term shear modulus
B : Decay constant

The Young's modulus of the subarachnoid space was determined by Willinger et al in
1994 using modal analysis. The material properties are similar to those used in a model by
Wayne State University with the important exception that the skull in the Strasbourg
University model was simulated by a three layered composite shell representing the inner
table, the diplée and the external table of the human cranial bones. In order to reproduce
the global compliance of the cranial bones, each layer was assigned a thickness in
combination with an elastic brittle law. This skull modelling permitted simulating the bone
fracture by introducing a material discontinuity and then analysing the effects on the head
response in, for example, instances of head impacts resulting in skull fracture.

6.2.3. Model validation

The experimental data used for this work was published by Nahum et al. 1977 for a frontal
blow to the head of a seated human cadaver. Table 6.2 presents the impact configuration
for the Nahum test as used in this study to validate the model. The values of maximum
linear head acceleration, impact force and the calculated HIC are also specified in this
table.

Table 6.2 Impact conditions and test results for Nahum's test

Test Impact | Head/impactor | Force| ACG HIC | Dt (HIC)
area interface N) (g) max. (ms)
Nahum’s Impact | frontal rigid cylinder | 6900 198 744 2.4
bone with padding

In Nahum’s test, intracranial pressures were recorded at five locations: behind the frontal
bone adjacent to the impact area, in the parietal area immediately posterior to the coronal
suture and superior to the squamosal suture, inferior to the lambdoidal suture in the
occipital bone (one on each side), and at the posterior fossa in the occipital area. These
measured pressure locations were named as frontal, parietal, occipital 1, occipital 2 and
posterior fossa.

Since the neck was not included in this model, a free boundary condition was used to
simulate Nahum's impact. This hypothesis was based on the justification that the time
duration of the impact was too short (6 ms) for the neck to influence the kinematics of
head response.

In order to reproduce the experimental impact conditions, the anatomical plane of the
model was inclined at about 45°, as shown in figure 6.3, to be consistent with Nahum's
experiment. Figure 6.3 presents the configuration of the Nahum's impact simulation. For
modelling a direct head impact, the model was impacted frontally by a 5.6 kg rigid
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cylindrical impactor launched freely with an initial velocity of 6.3 ms™. The impact force,
head acceleration at the centre of gravity and five intracranial pressure time histories were
calculated and compared with Nahum's experimental data. The finite element analysis
was executed using the RADIOSS code and the method of one point integration was used
for all analysis.

Cylindrical impactor

Figure 6.3. The 3D human head model in Nahum's frontal impact configuration

The forces and head accelerations for both the Nahum impact and the numerical analysis
are shown in figures 6.4 and 6.5. Good agreement between the experiment and the
simulation was obtained for the impact force and the head acceleration. The duration of
the impact and the amplitudes were well matched as shown in figures 6.4 and 6.5. This
result confirms that the free boundary assumption for the short pulse duration was
justified.
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Figure 6.4. Impact force comparison for Figure 6.5. Head acceleration
Nahum's impact comparison for Nahum's impact
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Figure 6.6. Intracranial pressure contour at 3 ms (Nahum's frontal impact)
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Figure 6.7. Intracranial von Mises stress contour at 4 ms (Nahum's frontal impact)

Intracranial pressure was uniformly distributed across the brain with compression in the
frontal region and tension in the occipital region as shown in figure 6.6. This typical
coup/contrecoup pressure pattern was also predicted by Ruan's and Zhou's models.

The model predicted a maximum compression of 0.24 MPa at impact point and a
maximum tension of -1.15 MPa at the point opposite to the impact site. As shown in
figure 6.7, the highest von Mises stress was in the brain stem and the lateral lobe and not
in the frontal region located under impact point. This von Mises stress distribution was a
similar response to that found with Zhou's model. However, this is contrary to what was
predicted by Ruan's model, which was, that the maximum brain shear stress occurred in
the frontal region and the brain stem.

The numerical (simulation) data and experimental data of the pressure time histories for all
five of the sites at which Nahum measured pressure are presented in figures 6.8 to 6.12.
These figures show that the five intracranial pressures from the model closely matched the
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experimental data. This was particularly so for the peak pressure for which the maximum
difference was less than 7 %.

When pulse shape was compared, the model response was clearly more symmetrical than
the equivalent head response data from Nahum’s test and was particularly evident for the
occipital pressures 1 and 2 as shown in figures 6.10 and 6.11. This symmetry occurred
probably because the skull geometry and the head kinematics were more symmetrical in
the simulation than in Nahum's experiment. However, these differences between the
experimental and simulation data were considered to be inconsequential.

