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Abstract
The number of reported minor injury cases resulting from road traffic collisions appearing
before the courts in the United Kingdom was in excess of 500,000 in 2007. Over 430,000 of
the claims presented to the Courts were for ‘whiplash’ injuries. Whilst whiplash is in fact a
mechanism for injury and it is acknowledged that the term almost exclusively relates to soft
tissue injury. The United Kingdom is referred to as the whiplash capital of Europe, with 75%
of personal injury claims being for whiplash. The cost to the NHS for consultation fees etc
for treating whiplash injuries is approximately £8 million annually. It has been felt for some
time that the number of reported injury cases cannot all be legitimate. There is a large
number which falls under the category of ‘Insurance Fraud’. Such is the problem that the
Transport Select Committee has been considering how to tackle it now for a number of

months. The applicant has personally provided assistance to the Chair of the Committee.

The question: ‘How do experts assist in determining the legitimacy of individual cases?’ has
been addressed by this study. The research in this thesis (which consisted of both full scale
crash testing and simulator testing) is based on a simplification of both the classification and
understanding of low speed change collisions. Rather than considering a threshold below
which individuals are not injured, it was felt that classification would be a much simpler way
of defining the nature and magnitude of specific cases when comparing occupant acceleration
in collisions with accelerations encountered in daily activity. Indeed, such an approach could
also lead to less conflict with the legal system where the two disciplines meet, especially

since the expert must not usurp the duty of the Court.

It was initially considered that there must be a threshold (i.e. a speed change) below which

injury cannot occur to motor vehicle occupants. Indeed, this has been the position of some
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insurers and researchers for a number of years. The work presented in this thesis is both
retrospective and current and it spans an 8 year period. At the inception of the study, it was
clear that attempting to find a threshold in the manner of ‘one size fits all” would be difficult
and likely would be impossible, especially since all drivers and passengers in cars are

individuals.

International opinion seems to be in favour of the 5 mph 'threshold' of human occupant injury
tolerance within the typical time frame of a rear end collision. However, the results from this
study (after recording transient symptoms and a lengthy follow up period) have revealed that
speed changes at this level produced considerably greater levels of average acceleration than
any normal daily activity and provided much higher peak acceleration levels when

considering the disparity between head and chest response.

From these initial results it can be concluded that speed changes above 5 mph provide
accelerations at a level considerably beyond those experienced in daily activity. The results
also show that speed changes below 3 mph provide accelerations at a level generally
experienced throughout daily activity and easily tolerated by human beings. That is, normal
daily routine ranging from sitting in a chair to light non-contact sport at the upper level etc.
The accelerations experienced in speed changes between 3 mph and 5 mph would obviously

fall within the two parameters.

Analysis of the numerous tests of varying types undertaken lead to the conclusion that there
is no one type of ‘everyday activity’ test that accurately replicates a rear end collision. The
simulator and crash tests are the only way to accurately measure accelerations and understand

what actually happens.
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Chapter 1

Introduction
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1.1 General Background

Studies have taken place throughout the world, particularly in the United States of America
(USA), relating to ‘low speed’ collisions and their effect upon vehicles and vehicle
occupants. In real terms, the research dealing purely with low speed rear end collisions is
somewhat sparse considering this is a worldwide issue. In the United Kingdom (UK),
Whiplash Associated Disorder (WAD) accounts for over 75% of all personal injury claims
with a reported cost to society running into many millions of pounds (Association of British
Insurers). Factor in the non-existent and exaggerated claims and the cost is in excess of £1
billion annually. It was surprising then to find that direct research in the United Kingdom into
‘low speed’ collisions was almost non-existent. The insurance industry research centre at
Thatcham in Berkshire studies the design and manufacture of seats and vehicle bumper
systems, but has not been directly involved in understanding the movement of occupants. It
should be noted that as its name suggests, it is funded by the insurance industry and as such

has no independence. It is against this backdrop that this study was undertaken.

1.2 How to Undertake an Investigation of Injury

A logical consideration of how car occupants are injured would lead to the conclusion that
the higher the speed of the collision, the greater the likelihood of injury. Going a step further,
it is also logical that if the acceleration of the occupants is a factor in the frequency and level
of injury in car crashes (disregarding direct contact injuries), then what happens to a vehicle
after it has been struck lies at the heart of understanding the collision itself. This thesis does
not deal with the Conservation of Energy or Conservation of Momentum laws, but takes into
consideration that these aspects need to be understood in order to consider the collision
phase. Newton’s Laws of Motion are at the centre of all such considerations. Applying the

laws of physics will provide the speed changes in a vehicle to vehicle scenario (Conservation
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of Momentum, Conservation of Energy). The speed change for the vehicles is simply known
as ‘Delta-v’ or Av. It seems logical, therefore, that understanding Delta-v and being able to

determine Delta-v lies at the heart of beginning to understand how occupants move.

Damage and crash worthiness has been amply covered in a number of papers including

Bailey et al, 1995; Chirwa et al, 1999; Chirwa, 2005; Chirwa 2009.

1.3  What is Delta-v?

Collision severity has often been expressed by use of the term ‘Delta-v’. This is true for
serious collisions as it is for minor collisions. Understanding Delta-v in the context of the
collision environment therefore is a fundamental requirement to better understanding the
collision and its consequences. Husted et al (1999) suggested that whilst the term Delta-v had
become widely used as a descriptor of accident severity for automotive crash investigations
and safety research, its term was poorly defined and vaguely used in too many situations.
Their definition of Delta-v was “the velocity vector difference between a pre and post
impact”. They felt that the term was too loosely being used and that it caused confusion in

some circumstances. In the candidate’s personal experience this is still true today.

Husted et al (1999) spoke of treatment of Delta-v not having properly reflected crash pulse
factors which are fundamental in determining the biomechanical exposure to injury.
Acceleration (g) versus time is used to establish injury thresholds and probability
distributions of injury. Currently a number of vehicles are now fitted with diagnostic/memory
modules and crash recorders (black boxes for want of a better term) and it was noted in 1999

that it would take some time before significant numbers of vehicles are so equipped.
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This is still the case today and the reality is that the low speed collisions are the most difficult
to detect as the equipment needs to be particularly sensitive. Secondary indicators and
calculations must also be used in order to arrive at estimates of accident severities. Delta-v is

still the best indicator, so long as the context in which it is used is correct.

In their research paper, Husted et al (1999) rightly pointed out that in itself Delta-v does not
allow for either average acceleration, peak acceleration or other characteristics of the crash
pulse. Much of this will be discussed later within this research, but the easiest understanding
of Delta-v could be the consideration of vehicle manufacturers’ performance figures. The 0 —
60 mph times are often quoted. For example, an average car travelling from 0 — 60 mph in 9
seconds experiences exactly the same Delta-v as the car which takes 6 seconds. The
differences between the two are the rates of acceleration. Similarly, a vehicle braking to a
stop can typically experience a deceleration rate of 0.7 g (typical skid to stop figures). If the
speed of the vehicle was 10 mph then the time taken to stop would be 0.65 seconds (v = u+at
transposed). In a rear end collision, the typical duration is around 0.2 seconds. A Delta-v
under such circumstances provides an average deceleration rate of 22.35 m/s* or 2.28 g.
Note: peak acceleration in this research was noted as occurring in around 0.1 seconds,

Henderson et al (2009).

Cheng et al (2005) in undertaking collisions into barriers found that the duration of the
impact was in the region of 0.1 to 0.12 seconds. Vehicle to vehicle tests were merely
reported as being longer. It is clear, therefore, that for Delta-v to have any real meaning, the
time over which the speed change takes place is vital. The researchers had long held the view
that merely quoting the Delta-v figure leads to confusion and in a number of cases

ambivalence, where the matter is disregarded completely.
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1.4  What is Restitution?

The time over which a collision occurs is a major factor in understanding low speed change
collisions and this is affected by restitution. There are a number of influencing factors which
are associates with restitution. In a SAE paper by Robinette et al (1994), they reported the
questionable application of the coefficient of restitution in deriving impact Delta-v. They also
demonstrated that during the initial deformation or approach phase of the collision, the
vehicles undergo interaction such that at the maximum deformation, the vehicles achieve a
point of equal or common velocity. Impact damage analysis theories accepted today are based
upon the hypothesis that the two vehicles achieve a common velocity at the point of crush.
The paper reported that the total change in velocity is the accumulative result of the change
during the initial impact phase up to maximum crush, plus the change that occurs during the
separation phase. The difference in the values is related by the coefficient of restitution which

is defined as the ratio of the differences in the impact and rebound velocities (see below).

_ Vi1
Uvi-u2

Where e is the coefficient of restitution,V, is the post impact speed of the target vehicle, V; is
the post impact speed of the bullet vehicle and the ‘U’ values are pre-impact speeds.
(Sometimes, c.o.r. is used for the coefficient of restitution rather than the letter e to avoid
confusion with the exponential function which is also identified by the letter e) For a
completely inelastic or plastic collision, the restitution figure would be zero, e = 0. For an
elastic collision where no damage occurred, the figure would be 1, e=1. Moderate and high
speed collisions where there is permanent deformation of the vehicle structure and negligible
elastic rebound are considered as plastic impacts.

Controlled barrier tests in the 30 — 35 mph region included rebound speeds of 2 — 4 mph and

a coefficient of restitution figure in the 0.1 or smaller range. Controlled tests in the 60 mph
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region usually result in smaller coefficients of restitution. Kerkhoff et al (1993) presented a
similar trend from barrier tests with similar Ford Escort vehicles [Note: USA Ford Escorts]
with e=0.24 for a 10 mph barrier and e=0.093 at 15 mph continuously dropping to e=0.032
for a 50 mph barrier impact speed. Restitution notably influences Delta-v in very low speed
impacts. Emori et al (1990) found that the coefficient of restitution dropped from the
hypothetical e=1 near 0 mph impact to e=0.5 to 0.6 at 0.9 mph but remained fairly constant
up through 2 mph impacts. Similar research studies (Braun et al, 2001; Malmesbury and
Eubanks, 1994) have found that Delta-vs from barrier collisions in the 2 — 5 mph range
produced restitution figures in the range of 0.2 — 0.4 as impact speeds go up and damage is

observed and thus the coefficient will continue to decrease.

In an SAE (Society of Automotive Engineers) paper entitled “Rear End Impact Testing with
Human Test Subjects” by Braun et al (2001), they reported on a number low speed rear end
aligned bumper to bumper crash tests. Their results show that the bullet impact speeds ranged
from 2 — 6.5 mph and produced target vehicle changes in velocity (Delta-v) of 1.5 — 4.5 mph.
Seven human volunteers participated in the testing. Males and females between the ages of
29 — 61 years and in good health were involved. In the study, two test subjects were seated in
the target vehicle and one subject drove the bullet vehicle for each of the seven tests. The
target vehicle was a 1982 Toyota Celica GT two door hatchback. The vehicle had a rear
bumper consisting of a foam core sandwiched between an outer plastic cover and a metal
reinforcement bar that was mounted to the bodywork. The bullet vehicle was a 1984 Ford
Mustang two door hatchback. The front bumper was mounted to the vehicle upon two
isolators. An isolator is a piston and cylinder assembly that will typically compress to absorb

energy during an impact and then rebound back to its original position. In this study the
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coefficient of restitution figures ranged from about 0.3 — 0.5 at impacts between 3.22 kmph

(2.01 mph) and 10.46 kmph (6.5 mph).

There is clearly a correlation between increase in impact speed and the decrease in the
restitution figure. In simple terms, this is due to more permanent damage occurring at higher
impact speeds. An understanding of the restitution values discovered in other research papers
provided a starting point for the consideration of restitution values in the present research. It
should be remembered that the figure alters not just with impact speed, but the nature of the
structures in contact (Braun et al, 2001; Henderson et al, 2009). Two rigid structures coming
into collision may provide for a more elastic collision than two soft malleable structures. The
latter would provide a more inelastic collision. A more malleable structure being contacted by
a rigid structure would also provide for a more inelastic collision. The damage would
manifest itself more clearly on the softer structure. With the majority of research coming
from the United States of America, a comparison of restitution figures from U.K. vehicles

would be of particular interest.

In a previous study, Malmsbury and Eubanks (1994) conducted 49 crash tests using 1981 to
1985 Ford Escorts constructed to North American safety standards applicable at the time of
manufacture. Twenty-nine barrier crash tests were conducted at speeds ranging from 0.89
mph (0.4 m/s) to 9.53 mph (4.26 m/s). Twenty car-to-car crash tests were conducted. In these
tests a moving vehicle was impacted with a stationary vehicle at speeds from 1.72 mph (0.77

m/s) to 19.6 mph (8.76 m/s).

This review will now only consider the car-to-car crash tests. The results of the twenty car-to-
car crash tests are summarised in Appendix A of the Society of Automotive Engineers (SAE)
paper. These results were carefully examined for the purpose of this review. Since no
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information to the contrary is given in the paper, it is assumed that all the tests were front-to-
rear impacts. The numerical results from this review are presented in the attached Review
Table (Table 1.1). These results are discussed and a comparison made with existing GBB
(GBB(UK) Ltd) research data. Although it is stated in the abstract of the SAE (Society of
Automotive Engineers) paper that the target vehicles were stationary, Appendix A of the
paper shows that for some of the tests the target vehicle had a small initial velocity. From the
information given in Appendix A of the SAE paper, it is possible to carry out a momentum
conservation check for each test using the values of Delta-v and mass for each vehicle. From
this check, a percentage error in momentum conservation has been calculated and is shown in

column 3 of the Review Table (Table 1.1).

If the error is positive, it indicates that the momentum gained by the target vehicle is greater
than the momentum lost by the bullet vehicle. For example, in test 31 a momentum error of
+3% has been calculated. This means that the target vehicle in this test had gained 3% more
momentum than the bullet vehicle had lost. This would indicate a small calculation or
measurement error in the investigation by Malmsbury and Eubanks (1994). Apart from test
23, all target vehicles were in 3rd gear when the impact occurred. It is assumed that their
engines were not running and the hand brake was not applied. In test 23, the gearbox was in
neutral. At low speeds, a negative error would have been expected due to the application of
3rd gear in the target vehicles as some of the momentum lost by the bullet vehicle would
have been used in overcoming friction between the tyres and road surface rather than

increasing the momentum of the target vehicle.

From the summary in the Table 1.1, it can be seen that the momentum balance errors at low
speeds are positive rather than negative. The explanation for this is not clear. Possible reasons

may have been calculation error, measurement error or the authors may have made some
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adjustment to the results to allow for target vehicle resistance due to being in 3rd gear. This
adjustment could have overcompensated for the resistance leading to a positive momentum
error. It is assumed from this review that a momentum error of less than 10% is within
reasonable experimental error bounds for these types of tests. Any tests which have an error
above 10% should be treated with suspicion and caution. From the Review Table 1.1, it can
be seen that tests 24, 18, 37, 26, 21 and 27 have momentum balance errors greater than 10%.
The values of the coefficient of restitution have been checked from the velocity data provided
in Appendix A of the paper. The restitutions from the paper and those from this review are
shown in columns 4 and 5 of the Review Table 1.1. In general, the two values of restitution
are in agreement. Any small differences appear to be due to the authors not taking into
account the initial velocity of the target vehicle when calculating restitution. The only
exceptions are the restitutions for test 38. From the SAE paper (Malmsbury and Eubanks,
1994), the restitution is given as 0.32 but from the velocities given in Appendix A of the SAE
paper it is 0.41. The explanation for this difference is not clear. In general, the results confirm
the belief that the coefficient of restitution decreases as impact speed increases. Graphs of
restitution vs. impact speed have been plotted and are attached at the end of this review.
Graph 1 (Figure 1.2) shows the restitutions for the car-to-car tests carried out by Malmsbury
and Eubanks (1994). Tests 24, 18, 37, 26, 21, and 27 have been excluded due to their large
momentum balance errors. Test 38 has also been excluded due to the discrepancy between
values of restitution described previously. Graph 2 includes GBB data and curves based on
mathematical equations (correlations) used as a fit for the points. These equations give the
coefficient of restitution (c.o.r.) as a function of impact velocity (v). The data points from the

SAE paper that correlate well with the GBB data are identified in column 8 of the Review

Table 1.1 using the equation c.o.r. = e 53,
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This exponential equation has been chosen as a best fit for the GBB data points. It can be
seen to also give a good fit to some of the lower speed points from the data of Malmsbury
and Eubanks (1994). One property of this particular equation is that it gives a restitution of
1.0 when the impact speed is zero. This is a necessary condition for any equation that is an

accurate correlation for low speed data.

c.0.r = -0.2272In(v) + 0.8286

This logarithmic equation gives a good fit to the higher speed restitutions of Malmsbury and
Eubanks (1994) and the lower speed restitutions that do not fit with the GBB data.
Exponential equations were tried but a good fit could not be obtained. The reason why there
are two correlations rather than one correlation that fits all the data is discussed in the section
dealing with energy. In the paper by Malmsbury and Eubanks (1994), the term ‘damage’ is
defined as panel damage or damage to any safety related part. Deformation, displacement or
other damage to the bumper or reinforcing beam is not included within this definition. The
Ford Escorts used by Malmsbury and Eubanks (1994) had spring loaded hydraulic impact
absorbers situated behind the front and rear bumpers and attached to the chassis (frame rail),
as shown overleaf. The impact absorbers required a force of 4 kN to initiate movement and
approximately 12 kN was required to reach maximum compression (see Figure 1.1). The

maximum stroke of the piston was about 2.5 inches (63.5 mm).
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[ — Plastic Fascia

~—— Reinforcing Beam

|I= Frame Rail

T— Mechanical Absorber

Figure 1.1:  Diagram showing how energy is absorbed during a collision

The diagram in Figure 1.1 indicates the bumper structure set up. The plastic fascia is the
bumper cover which fastens to the bodywork of the car and provides an attractive cosmetic
appearance. This covers the bumper reinforcer which in itself is attached to the shock
absorber. It is the reinforcer which gives any ‘bumper’ its strength. The absorber is fastened
directly to body of the vehicle at the end of the chassis rails (the point of greatest strength and

rigidity) so there is the right balance of rigidity and elasticity within the system.

Up to 1983, regulations in the USA stated that passenger vehicles should be able to resist
impacts up to 5 mph without damage to safety related parts and exterior panels. Hydraulic
energy absorbers were introduced to meet the regulations. The regulations were relaxed from

1983 onwards when the impact speed was reduced to 2.5 mph.

When an impact occurs to a vehicle fitted with hydraulic energy absorbers, the initial force of
the collision is absorbed by the bumper. Larger forces are transferred to the reinforcing bar
fitted behind the bumper. Still larger forces will cause the bumper and reinforcing bar to bend
or displace sufficiently to compress the piston of the energy absorber (see Figure 1.1.) These
forces will be transferred to the chassis of the vehicle via the absorber mounting brackets.

Only when the piston of the energy absorber is completely compressed, at about 12 kN
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impact force, will panel damage start to occur. From the paper by Malmsbury and Eubanks
(1994), permanent damage to panels was found only in tests 27 and 22, which were at the
highest speeds. For tests below these speeds ‘damage’ did not occur as indicated in column 7
of the Review Table 1.1. According to crash testing carried out by GBB, a typical passenger
vehicle found on British roads could show panel damage from about 6 mph upwards
depending on the make and model. This speed was exceeded in about half the tests carried
out by Malmsbury and Eubanks (1994) but panel damage was only found in the last two tests
carried out at the highest speeds. The difference is clearly due to the presence of the energy

absorber.

Kinetic energy absorbed in the flexing of the bumper and reinforcing bar and in the
compression of the spring in the absorber can be recovered during the final phase of the
collision following maximum engagement. Kinetic energy expended in causing permanent
damage to the bumper and reinforcing bar and converted into heat generated within the
energy absorber cannot be recovered. Column 6 of the Review Table 1.1 shows the amount
of kinetic energy lost when it is converted into other forms of energy or used to create
permanent damage during the collision. Also shown in column 6 of Table 1.1 is the lost

kinetic energy as a percentage of the total kinetic energy at the start of the collision.

In a vehicle without hydraulic energy absorbers, the majority of the lost kinetic energy will be
used in creating permanent damage. In a vehicle fitted with a hydraulic energy absorber,
some of the lost kinetic energy will be dissipated as heat generated within the absorber
leaving less kinetic energy to cause permanent damage. The energy stored within the spring
of the absorber can be recovered during the latter stage of the collision and will be
responsible for an extra component of Delta-v to the bullet and target vehicles. This will raise

the coefficient of restitution for these collisions. This effect will be more apparent in higher
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speed collisions since the absorber springs are more compressed and will restore with a
greater force. In lower speed collisions, the effect will be less marked as the recovery of the
springs will occur at a lower rate and may even take place outside the time over which the
collision occurs. In this case the absorbers will have little influence on the coefficient of

restitution.

Of the twenty car-to-car crash tests carried out by Malmsbury and Eubanks (1994), seven
should be discarded due to large errors in momentum conservation or inaccuracy in the
calculation of restitution. The remaining thirteen crash tests fall into two groups when
restitution is plotted against impact speed. Six of the remaining crash tests, mainly in the
lower speed range, follow the same trend as the GBB crash test data. Seven of the remaining
crash tests follow a different trend showing higher values of restitution. This is due to energy
returned to the colliding vehicles from the springs of the hydraulic energy absorbers. The
definition of damage used by Malmsbury and Eubanks (1994) does not include damage to

bumpers and reinforcing bars.

The hydraulic energy absorbers fitted to the vehicles used by Malmsbury and Eubanks (1994)
prevented panel damage up to speeds of about 14 mph. This speed is far greater than the
impact speed at which panel damage would be expected in typical passenger vehicles used on
British roads. In general, the results from the crash testing carried out by Malmsbury and
Eubanks (1994) should not be used in the investigation of collisions on British roads. This is
due to the difference in the definition of damage and the influence that hydraulic energy

absorbers can have on the value of restitution and on the degree of panel damage.

Other papers worthy of mention in relation to restitution include:

Howard et al (1993), Antonetti et al (1998), Happer et al (2003) and Seigmund et al (1993).
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Table 1.1 Results from 20 Car to Car Crash Tests

Review Table

1 2 3 4 5 6 7 8
Test Impact Speed Mom. Rest. Rest. Lost K.E. Dam. | GBB
ne- mph  (m/s) Error | (paper) | (review) | joules (%) Corr.

%
31 1.72  (0.77) +3 0.60 0.60 87 (31) N Y
32 2.57  (1.15) +5 0.53 0.56 173 (27) N Y
39 351 (1.57) +6 0.54 0.54 383 (33) N N
33 3.80  (1.70) 0 0.41 0.41 595 (43) N Y
40 |4.07 (1.82) +3 0.37 0.37 668 (42) N Y
19 421  (1.88) +4 0.35 0.35 716 (43) N Y
34 1499  (2.23) +3 0.44 0.47 786 (33) N N
24 506  (2.26) +22 0.27 0.28 819 (34) N Y
23 508  (2.27) +2 0.32 0.32 1153 (47) N Y
18 515 (2.30) -16 0.31 0.31 1452 (58) N Y
35 6.85  (3.00) +8 0.35 0.36 1605  (36) N N
36 7.49  (3.35) +8 0.38 0.38 2091 (39 N N
37 834  (3.73) +15 0.30 0.31 2207 (33) N N
38 9.17  (4.10) -6 0.32 0.41 3753 (47) N N
20 9.62  (4.30) -4 0.33 0.32 4308  (46) N N
25 995  (4.45 +9 0.33 0.31 4566  (48) N N
26 12.95 (5.79) +27 0.29 0.29 5172 (32) N N
21 14.23  (6.36) -22 0.35 0.35 12258 (595) N N
27 18.93  (8.46) +14 0.14 0.14 15340 (45) Y N
22 19.60 (8.76) 0 0.12 0.12 19113 (53) Y N
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Figure 1.2: Data showing the spread of restitution (taken from Malmsbury and Eubanks,
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Graph 1 in Figure 1.2 shows the spread of restitution figures from Malmsbury and Eubanks

(1994).

Graph 2 in Figure 1.3 shows the Malmsbury and Eubanks (1994) figures integrated with

GBB data (Henderson et al 2009).

1.5 Injury Threshold

As far back as 1993, detailed published research in the United States of America considered
the relation of ‘low velocity collisions’ (McConnell et al, 1993). At this time the increase in
claims for injury in the United Kingdom from such collisions was just beginning to gather

pace. Inthe USA, this had been the situation for some time.

