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Abstract

Objective. There is evidence in the literature on whiplash that having the head
turned at impact presents an increased risk of injury to vehicle occupants in rear
impacts. The aims of this study were to collect exposure data on head position
and rotation in a series of nine naturalistic driving trials and to express this
in the form of a parametric statistical model that could be used in computer
simulations to optimise seat design for the mitigation of soft-tissue neck injury.

Method. An instrumented vehicle equipped with an eye-tracker was used to
collect digital readings that were complemented with a four-track video record-
ing. The driving trials which each lasted 30–60 minutes were filtered for analysis
to periods when the vehicle was stopped, stopping or moving slowly in accor-
dance with accident data that indicated when rear impacts leading to neck
injury were most likely to occur, amounting to around 75 minutes.

Results. It was found that the t location-scale distribution provided the
best fit to the experimental data. The measured interquartile range or central
50% of head movement that the drivers exhibited while most likely to incur
neck injury was approximately ±15 mm lateral, ±10 mm longitudinal and ±7.5
degrees left-right rotation. These ranges also provide guidance to the degree of
biofidelity required in computer models of the occupants. A manual review of
video of the drivers’ activities showed that out-of-range head rotation and rapid
rotation explained the majority of missing digital readings from the eye-tracker
whose operation was based on real-time image processing.

Conclusion. Exposure data on head position and rotation measured using
an eye-tracker was summarised in parametric form and can be supplemented by
models of extreme and rapid head rotation to account for missing data. Future
research could aim for technical improvements in the range of measurement of
the eye-tracker and proportion of missing readings and consolidate the results
with a larger sample of drivers, vehicles and routes.
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1 Introduction

Prevention of whiplash injuries remains an outstanding challenge in vehicle ac-
cident research. As yet, there is still uncertainty as to which lesion gives rise
to whiplash symptoms so diagnosis and mitigation are subject to supposition.
The same can be said for whiplash injury mechanisms although some evidence
is available. Some studies suggest that having the head turned at impact is one
of the risk factors for whiplash. For example, Barnsley and Bogduk (1994) re-
ported a mechanism of injury in which impact to the rear of a vehicle causes an
occupant’s head (if it is already slightly rotated), to rotate further before neck
extension occurs, pre-stressing various cervical spinal structures and increasing
their susceptibility to injury. Sturzenegger et al. (1995) assessed 117 patients for
long-term whiplash and also found head position to be statistically significant.
They postulated as a mechanistic basis that the permitted range of extension
of the neck is reduced by half when it is rotated. They also referred to fur-
ther experiments with cadavers showing that the anterior longitudinal ligament
was more liable to rupture when the head was rotated before application of an
extension strain to the neck.

Some compilations of accident case files (Olsson et al., 1990; Jakobsson,
2004) have recorded whether occupants were actually turning their heads to the
side at the time of impact. Jakobsson (2004) concluded that “Sitting posture,
such as turned head and increased head to head restraint distance, significantly
increases AIS 1 neck injury rates”. Winkelstein et al. (2000) suggested that
“axial pre-twist of the head and neck increase facet capsular strain and may
play a role in the whiplash injury mechanism”. Jakobsson et al. (2008) reported
that “Occupants responding that they had turned their head (rotated around z
axis to any degree) at the time of impact had a statistically significant higher
risk of initial as well as persistent neck symptoms compared to those facing
straight forward”. Kumar et al. (2005) however struck a precautionary note
based on tests of 20 healthy volunteers, not finding evidence that rotation of
the head at impact necessarily increases the risk of neck injury, conjectured
that “having the head rotated at the time of impact may be protective, just as
expecting an impact may be protective against injury” although “with higher
velocity impacts these protective factors may be overcome, resulting in more
serious injury”. The notion of reduced risk was not supported by Bunketorp
and Elisson (2012) who observed that although the study of Kumar et al. did
not find a greater injury risk when the head was rotated in their summary of
electromyographic investigations, their data could only be used to evaluate the
muscular reactions, not the load on the cervical spine.

Laboratory tests on specimens of the human spine have also provided mixed
results. Maak et al. (2006) found that “the dynamic strains of the alar, trans-
verse, and apical ligaments during impact did not exceed the corresponding
non-injurious baseline values” while Siegmund et al. (2008) reported that an
axial rotation “doubles the MPS in the capsular ligament compared to the
neutral posture”. They also found that capsular strains during the simulated
whiplash exposure with the head turned were not significantly different from the
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maximum principal strain (MPS) associated with partial failure of the capsule.
Observational studies of head position and posture in vehicles have been

undertaken by Parkin et al. (1995), Chapline et al. (2000) and Park et al. (2000).
These three studies featured a relatively large number of subjects but only a
snapshot of their seating position at one moment of time that was taken to
represent the driver’s normal condition. The relative position of the head and
head restraint was measured along the longitudinal axis of the car but no account
was made of head rotation in any of the studies. More recently, Jonsson et al.
(2008) and Shugg et al. (2011) used observational recording instrumentation in
the car to improve accuracy but also did not measure head rotation.