In the skull, the model predicted the highest von Mises stress to be at the impact site and
then diminishing from the impact point throughout the rest of the skull. Skull fracture did
not occur in this simulation, which is consistent with Nahum's observation in the autopsy.
Overall, the results were very encouraging and gave confidence in the model sufficient to
carry out head impact replications of real motorcycle accidents in order to investigate
brain injury mechanisms.
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1 2 - 4 H 3 7 -} ] 1 2 a 4 5 3 7 a
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Figure 6.8. Frontal pressure (coup pressure) Figure 6.9. Posterior fossa
pressure comparison (contrecoup pressure) comparison
T Gccipital pressura 1 x 10" Oceipital prassura 2

Prassura |Pa)
Prassura | Pa)

Tima [ms] Tima Jms]

Figure 6.10. Occipital pressure 1 comparison  Figure 6.11. Occipital pressure 2
comparison
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Figure 6.12. Parietal pressure comparison

6.3. DEVELOPMENT OF THE FINITE ELEMENT MODEL OF THE NECK

6.3.1. Description of the model

The model comprises 8 rigid vertebrae and a rigid head, 6 nonlinear viscoelastic
intervertebral discs, 34 nonlinear viscoelastic ligaments, 17 nonlinear facet joints and 13
pairs of muscles. This model is made of 971 solid elements, 62 bar elements and 17 6-
DOF Spring-Dashpot elements, figure 6.13.

The vertebrae and the head were considered as rigid bodies, since their deformation was
insignificant compared with deformation of the soft tissues. Each vertebra in the range
between C7 and C3 consists of 100 solid elements (bricks).

The axis, the T1 vertebrum and the head, were represented by 97, 122, 18 and 18 solid
elements, respectively. Each intervertebral disc consisted of 36 brick solid elements,
arranged in three layers, linking the lower plate of the upper vertebral body to the upper
plate of the lower vertebral body, figure 6.14.

All the ligaments, interspinous, flavium, anterior and posterior longitudinal, alar, apical,
transverse ligaments and tectorial, anterior, posterior membranes were each simulated by
one bar element joining the two adjacent vertebrae, figure 6.15; each muscle was also
simulated by one bar element. The articular facets and the joint between the dens and the
anterior arch of atlas were simulated each by 1 6-DOF Spring-Dashpot element joining the
two adjacent articular surfaces.

6.3.2. Characteristics of the elements.

Data describing the mechanical characteristics of human neck tissue are incomplete,
especially for dynamic loading. Therefore, the model response was compared with that of
human response measured during experiments at the US Naval Biodynamics Laboratory
(NBDL) when volunteers were subjected to 15g frontal and 7g lateral HYGE sled
experiments. Mechanical properties of the elements were necessarily improved so that the
model produced behaviour similar to that of NBDL volunteers in terms of kinematics and
dynamics.

The mass and the inertial characteristics of the head were taken from studies performed at
NBDL and includes correction for instrumentation with a mass of 0.53 kg: M = 4.69 kg,
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Ixx = 181 kg-em?, Iyy = 236 kg-em?, Izz = 173 kg-em?, Ixz = 71 kg-em®. A nonlinear
viscoelastic material law was imposed on the solid elements simulating the intervertebral
discs; elastic modulus for these elements is 7-10" N/m?.

Ligament behaviour was modelled with elements producing viscoelastic force only in
tension. This material model represents a generalised Kelvin mechanism which consists
of a spring and a damper in parallel. The spring behaviour was prescribed by a nonlinear
force-deflection curve simulating the sigmoidal shape of the biomechanical structures and
the damper accounts for differences between dynamic and static ligament response.

The mechanical properties of the facet joints were simulated by a non linear viscoelastic
material. This material model corresponds to a nonlinear spring-dashpot element
connecting two nodes: the nonlinear spring force (moment) response was imposed on the
6-DOF Spring/Dashpot elements simulating the sliding movements of the facet joints and
the laxity of the capsular ligaments. Viscous behaviour was represented by two constant
damping coefficients that were set at 300 Ns/m for the translations and 1.5 Nms/rad for the
rotations.

Only the stronger and the more superficial muscles were included in the model to study
the effect of passive and active muscle behaviour on the head-neck impacts: longus colli,
longus capitis, scalenus anterior, medius and posterior, trapezius, sternocleidomastoid,
splenius capitis and cervicis, semispinalis capitis and cervicis, logissimus capitis and
cervicis.

A simplified geometric representation was chosen in which each muscle force is directed
along the straight line connecting origin and insertion. Passive muscle behaviour was
modelled by a nonlinear force-elongation relation. Active muscles were represented by
elements which reproduce passive and active muscle behaviour according with Hill
muscle model.

6.3.3. Results

The model was tested in frontal and lateral impacts and compared with envelope curves
that were obtained from NBDL tests. The model was loaded by imposing on vertebra T1
the same linear acceleration as those measured on the volunteers.

The results obtained with the model correspond well to the volunteer responses for both
frontal and lateral directions. Better results were obtained in terms of kinematics
responses of the head and neck running the model with muscle activation. This shows that
muscle contraction has a large influence on the head-neck response.

Figure 6.16 and figure 6.17 shows the active and the passive response of the model
compared with human volunteer response corridors for the frontal and lateral impact.

125



COST 327

Figure 6.14. Oblique view of an intervertebral Figure 6.15. Lateral view of two
lower disc of the finite element model. cervical vertebrae with ligaments.
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Figure 6.16. Response to frontal impact of the finite element model with active (o)
and passive (x) muscle behaviour in comparison with the human volunteer response
corridors (dotted lines). +x is forwards, +y is to left, +z is upwards.
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Figure 6.17. Response to lateral impact of the finite element model with active (o)
and passive (x) muscle behaviour in comparison with the human volunteer response
corridors (dotted lines). +x is forwards, +y is to left, +z is upwards.