The paper by McConnell et al (1993) began with an explanation that although the classic
“whiplash” neck response to rear end collisions and the widely accepted
hyperextension/hyperflexion cervical injury mechanism had been extensively written and
speculated about (Howard et al, 1999). There have been little human experimental data
available, especially for low velocity collisions. The research studied kinematic responses for
the head, neck and trunk from tests involving four volunteer test subjects during a series of
low velocity collisions. The tests were filmed and the volunteers were fitted with
accelerometers. Interestingly, the test protocol was first evaluated by the University of Texas
Health Science Center Institutional Review Board. (IRB protocol #9010099006 under DHHS
Regulation 46.110[3]) This approved the use of four test subjects from Biodynamic Research
Corporation for the test programme. The four volunteers were healthy males aged 45 — 56
years. Pre-testing physical evaluations were undertaken including radiographic imaging of

the cervical, thoracic and lumbar regions of their spines.
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Tri-axial accelerometers were fitted to the vehicle frames measuring Gx (forward/rearward),
Gy (right/left lateral) and Gz (upward/downward) accelerations and a bi-axial array on the
vehicle seat back. Contact switch-operated flash units were installed to allow photographic
time marking. The test subjects themselves were fitted with tri-axial accelerometers fitted to
a bite block, held in place by a normal bite or jaw closure pressure. Similar equipment was
fitted to a manikin during the tests. A further bi-axial accelerometer was fitted to a corset like
garment which measured Gx and Gz. [Note- the sampling rate for the accelerometers is not
stated but appears to be 100Hz.] Photographic equipment using high speed cameras and LED

timing light operating at 100 hertz was also used.

The test site was a level section of asphalt paved roadway. Rather than driving the vehicles
into collision, a specially constructed ramp was used in order to better control the range of
impact speeds. The starting position of the striking vehicle on the ramp was calibrated before
each test run. The actual closing speeds and resulting changes in velocity for each vehicle
were determined using high speed film, video and electronic speed trap equipment. High
speed cameras were used in the vehicles and at fixed site positions. Understandably, the
vehicles used were American specified models and comprised of the following: a 1986
Dodge 600 convertible, a 1984 Buick Regal Limited coupe, a 1984 Ford Club Wagon van
and a 1984 GMC 1500 pickup truck. There was no evidence of collision structural damage
and each was in a roadworthy condition with factory standard parts. The testing protocol
apparently required slight modifications to the Ford van (upper portion of left hand ‘B’ pillar
and door removed) and GMC pickup (rear window replaced). The head restraints in the
coupe and convertible were in the raised position. Factory fitted 3 point seatbelt restraints
were used in each test. The vehicles were checked prior to testing and bumper damage found

was remedied with the fitting of new parts.
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Data from ten manned vehicle to vehicle tests were recorded. The purpose of the testing was
to consider kinematic response at the head, neck and trunk to low velocity impacts. The data
included measurement of accelerations, displacement-time information from the high speed
cameras and slow motion video records of each subject’s movement during the collision
sequence. Smoothing of the accelerometer data to eliminate ‘noise’ was undertaken.
Mathematical manipulation gave an earth reference based G-time history for a point near the
junction of the head and upper cervical spine. The tests were undertaken on two weekends

with an 8 day break in between. Four tests were undertaken on days 1 — 2.

These were:

Test 1 — Convertible (Av -4.81 kph) into Ford van (Av 3.48 kph) Subject 1 into 2

Test 2 — Pickup (Av -6.04 kph) into Ford van (Av 6.45 kph) Subject 4 into 1

Test 3 — Ford van (Av-3.35 kph) into Pickup (Av 3.04 kph) Subject 4 into 1

Test 4 — Ford van (Av -6.75 kph) into Pickup (Av 6.65 kph) Subject 1 into 4

The tests on days 10 and 11 were:

Test 5 — Coupe (n/a) into Convertible (n/a) Subject 2 into 3

Test 6 — Coupe (Av -7.82 kph) into Convertible (Av 8.06 kph) Subject 2 into 3

Test 7 — Convertible (Av — 9.24 kph) into Coupe (Av 7.83 kph) Subject 3 into 2
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Test 8 — Pickup (Av -8.21 kph) into Ford van (Av 6.61 kph) Subject 4 into 2

Test 9 — Pickup (Av -3.28 kph) into Coupe (Av 3.93 kph) Subject 4 into 2

Test 10 — Ford van (Av -7.48 kph) into Pickup (Av 7.03 kph) Subject 2 into 4

Each test subject had between 3 to 7 vehicle to vehicle test exposures, divided between the
striking and struck vehicle. No test subject reported any discomfort during or immediately
after any of the test collisions. The conclusions were that substantial Gz direction acceleration
occurs and this is associated with both compressive and tensile forces sequentially directed

axially through the cervical spine.

These push-pull forces probably represent the injury causation mechanism independent of the

commonly described ‘whiplash’ hypertension/hyperflexion mechanism.

For the rear end collisions within the range of their testing, the classic ‘whiplash’ mechanism
was not evident since there was no hyperextension/hyperflexion observed in any test subject.
Despite having experienced no neck movement outside voluntary range limits, three out of

four test subjects transiently had very mild, but clinically classic, neck discomfort symptoms.

During the lower energy level 4 kph (2.5 mph) Av tests, the subject’s relatively rearward head
motion was similar but much milder and in each case, the back of the head did not reach the
head restraint. The injury causation potential was subjectively judged by the physician test
subjects to be minimal or non-existent. The very mild discomfort symptoms experienced by

three out of four test subjects after multiple exposures, indicated that the 4 — 5 mph Av for the
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struck vehicle tests were probably at or near the typical human threshold for very mild, single

event musculoskeletal cervical strain injury.

In 1996, Kornhauser (1996) described a study on Cervical Spine Injury. He wrote the paper
with the purpose of converting cervical spine injury data into Delta-v quantities and
establishing an injury/Delta-v database for ‘whiplash’, or cervical spine injury in the
automotive environment. The paper explains that Delta-v is an input parameter that correlates
well with injury thresholds for responses to impulsive loading. Moreover, this is a more
convenient method for the accident reconstructionist than the conventional, two-step method
in relating injury to the input conditions that caused the injury. This is due to bypassing the

response calculation and correlating injuries directly with the Delta-v injury database.

The rear-ender accident involving vehicles with energy absorbing bumpers is also analysed.
It was found possible to produce ‘whiplash’ injuries in cases where there was little or no
damage to either of the vehicles involved in the crash. The paper looked at work on Delta-v
thresholds for whiplash injuries conducted in the 1940s and 50s. Test data by Mertz and
Patrick (1971) using human volunteers and cadavers and Melvin and Weber (1985) were
used to summarise injury threshold moments for the 50™ percentile male. The 120 Newton-
meters was selected for the flexion mode, in the extension mode of rearward bending (the so-
called “whiplash” mode). The injury threshold was selected at 57 Newton-metres; and 54
Newton-metres for lateral flexion. In other words, an average human being could withstand

those levels of force being applied from a single exposure.

Age, sex, general health conditions, physical size, and skeletal development all affected the

impact tolerance of various individuals. For example, females are approximately 10% more
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flexible than males in extension, and approximately 4% more flexible in flexion. In regards to

strength, males are stronger than females by a factor of about 1.5.

In the terms of probability of injury, Schutt and Dohan (1968) reported that women were 4.8
times more likely to receive a whiplash injury than males in urban populations and 1.7 times
more likely in rural areas. The paper explains that the introduction of energy absorbing
bumpers can result in situations that can confuse the accident reconstructionist. Namely,
where individuals can experience cervical spine injury in a rear-end collision, even when
there is very little or no sheet metal damage to the vehicles. The data also show that Delta-v
depends on the weight ratio of the two vehicles and the energy absorbing rating of the two
bumpers. In addition, bumpers that absorb all the collision energy and do not return
compressed energy will reduce Delta-v numbers. The concept of differential rebound was
introduced by States (1979) who hypothesised that some injuries were explained by the
existence of different spring rate characteristics in the main section of the seat back and the

head restraint.

As the occupant compressed the seat cushion in the first part of the impact sequence, energy
was stored by the seat and head restraint. The result was thought to be that the torso
rebounded much faster off the seat than did the head from the head restraint; with the
consequence that hyperextension of the neck was produced. This could cause the Delta-v
forces transmitted in a rear-end collision to increase substantially. It is conceivable that the
upper limit on Delta-v between head and torso could be double the struck vehicle’s Delta-v.
The paper concluded that the reconstructed Delta-v could provide evidence that an accident
was severe enough to have been the cause of injuries to the vehicle occupants. However, for

calculated Delta-v below the 50™ percentile injury thresholds given, the reconstructionist
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must rely on the biomechanics community to provide data on divergences from the threshold

data.

Varying factors about the occupants influence injury thresholds considerably, but quantitate
data are very sparse in terms of Delta-v thresholds and the paper urged biomechanics
researchers to generate more quantitative data on the Delta-vs leading to cervical spine injury.
The final observation was that “it is apparent that the injury threshold is above 8 km/hr, even

for subjects with mild pre-existing spinal degeneration” Schutt and Dohan (1968).

In 2001 Braun et al (2001) prepared a paper entitled “Rear-End Impact Testing with Human
Test Subjects”. In this study low speed rear-end aligned bumper-to-bumper impact tests were
conducted. The bullet vehicle impact speeds were 2 — 6.5 mph. This produced speed
changes (Av) between 1.5 — 4.5 mph. Seven human volunteers, female and male in the age
group 29 — 61 years were involved in the testing. All participants were considered to be in
good health prior to the start of the testing. Two test subjects were present in the target
vehicle and one person drove the bullet vehicle for each of the seven tests. Occupant
kinematic response was monitored by video tape and test subjects were interviewed
immediately post impact to record subjective impressions. The collisions resulted in
restitution figures between 0.3 — 0.5 and the time of collisions ranged between 0.09 — 0.124

seconds.

There were three objectives to the crash testing, these were:-

A) Firstly, it adds to the human exposure database by testing human volunteers in low
speed rear-end impacts at a level that was at or below the level associated with no

significant risk of injury.
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B) The second was to subjectively describe and characterize the severity of the impact
that was experienced by the occupants. (This was in addition to characterizing

impacts in terms of delta v or peak acceleration.)

C) The third objective was to evaluate the vehicle dynamic response to low speed rear-
end impacts. They were also interested in considering the effects of a driver having

the foot brake applied compared to no braking effort applied.

Test 1 resulted in the target vehicle experiencing a speed change of 1.5 mph. This was
considered a trivial impact by the occupants. There was a slight bump with no significant
noise or noticeable forward displacement of the vehicle. The target vehicle was pushed
forwards 25 cm and the vehicles were touching at rest. Neither test subject experienced any

symptoms of discomfort or pain.

Test 2 was a speed change of 3 mph. Interestingly, this impact was significantly more
forceful in nature and was near the limit of what both subjects associated with head
accelerations near to the limit of that experienced in daily activities. One of the subjects
noted contact with the head restraint. The target vehicle was pushed forwards 38 cm and the
vehicles were touching at rest. Neither test subject experienced any symptoms of pain or

discomfort immediately following the test.

Test 3 resulted in a speed change of 3.9 mph. The impact was quite forceful and was
accompanied by a crashing sound at impact, noted by the subjects. Both subjects were
displaced rearwards into contact with the head restraints. The contact is described as

‘noticeable’. Both subjects considered the severity of impact to have produced accelerations
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above that experienced in daily activity. Interestingly, neither experienced pain or discomfort

immediately following the test.

Test 4 resulted in a speed change of 4.5 mph. The impact was described as before, with both
subjects making contact with the head restraints. Additionally, the driver’s foot came off the

brake and the vehicle rolled forward a considerable distance before the brake was reapplied.

Again, neither party experienced any pain or symptoms of pain or discomfort immediately

following the test.

Test 5 was a collision with a speed change of 2.6 mph. Both subjects noted that their heads
were displaced rearwards into the head restraint. No pain or discomfort was felt immediately

following the test.

Test 6 resulted in a speed change of 4.5 mph. Both subjects made contact with the head
restraints and considered the severity of the impact exceeded forces or accelerations

experienced in daily activity.

Test subject A noted a transient headache immediately following the test which lasted several

minutes and then went away.

Test 7 was a collision with a speed change of 4.1 mph. The impact was considered ‘quite
forceful” and generated a significant crashing sound. There was a noticeable impact with the
head restraint. Both subjects considered that the collision provided accelerations above those
experienced daily. Test subject B’s foot came up off the brake. Neither subject experienced

any pain or discomfort immediately following the test.
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The conclusions from the testing are that with speed changes of 4.5 mph, normally seated
healthy adults with adequate head support can tolerate such changes without significant risk

of injury.

Collisions which result in speed changes of 3 mph or less could reasonably be related to
activities of daily living. The forces on the head, neck and torso were considered by the
subjects to be within the range experienced in daily activity. Speed changes of 3 mph or
above resulted in the subjects making contact with the head restraint. Below 3 mph there was

either no contact or contact was not discernible.

Restitution values for the test ranged between 0.3 — 0.5.

The impact durations ranged from 0.09 — 0.124 seconds.

Peak acceleration of vehicles was between 1.5 — 2.7 times higher than the average

acceleration.

Forward displacement of the target vehicle was a poor indicator of the nature of the collision

in terms of impact severity.

Vijayakumar et al (2006) undertook a study involving a number of bumper car tests. The Av
of the target vehicles ranged from 2.4 — 3.7 mph. The collisions resulted in peak vehicle

accelerations of 1.2 - 6.9 g.

GBB is an independent organisation which was set up to investigate car crashes.
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In 2005 Sintra Engineering of Canada, a company of a similar type to the forensic research

company GBB, carried out a statistical analysis of all available staged crash testing and real

world collisions where reliable data was available. The results were published in SAE

Technical Paper 2005-01-0296 (Moss et al, 2005). The findings are presented in the form of

an equation and a graph produced by the analysis of over 200 collisions (see Figure 1.3). Due

to the numbers involved, these results are statistically significant and cannot be dismissed

lightly.
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Figure 1.3: Relationship between the probability of injury/symptoms and delta-v in mph
following SINGLE EXPOSURE REAR IMPACTS — taken from SAE Technical Paper 2005-

01-0296)

The main features of this graph are as follows:

The scatter of data points that make up the graph in Figure 1.3 are low as 90% of all points

and they are contained within the upper and lower 95" percentile bands.
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The injury symptoms are WAD grades 1 and/or 2 as defined by the Quebec Task Force on

Whiplash Associated Disorders.

WAD grade 1 = only neck complaints such as pain, stiffness or tenderness.

WAD grade 2 = neck complaints and musculoskeletal signs.

The threshold value of Delta-v is 5.87 mph. This is the value of Delta-v where the probability

of injury symptoms is 50%.

The vehicle occupants included in the study cannot be taken as representative of the general
population or of any specific group within the general population. On the other hand, the
vehicle occupants, who were in staged and real world collisions, cannot be considered to be
totally unrepresentative. If the curve is extrapolated down to a Delta-v of 0 mph, a probability
around 0.1 is predicted. This, of course, cannot be correct, as the vehicle would not be
moving. This anomaly can possibly be explained by the placebo effect, exaggeration and
mistaken diagnosis (Castro et al, 2001). It should also be noted that not all the occupants were
examined by a medical expert following their collisions. Thus, at low values of Delta-v, the
curve becomes unreliable. Conversely, as Delta-v increases towards the threshold, the curve

must become more reliable as genuine injury becomes more likely.

It is not intended by the author of this thesis that a probability should be given for any
particular value of Delta-v. The intended use is that if a value of Delta-v is above 5.87 mph,
then it can be stated that, on the balance of probabilities, injury symptoms are likely to have
occurred. If a value of Delta-v is below 5.87 mph, then it can be stated that, on the balance of

probabilities, injury symptoms are unlikely to have occurred. If an occupant is claiming a
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whiplash injury with symptoms greater than WAD 2, then, for an otherwise healthy occupant,

their Delta-v should have been greater than 5.87 mph.

In an attempt to produce a more realistic representation of the probability at low values of

Delta-v, an alternative curve can be introduced as shown in the following graph (Figure 1.4).
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Figure 1.4: Graph showing the probability of WADI & WAD?2 vs. the delta-v in mph (taken

from Moss et al, 2005)
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The GBB probability curve is not based on crash testing data but it has been chosen to be

more realistic for low values of Delta-v (as at 0 mph there is no probability of occupant

movement) while still producing the same threshold as the SAE curve. Above the threshold,

the two curves are nearly identical.
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The equation for the SAE curve is:

o {1 , o[2:0489-0.3488A vj}_l

The equation for the GBB curve is:
p = 0.00000010252Av® — 0.0000090164Av° + 0.00031222Av* - 5.2370E-03Av" +
0.038886Av” — 0.016312Av

From both research and real world collisions, it has been established quite clearly that in a
collision between vehicles of similar mass, occupants in the struck or target vehicle are at a
greater risk of injury than occupants in the striking or bullet vehicle (Bailey et al, 1995). It is
believed that the reason for this is that occupants in the struck vehicle are subjected to a
particular acceleration/deceleration mechanism, often called the whiplash mechanism. This
mechanism will cause disparity in the accelerations of the head and chest of an occupant
which can lead to injury if the disparity is of sufficient magnitude. Occupants in the striking
vehicle are subjected to a deceleration mechanism which does not cause such large disparities
in the accelerations of the head and chest and therefore these occupants are less likely to be

injured for the same value of Delta-v.

Historically, research into adverse symptoms resulting from rear-end collisions have been
correlated against the change in speed or Delta-v of the struck vehicle. Delta-v (Av) is an
easily measurable quantity and given that most collisions take place over a similar period of

time, Delta-v will also be a measure of the accelerations and forces experienced by the
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occupants of the struck vehicle (Castro et al, 1997; Braun et al, 2001; Brault et al, 2004;

Henderson et al, 2009).

GBB (UK) Ltd, a private Company based in Burnley Lancashire, has carried out a number of
full-size, rear-end collisions with instrumented vehicles and occupants. From these tests,
correlations between acceleration disparities of the head and chest and Delta-v have been
established for occupants of both bullet and target vehicles. These correlations are presented

in the following graphs {CT = crash test}(see Figure 1.5 and 1.6).
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Figure 1.5: Relationship between the acceleration and delta-v in mph showing the max.
difference between the head and chest accelerations
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Maximum Difference between Head and Chest Accelerations - Bullet Vehicles
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Figure 1.6: Relationship between the acceleration in g and delta-v in mph showing the max.
difference between the head and chest accelerations

Tables 1.2 and 1.3 show the analysis of the results.

For the target vehicles, the data points are fairly close to the trend line. The correlation test
shows a goodness of fit at about 92%. For the bullet vehicles, the points do not indicate such
a good correlation with rather more scatter than in the target vehicle graph. The correlation
test produces a 68% goodness of fit. More data points are required to give greater authenticity

to the trend line.

It can be clearly seen from the above two graphs (see Figures 1.5 and 1.6) that the maximum
difference between head and chest accelerations is greater for occupants in a target vehicle
than it is for occupants in a bullet vehicle. This offers a plausible explanation in terms of
occupant movement of the increased risk of injury to occupants in the target vehicle, (Bailey

et al, 1995). Bumper car tests suggested the maximum pulse was 4.9g in 55.7 msec. This
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was defined as the envelope of safety for the human volunteers. (Balasubramanian et al,

2009).

Table 1.1 Correlation Test for Target Vehicles

Term 1

Max - Term2 Term3
PV pisparity | DO ey | oy

0.88 0.80 8.38 7.00 10.05

1.17 1.19 6.55 5.55 7.73

3.10 2.15 0.77 0.18 3.31

4.46 5.62 1.54 0.87 2.72

5.77 6.14 4.87 5.04 4.71

5.77 7.92 8.87 5.04 15.60

Mean 3.53 3.97

) 30.99 23.68 44.12

r 0.96

r 0.92

Table 1.2 Correlation Test for Bullet Vehicles
Term 1

Max — Term?2 Term3
PV pisparity | ®HOT ey | oy

2.25 0.85 5.06 4.59 5.58

2.72 1.03 3.65 2.80 4.76

3.57 3.38 -0.14 0.68 0.03

5.55 3.55 0.39 1.34 0.11

5.83 3.05 -0.23 2.06 0.03

6.44 7.41 8.59 4.19 17.63

Mean 4.39 3.21

) 17.33 15.66 28.13

r 0.83

r 0.68
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From a close examination of the acceleration data for occupants in target vehicles, it appears
that the maximum disparity between accelerations of the head and chest occurs when the
acceleration of the chest has returned to zero and the head is close to its peak value of
acceleration. In other words, the chest is about to dececlerate while the head is still

accelerating.

The following graph below in Figure 1.7 contains the trend lines for both target and bullet

vehicles.
10 Maximum Difference bhetween Head and Chest Accelerations
tav
buIIetIS/
8

accelerationing
I (@)}
|
|
|
|
|
|
1
1
1
1
1
1
1
I
I
I
A\ 1
I
I
I
I
I
I
I
I
i
*-----\t\

0 1 2 3 4 5 6 7 8

delta-vin mph

Figure 1.7: Relationship between acceleration in g and delta-v in mph showing the

difference between bullet and target vehicle

An important result that is unique to GBB can be obtained from this graph.
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A not insignificant proportion of injury claims are made by occupants in bullet vehicles
(source: Association of British Insurers). The graph in Figure 1.7 allows an injury threshold
for bullet vehicle occupants to be determined based on the same criterion that is applied to

occupants in target vehicles.

The data shows that at a threshold Delta-v of 5 mph, the graph indicates that the maximum
difference between head and chest accelerations is 5.8 g. From the bullet vehicle curve, the
same value of 5.8 g is achieved at a Delta-v of 6.5 mph. This would be the threshold value for

bullet vehicles (see arrows at Figure 1.7).

Alternatively, by taking the threshold value of 5.87 mph predicted by Moss et al (2005), a
maximum difference between accelerations of the head and chest of 7.3 g is indicated. From
the bullet vehicle curve, the same value of 7.3 g is achieved at a Delta-v of 7.4 mph. This

would be the threshold value for bullet vehicles.

In summary, the results from GBB over the last few years have clearly shown the available
conservative values of target and bullet vehicle thresholds of 5 mph and 6.5 mph,
respectively. Recent studies show more accurate thresholds based upon the statistically
significant data provided in the SAE paper combined with research data obtained by GBB. In
this case the target and bullet vehicle thresholds are 5.87 mph and 7.4 mph, respectively (Fig

1.7 above).
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1.6 Working Hypothesis
This project tests the hypothesis that low speed change collisions following vehicle collisions

always result in occupant injury.

1.7 Aims and Objectives

Having been involved in collision reconstruction over a period of years, it was evident that
there is little or no research from the United Kingdom which is directly relevant to the
problems encountered in understanding ‘low speed change’ collisions. The collisions were
referred to as ‘low speed collisions’ or ‘minimal impact collisions’. Therefore, a number of

aims were outlined for the proposed research:

1. To understand the interaction of motor vehicles in different collision layouts.

2. To study the movement of the occupants of those vehicles in great detail and to

understand the levels of acceleration experienced during the collision phase.

3. To design and build a simulator capable of replicating the speed changes encountered

during rear end collisions.

4. To consider the research against similar or related international studies.

5. To analyse the data and write up the MSc by Research thesis.

6. Publish the work in peer reviewed journals where possible.
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As the research developed, it was hoped that an understanding of these types of collisions and
their effects upon the occupants involved would also enhance knowledge in the proposed area
which in turn may reduce frequency of injury and reduce costs to the Motor and Insurance

Industries.
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Chapter 2

Materials and Methods

Page | 45



2.1 Materials
2.1.1 Roadworthy Motor Vehicles

Purpose designed and built collision simulator
Vericom DAC 3000 accelerometric data recorder
Crossbow 10 g accelerometers

Crossbow 25 g accelerometers

Sony HDR-HC3 high speed camera

Sony DCR-SR37 high speed camera

Skidman data recorder

Garmin GPS

2.2 Methodology

2.2.1 Background: In order to improve understanding on low speed change collisions, the
project embarked upon a lengthy study of low speed collisions starting in 2003, instigating a
number of crash tests with colleagues in an attempt to consider a likely threshold at which
‘whiplash’ type injuries occurred. A number of previous studies suggested a threshold of 5
mph, the resultant change in velocity for a struck vehicle in a rear-end collision (McConnell

et al, 1993; Szabo et al, 1994; Castro et al, 2001).