The design of seats, including the head restraint and associated safety tech-
nologies, should ideally be optimised across the range of postures that occupants
exhibit at the moment of impact. This includes translational movements and
rotations of the head. A natural approach to optimising seat design for a range
of conditions is to run computer simulations of the interaction between the oc-
cupant and seat under crash conditions thereby obtaining a prediction of the
dynamic load on the spine. At present the refinement of numerical models of
the occupant to a high level of biofidelity in the spinal region poses a technical
challenge; nevertheless with recent work in the area (e.g. Linder, 2011) and de-
velopments in computing power and digital resources, the capability to evaluate
the performance of seats and anti-whiplash technologies using computer simula-
tions will be achieved in the foreseeable future. At this time exposure data will
be necessary to account for head rotation and occupant posture in the design
of anti-whiplash systems.

In accordance with this requirement and to promote the ergonomic design of
vehicle seats for occupant safety, the aims of this study were (a) to describe the
position and rotation of drivers’ heads in naturalistic driving under conditions
when rear impacts tend to occur and (b) to summarise the experimental data
in a parametric statistical model suitable for use in computer simulations.

2 Methods

Participants

Nine volunteers were available for the study (Table 1), each of whom drove for
around 30–60 minutes through a designated route accompanied by an exper-
imenter. In the first series of trials (subjects 1–4, route 1), travel directions
were provided verbally by the experimenter while in the second series (subjects
5–9, route 2) travel directions were provided by a portable navigation device
mounted on the dashboard. The volunteers were Loughborough University staff
members and associates.
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Table 1: Age and sex of subjects in naturalistic driving trials.
Subject Age Sex Route

1 53 male 1
2 35 female 1
3 52 male 1
4 41 female 1
5 44 male 2
6 49 female 2
7 31 male 2
8 24 female 2
9 23 male 2

Table 2: Manoeuvre of vehicles with rear impact resulting in neck strain to
occupants (N=344).

Vehicle manoeuvre %
Waiting to go ahead but held up 39
Stopping on carriageway 20
Driving along straight road 15
Stopped waiting to turn 9
Driving in slow moving traffic 4
Other 13
Total 100

Apparatus

The vehicle used for the trials, a 2010 Ford Mondeo sedan, was fitted with
three main test instruments: a data logger for speed, acceleration and satellite
location (GPS); an eye-tracker (faceLABTM5) for head position and rotation;
and a four-track video system.

Driving route

A review of in-depth accident data (Cuerden et al., 2008) indicated that oc-
cupants in passenger cars most often receive neck strain in rear impacts while
stationary or moving relatively slowly in stop-go or congested traffic (Table 2).
This guided the choice of a route for the trials passing through Leicester, Eng-
land, a city with a population of over 300,000. Following experience that the
traffic density on the routes leading into and out of the city was too light to
provide conditions highly relevant to the possible occurrence of a rear collision,
the route was shortened to run entirely through the urban and suburban areas
of the city.
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Procedure

The duration of the nine driving trials was over 60 minutes for trials 1–4 (route
1) and over 30 minutes for trials 5–9 (route 2). The periods when they were
braking or stationary, and therefore considered to be at greater risk of rear
impact, lasted around 8–18 minutes across the nine trial runs. The digital
readings from the vehicle data logger and the eye-tracker were filtered to periods
of interest by categorising each moment of driving as ’stopped’, ’stopping’ or
’other’. ’Stopped’ was defined as a continuous period of at least one second when
the vehicle speed was under 8 km/h and ’stopping’ was defined as a period of
continuous deceleration leading to being ’stopped’. The 8 km/h threshold was
an arbitrary low speed, comparable to (brisk) walking pace and consistent with
stop-go or slow moving traffic. Sections of the trials where the vehicle was
’stopped’ or ’stopping’ were then selected for detailed analysis because of their
relevance to whiplash injury.

Operation of the eye-tracker was based on real-time image processing of facial
features captured from two rearward-facing cameras mounted on the dashboard
in front of the driver. Digital data could be lost when the head was rotated
widely to the side or rotated rapidly from side to side disrupting the capability
of the device to continuously track facial features. For this reason the analysis of
the instrument readings was complemented by a review of the video recording to
obtain a qualitative assessment of head movement. Focus was placed on periods
of driving when the vehicle was stopped or stopping.