6.4. HELMET MODELLING

6.4.1. Helmet profile measurements

The helmet chosen to be the basis of that used in the model was a Nimrod glass fibre
helmet largely because this helmet had been the subject of many tests at TRL and, thus,
much data on its performance was available. TRL agreed to supply the material
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characteristics and these are given in the Reconstruction Working Group interim report.
However, of prime importance was the outer profile and this needed to be determined
accurately for the FE model.

The helmet was mounted upon a level platform and the geometry was recorded using a 3
dimensional arm linked to a computer. An ordinate system for defining the helmet
geometry was based upon that used by ISO and adopted as EN 960 and incorporated into
Regulation 22 (ECE Motor Vehicle Helmet Standard) for defining the geometry of
headforms.

6.4.2. Helmet modeling and validation

The above described helmet has been meshed by shell elements for the shell and by brick
elements for the protective foam. Constitutive equations for the different materials have
been modelled after an experimental analysis of the helmet components. The Hybrid II
dummy head has also been meshed and figure 6.18 shows the coupling of both models; the
helmet model and the headform model. This global model has been validated against a
standard impact on a flat anvil in terms of headform acceleration

Figure 6.18. Finite element model of the helmet coupled with the headform for the
helmet validation

The validation of the helmet FEM was in accordance with the impact test stipulated by the
British Standard BS 6658A, and ECE-R022/04. The helmet was coupled with the
headform, figure 6.18, and the comfort liner was modelled by a gap. The contact between
the two parts was defined using a contact algorithm available in Radioss. A simulation of
a frontal impact was used for the validation. The model was launched freely against a
rigid anvil with an initial velocity of 7.5 m/s, experimentally at Transport Research
Laboratory and numerically at ULP, Strasbourg. The linear acceleration and the force-
displacement time histories produced by the headform model were used as the basis for
the helmet validation. Figure 6.19 shows the headform acceleration time history for the
impact from both the experiment and the simulation. The shape, the delay and the
magnitude of the acceleration produced by the model agree very well with the
experimental data.
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Figure 6.19. Comparison of experimental and numerical headform acceleration

6.5. AN ANALYSIS OF HEAD AND HEAD IMPACT PARAMETERS

6.5.1. Method

Following the validation of the head model it was concluded that further work should be
completed on the model so that the output could be better understood. A study of head
parameters was considered essential for this purpose. This section of the report describes
the method and results of the analysis. It should be noted that to avoid unnecessary
complications the cerebro-spinal fluid, in this research, was modelled as a material with
the appropriate characteristics. Thus, the material was correctly assigned a Young's
modulus as discussed below.

The parameter analysis investigated the change in the model response (pressure and von
Mises stress) to variations in the bulk modulus and viscoelastic short time shear modulus
of the brain. The change in the model response (pressure and von Mises stress) was also
investigated for a range of values for the Young’s modulus of the cerebrospinal fluid
(CSF). These parameters were individually varied for 27 model runs. For all these runs,
the model was configured to a specific set of experimental conditions. This consisted of
propelling a padded cylindrical impactor at the forehead of the model at 6 m/s™.

Sixteen model runs were completed with the model configured to the same experimental
conditions as the Parametric Analysis. For each run of the model, an isolated change was
made either to the Young’s modulus of the impactor padding (stiffness) or to the impactor
mass. Thus, the sensitivity of the brain to variations in impact conditions, such as may be
represented by changes to helmet materials, was investigated.

6.5.2. Results

Pressure and von Mises stress were monitored at specific elements spread throughout the
brain of the model. These included elements positioned in the anterior, posterior and base
of the brain, in addition to the brain stem. The peak pressures and von Mises stress were
taken from the results and a Multiple Regression Analysis (MRA) performed to establish
the relative importance and sensitivity of each parameter on the model’s peak responses.
MRA is a statistical method for fitting a mathematical relationship between a dependent
variable and two or more independent variables. The results from the MRA were used to
summarise and support the visual observations of the peak responses.

Overall, the response of the model to changes in its parameters and inputs did match what
was expected. The brain bulk modulus was shown to have a direct influence on the peak
brain pressure, and, in addition to the short time shear modulus, an inverse affect on the
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peak von Mises stress of the brain. In general, increasing the mass of the impactor had a
direct and inverse affect on the peak pressure and peak von Mises stress of the brain.
However, in some cases the output from the model deviated from that which was
expected, with progressive changes in the model parameters and inputs.