2.2.2 General Procedure: In accordance with the Declaration of Helsinki, prior to testing,
test subjects were asked to complete a questionnaire relating to general health and to confirm
their involvement in research. Whilst the intention was not to cause injury, any research
clearly did pose such a risk and each test subject had to be made acutely aware of such a
situation. A copy of the questionnaire and disclaimer is shown at Appendix 1. The project

received ethical clearance from UCLAN Ethics Committee.
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Testing carried out in 2003 was relatively primitive as the recording equipment was not
sophisticated enough to provide full data for each collision. However, what could be obtained
were the impact speeds and subsequent calculations of post impact velocities, amounts of
damage, effects upon occupants and identification of the stages of a collision. The impact
speeds were checked against radar and the collisions were filmed. In March 2005 a number of

‘roll into’ tests were undertaken, and in June 2005 further full scale testing was completed.

2.3 Crash Testing in 2005
The June 2005 testing was completed using different vehicles in a variety of tests. The
recording equipment that was used consisted of Vericom VC3000 units placed in vehicles

and external accelerometers placed on occupants of the vehicles.

A detailed analysis of one of the tests (Crash Test 2) was undertaken and the different
measured parameters are shown below. These include (A) the crash test number and (B) the

vehicle details and (C) the target vehicle:

Crash Test Number 2 (CT2)

Crash Layout: Front to rear impact

Bullet Vehicle Speed: 11.1 mph

Target Vehicle Speed: 0 mph

Vehicle Details

Bullet Vehicle

Number: 2
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Make: Vauxhall

Model: Carlton

Kerb weight: 1166 kg

Driver: Paul Brooks

Passenger: lan Law

Target Vehicle

Number: 1

Make: Toyota

Model: Celica

Kerb weight: 1135 kg

Driver: Eric Taylor

Passenger: Dan Bradshaw

2.3.1 Crash Layout

The Toyota Celica was an automatic transmission vehicle which was stationary with the
handbrake applied and the gear lever in neutral mode. The vehicle was fitted with the
Vericom VC 3000 data recorder, and the driver and passenger were each fitted with external
25 g and 10 g accelerometers at the head and chest, respectively. The Vericom unit fitted to
the target vehicle had a guaranteed accuracy up to = 2 g. Beyond this value, the readings
were less reliable but this would have little effect on velocity and displacement values that
were integrated from the acceleration data. The sampling interval of the accelerometers was

0.01 seconds.
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In contrast, the Vauxhall Carlton was an automatic vehicle and was driven at a steady speed
of 10 mph as indicated upon the speedometer of the vehicle. It was driven into the rear of the
Toyota and the brakes were not applied at any stage until the vehicle came to a complete stop

after the collision.

The speed of the Vauxhall was checked by radar and found to be 11 mph. (Note radar
showed full increments of 1 mph.) Accelerometer data from the Carlton indicated an impact

speed of 11.1 mph. This was the value used in calculations.

2.3.2 Driver Instrumentation
The driver was fitted with two accelerometers. A 25 g accelerometer was fitted on the
forehead and a 10 g fitted to the chest. Figure 2.1 below shows the positioning of the

accelerometers and their orientation.

(A) (B)
by r Ay
z
W W
z z
Pre-impact During the impact

Figure 2.1: Diagrams in the figure showed (A) pre-impact and (B) during the impact
following an early stage of collision at GBB.
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The body of an occupant was able to experience an impact force through the seat (Figure
2.1A). The body would accelerate under the action of this force but the motion of the head
would lag behind that of the body during the early stages of a collision. This lag in turn
would cause the head to rotate and the orientation of the accelerometers to change as shown

in Figure 2.1B above.

Later on during the impact, the rotation of the head might be in the other direction as forces
transferred to the head through the neck structure would cause the head to accelerate past the
body. It should be noted that the graphs of head accelerations shown below had not been
corrected for changes in orientation. The maximum acceleration experienced by the head

would be the resultant of accelerations in the individual axial directions.

2.3.3 Simulator Testing

In addition to the ‘full size testing’ programme, it was felt that a series of simulated tests
would assist greatly if the time of the collision could accurately be replicated. If then the
speed of impact could be replicated, it would be possible to increase the occupant study
numbers dramatically. The simulator testing programme commenced in 2005. Figure 4.5

shows the testing protocol.

The applicant designed the rig based upon a piece of gymnasium equipment. It was noticed
that a leg exercise machine consisted of a seat upon a track where resistance of the weights

was used to push the occupant to a rest position. Use of the leg muscles pushed the seat up
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the track. It was the belief that in reverse a seated vehicle upon a track could, with the use of

falling weights, be accelerated to given speeds, thus:

(+Y =

D Buffer } Rails

Figure 2.2: A diagram showing the testing protocol.

In such a configuration, the occupant movement would be akin to the movement of the
occupant of the target vehicle involved in a rear end collision. A local company constructed
the equipment to the applicant’s design and a seat from a Toyota Carina was used. A
mounting point for the accelerometer was positioned at around steering wheel height so that
when held, the occupant position was similar to the driver’s position. Mounts for the feet
were also added to consider the effects if occupants had their feet on the vehicle control

pedals in any given collision scenario. A seat belt was also fitted.

An image of the finished equipment is shown below in Figure 2.3:
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Figure 2.3: A photograph showing the whiplash simulator which replicates collisions of
given speed changes.

2.3.4 Daily Activity

Using the same accelerometer placements, everyday activity such as sitting in a variety of
chairs, stalling a vehicle and numerous others were undertaken with the research subject
asked to undertake the task in a normal relaxed manner.

2.3.5 Statistical Analysis

All data are presented as original graphs or tables. Correlation tests use Pearson product-
moment correlation coefficient.
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Chapter 3

Results
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3.1 Target Vehicle

CT2 Target Vehicle Acceleration
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Figure 3.1: Time course graph (in seconds) showing target vehicle accelerations in g. This
graph is typical of 10-15 such different experiments undertaken in this study.
The timescale of the accelerometer was adjusted so that the impact started at 0 seconds. The
acceleration reached a peak of 2.43 g at 0.11 seconds. As explained in Chapter 2 (Materials
and Methods), this is probably an underestimate maximum value of acceleration experienced
by the target vehicle. The impact ended at 0.22 seconds when the acceleration returned to

below zero reaching maximum at 0.5 seconds. At this point the vehicles disengaged.

A second impact between the bullet and target vehicles occurred as indicated by the second
peak of acceleration at 0.75 seconds (see Figure 3.1). This occurred because the bullet vehicle
did not brake during the first collision and the engine continued to run and driving the vehicle

forward into a second small collision with the rear of the target vehicle. The periods of
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negative acceleration occur as the target vehicle slows down following each impact. The

vehicle reached zero acceleration after 1.2 seconds following collision.

It is commonly accepted, and indeed taught, that a rear-end collision can occur in around 1/10
of a second. This was frequently observed during the experiment. This was also noted in
previous crash testing. It was also observed that other than direct contact injury, occupant
injury occurs from the acceleration applied in a very short space of time. In other words, it is

the time from 0 mph to the time of peak acceleration (g) that appears to be important.

From Figure 3.1, it can be seen that the whole of this collision from start of impact to the end
of impact took just 0.22 seconds, with the vehicle accelerating throughout up to 5.97 mph,

but the peak acceleration phase occurred in 0.11 seconds.

During this time course experiment, the Toyota accelerated from 0 to 2.43 g in 0.11 seconds.
This equates to a velocity change of around 4 mph, giving an average acceleration of about
16 m/s” or 1.63 g. The results from this figure are above the threshold reaching 6 mph after
0.2 seconds. This time of around 0.1 seconds was found throughout all the tests undertaken
in the testing programme and this is consistent with previous studies over the past 8 years. In
a collision with a total velocity change of 5 mph, during the first 0.1 seconds or thereabouts, a
vehicle (as in this test) would reach 4 mph, and in the following 0.1 seconds or thereabouts

would accelerate from 4 mph to 5 mph.
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CT2 Target Vehicle Velocity
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Figure 3.2: Time course changes in Target Vehicle Velocity in CT2 experiment. This is
typical of 15-20 similar tests. Note the rapid increase in velocity and the gradual decrease
within I second of the experiment.

The velocity of the target vehicle increased throughout the collision and reached a maximum
of 5.97 mph (2.67 m/s) at 0.22 seconds at the point when the vehicles disengaged (Figure
3,2). A smaller peak of just over 2 mph (0.9 m/s) at about 0.8 seconds is due to the second
impact between the bullet and target vehicles. The bullet vehicle came to rest about 2 seconds

after the start of the main impact.

The data from the collision were compared to a mathematical momentum exchange
calculation. This was done for a number of reasons; namely a) to see if momentum was
conserved, b) to see if the vehicles had a ‘common post impact velocity’ and c) to see if the

effects of elasticity affected the results. The results are shown overleaf in Table 3.1.
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Table 3.1 A momentum calculation showing impact velocity, post impact velocity and
post impact velocity of the struck vehicle.

Impact Velocity Theoretical Common Post Impact Velocity of
Post-Impact Velocity Struck Vehicle from Test
11.1 mph 5.67 mph 5.97 mph

A momentum calculation, assuming a totally inelastic collision, gave a theoretical common

post impact velocity of 5.67 mph. The test result gave a post impact velocity for the struck

vehicle of 5.97 mph. These results indicate that it is not inaccurate, in this type of collision, to

assume that it is totally inelastic for the purposes of calculation. The difference of 0.3 mph

will be either due to elasticity within the collision, experimental error or a combination of the

two factors.

CT2 Target Vehicle Displacement

7
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Figure 3.3: Time course graph showing target vehicle displacement in the experiment. This

graph is typical of several 9-15 such different experiments.
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Figure 3.3 shows the time course of displacement of the target vehicle following an impact.
The results reveal that the impact caused the target vehicle to move forwards a total distance
of 4.7 feet (1.4 m). This value is consistent with the target vehicle slowing down due to the

application of its hand brake.

3.2 Driver Accelerations (24.5 sec to 26 sec)

The time course data in Figure 3.4 is included to give an overview of the accelerations
experienced by the driver’s head and chest. More detailed graphs are shown and discussed in
the next section. Due to the sensitivity of the accelerometers, data displayed beyond 25.3

seconds on the time scale is down to normal movement of the occupant.

Head Z-axis (forward)

10

driver head z-axis accelerationin g

24.5 24.7 24.9 251 25.3 255 25.7 259

time in seconds

Figure 3.4

Figure 3.4: Time course of accelerations experienced by driver’s head and chest during a
low speed change collision. This graph is typical of 5-10 such different experiments. Note
the head impact acceleration at time 25 seconds (0.1 secs after impact).
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The Graphs in Figure 3.5 (A to E) show accelerations for head and chest in different axes.
(A)
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©)

(D)

driver chest z-axis acceleration in g

driver chest y-axis acceleration in g

Chest Z-axis (forward)
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Chest X-axis (lateral)
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1.5

0.5 4

driver chest x-axis acceleration in g

-0.5 1

24.5 24.7 24.9 251 25.3 25.5 25.7 25.9
time in seconds

Figure 3.5: Some typical graphs (A-E) showing time course of acceleration experienced by
the Driver’s head and chest.

33 Driver Accelerations (-0.1 sec to 0.5 sec)

The timescale of the accelerometer was adjusted so that the impact started at 0 seconds.

Head and Chest Z-axis (forward)
Head (solid line) Chest (dashed line)
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Figure 3.6: Time course changes in driver’s head and chest accelerations during a low speed
collision experiment. Typical of 10 such different experiments.
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Figure 3.6 shows the time course of movements of the driver’s head (solid line) and chest
(broken line) during a low speed change collision. The results show that maximum positive

and negative accelerations for both the head and chest. Typically the values were:

Maximum positive head acceleration = 8.3 g at 0.16 sec.

Maximum negative head acceleration = -3.8 g at 0.30 sec.

Maximum positive chest acceleration = 4.7 g at 0.09 sec.

Maximum negative chest acceleration = -1.7 g at 0.26 sec.

From Figure 3.6 it can be seen that the forward acceleration of the chest increased slowly at
first as the initial effect of the impact was cushioned by the seat. The acceleration then rose
rapidly towards its maximum of 4.7 g. After this point, acceleration of the chest decreased,

probably due to the restraint of the seat belts.

Figure 3.6 also shows that up to about 0.1 seconds the difference in the accelerations of the
head and chest were significant with the chest experiencing the greatest acceleration. The
chest moved forwards a greater distance than the head over this period of time. The
difference in forward movement between the head and chest caused shear and tensile forces
to be transmitted to the head via the neck structure. As a consequence of these forces, the
head rotated backwards and began its own period of acceleration in the forward direction. At
about 0.11 seconds the head came into contact with the head restraint. This produced a rapid
rise in the rate of increase of acceleration of the head. The head then moved beyond the chest

such that the chest now lagged behind the head.
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Moreover, in Figure 3.6 it can also be observed that the effect of this was that the head now
applied a force to the chest that caused a rise in chest acceleration leading to the second peak
of chest acceleration at about 0.19 seconds. Also, in accordance with Newton’s Third Law,
the chest applied a retarding force to the head that gave rise to the downward slope of the
head acceleration between its peak at 0.16 seconds and about 0.21 seconds. During this phase
the head rotated in the opposite sense to that achieved earlier at the start of the collision.
Beyond 0.21 seconds, the forward accelerations of the head and chest were predominantly
negative as by this time, the collision was coming to an end and vehicle braking became the

dominant force.

From the description given above, based on actual accelerometer data, it is clear that there is
a complicated relationship between the motion of the head and chest during this type of
collision. Disparities in the motion of the head and chest have to be accommodated within the
neck structure and it is not surprising that beyond a certain threshold of impact velocity the

neck structure is unable to accommodate such differences without injury.

Head and Chest Y-axis (vertical)
Head (solid line) Chest (dashed line)
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Figure 3.7: Time course changes in driver’s head and chest accelerations in the vertical
plane during a low speed collision experiment. Typical of 10 such different experiments.
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Figure 3.7 shows the time course effect of acceleration on the movement of the driver’s head
(solid line) and the chest (broken line) during a typical low speed change collision test. The
two tracks in Figure 3.6 show negative readings indicating that acceleration in an upward
direction has occurred. From the graph it was possible to calculate the maximum positive

and negative accelerations for the head and chest. The data presented below included:

Maximum positive head acceleration = 1.2 g at 0.35 sec.

Maximum negative head acceleration = -8.9 g at 0.15 sec

Maximum positive chest acceleration = 2.2 g at 0.24 sec.

Maximum negative chest acceleration = -4.4 g at 0.16 sec

Vertical accelerations of the head and chest can have a number of causes. These are:

(1) The angle at which the seat and seat back are adjusted can cause the seat to propel the

occupant in an upward as well as forward direction during the course of a collision.

(i1))  Due to the complicated structure of the human body and the way that it is seated
within a vehicle, forward and vertical accelerations are not independent i.e. they are
coupled. Thus, acceleration in a forward direction can inevitably lead to acceleration

in a vertical direction. The opposite is also true.
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(iii)  If the point at which impact forces enter the target vehicle is above or below the centre

of gravity of the target vehicle, then impact moments can be generated that can give

rise to vertical accelerations.

(iv)  Asymmetry in the construction and strength of the target and/or bullet vehicle can

cause the impact forces to change direction as the collision progresses. This can give

rise to vertical accelerations.

From the graphs in Figure 3.7, it can be seen that head and chest vertical accelerations were
in phase and followed a very similar pattern to each other. Thus, peak head and chest
negative accelerations occurred at about the same time. Since the head had the greater
acceleration, it would have had the greater displacement indicating that the neck had been

stretched in a vertical direction in a time interval from about 0.14 seconds up to about 0.32

seconds.

Figure 3.8: Time course changes in driver’s head (solid line) and chest (broken line) x-axis
acceleration following a low speed change collision. This experiment is typical of 12-15 such

driver head & chest x-axis accelerations in g
' '

-0.1

Head and Chest X-axis (lateral)
Head (solid line) Chest (dashed line)

o\

N

v

N~
YW,

N7 \\){7(‘_)<

0.1

0.2 0.

time in seconds

different experiments.

Page | 65

3 0.4




Figure 3.8 shows a typical experiment of the time course changes in the movement of the
driver’s head (sold line) and chest (broken line) following a low speed change collision.
From the graph it is possible to calculate both the maximum and minimum negative head and

chest lateral accelerations, details of which are shown below.

Maximum positive head acceleration =3 g at 0.17 sec.

Maximum negative head acceleration = -2.4 g at 0.13 sec.

Maximum positive chest acceleration = 2.3 g at 0.14 sec.

There was no significant negative lateral acceleration of the chest.

The graphs in Figure 3.8 indicate that despite the main collision impulse being in a forward
direction, it was still possible to get some significant lateral accelerations. Lateral

accelerations of the head and chest can be due to a number of causes. These included:

(1) Asymmetry in the positioning of the seat relative to the centre-line of the vehicle.

(1)  Asymmetry in the positioning of the occupant at the time of the collision.

(i)  If the point at which impact forces enter the target vehicle is to the left or right of the
centre of gravity of the target vehicle, then impact moments will be generated that will

give rise to lateral accelerations.

Page | 66



(iv)  Asymmetry in the construction and strength of the target and/or bullet vehicle can

cause the impact forces to change direction as the collision progresses. This can give

rise to lateral accelerations.

The graphs of lateral accelerations in Figure 3.8 indicate that movement of the chest was only

in one direction while movement of the head was to the left and to the right.
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Figure 3.9: Time course changes in a driver’s head (solid line) and chest (broken line)
movement (resultant acceleration) following a low speed change collision. This experiment

is typical of 5-6 such different experiments.

The graphs in Figure 3.9 shows the effect of combining accelerations in the x, y and z

directions to give overall or resultant accelerations of the head and chest. The resultant

accelerations can be calculated using the formula:

_ [, 2, 2
a, =.la; +a, +a;

where a,, a, and a, are accelerations in the x, y and z directions.
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The resultant acceleration of the head showed two peaks. One of 11.9 g at 0.15 seconds and
the other lesser peak of 3.9 g at 0.31 seconds. The resultant acceleration of the chest also

showed two peaks. The first of 4.8 g at 0.09 seconds and the second of 4.6 g at 0.16 seconds.

The maximum resultant head acceleration of 11.9 g is due almost exclusively to the peaks of
acceleration in the forward and vertical directions which occur at about the same time (Figure

3.9).

3.4  Details of Damage to Vehicles

(A) Bullet Vehicle

Vehicle Number: 2 (Vauxhall Carlton)

Firstly, it is of paramount importance to examine the vehicle damage following a low
speed change collision. Figure 3.10 and Figure 3.11 show examples of the bullet
vehicle and target vehicle. From Figure 3.10 it can be seen that the front area

concerned with this collision included:

e Front bumper collapsed in centre

e Bumper hangers still intact

¢ Front nearside headlight broken on mounts

e Front offside headlight smashed and pushed down

e Bonnet slightly distorted to nearside
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Figure 3.10: An example of damage to the front part of a typical bullet vehicle following a 10
mph + collision, typical of 5-6 such different experiments.

(B)  Target Vehicle

Vehicle Number: 1 (Toyota Celica)

Figure 3.11 shows the damage occurred to the target vehicle following an 11 mph
collision (10 mph +). From Figure 3.11, it can be see that the main areas concerned

with this collision included:

e Rear bumper cover at offside wrap-round moved forward slightly

e Offside lights cluster showed induced forward displacement
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e Same with centre section caused by forward movement of bumper cover

e (Gap at nearside rap-round section to wing is 13 mm as is gap at offside

e Seam joint at boot floor to rear panel, “trough” at joint deepened forward of main

impact site.

e Spare wheel well forward of “A7” in number plate flattened

e Rear panel pushed forward into centre with wheel well

e Slight bowing of carrier/reinforcer apparent when bumper was removed

Figure 3.11: An example of damage to the rear end of a typical target vehicle.
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3.5 Post-impact Symptoms of the Occupants

The Tables 3.2 and 3.3 show the time course of injuries for the driver and passenger.

Table 3.2: Time course of injuries suffered by the Driver

TIME

PHYSICAL SYPTOMS

Immediate post impact

Momentary disorientation.

0 to 24 hours No obvious symptomes.

After 30 hours Pain behind left kidney (stiff/sore).

30 to 48 hours Pain continuing and disturbed sleep.

After 48 hours Stiff neck, slight restriction to neck rotation.

Day 3 Discomfort during the night. Stiff back in the morning easing
after a bath. Neck problem gone.

Day 4 Stiffness in lower back in the morning — quickly eased off.

Day 5 Slight ache in back after full day’s work.

Medication Three ibuprofen during first 48 hours.

Restricted activities

Unable to play golf on Friday 3rd of June — two days after the
collision.
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Table 3.3: Time course of injuries suffered by the Passenger

TIME

PHYSICAL SYPTOMS

Immediate post impact

Disorientation, shocked, shaken, feel a bit
sick.

0 to 10 minutes

Still shaken. Still feel sick.

10 to 30 minutes

Still shaken. Sickness going. Slight headache.

Within 1 hour Slight headache.

Within 6 hours Slight headache.

Within 24 hours Slight ache around shoulders. Neck no worse
than having been to the gym.

After 24 hours None.

The results in Tables 3.2 and 3.3 show the time course changes in the injuries (physical

symptoms) experienced by the driver and the passenger of the target vehicle, respectively.

The data clearly show that both the driver and the passenger experienced slightly different

reactions with the different symptoms occurring over time. The injuries were more severe for

the driver compared to the passenger.

Interestingly, the driver was of slight build in

comparison to the heavy build of the passenger. This collision was not one to be considered

‘low speed change’ by the nature of the struck vehicle’s actual speed change being above 5

mph. Despite this, long term follow up revealed no further symptoms.
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3.6 Crash Testing 2005

3.6.1 Head and Chest Acceleration

The results of the recent study have shown that an impact velocity of 11.1 mph can give rise
to a Delta-v (Av) of 5.97 mph for the target vehicle. This is within 0.3 mph of a theoretical
common post-impact velocity and validates current methodology when investigating
collisions of this nature. Accelerometer readings for the target vehicle show a linear rise to
maximum acceleration in 0.11 seconds and a total collision time of 0.22 seconds.
Accelerometers attached to the head and chest of the target vehicle driver recorded significant
accelerations in all three axial directions. The highest accelerations occurred in the forward
(8.3 g) and upward (-8.9 g) directions. They were of similar magnitude and occurred at the
same time thus indicating that they were probably part of the same acceleration mechanism
acting on the head of the driver. During this time, the head of the driver was accelerating
from a position lagging behind the chest towards a position in front of the chest. To achieve
this, the head would require a significantly higher acceleration than the target vehicle. The
maximum acceleration acting on the head of the driver was 11.9 g. This was primarily the
resultant of the maximum accelerations in the forward and upward directions. It is believed
that a key feature contributing to injury in this type of low speed, rear-end impact is the
distance between the head of the driver and the head restraint at the time of impact. If the
head was resting on the head rest at the time of the impact, the lag between the head and chest
would be minimised and the magnitude of the subsequent acceleration phase when the head
accelerates past the chest would be reduced. Similar results have been reported by other

researchers in the area.

Adaptive head rests that move into position behind the head at the moment of impact are

thought to have made a significant contribution to the reduction in whiplash injuries in
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vehicles where they are installed. The occupants of the target vehicle, in particular the driver,
experienced some symptoms following the collision. From these symptoms, it is reasonable
to conclude that this impact was in the region of a threshold. By this it is meant that an
impact velocity slightly greater than that experienced would have led to more serious
symptoms and possibly injury that would require the attention of a medical practitioner. The
results of this crash test tend to support the opinion that a general threshold for whiplash type

injury is 5 mph. These results are in agreement with other previous studies.