Data was extracted from the eye-tracker as text files and processed using
PostgreSQL 9.2.3 and MATLAB R2013a. The data tables included a state
variable that registered at each instant whether the image-processing algorithm
had fixed on the facial features of the driver. Data readings during moments
or periods of time when the algorithm was “searching” for the features were
categorised as missing. In addition, preference was given in analysis to sta-
tistical parameters such as the median and quantiles that are insensitive to
outlying values. The video analysis was conducted in slow-motion replay using
a proprietary playback function supplied with the eye-tracker that linked the
video frame number to the digital data (Seeing Machines, 2006). Glances to the
internal and external mirrors, instrument panel, passenger and exterior were
recognized by the direction of the head and detail of the eyes.

Data analysis

The eye-tracker recorded the position and rotation of the head on three axes
(relative to the vehicle): longitudinal, lateral and vertical. Of the six resulting
parameters, some were correlated in a predictable manner, for example rotation
on the vertical axis (looking to the side) was associated with a lateral movement
of the face while leaning sideways related a lateral movement of the head with
a rotation on the longitudinal axis (a sideways tilt). These physically based
correlations (which arise for example from the fixation of the base of the spine on
the seat cushion) will automatically appear in any realistic computer simulation.
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Data analysis was therefore simplified by concentrating on three independent
measures with a large range during driving: displacement in the longitudinal
and lateral directions and rotation (left-right) on the vertical axis.

In order to use experimental readings for the optimisation of seat design using
computer simulation, it is convenient to have the data modelled in parametric
form. More than twenty forms of statistical distribution were considered, of
which the t location-scale distribution stood out for the quality of fit to the
experimental results. This distribution has the density function
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with gamma function Γ(α) =
∫∞
0
e−t tα−1 dt, location parameter µ, scale pa-

rameter σ and shape parameter ν (MathWorks, 2011). This distribution is
considered useful for modelling data distributions that are more prone to out-
liers than the normal distribution; smaller values of ν yield heavier tails while
at larger values of ν the t location-scale distribution approaches the normal
distribution.

Further details of the vehicle instrumentation, driving routes, and six mea-
sured parameters are provided in Schick et al. (2011).

3 Results

The durations of the driving trials are shown in Figure 1. Missing readings (when
the eye-tracker was not able to fix on facial features to quantify head position
and rotation) are outlined at the top of each bar and shaded in yellow where
the video was reviewed manually to categorise head movement (c.f. Figure 6
below). The proportion of missing readings varied widely from almost negligible
in case 2 to over half in case 6.

The median and interquartile range of lateral head position for the nine
drivers while their vehicle was stopped or stopping is shown in Figure 2. There
was a bias towards the left, i.e. centre of the passenger compartment. The
interquartile range lies within 0–50 mm left of centre for seven of the nine cases
and the median value was close to zero (centred) in the other two cases.

The median and interquartile range of longitudinal head positions for the
nine drivers while their vehicle was stopped or stopping is shown in Figure 3.
The interquartile range lies within around 25 mm for each subject while the me-
dian value varied considerably between drivers reflecting their preferred seating
distance from the steering wheel and foot pedals, with subject 8 adopting the
most forward position.

The position of the head restraint was identified using the eye-tracker by
asking the subjects to rest their heads lightly against the head restraint for a
few seconds before or after each trial run. The values recorded (Table 3) are
in each case somewhat higher than the recorded range of movement, consistent
with the head restraint presenting a physical obstruction to further backward
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Figure 1: Duration of driving trials and vehicle movement for nine subjects.
Missing instrument readings are shown in outline and shaded yellow where video
reviewed manually.

Figure 2: Lateral displacement of head for nine drivers while vehicle stopped or
stopping.
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Figure 3: Longitudinal displacement of head for nine drivers while vehicle
stopped or stopping.

Table 3: Reference position of head against head restraint for assessment of
backset.

Subject Position (mm)
1 939
2 790
3 773
4 776
5 808
6 668
7 780
8 640
9 825
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Figure 4: Rotation (left-right) of head for nine drivers while vehicle stopped or
stopping.

movement. Thus backset (defined as the distance between the back of the head
to the front of the head restraint) could be calculated. While not the focus of
this study, backset is a parameter of traditional interest to seat designers in the
context of soft-tissue neck injury. Taking case 1 as an example, the position of
the head on the longitudinal axis had a median value of 886 mm while driving
and a value of 939 mm while rested against the head restraint; the median value
of dynamic backset was therefore 53 mm.