The direct influence of brain bulk modulus on the brain peak pressure was disrupted in
elements experiencing large positive peak pressures close to the point of impact. For
example, figure 6.20 shows that for runs with Young’s modulus set high for the CSF, a
direct relationship exists between brain bulk modulus and the peak pressure, for example
runs 19,20,21 and 22,23 24. However, at lower values of the Young’s modulus for the
CSF there is no regular relationship between isolated changes made in brain bulk modulus
and the peak pressure for example runs 1,2,3 and 4,5,6. It is postulated that this effect was
caused by the load profile prescribed for the CSF, presented in figure 6.21. Visual
inspection of the model revealed that the CSF elements, close to the point of impact, were
crushed beyond 80% strain, leading to an increase in the stiffness of the elements. It is
possible that this change, coupled with the designated changes in the model’s chosen
parameters could have upset the direct relationship between the brain bulk modulus and
peak pressure.

Several observations provide supporting evidence for this theory. First, the Young’s
Modulus of the CSF only had a significant influence on the peak pressure response of
elements experiencing large peak pressures at the anterior of the brain. The direct
relationship between brain bulk modulus and the brain peak pressure was disrupted for
these same elements. Second, in the results on the peak von Mises stress, where the
Young’s modulus of the CSF did not affect the results, disruptions were not observed in
the relationship between peak von Mises stress and the brain bulk modulus. Third, the
disruption to the relationship between the brain bulk modulus and peak pressure generally
arose only in the runs where the Young’s modulus of the CSF was at its lowest. This was
when the elements of the CSF were more susceptible to strains above 80%. These
comments are postulated and can be proved only with additional runs of the model,
possibly with the Young’s modulus of the CSF raised to higher values including a value to
represent a rigid structure.
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Figure 6.20. Peak pressures recorded in element 5503 for changes to the brain
characteristics
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Figure 6.22. Peak pressure recorded in element 6327 for the impactor analysis.

Similar disruptions were observed when the impactor mass and padding stiffness were
varied. Peak brain pressure was inversely affected by changes to the Young's modulus of
the padding. Thus, contradicting the positive influence that this was expected to have on
this model response. Furthermore, the effect of impactor mass on the brain peak pressure
was expected to be direct but, when measured, was found to be erratic, especially in the
elements experiencing large peak pressures close to the point of impact; figure 6.22
provides an example of this. It shows that with an isolated increase in the mass of the
impactor, for example runs 1,2,3 and 5,6,7, there was an increase in the peak pressure.
However, when the mass of the impactor was increased further, runs 4 and 8, the peak
pressure was lower than it was at the lower impact mass.

Again, it is postulated that the load curve defined for the CSF (figure 6.21) may have been
responsible for these effects observed in the impactor analysis. In addition, the Young’s
modulus of the impactor also changes at strains above 80%, and this may also have
contributed to the irregular pattern and contradictory relationships observed between
impactor mass, impactor stiffness and the output from the model. With hindsight it is
considered that the Young’s modulus of the impactor or its depth should have been
increased to prevent the stiffness of the impactor from varying during the impact. This
may have provided a more regular array of results to interpret. However, what the results
do show is what may potentially occur in reality: that using a material with a low stiffness
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or thickness to protect the head from injury could potentially lead to higher brain
responses depending on the magnitude of the impact to the head.

Erratic results were achieved from the MRA performed to establish the relative
importance and sensitivity of each parameter investigated. For many of the outputs,
mainly peak pressure, weak relationships were achieved from the linear MRA. This result
was more common for the elements positioned close to the impact site, where, for peak
brain pressure, the magnitude of the response was at its greatest. In general, the analysis of
the MRA results gave a good insight into the model response to parameter changes.

The results indicate that the bulk modulus of the brain and the short time shear modulus of
the CSF have a significant influence on the peak pressure and von Mises stress in the
brain. However, large changes are needed in the bulk modulus of the brain to produce
significant change in the model’s response. The Young’s modulus of the CSF was
generally found to have little effect on the response of the model. However, it was found
to influence the peak pressure in elements positioned close to the point of impact. It is
uncertain if these results provide a true reflection of how the CSF influences the brain’s
response. The observed effect could be caused by the use of a soft, elastic, solid body to
represent what is in reality a fluid. Consequently, it is recommended that the material
characteristics of the CSF be further developed to be more accurate.

It was found that impactor mass and impactor stiffness influenced the peak pressure and
von Mises stress observed in the brain of the model. However, both the peak pressure and
von Mises stress was found to be over a thousand times as sensitive to a unit change in the
mass of the model (Kg) as to a unit change in the stiffness of the impactor (KPa).

6.6. NUMERICAL SIMULATION OF ACCIDENTS

6.6.1. Method

Part of the process of accident investigation was to collect the accident helmet. The
damage was examined and then TRL replicated the damage by drop testing a helmeted
Hybrid III dummy head fitted with a new helmet of the same type as was worn in the
accident until the damage was accurately reproduced. Linear and rotational motion and
external force was measured during the tests and Strasbourg University used this
information as part of the investigation into the mechanism of brain injuries.

However, before accidents could be simulated, it was necessary to couple the human head
model with the helmet model and then develop a simulation method that described the best
input for a given accident. The coupling of the head with the helmet is illustrated in figure
6.23 below.

For the input analysis a parametric study was performed for a particular accident, G168.
This showed that calculated intracerebral stresses are sensitive to the kind of inputs chosen
for this specific accident.