The paper CT2/2005/1 was produced as an internal GBB (UK) Ltd report [Henderson (2005)]
and a copy was sent to Sintra Engineering in Canada. The only query raised related to
evidence of a secondary impact which was caused by the target vehicle slowing post impact
more quickly due to having the hand brake applied. The paper has also been specifically
requested by our peers in the United Kingdom. No comments were forthcoming. CT2/2005/1
has been used for a number of years and can be considered to be one of the foundation or
cornerstones upon which the rest of the research was built. The information obtained related
to live occupants using vehicles recovered from UK roads, months before they were used in
the crash tests and also involved longer term follow ups in relation to any possible symptoms.
Symptoms in the target vehicle subjects were resolved by day 6. No further symptoms have
been observed and therefore, ongoing symptoms post day 6 were nil. In terms of the bullet

vehicle, the vehicle and occupant accelerations are shown in Figure 3.12 overleaf:
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CT2 Bullet Vehicle & Driver Decelerations

Rear End Collision at 11.1 mph
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Figure 3.12: Bullet Vehicle and Driver Decelerations from Crash Test 2 (taken from
Henderson et al, 2005)
It is interesting to note that the average vehicle acceleration was -1.1 g whilst the peak
acceleration was -2.11 g. (This compares with 2.4 g in the lighter target vehicle.) The peak
acceleration at the head was -3.56 g, whilst at the chest it was -3.26 g. Whilst this thesis
concentrates on the movement in the target vehicle primarily, it would be remiss not to
comment upon the bullet vehicle subject movements. What is of immediate note is that peak
acceleration is considerably less at both head and chest. The maximum disparity between the
peaks is 0.3 g compared to 4.7 g in the target vehicle subjects. There is greater synchrony
between the head and chest movement with the result that when peak head acceleration
occurs, the chest is still accelerating and the difference between the two is around 1.5 g. In
the target vehicle the difference is in the region of 6 g+. Cases of reported injury in the bullet
vehicle are considerably less than that of the target vehicle for any given collision layout.

This is not surprising given the results above. It goes some way towards explaining why the
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occupants of bullet vehicles are frequently aghast at the suggestion of occupant injury in low

speed change collisions in the target vehicle.

The other rear end collisions from the 2005 series of tests followed a similar trend as

highlighted above, the results for which are reproduced in Figure 3.13 below:
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Figure 3.13: Head and Chest Acceleration Disparities Crash Testing (taken from Henderson
et al, 2005)

3.6.2 Occupant Movement

Now that the accelerations experienced in Crash Test 2 were known, actual consideration of

the movement of the occupants coupled with the acceleration data was considered. A

visualisation of the movement was considered to be the best way to explain to the lay person

what actually happens -
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The movement of an occupant in the target or struck vehicle is quite different to the

movement of an occupant in a bullet or striking vehicle.

Strictly speaking, due to the difference in movements, it is only the occupant of a struck
vehicle that can suffer a true whiplash injury. The occupant in a striking vehicle may suffer
some other form of soft tissue injury but it is widely believed that such injury occurs at a
higher value of Delta-v than that which may lead to a whiplash injury. These results

compared well with those previously reported.

3.6.3 Target Vehicle

Hyperextension (over-extension) injury to the neck is often the result of being struck from
behind, as by a fast-moving vehicle in a car accident. The mechanics of whiplash injury are
thought to be as follows: The victim may be first pushed or accelerated forward, pushing the
body forward, but the head remains behind momentarily, rocking up and back, and some
muscles and ligaments may be stretched or torn. These muscles, in a reflex action, contract to
bring the head forward again, to prevent excessive injury. There may be overcompensation
when the head is travelling in a forward direction as the vehicle decelerates. This may rock
the head violently forward, stretching and tearing more muscles and ligaments. From

www.medterms.com.
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Figure 3.14: This figure shows the relationship between Target Vehicle and Occupant
Accelerations with Graphics Crash Test 2
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The accelerometer data from the target vehicle in Crash Test 2 is shown in Figure 3.14 above.
Included are diagrams showing the movement of the front seat occupant at various stages

throughout the collision.

At point A initial contact between the bullet and target vehicles has just occurred.
Accelerations of the vehicle, body and head have not yet started and so Diagram A shows the
occupant in their normal seated position. At point B the vehicle has been accelerated in a
forward direction by the impact. Impact forces can only be transferred to the body of the
occupant by the seat but at this point the seat is unable to transfer much force and so the
body, along with the head, will move backwards relative to the seat. Between points B and C
the seat back has stiffened due to compression and it is now able to transfer the force of the
collision to the body of the occupant. The body will now accelerate in a forward direction
relative to the seat. The movement of the head will lag behind that of the body as the neck
and head restraint are unable to provide sufficient force to allow the head to move with the
body. Thus, the head will rotate in a rearward direction relative to the body. At point C the
body has its maximum forward acceleration and is moving faster than the seat. The body is
coming away from the seat back. The head of the occupant has hardly moved from its
previous position at B and at this point the rearward rotation of the head is at its maximum.
Between points C and D forces in the neck of the occupant and possibly from the head
restraint are of sufficient magnitude to cause the head to accelerate rapidly in a forward
direction. At point D the acceleration of the head is at its maximum while the acceleration of
the body is close to zero. At this point and beyond, the head will accelerate rapidly past the
body and will rotate in a forward direction. The whiplash mechanism is believed to be

triggered by the relative motion of the head and body that occurs between points C and D.
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A sequence of photographs, marked i to vi, taken from Crash Test 1 from 2003 is shown

below to illustrate occupant movement in a target vehicle.

Crash Test 1 2003. Rear-end impact between two identical Ford Escorts. Impact speed is 8

to 9 mph resulting in a Delta-v of around 5 mph with a coefficient of restitution of about 0.13.

ii) Just after the initial impact. The head and chest have moved backwards relative to the car.
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iv) The body and head move forward as their accelerations exceed that of the car.
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v) Near the end of the collision the point of maximum forward head movement is reached.

vi) The head returns towards its normal driving position.

The images 1) to vi) show occupant movement in the struck vehicle.

Page | 82



3.6.4 Bullet Vehicle

Crash Test 1 - Bullet Vehicle & Occupant Decelerations
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Figure 3.15: Relationship between the Bullet vehicle and occupant decelerations

The accelerometer data from the bullet vehicle in Crash Test 1 of 2005 is shown in Figure

3.15 above.

At point A initial contact between the bullet and target vehicles has just occurred.
Accelerations of the vehicle, body and head have not yet started and so Diagram A in Figure

3.15 shows the occupant in their normal seated position.

At point B in Figure 3.15 collision forces have caused the vehicle to start decelerating
(slowing down). The body and head of the occupant will continue to move forward at their

original speed.
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Between points B and C in Figure 3.15 the body will start to slow down due to force received

from the tightening seat belt and by the feet of the occupant from the floor of the vehicle.

At point C in Figure 3.15, the deceleration of the body is at its maximum and the body has
now returned towards the seat. On the other hand, the head has barely started to slow down

and this results in forward rotation of the head relative to the body.

Between points C and D in Figure 3.15 sufficient tension has built up in the neck of the

occupant to cause the head to decelerate.

At point D in Figure 3.15 the vehicle has all but ceased its deceleration. The body still has
some small deceleration and is moving rearwards relative to the seat. The head has its

maximum value of deceleration and is moving back towards alignment with the body.

A sequence of photographs, marked vii - xii taken from Crash Test 4 from 2005 is shown
overleaf to illustrate occupant movement in a bullet vehicle. This was a rear-end impact

between a Rover Metro (bullet) and a Vauxhall Cavalier.

Impact speed was 11.8 mph resulting in a Delta-v of 6.4 mph for the bullet vehicle with a

coefficient of restitution of about 0.06.
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1. JUN. 2005

viii) As the vehicle decelerates, the occupant continues moving forward relative to the
vehicle.
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ix) Further forward movement of the occupant’s head and body as the vehicle decelerates.

143
1. JUN. 2005

x) The head is now at its maximum forward position. The safety harness is restraining the
body of the occupant. Note the distance between the head and steering wheel.
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xii) The head returns towards its normal driving position.

Images vii) to xii) show bullet vehicle and occupant decelerations.

Full details of the vehicles used and the collision scenarios from the 2005 series of tests can

be found in Appendices 3 and 4.
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3.7 Simulator Testing

The simulator research followed the same format as the full size crash testing insofar as the
Helsinki protocol was followed and all subjects were volunteers aware of any potential risks.
The simulator was set such that the impact speed was less than 3 mph and the delta v also less
than 3 mph where possible (allowing for rebound). As mentioned earlier, one of the important
factors for the simulator testing was to make sure the time of the collision accurately reflected
the time of a rear end collision. Initially, the time of the collision using the simulator was too

short. This was rectified using a foam damper attached to the striking area of the rig itself.

The graph below in Figure 3.16 shows the time scale from Crash Test 6 from 2009.

Full Scale Collision Test CT6/2009
Target Vehicle Acceleration
(dv=5.68 km/h [3.53 mph])

0.07s 0.18s

1.5 A

Acceleration {g)
=

0.5 A
0 L L L L B L B IR L L | TTTTTTTTT I T T ree——)
D 0.09.1 0.2 03 0.54 0.4 0.5

-05 -

Time (seconds)

Figure 3.16: Time course graph showing a full scale collision test.
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This can be compared to the graph in Figure 3.17 from one of the simulator tests shown

below:
Simulator Run #42
Acceleration
(dv=4.79 km/h [2.99 mph])
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Figure 3.17: Time course graph showing a simulator run test.

The smaller acceleration peaks are from rebound of the sled with the fixed rig. The data from
the simulator research up until 2009 can be found at Appendices 5 and 6. A graph in Figure

3.18 shows the accelerations of the simulator in runs 2 — 27, and the head and chest

accelerations from those tests can be found at Appendix 5.

The obvious point to note is that only test numbers 8 and 24 provided head accelerations

above those of the chest. In other words, a positive disparity.

Test 8 was an error insofar as the peak head acceleration was recorded at 3.61 g and the peak

chest acceleration was 4.34 g. From data this was 3.87 and 3.41 g, respectively.
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Test 24 was a test that the candidate personally undertook. Test 23 was undertaken
immediately before whilst in a normal seated position. Test 24 was then undertaken but in a
position where the head was placed firmly against the head restraint. The test produced a
positive disparity of around 1 g. This was direct acceleration of the head, akin to being struck
to the head and this led to stiffness at the base of the skull with a slight headache. All
symptoms had resolved within 6 hours. All other tests failed to provide a positive disparity.
Mild ‘symptoms’ including ‘surprise’, ‘shaken but no discomfort’ and ‘mild discomfort at
back of chest — cleared within 10 minutes’ were noted (Henderson et al, 2005). See Appendix

5.

An Orthopaedic Surgeon from Run 14 recorded symptoms as ‘Forehead pain 3/10 cleared
within 5 seconds. Within 10 minutes, dull ache in region of shoulders resolved within 6
hours’. Examination of that test run indicated higher levels of acceleration at both head and
chest. It also highlighted a longer time lapse of 0.1 seconds between the peak accelerations
compared with the norm of 0.03 — 0.04 seconds. If one considers that test in isolation the
delay between the peak accelerations led to the largest disparity between them. That is
logical as the chest would have been approaching the end of its acceleration phase when the
head was at its peak whereas normally the peak head acceleration occurred slightly before the
end of the chest acceleration phase. Even a relatively large disparity provided mild transient

symptoms (Henderson et al, 2005). See Appendix 5.

It is clear that in most tests, the initial impact provided a shock to the system and in some
cases a light jolt. It should be noted that the ‘occupant and seat mass’ was much closer to the
mass of the rig than that of occupants in a car to car collision. The results of the first batch of
simulator testing showed that impacts up to 3 mph did not provide a positive head

acceleration compared to chest acceleration. Consequently, only minor transient symptoms

Page | 90



were noted. Long term follow up enquiry (1 week) indicated that no symptoms were present.
Indeed, 6 hours seems to have been the longest asymptomatic period (Henderson et al, 2005).

See Appendix 5.

In the second batch of tests 25 — 42, numbers 29 — 30 involved contact with the body
accelerometer being positioned at the lower back, hence a small positive disparity between its
acceleration and the head’s. (The lower back always provides the lowest level of acceleration

of the three measured points.)

Test 31 provided a positive disparity of 1 g. The test subject had his head resting on the head

restraint.

Test 32 provided a positive disparity of 0.27 g. Interestingly, the test subject was the same

individual who was of slight build (neck girth — 38 cm).

Test number 33 provided a small disparity of 0.36 g and together with 34 and 35 was actually
undertaken whilst holding a cup of water to see if any would be spilled. Probably not the best

arrangement for consideration of occupant accelerations! That was not their intention.

No symptoms were recorded during the second phase of simulator testing. An overview of
the simulated tests indicated the average peak head acceleration was 2.66 g and the average
peak chest acceleration was 3.05 g. In line with other international studies, the simulator
research clearly showed that a speed change of 3 mph within a rear end collision sequence as

a one off incident was well within human tolerances.

The simulator accelerations for simulator tests 2 — 27 are shown overleaf:
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Figure 3.18: Head and chest acceleration figures from simulator programme

3.8 Crash Testing 2009

The crash testing programme of 2009 was undertaken during August of that year with 13

different collision scenarios.

Of those, seven (Tests 2 -7 & Test 13) were squarely aligned rear end shunts with impact

speeds between 1.2 mph — 13.8 mph.

Test 1 was a squarely aligned rear end shunt with vehicles of largely differing mass involving

a Citroen ZX and a single decked bus.
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That test was subject of a presented paper at the ‘International Congress on Traffic Accident
Investigation’ held in Shanghai, China in November 2009. A copy of the published paper is

appended at the end of the thesis in the “published papers’ section.

Test numbers 8 and 9 were collisions involving only the exterior mirrors of a Ford Focus and
a Volvo 960. Test 8 was undertaken to see the effects of mirror to mirror contact with

vehicles in opposing directions (one stationary) such that the mirrors folded as designed.

Test 9 was a repeat but with contact between the vehicles in the same direction, again with
one stationary, such that the mirror on the stationary Volvo was forced in the opposite

direction to its design.

Those tests were subject of a published paper with ‘Impact’, the journal of the Institute of
Traffic Accident Investigators. The paper was published in winter 2009 (Henderson et al,

2009).

A copy of that paper is appended in the ‘published papers’ section at the end of this thesis.

Test numbers 10, 11 and 12 were a series of side impacts, two being dynamic and the other

being a collision into the side of a stationary vehicle.

Focussing on the rear end collisions, it was relevant to consider the following crash tests:

CT2, CT5, and CT6 of 2009 (referred to as Testl, 2 and 3).
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CO-ORDINATE SYSTEM - The acceleration axis system was in accordance with SAE
J1733-Sign Convention for Vehicle Crash Testing. In relation to the vehicle the positive X, Y

and Z axes were forwards, rightward and downward respectively.

VEHICLES - Two vehicles were used over the three tests. The first, a 2000(X) registered
Alfa Romeo 156 T-Spark four-door saloon, 1747 cc petrol, manual (VIN:
ZAR932000011*****) had an unladen mass of 1230 kg. The second, a Ford Focus 1.6L circa
1998-2002 five-door hatchback, petrol, manual (VIN: WFOAXXWPDAYL*****) had an

unladen kerbside mass of approximately 1180 kg (Glass’s Guide).

For Test 1 the Alfa Romeo was used as the bullet vehicle and the Ford as the target. For Tests
2 and 3 the configuration was reversed with the Ford becoming the bullet and the Alfa

Romeo the target vehicle.

The reason for exchanging vehicle roles is that as part of other research the Ford Focus had
been subjected to a 10 mph collision in between Tests 1 and 2. To avoid issues with

alterations in elasticity it was decided that the roles of the vehicles be swapped.

Both vehicles were fully inspected before testing to determine any previous damage or
repairs. The bumper systems were dismantled before testing and then again after each test.
The bumper systems were unmodified, standard fitments to these vehicle models.
Replacement bumper reinforcers were available if any damage was found that might alter the

crash characteristics. The replacements were not required.

The unmodified seats and seatbelt systems were used in each vehicle.
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Impact speeds were selected that would produce a change in velocity for the struck vehicle
that would test the findings of the applicant’s original research and investigate the region of 0

to 3 mph and slightly beyond.

The impact speeds were 1 mph, 3 mph and 6 mph which were calculated to produce speed

changes of 0.9 mph, 2.2 mph and 3.6 mph.

The bullet vehicle was driven by a volunteer along a flat concrete surface into an aligned
impact with the target vehicle. This method was employed because of its similarity with real-
world collisions. Allowing the bullet to be driven into the target, rather than free-wheeled,
gave better control over alignment, and it also allowed the driver of the bullet vehicle to be

analysed, by accelerometers and video footage, for further research.

The target vehicle was in neutral with the handbrake disengaged. The positional lamps were
illuminated as part of a separate university test running in conjunction with our own

investigations.

Impact speeds were judged by the driver of the bullet vehicle using GPS.

A dual axis accelerometer and data logger (Vericom VC3000DAQ) was affixed to the
approximate lower centre of the windscreen of both vehicles. Occupant accelerations were
measured by tri-axis accelerometers. A 10 g unit (Crossbow model CXL10Lp3) strapped
across the centre of the chest and a 25 g unit held against the centre of the forehead by elastic
webbing (Crossbow model CXL25Lp3). Data acquisition was made by the Vericom

3000DAQ mounted within the vehicle using a sample rate of 100 Hertz.

Page | 95



Figure 3.19 below shows the acceleration results for the three tests.
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Figure 3.19: Collective acceleration results

Figure 3.20 below shows the speed change for the target.
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Figure 3.20 Target vehicle speed changes
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What is obvious from the above testing is that, not surprisingly, the higher the impact speed,

the higher the resultant speed (delta-V) or speed change of the struck vehicle.

The higher the speed change, the greater the acceleration of the struck vehicle.

More important perhaps is the time at which peak acceleration occurs. The greater the
acceleration, the sooner peak g occurs. This implies that for the vehicle occupants not only is
there a higher acceleration to endure, but it occurs in a shorter time, thus increasing the peak
force applied. (This is often referred to in the USA as the jerk. Conversely, at lower speeds,
the mechanical action required to trigger the whiplash mechanism is not available. Lower

acceleration results in a longer time frame.

Interestingly, in cases studied in recent years where the speed change is below 3 mph, the
occupants describe being ‘jolted forwards then backwards’. This was unusual as the occupant
movement relative to the vehicle ought to be rearwards. However, in video footage with such
speed changes, the relative rearward movement between head and chest could not be
detected. The disparity of movement between the head and the chest was so small that it
required accelerometer data for it to be exposed. What was seen in the video footage was that
the synchronous movement of the head and chest in the rearward direction was slight and
dwarfed by the movement in the forward direction. The lower levels of acceleration within an
extended time frame seem to preclude the rearward movement which is required to trigger the

whiplash mechanism.

The target vehicle occupant accelerations are shown overleaf:
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Test 1 target occupant

Longitudinal Acceleration (g)

= 4 075 05 025 0 025 05 075 1 125 15 175 2
= 5
S
B 47
2 2 1
£ 14
o
2 0 -W—F%chvw
3
§ ]
_2 -
-3
-4
_5 .
Time in seconds
Chest-x Head-x
Figure 3.21: Test 1 target vehicle occupant acceleration
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Figure 3.22: Test 2 target vehicle occupant acceleration
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Test 3 target occupant
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Figure 3.23: Test 3 target vehicle occupant acceleration

A review of the three tests above clearly shows the relationship between increased closing
speed and the increased acceleration of occupants. What it also shows and it is a truly
obvious point, is that there will always be a disparity between head and chest acceleration at
the point that the head acceleration reaches its peak. This is due to the delay in movement
between the chest and the head — typically 0.03 — 0.04 seconds. What is also the case is that

the disparity increases with the closing speed of the collision.
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Acceleration Disparity Between Maximum Head Acceleration (x) and
Corresponding Chest Acceleration
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Figure 3.24: Head/chest disparity graph

The disparity graph presented earlier in relation to 2005 testing was added to following the
20009 tests. It is shown below:

Head and Chest Disparity vs Speed Change
GBB crash testing 2005 and 2009
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Figure 3.25: Head/chest disparities amalgamation from 2005 and 2009 Crash Tests

What can be seen to be happening now is there is an increase in the number of maximum
disparity figures at low level (2 g and below) with speed changes of 3 mph below,

occasionally at slightly above 3 mph too.
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A correlation test (Table 3.1) result of 93% shows that including the test results from 2009

serves to increase the correlation of the data and gives an improved goodness of fit.

Table 3.1 Correlation test including the 2005 and the 2009 data.

Term 1

Max _ Term2 Term3
PV pisparity | ®7HOT ey | ey

0.88 0.80 5.39 4.42 6.57

1.17 1.19 3.94 3.29 4.72

3.10 2.15 -0.14 0.01 1.47

4.46 5.62 3.33 2.18 5.09

5.77 6.14 7.74 7.77 7.71

5.77 7.92 12.92 7.77 21.50

0.8 0.86 5.47 4.77 6.27

1.4 1.72 2.60 2.51 2.70

3.5 3.79 0.22 0.27 0.18

Mean 2.98 3.36

> 41.47 32.98 56.22
r 0.96

r’ 0.93

Figure 3.26 shows the results of the 2005 and 2009 plus those from the rear impact simulator.
The correlation in results falls slightly to 0.81% (Table 3.2) but with speed changes of 3 mph

and below there is now a small cluster of acceleration disparities below 2 g.

Logic would dictate that the low level acceleration disparity plays a part in the lack of injury

in collisions with such speed changes.

The rhetorical question the applicant posed is whether or not that was the whole story?
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Head and Chest Disparity vs Speed Change
GBB crash testing 2005, 2009 and simulator results
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Figure 3.26: Head/chest disparity vs Speed change

Table 3.2 Correlation test on the 2005, 2009 and the simulator data.

Term 1

Max — Term?2 Term3

AV pisparity | DO ey | ey
0.88 0.80 4.19 4.13 4.25
1.17 1.19 291 3.03 2.79
3.10 2.15 -0.13 0.04 0.51
4.46 5.62 4.27 2.40 7.61
5.77 6.14 9.37 8.17 10.75
5.77 7.92 14.69 8.17 26.40
0.8 0.86 423 4.46 4.01
1.4 1.72 1.73 2.28 1.30
3.5 3.79 0.55 0.35 0.86
3.02 1.96 -0.10 0.01 0.81
2.19 1.42 1.04 0.52 2.08
3.09 4.1 0.22 0.03 1.53
2.95 1.2 -0.06 0.00 2.76
2.66 1.11 0.44 0.06 3.07

Mean 291 2.86

z 4333 33.65 68.74
r 0.90
r 0.81
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In the collisions reviewed thus far, the applicant considered the difference in peak
accelerations at the head and chest, the time of the peaks, the nature of the movement and the

maximum disparity at peak head acceleration time.

Considering again the three tests above, the actual disparities between peak head and chest
accelerations were -0.04 g, 0.29 g and 2.18 g, respectively. These in turn manifested

themselves at peak disparity as 0.87 g, 1.38 g and 3.79 g, respectively.

Those levels of instantaneous disparity were easily accommodated. Indeed, figures above
those were also easily accommodated with no symptoms whilst others provided minor
transient symptoms. The same might not be said if the upper levels were endured for

prolonged periods.

The applicant was interested to see the range of acceleration at the head compared to the

chest in the tests above.

e In Test 1 (CT2/2009) the head varied between 0.63 g and -0.35 g (Range — 0.98 g)

o In Test 2 (CT5/2009) the head varied between 1.36 g and -1.07 g (Range 2.43 g)

e In Test 3 (CT6/2009) the head varied between 4.88 g and -1.71 g (Range 6.59 g)

The acceleration range typically occurs over a time of around 0.2 — 0.3 seconds. In isolation

it is difficult to understand the magnitude of such movement.
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3.9  Daily Activity
In order to make comparisons of any type between low speed change rear end collisions and

daily events, it was necessary to consider a whole range of activities. These included:

1. Being bumped into by a person walking at normal speed (approximately 50% overlap)
[The graph is shown at Appendix 8]

2. Jumping off a low chair (for example after changing a light bulb etc) [Appendix 9]

3. Stalling a vehicle [Appendix 10]

4. Driving forwards up a kerb [Appendix 11]

5. Reversing into a kerb [Appendix 12]

6. Getting out of a chair quickly [Appendix 13]

7. Flopping into a chair [Appendix 14]

The list could be of infinite length in reality. A common sense approach had to be applied

and it may be that other daily activities could be monitored as part of future research.

Being bumped into revealed a head acceleration range of 0.88 g, a maximum disparity at

peak head acceleration of 0.58 g and a disparity in peak accelerations of 0.45 g.