It was possible, using the data supplied by TRL, to simulate the accident in two ways: use
the velocity and helmet orientation measured by TRL at the point of impact as initial
conditions for the simulation or use the linear and rotational acceleration time histories
supplied by TRL as inputs to the skull. Both methods were applied to two accidents and
there were no significant differences observed in the skull acceleration and intracerebral
stress level. It was, therefore, decided to apply the 3D linear and angular acceleration
recorded on the headform to the skull of the human head FEM. Only in case of skull
fracture was velocity used as the input.
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Figure 6.23. Coupling of the human head FEM with the helmet model

6.6.2. Head impact simulation

For the selected accident cases, reconstructed experimentally at TRL, the reconstruction
report was transferred to ULP, Strasbourg. In addition ULP was provided with an
electronic copy of the results of the 3D linear and angular acceleration of the dummy head.
From this 3D-acceleration field, the velocity was calculated at three points on the skull
FEM and this was used as the input to the FE accident simulation. Intracranial response
was then computed with the RADIOSS code in order to calculate intracerebral stress and
strain fields as well as brain-skull relative motion as a function of time. An example of a
results sheet is shown in figure 6.24 for accident G165-1. It gives loading curves,
maximum values and field parameter descriptions.

Table 6.3 presents the cases selected for the numerical accident reconstruction and it can
be seen that AIS values vary from zero to five. This table also gives values for the peak
input accelerations, the computed HIC value, and the maximum values of the outputs such
as pressure, tensile and von Mises stress in the brain and intra-cerebral strain energy. As
an example figures 6.25a and 6.25b show the linear and angular input data for case
n0.G174. Figures 6.25c to 6.25d show the variation of pressure with time and the von
Mises stress and strain energy at the point where the pressure was a maximum. Figures
6.26a and 6.26b illustrate the distribution of these parameters through the brain.
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case G174 :
6.25a) linear acceleration and

6.25b) rotational acceleration for the inputs
6.25d) maximum von Mises brain stress
for the output.

6.25¢) maximum pressure and

Pressure

0.129602

0.107533

0.0854642

0.0633954

0.0413265

0.0192576

-0.00281128

-0.0248802

-0.046949

Von Mises
0.02

0.018
0.016
0.014
0.012
0.01

0.008

0.006

0.004

=
= b
E ¥
-0.0690179 0.002
L b

-0.0910868 Time = 5.00 Radioss 0 Time = 9.00 Radioss
G174 G174

Figure 6.26. Intracerebral field parameters calculated for accident simulation case
174

6.26a) Pressure and 6.26b) von Mises stresses



Chapter 6

Table 6.3 Details of the 13 accident cases selected for numerical replication

Case |AIS Lesions PLA | PRA | HIC |Pmax| | vMmax | CSFIE
Q lg] [rad/sZ] KPa] [kPa] [mJ]
=
=

G196 0 None 1 105 4056 306 130 15 2751
G313 0 None 1 88 6421 254 224 20 4077
G325 1 |0 None 1 118 375 578 110 14 1955
G327 0 None 1 107 5026 248 115 15 1592
G165 1 |2 Obtunded on admission 2 134 11447 | 669 80 20 1249
G174 2 Amnesiac for incident 2 | 152 | 10234 | 751 129 20 1698
G197 1 |2  |Obtunded with post 2 | 167 8341 771 190 20 1924
traumatic amnesia
G345 1 |2 Concussion 2 191 21910 | 667 151 22 1169
G107 5 Subdural and 3 192 11482 | 1389 186 13.5 3904
subarachnoid haematoma
- unconscious on
admission
G411 4 Subdural and small 3 | 234 | 14860 |2208| 210 40 5221

subarachnoid haematoma
- unconscious on
admission

G157 5 Base of skull and parietal | 4 | 115 3780 154 220 26 4254
bone fracture - extradural
haematoma -
unconscious

G154 2 |3  |Base of skull fracture - 4 1204 | 11173 | 1685| 260 23 7365

amnesiac for event

G193 5 Base of skull fracture - 4 | 447 32684 | 8918 760 45 23062
contusions - brain
swelling

6.6.3. Results

Currently accident analysis attempts to correlate head injury with a value of AIS and, in
turn, with measurements such as maximum linear or rotational acceleration and criteria
derived from these measurements such as HIC and GAMBIT. The purpose of this
research was to attempt to correlate the injury with the mechanism and explore the
deficiencies in the AIS system through the investigation of ten cases.

Initially, the maximum pressure and the maximum von Mises stress was plotted against
AIS for the 13 cases as shown in figure 6.27. Again, simple AIS values do not correlate
well with either pressure or with shearing stresses. Case G196 (AIS 0) sustained a
pressure similar to that of G174 (AIS 2) and G345 (AIS 2) sustained a shear force similar
to that of G157 (AIS 3) and G154 (AIS 4).

However, when the type of lesion, rather than AIS, was used for comparison, then four
distinct groups emerged: group 1, uninjured; group 2, concussed; group 3, sub-dural
haematoma; and group 4, skull fracture. In order to analyse intra-cranial response in more
detail, histograms were plotted of maximum intra-cerebral pressure, maximum von Mises
stress, maximum strain energy and the maximum shearing force in the CSF layer. After
examination it was found that the value of a given parameter for a specific group of

137



COST 327

accident victims was found to be valid as a means of estimating a tolerance limit for the
injury sustained by that group. For example, the histogram given in figure 6.28a shows
that pressure, because of the wide variation was not responsible for the injury in groups 1
to 3. Only group four shows a correlation of injury with pressure.

The maximum von Mises stress and strain energy, see figures 6.28b and 6.28c, are of
greater interest and show better correlation. group 1, uninjured, sustained low values
whereas group 2, concussed, sustained values typically twice that of group one. However,
for groups 3 and 4, haematoma and fracture, the von Mises stress and strain energy varied
greatly. The third histogram figure 6.28c shows a further correlation.
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Figure 6.27. Results of the 13 simulated accident cases in the “maximum pressure-
maximum von Mises plan”: (group 4 - case G193 is out of the figure)

The above analysis lead to the following conclusions. Intra-cerebral von Mises stresses
and strain energy are indicators of concussion, group two, with values of 10kPa for short
duration concussion and 20kPa for long duration. SDH, group 3 may be related to brain —
skull relative motion which, in the above analysis, is expressed in terms of strain energy.
Figure 6.28c shows that there is an upper limit of this parameter of the order of 4J.
Finally, the skull fracture cases from group 4 are obviously due to skull stresses which
were not calculated in this study.
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Figure 6.28. Histograms of intra-cranial parameters relative to the 13 accident
simulations : a) Maximum brain pressure, b) maximum von Mises stress in the brain
and c¢) maximum strain energy in the CSF layer.

6.7. CONCLUSIONS

1. A finite element model of a human skull and brain has been developed in RADIOSS by
Strasbourg University. The skull model was meshed using data obtained by digitising, in
detail, the inner and outer profiles of a human skull. The model is unique in the extent to
which the various parts of the head and brain are defined. Of particular note is the
representation of the subarachnoid space between the brain and skull with brick elements
which, in this model, were used to simulate the cerebral-spinal fluid.
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2. The head model has been successfully calibrated against the well known Nahum
cadaver data and was shown to give accurate predictions at all the five sites within the
brain, as examined by Nahum. Impact force, pressure at the impact site and opposite to it
and the distribution of von Mises stresses were simulated sufficiently accurately to give
confidence that the model may be used, as intended, for the investigation of head injury
mechanisms over a wide range of input parameters.

3. The helmet model was developed by meshing, from three dimensional data supplied by
TRL, of the outer profile of a typical UK helmet. The model was calibrated against data
from impact tests of the helmet on a headform, supplied by TRL and Strasbourg
University.

4. A neck model has been developed by Polytecnico Milano, first as a multi-body lumped
mass model and then as a finite element model, in PAM CRASH, that can be linked with
the model of the skull, brain and helmet. The neck comprises eight rigid vertebrae, six
non-linear viscoelastic invertebral discs, 34 non-linear viscoelastic ligaments, 17 nonlinear
facet joints and 13 pairs of muscles. The model has been successfully calibrated against
published human volunteer data obtained from sled tests. Particularly good agreement
was obtained for the head acceleration and neck rotation. It should be noted that the
inclusion of non-linear visco-elastic ligaments was essential to obtain good agreement of
the head rotation with time.

5. An analysis of head and head impact parameters of the finite element model of the skull
and brain showed that:

1) The brain bulk modulus has a significant influence on the peak pressure and von
Mises stress of the brain, although large changes in the bulk modulus of the brain are
needed to arouse significant changes in these model responses,

2) the short time shear modulus of the brain has a significant impact on the peak von
Mises stress of the model, but an insignificant influence on the peak pressure,

3) In general the Young’s modulus of the CSF has an insignificant influence on the
peak pressure and von Mises stress of the brain in the head model,

4) The peak von Mises stress of the brain is around five orders of magnitude more
sensitive to a unit change (KPa) in the brain short time shear modulus than it is to a unit
change (KPa) in the bulk modulus of the brain,

5) Both the mass and stiffness of an impactor have an important impact on the peak
pressure and von Mises stress in the brain,

6) Both the peak pressure and von Mises stress of the brain are around a thousand
times as sensitive to a unit change (Kg) in the mass of an impactor striking the forehead,
as they are to a unit change (KPa) in the stiffness of the impactor.

6. An FE mesh of the motorcycle helmet was added to the model, which was then used to
simulate 13 motorcycle accidents selected from the COST 327 Action database. The
damage to the accident helmets had been replicated by drop tests at TRL during which
rotational and linear acceleration and external forces were measured. The output from the
model was compared with the head injuries recorded for each case. It was concluded that
AIS does not correlate well with the conventional test criteria such as linear acceleration,
HIC and GAMBIT. However, when brain behaviour was examined the four distinct
groups emerged: uninjured, concussion, sub-dural haematoma and skull fracture.

7. The foregoing analysis led to tentative proposals for brain injury criteria as follows;



Chapter 6

1) Intra-cerebral von Mises stress of 10kpa for short duration concussion
2) Intra-cerebral von Mises stress of 20kpa for long duration concussion

3) Strain energy in the cerebral spinal fluid of approximately 4J for sub-dural
haematoma

4) Skull fracture was identified but not assessed in this study but should be
included in future research.