Jumping from a small chair of 49 cm height revealed a head acceleration range of 2.2 g with
an instantaneous maximum disparity of 1.76 g. Peak acceleration of 1.93 g was recorded at
the head and 1.59 g at the chest. The disparity between peaks was 0.34 g. (Note — this was
forwards/backwards only. The up/down acceleration was considerably greater than a 3 mph

speed change collision.)
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Stalling a vehicle could produce a head acceleration range of 0.8 g with an instant maximum
disparity of 0.87 g. The peak head acceleration was 0.42 g and the peak chest acceleration

was 0.9 g. The disparity between peaks was in favour of the chest.

Driving up a kerb produced a peak acceleration at the head of 1.48 g. The maximum
disparity was 0.82 g. Peak head acceleration was 0.87 g and the peak chest acceleration was

042 g.

Reversing slowly into a kerb produced a peak acceleration of 1.3 g with an instantaneous
maximum disparity of 0.42 g. The peak head acceleration was 0.73 g with peak chest

acceleration at 0.47 g allowing a disparity of 0.26 g.

Getting out of a chair quickly produced a head acceleration of 1.36 g with a peak maximum
disparity of 0.97 g. The peak head acceleration was recorded at -0.77 g with the chest

recording -1.4 g. The disparity was 0.63 g.

Flopping into a chair produced a head acceleration range of 0.88 g with a maximum disparity

of 1 g. The peak head acceleration was 0.48 g and the chest 0.1 g.

Other activities such as jogging etc. produced similar values in the forward/backward plane

but considerably greater accelerations in the up/down plane.
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Chapter 4

Discussion & Conclusions
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4.1 Discussion

The number of reported minor injury cases resulting from road traffic collisions appearing
before the courts in the United Kingdom was in excess of 500,000 in 2007. Over 430,000 of
the claims presented to the Courts were for ‘whiplash’ injuries. Whiplash is a mechanism for
injury and it is acknowledged that the term almost exclusively relates to soft tissue injury.
The United Kingdom is referred to as the whiplash capital of Europe, with 75% of personal
injury claims being for whiplash. It has been felt for some time that the number of reported
injury cases cannot all be legitimate. There is a large number which falls under the category
of ‘Insurance Fraud’ and the Transport Select Committee has been considering for a number
of months how to tackle this problem. The applicant has personally provided assistance to the

Chair of the Committee.

The Quebec Task Force (Spitzer et al 1995) defines whiplash as ‘an acceleration-deceleration
mechanism of energy transfer to the neck’. If a road traffic accident (RTA) occurs where this
mechanism is present and the resulting forces applied to the neck are sufficiently large, a
‘whiplash’ has taken place. Thus whiplash can be thought of as a bio-mechanical

phenomenon leading to a probability of soft tissue injury.

In an accident which results in an injury, such as a broken bone, diagnosis is easily and
unambiguously achieved. However, soft tissue injury, such as that resulting from a whiplash
mechanism of sufficient amplitude, is notoriously difficult to diagnose to a degree of
certainty sufficient to satisfy a Court of Law. Further expert evidence is often required in
cases of a disputed RTA. This evidence will inevitably centre on the vehicle or vehicles
involved in the collision. By a process of thorough investigation and evaluation following the

principles of classical physics, most notably Newton’s Laws of Motion, an opinion can be
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formed regarding the movements of the vehicles over the course of the collision and as a

result the magnitude of the whiplash mechanism and the likelihood of a soft tissue injury.

It 1s not acceptable for a medical expert to give an opinion on a ‘whiplash’ injury without
some explanation as to why and how the injury falls into that part of the injury spectrum and
the range of expert opinion, nor is it acceptable for an expert to contend that no injury has
occurred based solely on the low-velocity impact argument. There is a middle ground which
allows that, when all the evidence is considered for an individual case, the injury prognosis
can be determined within a reasonable range of expert opinion to the standard of proof

required for civil litigation.

Prior to the start of the applicant’s research, up-to-date information relating to ‘low speed
change’ collisions, particularly within the United Kingdom, was almost non-existent. It was
considered that new research was required to better understand the movement of vehicles and
occupants in such collisions. In order that the research remained independent, no external
funding was sought. Full-size crash testing and simulator testing programs were undertaken
to better understand the effects of a range of vehicle speed changes on occupant accelerations
within the time scale of typical vehicular collisions. The results of these test programs have
illuminated the link between vehicle movements and the movements of occupants during a
collision and in particular the disparity in the accelerations of the head and chest which are

central to the whiplash mechanism as defined by the Quebec Task force.

The most common RTA leading to whiplash claims is a front-to-rear impact, where a bullet
or striking vehicle runs into the back of a stationary target or struck vehicle. The classic

whiplash mechanism is experienced by occupants in the target vehicle as it is pushed forward
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as a result of the collision. These types of collisions were thoroughly investigated in the
applicant’s research for a range of vehicle masses and impact speeds. This research has
proved to be of particular significance as live instrumented occupants (volunteers) were used
throughout the programs allowing first-hand assessment of accelerations to the head and

chest and any resulting symptoms and injury.

One of the major aims of the crash testing the applicant carried out in 2005 was to monitor
the accelerations of the head and chest of occupants in bullet and target vehicles. Not
unexpectedly, the accelerations changed in magnitude and sign throughout the course of a
collision. Of particular interest was the maximum difference or disparity between the
accelerations of the head and chest as the applicant thought that this should give a good
indication of the magnitude of the energy transfer mechanism to the neck leading to a
whiplash type of injury as described earlier. For the front-to-rear crash tests, it was found that
the maximum disparity between head and chest accelerations increased as delta-v increased.
Results for occupants in the target vehicle are shown in Figure 1.5. A simple quadratic
correlation represents the trend of the data points. Results for occupants of the bullet car are

shown in Figure 1.6.

From a comparison of Figures 1.5 and 1.6, it is clear that, for a given value of delta-v, the
maximum disparity between the head and chest is smaller for a bullet vehicle occupant than it
is for a target vehicle occupant. This result implies that soft tissue injury probability should
be less for bullet vehicle occupants than it is for target vehicle occupants assuming no

individual variation in the occupants.
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Thus, from the applicant’s crash testing a clear link has been forged between the mechanical
behaviour of the colliding vehicles, namely delta-v, and the bio-mechanical behaviour of

occupants, namely the maximum disparity between accelerations of the head and chest.

There exists a perceived international threshold for injury of 5 mph (delta-v). This relates to
the change in speed experienced by the target vehicle due to a rear-end collision. The
inference is that above this threshold the whiplash mechanism has sufficient magnitude to
cause the soft tissue injury known as whiplash and below this threshold there is insufficient
energy transfer to the neck to cause injury. However, research has shown that these

conclusions are not always so clear-cut.

The 5 mph threshold is not without merit as it does appear from the applicant’s research that
the probability of a whiplash type injury increases significantly above 5 mph. A non-linear
increase is not unexpected as whiplash is an energy transfer mechanism and the energy
available in a collision (kinetic energy) increases as the square of the bullet vehicle speed. For
example, in 2005 the applicant carried out a crash test that was intended to produce a change
in speed of the target vehicle of 5 mph (Henderson 2005). The crash actually resulted in a
change in speed of 5.97 mph. Injury did occur with symptoms of strain and headache lasting
up to five days. For obvious reasons this was the only crash test carried out above the 5 mph
threshold. All other crash tests that were subsequently carried out were below a change in
speed of 5 mph. None of these resulted in injury or significant symptoms. These no-injury
results are extremely important as many claims for injury are very often made for low-speed

collisions that are well below the 5 mph threshold.

The results from the applicant’s crash testing are consistent with those published in SAE
Technical Paper 2005-01-0296 (Moss et al, 2005). In the applicant’s opinion, this paper is of
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particular importance as the authors base their conclusions on a statistically significant
number of collisions that have passed through a rigorous filtering process. A major
conclusion from this paper is that above a threshold of 5.87 mph (delta-v), injury is likely on

the balance of probabilities. Below 5.87 mph injury is unlikely.

As indicated earlier, the whiplash mechanism can be defined as an acceleration-deceleration
mechanism of energy transfer to the neck. Thus disparity between accelerations of the head
and chest as measured during crash testing is of some interest. From the applicant’s research,
at the 5 mph (delta-v) threshold, an acceleration disparity of 5.8 g was measured for an
occupant in the target vehicle (Figure 1.7). At the 5.87 mph threshold indicated by Moss et al,

the disparity increased to 7.3 g.

In their paper, “Human Occupant Motion in Rear-End Impacts”, Judson et al measured
accelerations of dummy occupants in five low-speed collisions providing delta-v values from
1.0 to 5.1 mph. Acceleration differentials were provided by accelerometers positioned at the
head and thorax. At a delta-v of 5.1 mph, the maximum acceleration differential was 7.3 g
which is above my 5 mph value but in agreement with my 5.87 mph value. One female
volunteer was used by the Judson study whereas I used male volunteers so it is likely that

some of the differences can be explained by physical differences in the volunteers tested.

A number of other groups have tested the resistance human volunteers to injury in low-speed
front-to-rear collisions. Most of the volunteers were not instrumented so no information on
acceleration disparities are available. However, almost all groups identify an injury threshold
in the region of a Smph change in speed of the target vehicle. Typical of these is the testing

carried out by Braun et al (2001) in their paper “Rear-End Impact Testing with Human Test
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Subjects” One of their conclusions was that normally seated healthy adults with adequate

head support can tolerate delta-v’s of 4.5 mph.

The applicant’s research indicates that for an occupant in a bullet vehicle to achieve a
disparity of 5.8 g and 7.3 g, speed changes of 6.5 mph and 7.4 mph respectively would be
required for the bullet vehicle. It is thought that these differences between target and bullet
vehicle occupant thresholds are due to the way in which occupants move within their
respective vehicles. If disparity between the accelerations of the head and chest are an
indication of the magnitude of the whiplash mechanism, then these results have some utility
as they suggest higher threshold values for any bullet vehicle occupants that are claiming soft
tissue injuries. No other contemporary research involving bullet vehicle occupants is

available with which these results can be compared.

Another important result from my crash testing research was the correlation found for the
coefficient of restitution (c.o.r.) for a collision between two vehicles of a type found on U.K.
roads. The applicant’s company, GBB(UK)Ltd. was, and probably still is, the only

investigative company in the UK that has a working correlation based on its own research.

An appropriate value of restitution is often a matter of dispute between experts working for
claimant and a defendant. A higher value of restitution confers a higher change in velocity of
the colliding vehicles as elastically deformed structures recover their shape in the latter stages
of contact between the vehicles. A lower value of restitution implies that a greater proportion
of the deformation that occurs during a collision is plastic or inelastic in nature and will

remain as observable damage after the collision has ended.
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Based on the principles of physics, the coefficient of restitution should tend towards zero at
increasing collision speeds due to the increasing proportion of plastic damage compared with
elastic deformation. For converse reasons, the coefficient of restitution should converge
towards unity as the collision speed decreases and collisions become more elastic. The

-0.233v

applicant’s crash testing research has produced the correlation c.o.r. = e (or c.or. =

exp (-0.253v) ) where v is the collision or closing speed of the two vehicles in mph.

A number of groups (Howard et al., 1994, Malmsbury et al., 1994. and Antonetti. 1998), all
based in the U.S.A., have carried out practical research to determine restitution values in both
barrier collisions and vehicle-to-vehicle collisions. In general, the results confirm the trend of
restitution values decreasing from unity towards zero as impact speeds increase. Due to the
complex nature of vehicle constructions and differences between makes and models, there is
significant scatter in results. Different structures and materials within a particular vehicle
participate more and more in the collision as impact speeds increase. In a collision between a
‘hard’ vehicle and a ‘soft” vehicle, the coefficient of restitution as well as the time period
over which the collision occurs will be controlled by the softer vehicle but not in a simple
way. The softer vehicle will of course sustain the greater deformation although, in accordance
with Newton’s Third Law, the forces experienced by each vehicle are equal in magnitude but

opposite in direction at all points in time throughout the collision.

The research carried out by Howard et al., Malmsbury et al. (1994) and Antonetti (1998)
resulted in restitution verses closing velocity data points that were in general above those
correlated by the applicant’s research. For example, data produced by Howard et al was
correlated in their paper by the third order exponential c.o.r. = 0.5992exp (-0.2508v +

0.1934v* — 0.001279v’) where, in this case, v is the closing velocity in m/s. There is
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considerable scatter around the correlation and a correlation of this type becomes non-
physical as the collision speed approaches zero since it predicts a restitution tending towards

0.5992 rather than unity.

The work carried out by Malmsbury and Eubanks (1994) as described in their 1994 paper,
featured a relatively large number of front-to-rear collisions. The purpose of their research
was not explicitly to find restitution values, but from their results restitution values could be
calculated. Of thirteen validated crash tests, six were well-modelled by the GBB correlation
and the remaining seven were significantly different. These seven could be modelled by the
different correlation c.o.r. = -0.2272In(v) +0.8286. Physically, this is less satisfactory than the
GBB correlation as it does not tend towards unity as impact speed approaches zero. A
comparison of these correlations is shown in Figure 1.3. The applicant has recently carried
out more crash testing and it remains to be seen whether the latest results will support the

correlation currently in use.

It is important to note that the research carried out by Howard et al (1994)., Malmsbury et al
(1994) and Antonetti (1998) was with vehicles available in the U.S.A. some with rigid
bumper types, some with isolators in the bumper structure and others with foam. The
differences between vehicles available in the U.S.A. and in the U.K. may to some extent

account for differences in restitution results and their resulting correlations.

A large number of whiplash claims are made in the lower range of impact speeds between
zero and 3 mph. To provide a significant amount of accurate data within this speed range
without having to resort to actual vehicle collisions, a rig was designed to simulate front-to-

rear collisions. The simulator rig was specifically designed to allow easy measurements of
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head and chest accelerations over an accurately measured range of impact speeds as

described in section 2.3.3.

Using the simulator, a series of tests were undertaken with velocity changes between 1.8 and
3.1 mph. An accelerometer mounted on the simulator gave the impact speed and all
occupants were fitted with accelerometers at the head and chest. In a series of simulator tests
carried out at around 3 mph, average maximum accelerations applied to the head and chest
were recorded as 2.93 g and 3.46 g respectively resulting in an average difference or disparity
of 0.53 g. For comparison, a difference of 3.6 g was recorded during an actual crash test with
a velocity change of nearly 6 mph. These results indicate the rapid non-linear increase in the
disparity between head and chest accelerations as the velocity change (delta-v) of a target
vehicle increases and a consequent increase in the magnitude of the whiplash mechanism.
Occupant symptoms were recorded and monitored and a follow-up period of up to two years

was embarked upon, thus meaning this research was the most lengthy of its type.

A number of tests were carried out where instrumented volunteers performed a range of
everyday activities. Disparities between head and chest accelerations were measured and
correlated with the applicant’s simulator testing. In this way, very low speed collisions, where

there are often claims for whiplash type injuries, can be likened to everyday activities.

Vijayakumar et al (2006) carried out a comparison of low-speed rear-end collisions using
fair-ground bumper cars with activities of daily living. They carried out instrumented tests on
hopping, rope skipping, falling into a chair, running with an abrupt stop and bumper car rides.
This group found that head accelerations, upper neck loads and moments determined from the
bumper car collisions were comparable to or lower than those experienced by healthy adults
during vigorous activities. These are in agreement with the applicant’s findings.
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The inference from the applicant’s research and from the findings of Vijayakumar et al

(2006) is that if a litigant is not injured during daily activities, why should they be injured in

an equivalent very low speed collision? It is of course up to a Court to make a final decision.

Finally, it is the applicant’s opinion, based on his research, that beyond a speed change of 5

mph, the risk of injury due to the whiplash mechanism is high. The risk between 3 mph and 5

mph is a grey area that would benefit from further exploration and speed changes below

3mph indicate minimal risk of injury.

4.2

Conclusions and Recommendations

. From full size crash testing, it was found that rear end collisions from start to finish

typically take of the order of 0.2 seconds, with maximum acceleration taking place in

the first 0.1 seconds.

. Speed changes of 5 mph within the typical time frame of a rear end collision have

generally been considered to be the ‘threshold’” of human occupant injury tolerance. It
was found that speed changes at this level produced considerably greater levels of
acceleration than any normal daily activity and provided peak instantaneous disparity

acceleration levels way above those.

. Whilst international opinion seems to be in favour of a proposition that 5 mph is an

injury threshold, one should err on the side of caution despite transient symptoms
being recorded as the true legacy of testing within that speed change range, after a

lengthy follow up period.
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D. Closer consideration of the tests with speed changes in the 3 mph or less bracket
revealed surprisingly similar levels of acceleration, duration of movement, delay
between chest and head movement and perhaps more importantly maximum
acceleration disparity levels. At 3 mph or less the typical maximum head/chest
disparity was around 2 g. Whilst this in itself has no obvious meaning to the lay
person, the reality is that such movement is hardly discernible to the occupant and no

effect was felt.

E. No symptoms lasting beyond a few minutes (including psychosomatic symptoms)
were recorded. Again, a lengthy follow up programme was followed. When one
considers that merely sitting in a firm chair can produce a disparity of 1 g without any

consideration then this is not surprising.

F. Analysis of the numerous tests of varying types that the applicant has undertaken
leads him to the conclusion that there is no one type of ‘everyday activity’ test that
accurately replicates a rear end collision. The simulator and crash tests are the only
way to accurately measure accelerations and understand what actually happens during

a collision.

G. Different daily activities provided greater levels of acceleration in the up/down plane
but not the forward/backward plane. Some exercises provided greater levels of
acceleration all round. Clearly there is an element of up/down movement in a rear end
collision, but the over-riding element is the rearward and then forward motion of the

head in relation to the movement of the chest and that could not be replicated fully.
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H. It is apparent that speed changes in the region up to 3 mph generally provide
maximum instantaneous acceleration disparities in the X axis (backward/forward) of
around 2 g. Such a level is easily tolerated by human occupants and in reality is only

just discernible.

I. Given that light activities provide accelerations just below such level and that some
common exercises provide accelerations above it, it would be fair to conclude that
speed changes in the 3 mph range provide an experience similar to that encountered in

daily activity.

J. It seems that disparities in the 4 g range can also be tolerated as a ‘one off” event
without anything other than mild transient symptoms being presented. Whilst this is
outside the normal range of the light activities, the applicant would argue that this

lends support to the conservative view in relation to the 2 g disparities.

K. Bullet vehicle occupant accelerations are considerably less than target vehicle

occupant accelerations for any given low speed collision.

In conclusion, the results of this lengthy study have clearly shown that low speed collisions
can cause injury to both driver and passengers as well as damage to the vehicles. In this
extended follow up study those injuries, including those experienced outside a 5 mph speed
change range, were of a transient nature. The lower speed of the collision, then the lower the
resultant speed change in either vehicle. The lower the speed change the lower the resultant
acceleration of occupants. Further studies are required to find out the effect of medium to

high speed collisions.
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4.3 Scope for Future Studies

It is anticipated that design or purchase of a crash test dummy would allow consideration of
occupant movement in higher speed collisions having compared dummy movement in low
speed change collisions initially. Such data could be rapidly gathered and the application of

simulation could be added to full size crash testing.

Application of animation technology to the occupant movement is planned to provide clearer
detail of such movement. Predictive simulation is expected to follow on from such

developments.

Damage patterns in vehicles will continue to be studied, particularly as vehicle design alters.
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Appendix 1

Research



RESEARCH

1) GBB (UK) Limited are undertaking continuing research into the
effects of low speed collisions.

2) Primarily, this is the consideration of the effect of sudden velocity
change experienced by the human body during such collisions.

3) By agreeing to take part in such research you must be aware that
there will be a risk of injury, however small that may be.

4) The intention of the research is not to cause injury, but to
consider the effect downwards from what is currently considered
to be the general threshold at which soft tissue injury begins to
occur — that is changes in velocity of 5 mph and below.

5) As with any research of this kind the decision to take part is
personal and absolutely no liability will rest with GBB (UK)
Limited or its employees or agents for any injury caused.

6) DO NOT AGREE TO TAKE PART IF YOU DO NOT ACCEPT
THE POINTS ABOVE IN FULL.

Form GBE1




Appendix 2

Experiment Proforma



REF NO

GBB (UK) Limited

Name

Date of Experiment

Now that you have undertaken the experiment, would you please complete the sections below
listing any symptoms and specific area(s) of pain.

Symptoms within 6 hours

If you have experienced adverse symptons eg pain, please indicate on the scale below (with a circle) your
level of symptoms (10 the highest)

0 T 7 1 2 | 3 | 4 [ 5 1 6 ] 7 1 8 [ 9 | 10

Symptoms within 12 hours

level of symptoms

0o | 7 [ 2 | 3 | 4 ] 5 | 6 ] 7 | 8 | 9 [ 10

Symptoms within 24 hours

level of symptoms

o | 1 | 2 | 3 1 4 | 5 | 6 I 7 | 8 | 9 | 10

Symptoms within the course of the next 7 days




level of symptoms

Would you please confirm whether you have been required to attend your local accident and emergency
department or needed to seek advice from your general practitioner, physiotherapist, pharmacist etc.

Please confirm whether or not you have required any painkillers. If yes, please specify.

Please confirm whether you have been required to modify any activities of daily living in the week
following the tests. IE: paid employment, housework, shopping lifting, sports etc.

ONCE COMPLETE PLEASE RETURN TO GBB (UK) LIMITED IN THE ENVELOPE PROVIDED

THANK YOU FOR YOUR ASSISTANCE
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Crash Testing — 1 June 2005
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Appendix 4

Crash Testing — 1° June 2005

Test Details
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Appendix 5

Simulator Results Log



TEST RUN | SIMULAT SIMULATOR Av in HEAD BODY SIMULATOR At
NUMBER | OR MAX mph MAX g MAX
g g in seconds
First Peak} Second First Peak {Second
Peak Peak
1 1.681 2.347 2.96 7.837 2.552 0.14 0.21
2 0.939 1.56 1.971 3.312 3.594 0.15 0.32
3 0.942 1.246 1.847]  3.417 4.347 0.13 0.3
4 0.871 1.984 2.062 3.205 4,091 0.15 0.32
5 0.948 1.435 2.143 3.999 3.962 0.14 0.29
6 1.29 1.574 2.48 3.51 3.621 0.13 0.31
7 1.775 1.389 2.075 2.572 4.176 0.12 0.29
8 1.557 2.452 3.02 3.877 3.401 0.13 0.29
9 1.109 2018 2.493 2.259 3.529 0.13 0.34
10 1.134 2.218 2.259 1.953 3.492 0.14 0.19
11 1.265 1.791 2.194 1.831 3.609 0.14 0.29
12 1.24 1.883 1,948 2.106 2.259 0.1 0.28
13 1.27 1.897 2275 2.885 3.334 0.12 0.31
14 2.0645 2.398 3.114 3.357 3.809 0.12 0.29
15 1.44 2.572 2.42 1.755 3.279 0.12 0.33
16 1.287 1.826 2.792 1.465 3.565 0.13 0.29
17 1.287 1.864 2.042 2.32 3.571 0.12 0.29
18 1.339 2.038 2.846 3.457 4.365 0.12 0.3
19 1.331 2.088 2.685 0 0 0.11 0.28
20 1.295 1.985 2.53 0 0 0.13 0.3
21 1.168 1.919 2.429 3.078 3.217 0.12 0.28
22 1.336 2.065 2.56 2.257 3.004 0.12 0.29
23 1.367 2.802 NIL 1.343 2.937 0.17 NIL
24 0.972 1.791 2.117 3.759 3.15 0.14 0.32
25 1.209 1.8 2.288 0 0 0.14 0.33
26 1.597 2.706 2.04 2.051 3.59 0.11 0.33
27 1.485 1.949 2.927 2.479 2.6 0.11 0.32
28 491 1.493 1.571 2.048 3.83 0.06 0.24
29 5.074 1.949 2927 1.047 0.528 0.06 0.24
30 2.51 3.51 NIL 3.77 3.33 0.17 NIL
31 272 3.54 NIL 4.0 299 0.18 NIL
3 4.4 2.89 3.27 405 3.78 0.09 0.32
33 2.24 2.12 3.31 3.07 2.71 0.08 0.28
34 2.22 2.33 3.31 2.69 2.9 0.09 0.28
35 2.32 2.2 2.8 3.3] 3.45 0.08 0.2
36 1.5 2.2 2.9
37 1.72 2.36 2,08 3.32 0.2
38
39
40
4] 1.62 2.99 2.5 3 0.06 0.15
42 1.61 3.2 3.4 2.75 0.06 0.15
43 1.4 3.32 2.24 3.25
44 1.38 3.02 3.46 3.66
45 1.37 2.74 2.4 4.23

[ 1.718869 | 2.225829 | 2.497031 | 2.679976 | 3.087714] 0.11945% | 0.278571 |




Appendix 6

Simulator Details Log
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Appendix 7

Simulator Summary Graph
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Appendix 8

Walked into from behind Graph



Appendix 8
Walked into from behind
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Appendix 8: Acceleration Result for Pedestrian/Pedestrian Collision at Walking Speed




Appendix 9

Jump from 49 cm high chair Graph



Appendix 9

Jump from a 49cm high chair seat
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Appendix 9: Resultant Acceleration for a Jump to the Ground from 49 cm High Seat




Appendix 9a

Jump from 49 cm high chair Graph
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Appendix 9a

Jump from a 49cm high chair seat
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Appendix 9a: Resultant accelerations following jump from a 49 e¢m high seat




Appendix 10

Vehicle Stall Test Graphs
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Appendix 11

Test 3

vehicle running forward up and onto

a kerb and roll back off the kerb
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Appendix 12

Occupant



Appendix 12 Occupant
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Appendix 12: Time course graph showing occupant accelerations resulting from kerb
test
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Getting up from a seat

forward and backward



Appendix 13

Getting up quickly from a seat
forward/backward
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—— Chest x
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Appendix 13: Time course graph showing head and chest accelerations when getting up
quickly from a chair



Appendix 13a

Getting up from a seat

forward and backward
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Appendix 13a
Getting up quickly from a seat
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Appendix 13a: Time course graph showing head and chest accelerations when
getting up out of a chair




Appendix 14

Sitting into a conference chair

forwards/backwards only
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Sitting into a conference chair: forwards/backwards only
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Appendix 14: Time course graph showing resultant accelerations from sitting in a
conference chair
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Putting the 5mph injury
threshold to the test

Brian Henderson reveals the results of his extensive research
into the impact of low-speed-change collisions

Brian Henderson is the
managing director of
GBB (UK) Ltd Forensic
Collision Investigation
and Research

'Beyond a speed change of
5mph, the risk of neck
injury is high. The risk
between 3mph and 5mph is
a grey area that would need
further exploration, and
injury cannot be ruled out.

uch has been promulgated
about soft-tissue neck injury in
recent years, and it is often

cited that below a certain speed change
injury will not occur. Many studies have
been made, primarily in the US, follow-
ing collision testing of one sort or another.
The common argument is that the
threshold is 5mph, but before a sweep-
ing statement such as that can be
considered, one needs to be aware of
what is actually being talked about,

Physics facts

Collisions between motor vehicles are
subject to Newton’s Laws of Motian, as
are the contents of those motor vehicles
- including the occupants.