8. It is believed, with good supporting evidence, that this overall model represents the
state of the art for a finite element model of the skull, brain, neck and helmet.
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CHAPTER 7. TOLERANCE OF THE HEAD AND NECK
TO INJURY

7.1. INTRODUCTION

The objective of the Head and Neck Tolerance Working Group was to evaluate the
tolerance of the head and neck to injuries sustained in motorcycle accidents and to present
the results in terms of injury probability and injury prediction. The Head and Neck
Tolerance Working Group was linked very closely to the Accident Investigation, the
Reconstruction, and the Computer Simulation Working Groups which were responsible
for accident data collection and experimental and numerical replication of selected
accidents.

Part of the accident data collection process was to collect and examine the helmets and to
record the extent and location of the damage. Also recorded was an estimate of the head
impact speed, an estimate of the direction of the impact force to the head, and an estimate
of the motorcyclist’s trajectory during the accident. Detailed injury information was
recorded and for the serious and fatal cases this included neuropathological data of the
brain injuries. The Accident Investigation Working Group used such information,
together with an extensive range of other data, to determine which accidents were likely to
be suitable for replication. This information was then given to the Reconstruction
Working Group.

The purpose of reconstruction was to examine the accident case file and the helmet, and
then to attempt to reproduce the same damage, by drop testing equivalent new helmets.
The test method was to drop a helmeted headform at different velocities onto a surface
similar to what was impacted during the accident and at the angle identified by the
accident data collection team. The headform was equipped with extensive instrumentation
such that both the linear and rotational acceleration could be recorded. These
measurements were then compared with the type and severity of head injuries that had
been determined by clinical experts and, in particular, the neuropathological analysis
provides detailed brain injuries for the fatal and serious cases.

The ULP numerical replication was performed on cases replicated experimentally by TRL.
Finite element (FE) modelling was used to simulate the impact force, pressure at the
impact site and opposite to it, and the distribution of von Mises stresses. The Bimass
headform model was used to calculate linear and rotational acceleration of the skull and
brain and also the linear and rotational acceleration of the skull relative to the brain.

7.2. PRINCIPLES OF HEAD INJURY SEVERITY PREDICTION, PROBABILITY, TOLERANCE

The severity of head injury was classified according to the well known Abbreviated Injury
Scale (AIS) consisting of 6 discrete categories, AIS 1 minor, AIS 2 moderate, AIS 3
serious, AIS 4 severe, AIS 5 critical, and AIS 6 maximum; AIS 0 is uninjured. In the
following analyses the AIS severity of head injury of the cases considered is plotted
against specific physical parameters, which have been estimated by accident
reconstruction, measured or calculated by experimental or numerical replication. For
example, these parameters are head(form) impact speed, linear and rotational acceleration,
and HIC etc. Statistical methods were used and a regression equation was applied to
calculate the best possible correlation indicated by a maximum coefficient of precision 2.
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In the present analyses this was normally a logarithmic function; a representative example
is given in figure 7.1.

Except at points of intersection with AIS horizontals, such a regression function calculates
undefined continuous “AlS-values” but not discrete integer AIS categories 0 — 6.
Therefore, all non-integer results need to be transposed into integer values as is
demonstrated for the example in figure 7.1.
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Figure 7.1. TRL replication showing resultant linear headform acceleration and
head injury severity

When the equation y = 1.7426 In (x) — 6.7228 was applied for x = 200 g the result was
“AIS = 2.51”. However, the best results for predicting AIS head injury severity were
achieved by applying the mathematical integer function Int(“AIS”) in a strict sense, for
example, Int (2.yy) = 2 for all y, and values y> .50 were not rounded up to y+1. Thus, for
instance, if x = 200 g is put in the equation y = 1.7426 In (x) — 6.7228 as shown figure 7.1
then y = 2.51 and the AIS head injury severity level predicted is Int (2.51) = 2. The best
possible prediction of AIS levels was considered to be achieved if the percentage of AIS
levels predicted accurately was highest in the samples examined. Therefore, the equations
presented in the following sections were applied like transfer functions, the results of
which needed to be transposed into integer AIS categories, as necessary.

The probability functions were approximated to a normal distribution of AIS values. As an
example, figure 7.2 illustrates the approximate normal distribution of AIS levels in a
selected headform acceleration range of 150 — 250 g, and for comparison the standard
normal distribution is given. Of course, in intervals with very few data points, the normal
distribution is not always as statistically significant as is shown in the example.
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AIS Distribution Interval 150 - 250 g Linear Headform Acceleration (TRL Replication)
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Figure 7.2. AIS distribution interval 150 - 250¢g linear headform acceleration (TRL
replication) compared with normal distribution

The standard deviation of estimation for AIS levels syx = sy (1 - rz)‘/z permits the
probability of AIS levels to be calculated for a given value of the physical parameter
considered. The probability P is given by the ordinate of the standard normal distribution
(Gauss Function, sy is the standard deviation of all data points).