In a collision, momentum (mass x
velocity) is conserved. This means that
the total momentum before the collision
is equal to the momentum after the colli-
sion. In simple terms, where one vehicle
is stationary, all the momentum before
the collision is with the striking vehicle
and after the collision it is shared
between the striking vehicle and the
struck vehicle.

The amount of momentum given to
the struck vehicle will determine its
velocity immediately after the collision,
in other words, its change in velocity or
D, (delta v).

The greatest change in velocity for
the struck vehicle occurs when the cen-
tres of mass of the vchicles are aligned.
Again, in simple terms, a square-on,
rear-end shunt,

Where there is a large misalignment
or the collision is a glancing blow, very
little momentum is transferred to the
struck vehicle.

For the purposcs of this article I
will deal only with the effects on the

occupants of the struck vehicle in a
squarely aligned, rear-end collision.

Assessing the likelihood of injury
Historically, the argument about injury
or likelihood of injury has been the
domain of the medical expert, albeit
without any true scientific evidence on
which to base an opinion.

My colleagues and 1 have been
involved in crash testing and other
research for a number of years. As a
consequence of our research we are
now better placed to consider a likely
threshold for injury.

That does not mean that we can say
whether a person can be injured or not,
but it does mean that we are able to say
that a given collision will likely result in
acceleration of given magnitude to the
vehicle’s occupants. Further, we are also
able to suggest what physically happens
to occupants of a vehicle as a consequence
of applied accelerations.

What actually happens in a crash?
In a rear-end collision as described ear-
lier, the occupant of a vehicle is at the
greatest risk of whiplash-type injury.
The following is a step-by-step account
of the events of a crash:

¢ When the two vehicles come together,
at first contact there will be no
damage at all to the vehicles.

e The striking vehicle continues for-
wards and its movement is resisted
by the struck vehicle.

e Damage (if any) is now caused up to
the point of maximum engagement.
Once this point is reached, no further
damage will occur.

12 Personal Injury Law Journal
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¢ The struck vehicle, including the
lixed internal features, will now be
maoving.

¢ The seat therefore begins to move
forward. The body, because of its
inerlia, initially resists that move-
ment and sinks into the seat padding,

+ [liselfeclively scooped up and it too
moves forward. The head, however,

does not.,

= As wilh the body, the head initially
rusisls movement but then it too is
Jecelerated,

+ In the same order, the vehicle and
then the body begin to slow down,

« The head is still accelerating.

» Fhe situation therefore is that the
head was initially lagging behind
but then it is accelerated forwards
ahead of the chest.

[Lis this movement that is the trigger
tor whiplash, if the initial acceleration

at the chest is large enough, together
with even greater acceleration applied
at the head. In other words, there needs
to be a large difference in the accelera-
tion applied at the head in comparison
to the chest, but it too must be exposed
to considerable acceleration.

Crash testing
For example, I have written a paper
dealing with a crash test undertaken

in velocity for the struck vehicle of
5.97mph.

The maximum positive acceleration at
the chest was 4.7g and at the head it was
8.3g. The difference was 3.6g. The time
difference was 0.07 seconds. This is the
delay between chest movement and head
movement as described above.

It is interesting to note that the accel-
eration applied to the struck vehicle
was 2.43¢g,

We attempted to crash two vehicles so that the
resultant change in velocity was around 5mph.
Injury did occur in this test - symptoms of strains
and headache lasting up to five days.

in June 2005. It can be found at
www.gbbuk.com /technical.asp and its
title is CT2/2005/1.

In the test, we attempted to crash
two vehicles so that the resultant
change in velecity was around Smph,
The crash resulted in an actual change

Injury did occur in the test — symp-
toms of strains and headache lasting up
to five days, all of which are recorded
within the research paper.

This would tend to support a general
threshold of Smph, given that relatively
mild symptoms lasted for a number of

‘The legendary

White Peaks Chall

Zell am See, Austria 17-20 March 2007

.24 peaks in 48 haurs
.Only £1: 00 pius minimum

' For an event pack call:

A 13@km of piste in the. heart of Austria int A
* one of the world's !engest runs {1Bkm‘);,-; o

- sponsorship to support our work -
.wﬂh peeple with cerebral palsy

Quoting: Law .ieu'malu' 2

returns!

\.(‘_

i

0800 0191 200

. ~or visit; www. SCOpe. org. uk]adventuresl ¢
or text Event Peaks and name - '
and address to 60003*

*standard text message rates apply

“Bergone should sk (ke this
at least once in their lives”

Martin Pavis

White Teaks Challenger 2005

scepe

About cerebral palsy
For disabled people achieving equality.

Seplember 2006

Personal Injury Law Journal 13




WHIPLASH

days when the speed change was around
Imph over the argued threshold.

However, this threshold could only
be considered as a general threshold, as
net all vehicle occupants react in the same
manner. Perhaps it could be scen as a
starting point for healthy, correctly seated
occupants.

My ongoing research aims to refine a
threshold, based on greater knowledge.

Lower speed changes

In crash tests at Jower speeds (or indeed
offset collisions at greater speeds) the
same level of acceleration of the
occupants did not oceur.

With that in mind, having con-
structed a simulator, a series of tests
were undertaken with velocity changes
of between 1.8 and 3.1lmph. Again, ali
occupants were fitted with accelerome-
ters at the head and the chest.

The acceleration recorded on the
test rig (vehicle) was between 0.87g and
2.06g. The average maximum accelera-
tion applied at the chest and the head
was 2.93g and 3.46g respectively.

This is a difference of 0.53g. (See the
graph below.)

Results

What this research shows so far is that
with a velocity change up to 3mph, the
acceleration applied at the chest and
the head were fairly close together in
terms of magnitude. That is, 0.53g as
opposed ta 3.6g in a collision resulting in
a near Gmph change in velocity (delta v).
This has also been mirrored in actual
collision testing,

The other interesting point is that the
accelerations al the head and chest do
not rise linearly with an increase in
velocity beyond 3mph, but rather each
rises more rapidly, with the head more
than the chest.

It is my opinion that beyond a speed
change of Smph, the risk of neck injury
is high. The risk between 3mph and
5Smph is a grey arca that would need
further exploration, and injury cannot
be ruled out, The risk below 3mph is
minimal. It may be that as the research
continues it can be further refined or

redefined.

The research, which was self-funded
and completely independent, can be
utilised by either claimant or defendant
in these types of cases.

Summary
Previpus received wisdom has included
the following:

¢ Historical American research sug-
gests a whiplash threshold of Smph.

*  Whiplash symptoms were evident in
a UK study for collision testing with
a speed change of 6mph.

¢ Whiplash symptoms were not evident
in collision testing with speed changes
below 6mph, or simulation testing
with speed changes below 3mph.

Conclusions
Based on our research, we can now
confidently suggest that:

¢ speed changes above Smph indicate
a high risk of injury;

¢ speed changes between 3-Bmph are
a grey area where injury cannot be
ruled out; and

¢ speed changes below 3mph indicate
minimal risk of injury. @
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Deconstructing a collision

Roger Wade, Brian Henderson and lan Simpson take an in-depth
look at the science of RTA neck injuries and outline the many
factors to be considered in claims

Roger Wade is a consultant
orthopaedic surgeon,

Brian Henderson is the
wanaging director of

GBB (UK) Lid, Forensic
Collision rvestigation and
Resenrch, and lan Simpson
is @ barvisler at London
Chambers

It only takes a search of
court cases in this field to
show that the claimant’s
advocate will usually rely
on the medical expert and
the defendant’s advocate
will base their argument on
the engineering evidence.

he Quebec Task Force defines
T whiplash as ‘an  acceleration-

deceleration mechanism of energy
transfer to the neck’. If an RTA occurs
where this mechanism is present and the
resulting forces applied to the neck are
sufficiently large, a “whiplash’ has taken
place. It is simpler to restrict the use of
the term ‘whiplash’ to define this bio-
mechanical phenomenon. Newton's laws
of physics can be applied to whiplash
and an objective measure of the energy
transfer calculated. This is enveloped ina
specific area of the science of accident
reconstruction.

Whiplash injuries and associated
symptoms are due to presumed under-
lying damage to the structures in the
neck. Unfortunately, the symptoms that
are described by the “victim’ are purely
subjective, e they are described by
the claimant and there are no objective
measures. A review of the medical
literature can be applied to variables
involved in the accident in an attempt o
quantify the likely recovery.

When this type of injury is assessed in
the medico-legal setting, these arguments
are ustially taken in isolation. It only takes
a search of caurt cases in this field to show
that the claimant’s advocate will usually
rely on the medical expert and the defend-
ant's advocate will base their argument on
the engineering evidence.

This method is clearly flawed. The
medical expert cannot take the descrip-
tion of a ‘written-off’ car as meaning that
the forces involved were large, just as a
collision expert cannot ascertain whether
a certain individual is likely to be atrisk of
injury based on the exchange of energy
alone. This article will examine first the
mechanics of a collision and then go on to
consider the medical factors that may
influence a whiplash claim.

Time delay

Unfortunately, the information required
is usually not all available at the same
time - the early medical evidence is
gained from GP notes and the expert is
usually only instructed later, sometimes
even when the symptoms have settled.
Collision experts are fypically only
involved if the case is felt to be in the
group of low-velocity impacts - again,
usually later on in the case. It is funda-
mental that these two aspects of this
type of injury are considered together by
experts who are privy to all the infor-
mation. Only then can more objective
conclusions be drawn.

The recent judgment of the Court of
Appeal in Casey v Cartroright [2006) may
promole a contraction in the timeframes
in which the relevant expert evidence is
obtained, but it is still probable that any
injury symptoms will have settled before
that process is complete,

Mechanical evidence

Accident analysis involves the assessment
of vehicle damage, correlating this with
full-size crash-test clata and then carrying
out momentum conservation calculations
based on the laws of Newtonian physics,
From these the change in velocity, the
delta-v (Dy,), that is experienced by the
vehicle can be calculated. This is the
objective measure of acceleration applied
to the vehicle and subsequently correlates
to the acceleration-deceleration mecha-
nism to the victim’s neck - the whiplash.

What happens during a collision?

Caontact: the bullet vehicle makes initial
contact and as it penetrates the target
vehicle it applies force to it.

Momentum conservation: the applied force
multiplied by the time increment for

6 Personal Injury Law Journal
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which it is acting is the impulse.
The momentum of the target vehicle is
increased by an amount equal to the
impulse. The bullet vehicle experiences
an impulse of equal magnitude in the
opposite direction in accordance with
Newton's third law (see box, below).
Thus, the momentum of the bullet ve-
hicle decreases by this amount. By this
process momentum is conserved. Mom-
entum is not conserved, however, if an
external force, such as braking, is applied
during the collision.

Work of deformation: during impact the
structures deforn. The energy required
for this deformation comes from the
stored kinetic energy within the ve-
hicles. Some energy is also converted to
sound and heat.

Maximum engagement: at this point the
vehicles will have a common velocity
and deformation is at its maximum.
What happens next depends on the
proportion of elastic and inelastic
deformation, Elastic structures will
recover their shape and thus will re-
apply forces to the vehicles pushing
them apart. Non-elastic structures will
show permanent damage.

Momentum is conserved but kinetic
energy is not conserved, as some is con-
verted in creating sound, heat and
permanent damage to the vehicles,

There are an infinite number of
variations on the theme of the general
collision described above.

The progress of a collision depends
on the speeds and relative masses of
vehicles and on their construction. The
construction of a vehicle is crucial,
as progressive collapse of non-elastic
structures minimises accelerations to the
occupants.

Restitution

A collision can be described in terms of
its coefficient of restitution (COR). At its
minimum {COR = zero) there is no elas-
tic deformation. Theoretically, this type
of collision will only occur at a very
high-impact speed. In reality, almost any
collision that takes place at an impact
speed greater than 20mph is essentially
inelastic, with a COR of zero.

For a collision to have the maximum
COR (one) the impact speed would have
to be zero or, if it were not zero, the
materials from which the vehicles were
constructed would have to be very stiff,

experienced by the target vehicle and,
therefore, on the probability of whiplash
injury to its occupants.

Impact on the occupant

The impact force of the collision takes
about one millisecond to pass through
the wehicle. The momentum transfer
causes the target vehicle to accelerate
and every part that is attached receives
just the amount of force to cause the
same acceleration to all parts. The occu-
pant is not rigidly attached to the seat
and so does not receive force to acceler-
ate at the same rate. This is seen as the

The construction of a vehicle is crucial, as progressive
collapse of non-elastic structures minimises
accelerations to the occupants.

such that they did not flex during the col-
lision. The reason for this is that even
clastic materials will generate heat, due
to internal friction, when they deform
and then reform during the course of a
collision. This heat will represent an
energy change to the system of colliding
vehicles and so by definition the collision
could not be perfectly elastic.

It is almost universally accepted by
researchers that the COR increases as
collision speed decreases.

For increasing values of impact speed,
the COR decreases as elastic deformation
becomes a smaller part of the total
deformation. Vehicles do not have their
own characteristic COR that they bring to
a collision. Each collision is unique and
the COR is a function of impact speed
and the construction of each vehicle.

The COR of a cellision is important,
particularly in low-speed impacts, as it
has an influence on the value of the D,

‘Newton’s laws of motion

1] An object will remain stationary or continue in uniform motion i a str‘aight line unless

acced upon by an external force.

2) When an object of constant mass has a resultant force appi:ed to it, :he Db]ect wsil P
*“accelerate in the direction of this force. The magnitude of acceleration (a) will be .
proporl:lonal © the force {F) and mversei}r proportaonal to the mass (m) F“ma

3) When two ob;ects A and B,are in contact, the fcrce thatA appl!es to B is equal in’
ik magmtude but opposlte in direction to the force that B applies tDA

Inan acmdent, the targEt vehlc!e quI accelerate due to collrsnon fcrces accordmg to EhE
second law.The bullet vehicle will experience forces equal in magmtude in the opposme BT
dlrectlon according to the third law and so will decelerate - according to the second law.

occupant sinks into the seat and their
maximum acceleration is delayed. The
body of the occupant then catches up
and accelerates past the normal seating
position until restrained by the seatbeit.
The head is loosely attached to the
body by the neck and its motion is fur-
ther delayed. The maximum relative
movement between the head and body
occurs when the head accelerates past the
body as the body is returning to the seat.
Disparity between the motion of the head
and body must be accommodated by the
neck, and if the structural capabilities of
the neck are exceeded then the result may
be whiplash. It follows that the more
momentum that is transferred to the
struck vehicle during a collision, the
more the motion of the occupant. 1t is the
process of transfer of this momentum
and energy and the resultant motions
that may causc injury; this is studied in
simulated crash tests by measuring head
and chest accelerations (see ‘Putting the
Smph injury threshold to the test’ PILJ48).
Logically, it follows that accurate
accident reconstruction provides a sci-
entific answer to the likely momentum
that has been transferred through the
neck, and this provides a quantitative
measure of the whiplash. This will be
considered later, following the medical
evidence with the application of D,

Medical evidence

We must always remember that medical
evidence is not based on hard and fast
rules such as the laws of Newtonian
physics. The body has an infinite number
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of variables and, as such, the study of
the response to a specific injury is diffi-
cult. This is not to say that the studies
that have already been undertaken on
whiplash injuries are not valid, but it is
important to guote them in context,
To provide a better understanding of
whiplash injuries we feel it is essential to
avoid the ‘all or none’ argument of the
injury: we are not here to argue the case
for either ‘chronic whiplash’ or whipiash
injuries not existing.

The medical factors involved in whip-
lash injuries are presented here with a
view to allowing a more balanced judge-
ment, so they can be used to help
determine prognosis. However, this is
just an overview — never lose sight of
other articles and the pros and cons
of each. A good expert should know
whether papers cited in cross-examina-
tion are relevant: it is not acceptable
just to provide a one-sided argument; a
range of opinions should be included. It
is important to remember that all articles
have their limitations and they should
not be used to discount evidence.

The medical evidence can be broken
down into & number of study types:

e classification of injury;

s clinical studies of whiplash victims
and follow-up of symptoms;

e controlled studies of volunteers in
crash tests;

* population studies of whiplash
injuries in different countries;

¢ the study of neck pain in the
general population; and

o the quest for the objective marker
for whiplash-injury victims.

Classification of injury

There are a number of studies that clas-
sify whiplash injuries. One that is
validated and widely used is the Gargan
and Bannister scale (see below). This
places victims in various groups based on
how restrictive their symptoms are;
unfortunately, these are purely subject-
ive. The Quebec Task Force added
physical signs to their classification (also
shown in the box below), but only the
distinction between grade 2 and grade 3
has objective signs.

It must be remembered that grade-3
symptoms rarely occur in whiplash-type
injuries and probably do represent a
structural preblem that would show on
further investigation.

Other, more complicated, question-
naires exist that allow percentage figures
to be applied to the symptoms suffered.
On face value, this may allow the dis-
ability to be more accurately assessed,
but does not get past the fact that it is
stili based on subjective reporting of
symptoms.

Many of these scales are used in
clinical papers to assess the progression

Scales of classification of |njury

Gargan and Bannister scale

Group Symptoms

A ‘ Ncne

B '. -Syn';lptoms not in:er%erir;g. with occupati&;n-or.Ieisure' :

C_ 8, 5 .l" Symptoms réstricciné .oc,c.up;atiun- 01; leislurlc.é \;yith ét_j w-ltll1x:;uc use of

: analge;ia, orthotics or physical rherapy

D , Loss of occupatmn continuous use. of analgessa orthotlcs, repeated o

medncal consulnatlons

Quebec Task Force dasstﬂcation :

Group * - - 'Symptoms

b Lo ; .-_‘No complamc a.%;ou.c ln.eck and no.s.sgns;

1.4 e '-C_omp;!aint Lof,necig-"_sy‘r‘r;pton.as an;:li Dt‘J jsigns'ij.';._: Tk
Zieinil Neck symptoms, tendernessand . fange Sr ey
3 : L Necksymptomsand ;edréioéicéflﬁggqrggiiq; S

or resolution of symptoms. Although this
is better than not using any classification
system, it certainly has its flaws. The
scales are subjective but do allow severity
of the whiplash injury to be quantified. A
medical report should include reference
to these established scales in its assess-
ment of this type of injury.

Clinical studies
There are a number of studies looking
at recovery following whiplash-type
injurics. The studies base recovery on the
scales described above. In their series
Gargan and Bannister quote a complete
recovery in 38% of patients; 30% with
ongoing non-intrusive symptoms; 30%
with ongoing intrusive symptoms; and
% with disabling symptoms. Residual
disability with regard to sporting activity
at two years was shown to occur in 28%
(Murray ef al 1993). The rate of recovery
showed an interesting trend: victims with
symptoms at three months usually con-
tinue with some symptoms. Palmer and
Raymaker showed that at six months
over 50% of victims had pain, at 12
months this had falien to 40% and at two
years it was 22% (see box, ‘Relative risk of
long-term problems’, on p9 for further
examples of factors to be considered).

A number of studies have also
looked at the success of treatment fol-
lowing whiplash. It is well documented
that collars make no difference, non-
steroidal anti-inflammatory medication
affords benefit only in the short term,
physical therapy is no Dbetter than
self-help, and surgery is only indicated
in specific groups of severe whiplash
with structural damage.

There is certainly a psychological
element to chronic whiplash injuries
and this is also well documented,
Quantifying the true contribution from
this element of a chronic injury is prob-
ably impossible. It is likely that certain
personality types are more prone to
chronic injuries, but in the eyes of the
law these individuals have to be taken
as they are at the time of the accident. If
there is felt to be a large contribution
from psychological overlay then an
expert in this field should be instructed.
This is not necessarily the case in the
early stages of the injury, except to say
that a significant psychological res-
ponse to the accident should be dealt
with by an expert in this field.

Overall, the clinical factors of each
case should be considered on an indi-
vidual basis. Expert opinions based on

8 Personal Injury Law Journal
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‘Refativ_e ris_k of Io_ng-term problems

There are a number of clinical factors that have been shown to affecl: the ouccome of ;

whlplash |njurres These are summansed below M

: Relatwe ﬂsk (;f quoted)

Clinlcai factor -

"t "Hobhletal 1974

Fenia;lé %
Seatbele " *-'z.:h‘;:s:‘iaﬁ'1976 "
Ht:aad'_ﬁ.ast b ' Kahane 1982

W § . Mlnton 2000
A\:v-al;lenéss' :Ryan et ai |99:1 .

Pain distribution

Squ1res etal ]996 g

e ,"‘rKhan eval 2000

Previous wh;rﬁlés_h

: ‘,Norl is et ai |983

Abnormal é_xﬁmiqai:idn oy
B ';Farbman.}973

Worse .
Non-predictor - -

:-Ma_imé'_s"is et al ]?98.

w8

Qstgoérthfj_t_ig».--‘" di
; . ol THoht 1974 | Worse
| Friedberg etal 1963 - | “L5 -
Abnormal hé.ﬁrélng.)’:' 1 Maimaris et al 1998 3
Rear?mpa'ci: BT P " Spizter et al 1995 Tty
T Deans et al 1987 Worse
Fi'ont-;eac passenger ‘Alten et al 1985 S b Befih i
S R Deans et al 1987 - Worse . -
Age (over 3]) Hohl er al 1974 Worse
Age (over 50) ‘lNygren et al 1984 15 e
‘ Deans et al 1987 Worse
Age (over 60) Gotten et al 1956 Worse
Attendance hospual Hohl etal 1974 2
Eaﬂy onset symptoms Deans et ai 1987 24
8o - ..+ 1 Hohletal 1974 - Worse

Farbman 1973

: No_n-predictor,

The hst is not exhaustlve and you can see tha\'. some factors W|!| have much hlgher nsk in
one study, wh:le in other studaes they. do nor_ Some are just not quantlfable These factors e
give gutdance to whlch victims are at more risk ané shouid be mcluded in the ]‘ustory ofa

whrplash injury and in decermmmg the prognosis. -

reports that do not document these
factors add little value in assessing a
whiplash claim. All these studies should
be taken in context, as the study groups
are not controlled and the injury mech-
anisms may vary considerably.

Controlled crash studies

The role of crash testing and the study
of injury are focused mainly in the field
of low-velocity impacts. It is logical that
in a low-velocity impact the occupant is

less likely to sustain an injury and any
injury should be less chronic.

Unfortunately, this is where the logical
quantitative application of Newtonian
physics clashes with the subjective evi-
dence of the medical literature. This is not
to say that either is right ox wrong, or that
each has equal weighting in a specific
case. Evidence from both fields should be
considered by experts in those fields and
from this a considered and balanced
opinicn can be obtained.

As already mentioned, the D, of the
impact is significant in whiplash cases.
A number of studies have shown that a
D, of Jess than Smph is unlikely to cause
significant injury (see ‘Studies of Jow-
velocity collisions’ overleaf). There may
be symptoms for a few days, but not
beyond this, and certainty not chronic
symptoms. What is most illustrative of
the forces involved in Jow-velocity
impacts is the comparison made to activ~
ities of daily living (Allest et al 1994).
Essentially, the forces that occur on the
neck during a low-velocity impact are
like sneezing, or slumping into a low
chair.

Because studies involve volunteers
in crash-test conditions, evidence based
on such research may be discounted on
the grounds that the victim is aware of
the impending impact, they are young
or the claimant fits a group of individu-
als at special risk of injury. MHowever,
this research should net be ignored
simply because the volunteers do not
exactly match the claimant.

Whiplash in other countries

There is definitely a cultural difference in
the outcome of whiplash injuries. This
has been studied in areas where compen-
sation is not readily available, where
there is an adversarial legal system or
where claimants have to fund part of
the claim themselves. In these instances,
whiplash has been shown to be less
common. This gives insight into the
amount of suffering that victims deseribe
following injury in a medico-legal setting,
but it is difficult to apply in the argument
for or against an individual claimant.

Neck pain in the normal population
There is certainly an underlying rate of
neck pain in the general population.
Overall, this is in the order of 40% on a
yearly basis.

If a patient is at risk of neck pain on
a cumulative basis, there is a point in
time when they would have, on the bal-
ance of probability, developed neck pain
naturaily. Is it just that this episode of
neck pain has coincided with the ongo-
ing litigation? The link to the accident
should be weighed on the balance of
probability. This is certainly more rele-
vant in individuals with }m‘e»exis[iug
cervical spondylosis,

Casey v Carlwright
[2006) EWCA Civ 1280

March 2007
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WHIPLASH

Studies of low-velocity collisions

Author Subjects Type Dy (mph) !nju\rigs
Szabo 1992 5 volunteers (3 male) MRI before and after 4.8 Less than one day
McConnell 1993 | 4 volunteers (all male 25 to 43) Experimental crash 1.8 -49 No symptoms -
éno 1993 3 volunteers (all male 22 to 43) Experimental crash 24-48 No symptoms
Siegmund 1993 Two males Looked at forces in bumper cars | 3.7 -4.6 No symptoms ' T
West 1993 Five men (25 to 43) Experimental crash tests 1.0-99 Minor symptoms in high Dy |
Geigl 1994 25 volunteer's (2 females; 20 to 60) | Tried various rotations 36-72 No symproms B
Matsushita 1994 26 volunteers (22 men) X-ray and MRI analysis 1.5-35 Maximum symptoms 2 to 4 days
Castro 2001 n/a Placebo crash tests 0 20"/; sustained -i-njur} N
Brault 1998 42 volunteers Experimental subjects 2.4- -48 Maximum 2 days
Castro 1997 19 volunteers Experimental testsl 52-85 Few minor symproms
Neilson 1997 7 male volunteers Found Dy frontal impact 121020 | 1.0-6.6 Few for a few hours
Objective testing of the case with all the associated factors It is not acceptable for a medical

There is no objective test for a whiplash
injury. The only objective results are
those found in the more severe group of
injuries. These will have neurological
abnormalities or other findings on further
investigation. Fractures or dislocations
would be visible and, although they have
been caused by a whiplash injury, they
are a notably different group.

Investigations do give some helpful
information. The presence of long-
standing osteoarthritis has a bearing on
the outcome of whiplash injuries. The
likelihood that symptoms last longer is
well documented in the literature but it
must be weighed against the fact that
even asymptomatic individuals with
osteoarthritis will get symptoms sooner
than those with no osteoarthritis.

Summary
We have reviewed the arguments for
and against the likelihood of a whiplash
injury occurring. Is it possible to narrow
the range of opinion following this type
of injury from one which, at first glance,
covers a wide scope from no damage to
a permanent disability? To do this all
the evidence should be considered (see
‘Summary of factors in whiplash cases’,
right) and a range of opinion formu-
lated for that individual.

Evidence from a medical point of
view should include a thorough review

and hopefully some indication of the
accident mechanics.

A ‘cut and paste’ report, or one lack-
ing in detail, by an expert with little or no
interest in the field, who has not taken
the time to consider all the medical fac-
tors is unlikely to be helpful to any
cencerned in the forensic process or, ulti-
mately, the court.

Likewise, the engineering evidence
of a low-velocity impact should not be
accepted on face value and should be
submitted by experts with a proven track
record in this type of work,

expert to give an opinion on a ‘whiplash’
injury without some explanation as to
why and how the injury falls into that
part of the injury spectrum and the range
of expert opinion, nor is it acceptable for
an expert to contend that no injury has
occurred based solely on the low-velocity
impact argument.

There is a middie ground, which allows
that when all the evidence is considered
for anindividual case, the injury prognosis
can be determined within a reasonable
range of expert opinion to the standard of
proof required for civil litigation, B

Summary of factors in whiplash cases

Injury less Ilkeiy

in]urymorelikely o B A

" Sugmﬁcam: damage to vehicles

Low-ve]ocnty :mpacc s

Symptoms recorded in notes early on

Symptoms minor

No visit to GP

GP visits for analgesia

No recorded subjective signs early on

Objective and/or subjective signs

No hosplt.al visit

recorded earfy on

Facand heaithy individual

Hospital visit and X-rays

Other associated medical problems

Favourabie climcal factors

Numerous clinical factors

10 Personal Injury Law Journal

March 2007
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Figure 1 An example of one of the datasets. A similar pattern

was seen in all of the volunteers.

[040]
Does the low back displace significantly in low velocity
rear impact shunts?

l. Starks®, B. Henderson, M. Hill, R. Wade
University Hospital North Staffordshire, UK

The neck is at more risk in a rear shunt accident due to the
relative displacement of the body and head. The low back
is more restrained and theoretically at less risk. We aimed
to assess the displacement of the low back in a low speed
collision. A series of controlled low speed crash simulations
were undertaken during 2005. Accelerometers were applied
to the head, chest and low back of six volunteers. Accel-
eration at each of these sites was recorded throughout the
duration of the crash. This was compared with video footage
of the crash simulation.

The lowest accelerations and displacements were noted
in the low back (Fig. 1).

Whilst much has been published on "whiplash” in relation
to low speed collisions, the scientific literature contains lit-
tle in relation to low back injury. In this study the results
clearly demonstrate that the lower back experiences the
least acceleration of the back/chest/head components. It
is generally accepted that in order for injury to occur then
there must be sufficient displacement/acceleration for the
injury mechanism to be triggered. These results clearly raise
the question of whether the low back can be injured in such
impacts and highlight the need for further research in this
area.

Keywords: Low back; Rear impact; Low velocity

doi:10.1016/j.injury.2007.11.330

[041]
Is the threshold for injury in whiplash really a delta-v of
3 mph?

I. Starks*, B. Henderson, M. Hill, R. Wade
University Hospital North Staffordshire, United Kingdom

et

The Quebec Task Force defined whiplash as "an
acceleration—deceleration mechanism of energy trans-
fer to the neck”. The incidence of whiplash-associated
disorders in the UK is approximately 250,000 and rising. It is
logical that the lower the velocity change following impact,
the lower the risk of injury. The accepted velocity change

(delta-v) for whiplash injuries following rear impact has
been quoted as 5mph. There is some debate as whether
this is valid in the clinical setting. We aimed to investigate
this further.

Between 2003 and 2005 a series of low speed controlled
crash simulations were undertaken. There were a total of
27 runs on 23 individuals. In each case, accelerometers
were placed on the head and chest of the volunteers. In
addition, video recordings were analysed to assess displace-
ment of the head and chest. The presence of symptoms was
documented over a period of 7 days. The volunteers con-
sisted of 23 males and 1 female with an average age of 38
(range 20—56). The average delta-v achieved was 2.3 mph
(range 1.8—3.1mph). The average maximum accelerations
recorded were 3.46¢ at the chest and 2.93¢ at the head. The
average difference was 0.53g. There was no significant dis-
placement between the head and body. No symptoms were
reported beyond 1 h.

Whiplash is triggered if the disparity between movements
of the head and neck is of sufficient magnitude. It seems
logical that there is a threshold below which whiplash will
not occur. Our results have shown that below a delta-v of
3 mph there is little difference in the magnitude and timing
of the movements of the head and chest.

Therefore the whiplash mechanism of injury does not
occur at these changes of velocity.

Keywords: Whiplash; Delta-v; Threshold

doi:10.1016/j.injury.2007.11.331

[042]
Temporal geometric changes in the post-traumatic tho-
racic and lumbar spine

J.S. Mehta®*, J. Hipp?, I.B. Paul', V. Shanbhag', A. Jones',
J. Howes', P.R. Davies', S. Ahuja’

1 University Hospital of Wales, UK
2 Baylor College of Medicine, USA

Background: Thoraco-lumbar fractures without a neurologi-
cal deficit are usually suitable for non-operative treatment.
The main area of clinical interest is the progression of the
deformity at the injured levels.

Objective: Accurate assessment of the temporal
behaviour in the geometry (progression of deformity) of the
injured segments in non-operatively treated thoraco-lumbar
fractures with normal neurology.

Materials and methods: One hundred and three patients
with thoraco-lumbar fractures without a neurological deficit
were treated non-operatively at our unit between June 2003
and May 2006. The mean age of our patient cohort was 47
years (16—90 years) and 54% of the cohort was male. Strict
criteria were followed to determine suitability for non-
operative treatment. Supine radiographs were performed
at the initial assessment. Erect radiographs were performed
when trunk control was achieved and at follow-up assess-
ments thereafter. Quality Motion Analysis software (Medical
Metrics Inc., Houston, TX) was used to measure angular
changes between the end plates and changes in anterior and
posterior vertebral body heights using a validated protocol.
The radiographs were standardised for magnification and
contrast and were superimposed from different time points.
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A STUDY OF HUMAN KINEMATIC RESPONSE TO
LOW SPEED ‘REAR END’ IMPACTS INVOLVING
VEHICLES OF LARGELY DIFFERING MASSES

Brian Henderson

GBB UK Ltd,

University of Central Lancashire

School of Forensic & Investigative Science
Phil Hoyes

GBB UK Ltd

International Congress on Traffic Accident Investigation, Shanghai November 2009

ABSTRACT

Vehicle-to-vehicle front-to-rear end low speed collisions
are a common type of accident configuration. Research
has been conducted, especially in the United States of
America, to investigate and to try to quantify the
relationship between occupant movement and vehicle
impact speed. The authors of this paper have been
involved in research into “low speed change” collisions
for a number of years in an attempt to demonstrate how
impact speed and occupant movement relate to
European vehicles.

In recent years, these types of low speed collisions have
lead to an increase in litigation relating to occupant
injuries allegedly caused by the whiplash mechanism.
More recently, a large number of personal injury claims
have resulted from occupants of large passenger
carrying vehicles (PCV), like buses, being involved in
low speed collisions that trigger the whiplash mechanism
leading to soft tissue injury.

Because of the likelihood of there being a large number
of occupants in such vehicles, it is common for a
relatively minor event to escalate into a very high value
claim.

There exists a lack of information in the UK relating to
low speed impacts of larger passenger vehicles and
specifically impacts between vehicles with largely
differing masses. This paper therefore presents the
results of physical tests conducted to establish the
magnitude of occupant movement experienced during a
low speed collision between a passenger car and a PCV
(a single deck bus).

INTRODUCTION

The question to be addressed is ‘what level of
movement occurs in those involved in a rear end bus
collision?’

Dubois [1] performed 18 passenger car to bus collisions
in their paper “Low Velocity Car-to-Bus Test Impact”.
With closing speeds between 1.47 and 9.34 mph, the
changes in velocity for the bus were between 0.18 and
1.19 mph and the results, both in terms of vehicle and
occupant behaviour, are comprehensive. However, the
testing was conducted in the U.S.A and used North
American vehicles built to specifications (and sizes)
different from the vehicles typically encountered on UK
roads.

Due to a lack of information available in the UK and
faced with an increasing number of investigations
involving large passenger carrying vehicles it was
decided that a full scale physical test collision between a
passenger car and a PCV would be conducted.

The impact speed was determined using a radar gun,
from GPS and from integration of acceleration data
recorded in the vehicle. The collision was also filmed
using a high speed camera.

The recording equipment that was used consisted of two
accelerometer units, one in each vehicle and external
accelerometers placed on the head and chest of
occupants of both vehicles.

Figure 1 indicates the collision configuration and shows
the locations of the cameras used to record the impact;



Camera Camera

1 Static. High tripod.

2 Static. Bumper level. High Speed. High Def.
3 Static. Medium tripod. Targeted at driver.

4 Internal. Wide Angle Lens.

5 Dynamic on tripod.

Figure 1 Diagram and details of test setup.

TEST DETAILS

Using the GBB test reference, this test is CT1-2009-1.
The vehicles were set up to have a 50% overlap with the
bullet vehicle being a 1996 Citroen ZX 1.9D Advantage
with two adult male passengers (kerb weight: 1046kg,
loaded weight: 1365kg) and the target vehicle being a
1894 Volvo B10B single deck bus with 18 male
occupants and 2 females (kerb weight: 10161kg, loaded
weight: 11807kg).

The PCV was a semi-automatic transmission vehicle
which was stationary with the service brake applied and
the gear lever in neutral mode. The vehicle was fitted
with the Vericom VC 3000 data recorder, and a sample
passenger was fitted with external 25g and 10g
accelerometers at the head and chest respectively. The
Vericom unit fitted to the target vehicle had a guaranteed
accuracy of 0.003g within a dynamic range of + 2g.
Beyond that range the accuracy will decrease. The
Vericom is limited in its ability to measure collision
pulses given its operating range (+2g) and sampling
frequency (100Hz), however it was sufficiently accurate
to provide an indication of pre and post impact velocities.
The sampling interval of the accelerometers was 0.01
seconds.

The Citroen was a manual transmission vehicle and was
driven at a steady speed of around 9 mph as indicated
upon the speedometer of the vehicle and GPS tracker
(to allow an 8 mph impact). It was driven into the rear of
the PCV and the brakes were not applied at any stage
until the vehicle came to a complete stop after the
collision.

The speed of the Citroen was checked by radar and
GPS and was found to be 8 + 1 mph. Accelerometer
data from the Citroen indicated an impact speed of 8.0 +
0.1mph. This was the value used in calculations.

OCCUPANT INSTRUMENTATION

Accelerometers were fitted on the forehead and chest of
the rear seat passenger in the Citroen. Figure 2 below
shows the positioning of the accelerometers and their
orientation before and at a point during the impact.

Movement of head and accelerometers
during a collision. Head movement is
dependent on impact direction.

Figure 2

The body of an occupant will experience an impact force
through the seat. If this is sufficient, the body will
accelerate under the action of this force but the motion
of the head will lag behind that of the body during the
early stages of a collision. This lag will cause the head
to rotate and the orientation of the accelerometers to
change as shown in figure 2.

In the striking vehicle, the major rotation of the head will
be in the other direction as forces transferred to the head
through the neck structure cause the head to accelerate
past the body. It should be noted that the graphs of head
accelerations shown in the results section of this paper
have not been corrected for changes in orientation. The
maximum acceleration experienced by the head will be
the resultant acceleration calculated from the y and z
components.

PRE-COLLISION CALCULATIONS

From knowledge gathered from previous collision testing
(and in accordance with Newton's Second Law of



Motion) the lower mass vehicle will always experience
the greatest speed change in a collision with a higher
mass vehicle.

Whilst the acceleration of the PCV and subsequently the
occupants therein was the main focus of the test, it was
important to understand the likely effects upoen the bullet
vehicle and its occupants.

From observations of previous ‘car-to-car’ collisions, an
estimated figure for restitution was obtained at the
desired impact; however no data exists for a car-to-PCV
collision.

Consideration of the car-to-car restitution figures was
based upon an amalgamation of GBB data drawn from
previous testing and research by Malmesbury and
Eubanks [2]. Restitution values were plotted and a line
of best fit was calculated. The resulting graph is show in
Figure 3.
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Graph of restitution from Eubanks and
GBB research.

Figure 3

Figure 3 indicated a typical value of restitution for an
8 mph impact was 0.14. That value was incorporated
into a momentum exchange calculation to provide values
for the anticipated speed change of the PCV and of the
car.

2 o _1046_01
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= —0.3 mph
Adv, = —0.3 —8 =-8.3mph

_ u, M+ 2} w1 M) _8x 0.1(1 + 0.14)
=MD T M+ D 01+ D

= 0.8 mph

Ap, =0.8—0 = 0.8 mph

A speed change of 8.3 mph was anticipated for the car
and a speed change of 0.8 mph was anticipated for the
bus based upon the unladen mass for each vehicle.

It would be unsafe for live human occupants to be
placed in a target vehicle with anticipated speed
changes in the 9mph region. The risk of injury would be
too great.

By translating knowledge gathered from previous
research it was estimated that for the bullet car in a 5 to
6mph speed change collision the positive disparity
between peak head and chest accelerations should be in
the region of 0.3g (z axis), whilst in the target vehicle it
should be around 3.6g (z-axis).

It was therefore on this basis that the experienced
volunteer investigator in this test was satisfied that the

consequent accelerations (less than 3.5g) would be
comfortably tolerated with minimal risk of injury.

RESULTS

Bullet Vehicle — Citroen ZX
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The timescale of the accelerometer was adjusted so that
the collision started at 0 seconds. The start of the
collision was defined to be when the acceleration
became negative and stayed negative. Peak
deceleration of 2.4g occurred at 0.19 seconds. The
initial deceleration phase took 0.4 seccnds, rebound
then occurred.

From integration of the acceleration pulse, it was
calculated that the impact speed was 8.0 + 0.1 mph, and
that the delta v (Av) was 9.7 £ 0.1 mph.
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Figure ZX Occupant Y Axis Acceleration (g).
Blue = Chest, Orange = Head.
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ZX Occupant Z Axis Acceleration (g).
Blue = Chest, Orange = Head.

Figure 7

The occupant acceleration is expressed in two
components; “Y” which denotes the vertical axis, and "Z”
which denotes the longitudinal.

Y Axis - Peak vertical (Y) chest and head acceleration of
3.68g and 5.91g occurred at 0.2 and 0.26 second
respectively.

At 0.26 second, the chest acceleration was 1.21g
allowing for a maximum disparity of 4.7g.

Z Axis - A peak g of 1.9g occurred at the chest at 0.15
second. At this point, a head acceleration of 0.7g was

experienced. (Peak 0.8g occurring at 0.17 second.).
This first maximum disparity of 1.2g occurred.

A peak head acceleration of —3.06g occurred at 0.24
second. At this point the chest acceleration was 0.3g.
The disparity was 3.364.

A peak forward chest acceleration of 3.2g occurred at
0.27 second. The chest acceleration was 0.6g.

At 0.41 second, the head acceleration was ~1.4g the
chest being 0.2g. The disparity was 1.6g.

A second forward peak acceleration of 2.9g occurred at
0.57 second. The chest acceleration was —0.4g9. The
disparity was 3.3g.



Target Vehicle — PCV (Volvo B10B)
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The timescale of the accelerometer was adjusted so that
the impact started at 0 seconds. The acceleration
reached a peak of 0.3g at 0.32 seconds. The speed
change displayed oscillations as the vehicle’'s separated.

The wheels of the PCV were stationary and remained so
throughout the collision phase. The sprung mass was
accelerated to 0.43mph.

The un-sprung mass did not move as the acceleration
applied was insufficient to overcome the frictional force
between the tyres and road surface.
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Figure 10 PCV QOccupant Y Axis Acceleration (g).
_Blue = Chest, Orange = Head.

08 +—— SRS S S e

0.6

0.4

0.2

06 ———— s

Figure 11 PCV Occupant Z Axis Acceleration (g).
Blue = Chest, Orange = Head.

Y Axis — Peak vertical accelerations of 0.29g and 0.47g
were observed simultaneously at 0.15 second. This
suggests an instantaneous compression disparity of
0.18g.

A trough of —0.28g of the head occurred at 0.36 second,
where the chest acceleration is —0.09g; a disparity of
0.19g.

A trough of —0.48g of the chest occurred at 0.44 second.
The head acceleration was -0.14g demonstrating a
disparity of 0.34qg.

The time delay of 0.08 second may suggest an
elongation of the neck structure.

Z Axis - The first head acceleration peak was found at
0.62g; the chest acceleration at that point being 0.1g.
This occurred at 0.1 second and demonstrates a
disparity of 0.52g.



At 0.14 second the peak head acceleration was —0.5g
with the chest at —0.03g. The disparity is 0.47g.

By 0.52 second, the peak chest acceleration was -0.39g
with the head at —0.21g. This is a disparity in favour of
the chest of 0.18g.

CONCLUSION

Vehicle movement - The acceleration of the PCV
peaked at 0.31g. The speed change was 0.43mph.

The acceleration of the car peaked at 2.4g. The speed
change for the car was 9.7mph.

The time of the peak acceleration occurred at 0.19
seconds, considerably later than a typical rear end
collision (0.1 seconds). This was due to the crumpling
effect of the frontal components of the car.

The peak car acceleration was 7.7 times greater than
the peak PCV acceleration.

The PCV was 9.8 times heavier than the car.

The calculated speed change figure for the bus was an
over estimate of 0.42mph.

The speed change figure for the car was an under
estimate of 1.39mph.

It was anticipated that the calculated speeds would have
been over and under estimated respectively for the PCV
and car due to the lack of true restitution results, the
large mass vehicle being braked and a difference in
figures between kerb mass and actual mass.

The estimated speed change to cause the damage to
the vehicle in the photographs which prompted this
experiment, was 9mph.

The speed change for the car in this experiment was
9.7mph. The damage is marginally greater in this
experiment.

Injuries — The occupants on the PCV were asked to
record any symptoms experienced after the tests for a
period between 10 minutes and 7 days. No symptoms
were recorded by any of the occupants.

Figure 12

Figure 13

Figure 14

Figure 15

Vehicle pre-impact

Impact Sequence

Impact Sequence

Impact Sequence



Figure 16

Figure 17

Figure 18

Impact Sequence (Max. Engagement

Impact Sequence (Separation)

Impact Sequence (Final Position)
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A Study of Extreme Pa%rtial:”(,'oﬂis%'%ﬁs" e
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by Brian Henderson and Phil Hoyes GBB(UK) Ltd.

INTRODUCTION

In August 2009 a series of crash tests was
undertaken using a variety of vehicles as part of
the ongoing research programme at GBB(UK) Ltd.

Previous research at GBB had found that partial
collisions severely restricted the amount of
momentum that could be transferred when one
vehicle collides with another. Those tests involved
structural damage but led to the question; how
partial can a partial collision be?

Two of the tests, referenced CT08/09 and CT09/09,
were dedicated to understanding what happens
in extreme partial collisions.

Kenneth S. Baker! describes two types of impact:
full and partial. In a full collision “some parts of the
colliding surfaces attain the same speed during
impact...Motion between parts in contact will
cease momentarily.”

Baker explains that in a partial impact "no
substantial parts of colliding surfaces attain the
same speed during collision...The parts of the
vehicle engaged are not strong enough to stop
any substantial part of the vehicle. It continues to
move onward until disengagement.”