As shown in figure 7.1 the limits for one standard deviation, + 1 sy are included in the
following diagrams and indicate an injury severity probability of approximately 24%. The
regression curves (red centre lines) indicate a probability of about 40% (c.f. standard
normal distribution).
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Considering the example presented in figure 7.1. and the normal distribution as shown in
figure 7.2 the probabilities of injury for 200 g headform peak linear acceleration are as
follows:

AIS 1: P =24% (cumulative 76%),
AIS 2: P =38% (cumulative 62%),
AIS 3: P =38% (cumulative 38%),
AIS 4: P = 24% (cumulative 24%),
AIS 5: P =11% (cumulative 11%).

The points of intersection of the regression curves with the AIS horizontal lines are
considered to define the tolerance limit for this particular AIS head injury level (c.f. figure
7.1). As shown, this definition correlates to a probability of about 40% but a lower limit,
e.g. 24%, could be selected as well, then indicating higher tolerance limits.

7.3. ESTIMATED HEAD IMPACT SPEED AND HEAD INJURY SEVERITY

In the vast majority of the motorcycle accidents investigated the helmeted head struck
rigid objects, for example, a car structure, tree, lamppost, kerbstone, road surface etc. It
was considered that, in each case, the mechanical loading of the head associated with the
impact caused the head injury. Therefore, the severity of the head injury should be related
to the impact speed. However, in real world accidents, estimation of the head impact
speed is very difficult because of the complexity of the impact kinematics. Nevertheless,
the head impact speed was estimated for 161 cases for which figure 7.3 illustrates the
estimated head impact speeds related to AIS head injury severity.
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Figure 7.3. Estimated head impact speed and head injury severity

The distribution of data points in figure 7.3 indicates that, except for one case, serious
head injury (AIS > 2) occurred at impact speeds of 30 km/h and higher. The majority of
moderate head injuries are also related to impact speeds above 30 km/h. However, more
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than 50% of the cases without head injury (AIS 0) were exposed to impact speeds between
30 km/h and 125 km/h, a distribution similar to critical and fatal head injury of AIS 5 and
AIS 6. It can be concluded, therefore, that head impact speed vy does not correlate well
with AIS head injury severity.

The logarithmic regression shown in figure 7.3 shows that the best possible correlation is a
very low coefficient of r = 0.39.

The equation
AIS Head = 1.1431 In (Vesr) — 1.9762 | (7.1)

predicts the AIS severity of head injury accurately in only in 25% of cases and, in
particular, this does not include the higher levels, AIS 5 and AIS 6.

The accident data suggests that a moderate head injury of AIS 2 is the most likely outcome
at 30km/h.

7.4. EXPERIMENTAL REPLICATION AND HEAD INJURY SEVERITY

Experimental replication was performed at TRL for 21 accident cases, 1 case from
Finland, 3 cases from Hannover and 17 cases from Glasgow. The laboratory test method
and the replication data determined is described in Chapter 5.4. The following analyses
are based upon this data and relate to the physical parameters obtained in the laboratory
experiments in which helmet accident damage was replicated.

7.4.1. Headform impact speed

Figure 7.4 presents the headform impact speeds measured in the laboratory drop tests at
TRL.

Headform Impact Speed & Head Injury Severity (TRL Replication)
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Figure 7.4. Headform impact speeds in laboratory drop tests at TRL
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The logarithmic regression shown in figure 7.4 gives r=0.59 as the best possible
correlation, which is much better than the 0.39 given in section 7.3 for the speed estimated
from accident data.

The equation
AIS Head = | 3.3437 In (vpg) — 9.3841 | (7.2)

predicts the AIS value accurately in 24% of cases and furthermore, predicts that the head
injury severity will be AIS 2, moderate, at 30 km/h and AIS 3, serious, at 40 km/h.

7.4.2. Linear headform acceleration

Figure 7.5 presents the values of the peak resultant linear headform acceleration recorded
in the drop tests at TRL.

The logarithmic regression shown in figure 7.5 gives r=0.60 as the best possible
correlation, which is similar to the 0.59 given in section 7.4.1 for the headform impact
speed.

Resultant Linear Headform Acceleration & Head Injury Severity (TRL Replication)
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Figure 7.5. Peak resultant linear headform acceleration from laboratory drop tests

The equation
AIS Head =| 1.7426 In (aji,) — 6.7228 | (7.3)

predicts the AIS value accurately in 29% of cases and furthermore, this includes AIS 5 and
AIS6, which is an improvement over the previous analysis. The head injury severity is
predicted to be AIS 2, moderate at 150g and AIS 3, severe, at 260g.

Figure 7.6 illustrates that head impact test data published in the literature are similar to
those of this investigation. The logarithmic regression shown in figure 7.6 gives r=0.58 as
the best possible correlation, the same as for the headform linear acceleration.
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The equation
AIS Head = 1.7967 In (aji,) — 7.1333 | (7.4)
predicts the AIS value accurately in 20% of cases and this includes AIS 5 and AIS 6.

From the literature data the head injury severity is predicted to be AIS 2 at 160g and AIS 