To investigate extreme partial collisions the tests
CT08/09 and CT09/09 were designed to analyse a
collision between exterior mirrors.

These incidents are commonplace.

Increasingly, such contacts are being suggested as
causing acceleration or deceleration of a vehicle
and thus unusual occupant movement.

in theory the hinged mechanism attaching the
mirrors should not be capable of transferring
sufficient force to alter the acceleration of either
vehicle, but has this been tested in practice?

i

A search of the SAE International database
suggested not.

The collision test day was overseen by members
of Sheffield Hallam University Engineering
Department and Biosciences Department and the
University of Central Lancashire School of Forensic
& Investigative Science. Copart supplied one of
the test vehicles.

TESTING
The vehicles used for the test were as follows;

1 Ford Focus, medium-sized 5-door hatchback
1.6l (bullet).
Approximate mass: 1180 kg.

2 Volvo 960 3.0 medium to large-sized 5-door
estate 3.0l {target).
Approximate mass: 1490 kg.

Each vehicle was fitted with a 2g dual-axis
accelerometer and an occupant in each vehicle
had tri-axial accelerometers attached at the head
(25¢g “Crossbow") and chest {10g “Crossbow").

In each test the Volvo was stationary and the Ford
was accelerated from rest into a collision of wing
mirrors before being decelerated back to rest.

Test CT08/09 involved the vehicles orientated
head-on. The collision was then repeated for
CT09/09 but the orientation was changed so that
the Ford approached from the rear of the Volvo.
Altering the orientation in this way allowed for
any differences in resistance between the Valvo
mirror deflecting rearwards or forwards.

The test set up is shown in figure 1.
There was no electronic method of starting

recording of the sensors. An audible alarm was
sounded and the occupants of the vehicles
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operated the data recorders. The occupants
with accelerometers were asked to maintain a
normal, straight ahead seat position.

VOLVO

CT08/09 CT09/09

of the Volvo fluctuated consistently within the
range +/-0.003 g. (Note that the recording
equipment for each vehicle was not started at the
same time. Althcugh the results share a common
axis to allow a comparison of magnitudes the
graph should not be used to compare speed or
acceleration between vehicles at a specific time.)

Figure 1.
RESULTS

The Ford Focus began its acceleration shortly after
5 seconds after the accelerometer was switched
on. It accelerated hard to 24km/h and from the
video footage it can be established that during the
acceleration phase the door mirror of the Ford
struck the door mirror of the Volvo.

Peak speed occurred at 7.5 seconds. The vehicle
was braked steadily to a stop.
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Figure 3.

A study of the occupant acceleration graph for the
Ford {figure 3) shows movement of the occupants
as the vehicle is accelerated and decelerated. From
that graph too, it is not possible to determine
when the collision took place. In other words there
was no unusual movement.

A study of the occupant acceleration graph of the
Volvo (figure 4) shows the normal movement of
the occupant (simplified occupant acceleration
graphs can be found at appendix 1).

Figure 2.

The collision occurred during that 2.5 second
period.

From the speed/acceleration graph (figure 2), it is
impossible to determine when the collision took
place as there was no untoward acceleration or
deceleration of the either vehicle. The acceleration
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Figure 4.

There is slight negative movement of the head in
the y-axis (upwards) at around 6 seconds together
with positive movement in the x-axis (left). There
are no corresponding spikes on the vehicle graphs
and this suggests that the occupant movement
was self-propagated: perhaps an incontrollable




flinch or more likely an undisciplined glance
towards the collision or other vehicle,

In terms of magnitude, it is the same as normal
movement prior to the test taking place and pro-
vided a disparity between peak head and chest
acceleration in the y-axis of around D1y,
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Figure 5.

In the second test the Ford was accelerated hard
to approximately 27kmy/h.

Once again video footage confirmed that contact
took place during the acceleration phase.

The Ford was braked reasonably hard (0.3g) to
a stop.

The speed/acceleration graphs for both vehicles
can be seen in figure 5.

The effects of this collision were similar to
CT08/09 inscfar as there was no untoward
acceleration of the Ford. Acceleration readings
from the Volvo were generally between -+/-0.003
g, as with the first test with the exception of one
area (highlighted as A in figure 5) where the
acceleration of the Volvo rose to 0.006 g then
fell to -0.008 g and back to 0. Since the exact
point of contact on the graph cannot be identified,
the small blip at A could indicate an effect of
the coliision, though the limited period of just
0.015 secends could indicate an anomalous resylt.

When the Volvo occupant movement accelerations
(figure 7) are considered alongside the video
footage, the most likely reason for the blip at A
becomes clear, As the Ford approaches, the test
subject can be seen to be tilting his head to the left
and watching in the nearside mirror. As contact
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Figure 6,

occurs the test subject (a male of height
approximately 1.9 m) swings his head away
abruptly to look in the opposite direction. Spikes
reaching -0.4 and +0.5 g occur in the left and
right axis and correspond with the deliberate
movements seen in the video footage. It is these
deliberate motions that appear to have induced
the minor fluctuations on the Volvo acceleration
graph.
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Figure 7.

It was impossible from either the speed or
acceleration graphs from the vehicles or the
occupant acceleration graphs to positively establish
where any contact took place.

Movement of the occupants of the Ford could be
seen during the normal vehicle acceleration and
deceleration phase (figure 6),

CONCLUSION

Two tests were undertaken whereby the mirrors of
two vehicles were in contact at speeds of 24km/h
and 27kmvh to investigate the effect of extreme
partial collisions upon vehicle and occupant
movement.
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No movement of either vehicle could be
determined from the accelerometer data obtained
and attributed to the collision.

Normal accelerations were measured before,
during and after the collisions. No unusual
movement of occupants could bhe determined
from acceleration data or video footage.

There was no movement of the Volvo visible in
the video footage.

The conclusion drawn from these tests is that a
‘collision” between mirrors attached to the bady of
the two motor vehicles did not accelerate either
vehicle and did not cause any unusual occupant
movement. The parts of the vehicle engaged were
not strong enough to move any substantial part
of either vehicle.

The video footage of these tests will shortly be
available for viewing together with cther technical
papers at www.gbbuk.com.
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ABSTRACT

There is a well-established relationship between
vehicle damage, vehicle speed change, occupant
movement and the potential for injury. Greater
damage, with respect to structure, means a greater
potential for injury. Speed change thresholds for injury
have been suggested in previous literature. This
research uses human test subjects, three full-scale
vehicle collisions and 42 simulated collisions to
investigate the correlation between speed change and
occupant movement and uses it to test the suggestion
of a second threshold where the accelerations are
similar to an everyday activity.

INTRODUCTION

The link between damage and speed change is well-
established (1,2,5,7,9,13). A positive relationship
between vehicle speed change and the likelihood of
occupant injury is also well documented (2,3.4,5,6,11).
Previous international research and work by GBB
(UK) Ltd suggest speed change thresholds for injury
(3,4,6,12). The previous findings by GBB (UK) Ltd
(12) suggested a new threshold focussed on the relative
motion of the head and the chest. The aim of this
research is to increase the existing dataset and
investigate the occupant movement created by a low
speed change collision in comparison with an everyday
event. With increased real world data that newly
proposed threshold is put to the test.

LITERATURE REVIEW

Vehicle crush deformation and energy equivalence
relationships are widely accepted as technical accident
reconstruction tools for estimating the change in
velocity (delta-V) during an impact (5).

Delta-V has been accepted as a basis for evaluating
damage severity and potential for injury severity (5).

In 1993 McConnell et al (3) recognised a lack of
human experimental data for low speed impacts, which
they defined as being those which resulted in a speed
change (delta-V) for the target vehicle of 12.9 km/h (8
mph) or less. From nine successful test collisions
between various types of vehicle they subjected male
human volunteers aged 45 to 56 to speed changes from
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3.04 km/h (2 mph) to 8.06 km/h (5 mph). In
accordance with kinetic energy being proportional to
the square of the velocity, they recorded a visible four
fold decrease in collision related energy when the
speed change was halved. They suggested a speed
change of 6 to 8 km/h (4 to 5 mph) as being probably
at or near to the typical human threshold for very mild,
single event musculo skeletal cervical strain injury. A
participating physician considered a speed change of 4
km/h (2.5 mph) to have been so very mild that a single
exposure would be unlikely to result in any
symptomology.

The following year, Szabo et al (4) also recognised a
shortage in data regarding human occupant response to
low speed impact, which they too defined as a delta-V
of 13 km/h (8 mph) or less. They opined that *“Actual
crash testing with human volunteers remains the only
valid method to determine response and tolerance to
low speed, rear end impacts.” Six crash tests were
conducted using US Ford Escort motorcars, vehicles
which were dissimilar to their UK namesakes and
specifically chosen for their resistance to damage. The
five volunteer subjects, of which two were female,
were aged between 27 and 58 and had varying degrees
of cervical and lumbar spinal degeneration. From their
results the authors suggested an injury threshold of 8
km/h speed change (5 mph) and concluded that their
work “enhanced the existing database of volunteer
studies that, for restrained occupants with a head
restraint available, single exposure to a rear-end
collision with a Delta-V of 8 km/h or less is within
human tolerance levels, and extends the database to
include females with some degree of pre-existing
spinal pathology.”

From their research in 1995, Bailey et al (6) suggested
a threshold for symptoms of 6.5 to 8 km/h (4 to 5 mph)
in a rear impact.

In 1996 Murray Kornhauser (7) built upon the 8 km/h
threshold suggested by McConnell and Szabo and
proposed a threshold of 16 km/h (10 mph) as an order
of magnitude of the Delta-V threshold for the 50"
percentile male.

In 2004 research was presented at the International
Insurance Whiplash Prevention Group Workshop (11)
which analysed 131 crashes using European Toyota



model vehicles with a total of 177 occupants and
expressed an injury threshold in terms of probability. It
was found that the risk of symptoms lasting more than
one month was zero at a speed change of 2.5 kim/h (1.5
mph) and 10% or less with a speed change of 12.5
km/h or less (7.8 mph). The risk of symptoms lasting
more than six months was also zero at 2.5 km/h and
10% where the speed change reached 20 km/h (12.4
mph).

A conclusion that seat designs which reduce the
acceleration of the chest and reduce the time until the
head is supported by the head restraint should be
encouraged suggested the notion of a link between
injury and the relative motion of the head and the
chest.

That same notion was investigated by GBB in the
period 2003 to 2005.

A collinear test collision, referenced CT2/2005, was
performed where the front of a Vauxhall Omega
containing two adult male volunteers collided with the
rear of a Toyota Celica, also containing two adult male
volunteers.

Accelerometers in the Toyota recorded a speed change
of 5.97 mph.

For the driver of the target vehicle the peak head
acceleration (backwards/forwards) was 8.3g. and the
peak chest acceleration (backwards/forwards) was
4.7g.

This provided a positive disparity of 3.6g.

The authors considered this disparity in acceleration to
be the whiplash mechanism. The disparity has to be
accommodated by the components of the neck.

The results are shown graphically in Figures 1 and 2
on the right.

The research, published in 2006 by Henderson et al
(12), supported an injury threshold of 5 mph.

Importantly that work went further using the results of
simulated rear impacts to propose a second threshold
of 3 mph. Simulated rear impacts with speed changes
in the order of 2.5 to 3 mph indicated that at that range
there was no positive disparity on average. That led to
the theory of three brackets when considering the
possibility of whiplash-related injury in the target
vehicle, those being as follows:

= >5mph where the risk of injury was high as a
consequence of a large disparity between peak
head and chest acceleration.

©GB8 (UK} itd ©R. Herderscn.

= 3— Smph where there was a risk of injury, but this

was considered a grey area as the accelerational
disparities were small.

= Speed changes below 3mph where little or no
disparity was found and the risk of injury is
minimal.

velocity in mph
@

time in seconds

Figure 1. CT2/2005 target vehicle velocity.
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METHODOLOGY

This technical paper deals with the following crash tests:
CT2, CT5, CT6 of 2009. For simplicity in this paper they
shall be simply referred to as test 1, 2 and 3.

CO-ORDINATE SYSTEM - The acceleration axis system
was in accordance with SAE J1733-Sign Convention for
vehicle Crash Testing. In relation to the vehicle the positive
X, Y and Z axes were forwards, rightward and downward
respectively.

VEHICLES — Two vehicles were used over the three tests.
The first, a 2000(X) registered Alfa Romeo 156 T-Spark
four-door saloon, 1747 cc petrol, manual (VIN:
ZAR932000011%****) had an unladen mass of 1230 kg.
The second, a Ford Focus 1.6L circa 1998-2002 five-door
hatchback, petrol, manual (VIN:
WFOAXXWPDAYL****¥) had an unladen kerbside mass
of approximately 1180 kg.

For Test 1 the Alfa Romeo was used as the bullet vehicle
and the Ford as the target. For Tests 2 and 3 the
configuration was reversed with the Ford becoming the
bullet and the Alfa Romeo the target vehicle.



The reason for exchanging vehicle roles is that as part of
other research the Ford Focus had been subjected to a 10
mph collision in between Tests 1 and 2. To avoid issues with
alterations in elasticity it was decided that the roles of the
vehicles be swapped.

Both vehicles were fully inspected before testing to
determine any previous damage or repairs. The bumper
systems were dismantled before testing and then again after
each test. The bumper systems were unmodified, standard
fitments to these vehicle models. Replacement bumper
reinforcers were available if any damage was found that
might alter the crash characteristics. The replacements were
not required.

The unmodified seats and seatbelt systems were used in
each vehicle.

Impact speeds were selected that would produce a change in
velocity for the struck vehicle that would test the findings of
our original research and investigate the region of 0 to 3
mph and slightly beyond.

The impact speeds were 1 mph, 3 mph and 6 mph which
were calculated to produce speed changes of 0.9 mph, 2.2
mph and 3.6 mph.

The bullet vehicle was driven by a volunteer along a flat
concrete surface into an aligned impact with the target
vehicle. This method was employed because of its similarity
with real-world collisions. Allowing the bullet to be driven
into the target, rather than free-wheeled, gave better control
over alignment, and it also allowed the driver of the bullet
vehicle to be analysed, by accelerometers and video footage,
for further research.

The target vehicle was in neutral with the handbrake
disengaged. The positional lamps were illuminated as part of
a separate university test running in conjunction with our
own investigations.

Impact speeds were judged by the driver of the bullet
vehicle using GPS.

A dual axis accelerometer and data logger (Vericom
VC3000DAQ) was affixed to the approximate lower centre
of the windscreen of both vehicles.

OCCUPANT - A different volunteer participant was
selected for the target vehicle in each test. Each participant
was male and an employee of GBB (UK) Ltd. Appendix A
provides more detail regarding the participants. Prior to
testing the design and performance of the study was
described to each participant in a research protocol. They
were informed of the aims, methods, sources of funding,
benefits and associated risks in accordance with the
Declaration of Helsinki. Signed declarations of consent were
provided by all involved.

The participant was positioned in the driver’s seat (front
offside) with the seatbelt worn and asked to reposition the
seat to replicate their normal, comfortable driving position.
The participants were asked to hold the steering wheel and
to make every effort to relax and not anticipate the collision.
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The movement of the participant in the target vehicle was
recorded by a video camera mounted on the opposite side
window and fitted with a lens of short focal length.

Occupant accelerations were measured by tri-axis
accelerometers. A 10 g unit (Crossbow model CXL10Lp3)
strapped across the centre of the chest and a 25 g unit held
against the centre of the forehead by elastic webbing
(Crossbow model CXL25Lp3). Data acquisition was made
by the Vericom 3000DAQ mounted within the vehicle using
a sample rate of 100 Hertz.

RESULTS

Figure 3 shows the vehicle acceleration profiles for each of
the three tests. Accelerations in the x-axis only are
considered as it is these that result in the occupant injury
(14).
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Figure 3. Target vehicle crash pulse from each test.

Figure 4 shows the speed change for the target vehicle in
each test. The overall shapes of the traces are representative
of those obtained from low speed impacts involving vehicles

with typical bumper systems (15).
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Figure 4. Target vehicle speed in each test.

Table 1 shows the peak values recorded from the target
vehicle in each test.

Table 2 shows the peak values recorded from the occupant
of the target vehicle in each test.

Speed (mph)



Peak
Test Acceleration ]?lf:jh‘)f ]?ﬁ::]ah}’
(8)
1 0.33 1.25 0.78
2 0.70 2.26 1.40
3 2.02 5.69 3.54

Table 1. Peak target vehicle values from each test.

Peak Chest Peak Head Disparity
Test Acceleration | Acceleration G
(2 (2) Anead-Achest

1 0.67 0.63 -0.04

2 1.07 1.36 0.29

3 2.70 4.88 2.18
Table 2. Peak target vehicle occupant values from each

test.

Figures 5, 6 and 7, on the right, show the accelerometer
results for the driver occupant of the target vehicle in each
of the three tests.

Appendix B provides an abstract summary of one of the
tests (test 1).

DISCUSSION

What is obvious from the above testing is that, not
surprisingly, the higher the impact speed, the higher the
resultant speed (delta-V) or speed change of the struck
vehicle.

The higher the speed change, the greater the acceleration of
the struck vehicle.

More important perhaps is the time at which peak
acceleration occurs.

The greater the acceleration, the sooner peak g occurs,

This implies that for the vehicle occupants not only is there
a higher acceleration to endure, but it occurs in a shorter
time, thus increasing the peak force applied. (This is often
referred to in the USA as the jerk.)

Conversely, at lower speeds, the mechanical action required
to trigger the whiplash mechanism is not available. Lower
acceleration results in a longer time frame.

Interestingly, in cases studied in recent years where the
speed change is below 3mph, the occupants describe being
‘jolted forwards then backwards’. The authors found this
unusual as the occupant movement relative to the vehicle
ought to be rearwards.

However, in video footage with such speed changes, the
relative rearward movement between head and chest could
not be detected. The disparity of movement between the
head and the chest was so small that it required
accelerometer data for it to be exposed.

What was seen in the video footage was that the
synchronous movement of the head and chest in the
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rearward direction was slight and dwarfed by the movement
in the forward direction.
The lower levels of acceleration within an extended time
frame seem to preclude the rearward movement which is
required to produce the disparity and consequently the
trigger of the whiplash mechanism.

Test 1 target occupant
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SIMULATOR TESTING

The simulator testing referred to in Putting the 5 mph injury
threshold to the test has been extended. The current position
with 42 runs of 26 different volunteers (1 female) aged



between 20 and 56 having been involved in the programme
is that the speed changes ranged from 1.4 — 3.3 mph.

A summary graph of those 42 tests is shown at Figure 8.
The average peak head acceleration was 2.68 g and the
average peak body acceleration was 3.04 g.

On average thercfore, there was no positive disparity
between peak head and body accelerations. It also follows
that due to the lack of disparity, it is highly unlikely that the
whiplash mechanism would be triggered.
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Again, interestingly, in one case (test 8) where the speed
change was above 3 mph (3.02 mph) a small positive
disparity did occur. The disparity was 0.47 g.

A disparity of this value is only just discernible and, put in
context, is comparable with those experienced when sitting
into a chair. For this comparison the same volunteer was
asked to sit from a standing position into three chairs each of
a different design. Details are displayed in Appendix C and
the results are summarised in Table 3, below (interest is only
in the rearward movement in these tests).

Disparity
g
Test (Ahead'
L
Sitting into a
comfy 0.5
armchair
Sitting into a
conference 1.0
chair
Sitting into a
cantilever 0.5
chair

Table 3. Maximum positive disparity between the head and
the chest sitting in three different types of chair.

It should be remembered that merely looking down to the
ground produces a 1 g acceleration.
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CONCLUSIONS

The purpose of this study was to build upon previous
research into injury thresholds and focus particularly on the
suggestion of a second threshold involving the relative
motion of the head and chest.

A single full scale collision test supported an 8 km/h
(5 mph) delta-V threshold for injury.

Three full scale collision tests and 42 simulated speed
changes found that a delta-V of 4.8 kim/h (3 mph) and below
generally did not provide a positive disparity between peak
head and chest accelerations. The isolated cases where a
positive disparity was detected found them to be negligible
and of a level comparable with those produced by sitting
into a chair.

The rearward movement disparity associated with the
triggering of the whiplash mechanism was absent in
collisions with speed changes of below 4.8 km/h (3 mph).

This supported a second threshold of 4.8 km/h (3 mph)
Delta-V where accelerations were comparable to everyday
events such as sitting into a chair.

Between 3 and 5mph, on an upward sliding scale a disparity
becomes evident and increases in magnitude.

Peak acceleration is experienced earlier the higher the
closing speed of the collision.

No adverse symptoms were reported by the volunteer
participants in any of the tests with speed changes below 5
mph.
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APPENDIX A.

Anthropometry:

Test 1 Male, 1.8m, 84 kg, 26 years old.
Test 2 Male, 1.87 m, 117.5 kg, 54 years old.
Test 3 Male, 1.8 m, 82 kg, 39 years old.

Post-tests Follow up.
No symptoms.
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APPENDIX B. CT2/2009 Overview Low Speed, Rear-End Impact, 6™ August 2009
TARGET VEHICLE r ,;',:i =
FORD Focus 1.6, 4-door hatchback {1998-2002) ' \
Vehicle Mass 1180 kg
Occupant Mass 84 kg
Total Mass 1180 kg FORD
Pre-Impact Speed 0
Speed Change (Av) 1.25 km/h (0.78 mph)

BULLET VEHICLE
ALFA ROMEQ 156, 4-door saloon (2000)

Vehicle Mass~ 1230 kg = )
Occupant Mass 170 kg 41’\ =
Total Mass 1315 kg 1.67 km/h ] ﬁ; Rgii:o
Pre-Impact Speed 1.67 km/h (1 mph) 1 ‘ !
Speed Change (Av) 0.78 km/h (0.48 mph) v ¥

'fncludes 150 kg allowance for driver and luggage I. ( \) '

Pre-Existing Damage
Alfa Romeo, front Ford, rear

Palpable dent to centre bonnet, front.

Four shallow gouges to centre bonnet, front.

Shallow, coarse, horizontal scrapes and screw-shaped indentation at offside of
front bumper.

Cracks emanate from offside number plate screw.

Nearside number plate screw absent.

Plastic gravel tray had been previously attached using cable ties. Component was
removed and not fitted during the testing.

Light, shallow scratches to the rear bumper cover: photographed and
positions noted.

Collision Damage

Alfa Romeo, front Ford, rear
Small, vertical scratches to the black bumper insert offside. Minor localised crazing in the paint.
Small, vertical scratches to the black bumper insert nearside. Minor black transfer, vertical in direction.
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Vehicle Reactions

Acceteration ()

Aeceferation [3)

€T2/2009 bullet €Y2/2009 wrget
o o% [LPEY o v ay oS o 1 12 L : 3 oy as s o i us 0 1 0 |53 LA e
1
.
" |
3 w i
i wEl| ik i
b " i i3
i i § H
4 1
"
=
.
Time [secondi) 2 Time (50 condi)
e R T
QOccupant Reactions
€72/2009 bullet €T2/2008 target
anr BFaY o e we un 1 L Fal &) in z o s w o [ us s 1 T 15 1n ?

Time {Laconds) ' Tims (1aconds)
Where x= longitudinal (+forwards,-rearwards)
Occupant Symptoms
Alfa Romeo Ford
None None
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Method

The subject was fitted with a tri-axis accelerometer on the forehead (25g) and another on the chest (10g) and asked to sit
normally into each type of seat. A third tri-axis accelerometer was fitted on the lower back (10g) and secured by the
trouser belt.

The axes are standard SAE orientation

i.e. the x, y and z axes were forward/backward, left/right and up/down

however care should be taken with direction

in these tests negative in the x axis represents rearwards

in processing the data the x axis values for the lower back were reversed to match the orientation of the forward facing
accelerometers. No alterations were made to the y values because the left/right movement was negligible and not for
consideration.

Sitting in a leather
chair

RSNSOI = ety O

Sitting into a comfy armchair: forward/backward only

15 = =

i
[—‘uml‘t

ad

| ——Head x

Lower Backx ||

Sitting in a conference
chair

! Sitting into a conference chair: forwards/backwards only
‘ B B e e e )

Sitting in a

cantilever chair

Sitting into a cantilever chair: forward/back only I

‘ ‘ E ~——Chest-x
|
!

¢

~—Lower Back-x
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