The median and interquartile range of head rotation on the vertical axis
(looking left-right) for the nine drivers while their vehicle was stopped or stop-
ping is shown in Figure 4. The median value varied from close to twenty degrees
towards the right (subject 2) to around eight degrees towards the left (subject
5) while the interquartile range varied from around three degrees (subject 2) to
fifteen degrees (subject 4).

In order for the results presented in Figure 2, Figure 3 and Figure 4 to be
used for the optimisation of seat design using computer simulation, it is most
convenient to have the data modelled in parametric form. The t location-scale
distribution stood out for its quality of fit to the experimental data. It is shown
in comparison with a best-fit normal distribution for a single example that was
fairly representative of the recorded data (Figure 5).

The experimental distributions typically had shorter tails than a Gaussian
(normal) distribution. Longitudinal position was more skewed than the other
parameters, consistent with the limitation of movement towards the back of the
vehicle presented by the head restraint. The parametric values that provided a
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Figure 5: Example of modelling the instrument readings with normal (red)
and t location-scale (blue) distributions: position of head on longitudinal axis
(subject 1).

Table 4: Parameters of t location-scale model for head position and rotation
while vehicle stopped or stopping.

Subject µ σ N µ σ N µ σ N
1 -21.90 18.10 4.33 889.00 14.25 3.60 -13.78 3.54 2.37
2 -14.83 9.46 1.90 748.25 5.17 1.16 -18.94 1.42 1.09
3 -12.10 14.62 4.09 723.93 9.97 7.07 5.71 8.36 2.81
4 -4.71 19.26 87.41 706.83 12.20 5.40 0.33 10.92 6.02
5 4.12 20.84 7.90 759.69 10.67 3.05 6.89 8.83 5.23
6 -24.24 14.47 8.34 623.02 12.30 3.93 1.21 8.41 2.60
7 -29.44 18.26 3.36 723.17 11.99 4.70 2.26 4.65 2.13
8 -17.38 16.38 14.39 589.09 9.66 5.05 -11.73 3.72 2.32
9 -24.56 23.88 3.21 702.38 11.60 5.31 2.58 6.33 2.89
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Figure 6: Activity of drivers obtained from video review while vehicle stopped
or stopping and digital instrument readings not captured.

best fit to the experimental data are presented in Table 4. These can be used
directly or adapted for use in computer simulations.

Approximately 23 minutes of video were manually reviewed for the four
drivers with the highest proportion of missing readings while their vehicle was
stopped or stopping. This video review clarified the activity of drivers during the
periods of missing data within the resources available for the work. Two types
of activity were observed to provide the main explanation for the missing data:
firstly rotation of the head beyond the measurable range of the eye-tracker and
secondly rotation of the head rapidly from side to side, not necessarily beyond
the range of measurement of the eye-tracker, but too fast for it to maintain
continuous, real-time image processing. These are labelled as ’extreme head
turning’ (7 minutes) and ’repeated head turning’ (13 minutes) in Figure 6. The
explanation for missing readings in the remaining 2–3 minutes was either ’other
types of head movement’ or unknown.
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4 Discussion

The median values of lateral head position tended to be left of centre and the me-
dian values of head rotation were also off-centre (non-zero) in several cases. This
phenomenon is thought to be real. Subjects were observed to adopt asymmet-
rical driving postures and sometimes appeared to focus their attention towards
objects and activities on the side of the road, especially in urban areas. Fur-
thermore the driver’s side window and door obviously restrict lateral movement
in that direction while some of the controls that the driver may reach for while
the vehicle is stationary are located on the centre console. These asymmetries
may have implications for the optimal position and width of the head restraint.

The dynamic measurement of longitudinal head position and, by implication,
backset raises the question of how best to define this important parameter. The
median value while driving—the natural choice in this context—may not be
identical to the static position taken up on request by subjects in other studies.

The eye-tracker generated a proportion of missing readings across all phases
of the naturalistic driving trials for reasons that were fairly identifiable, including
ambient light fluctuations and physical obstruction of the line of sight between
camera and face. Of greater significance to this study were missing readings due
to specific types of head movements because of the bias this could introduce to
the results. The video review indicated that in fact two types of conditions are
probably under-represented in the digital readings; (a) having the head turned
to the side at an angle that is out of the range of measurement of the face-tracker
as configured in the trials and (b) a relatively flat distribution of angles from
wide left to wide right that is lost because of a rapid speed of motion which
is a characteristic of looking in both directions for an opportunity to pull out
into a carriageway. It is suggested that these two conditions could be modelled
independently in computer simulations as an adjunct to the parameters of the
t location-scale model.

A primary aim of this study was to clarify the range of conditions under
which seat performance should be optimised to mitigate the risk of neck injury.
A further outcome to the study, given that computer models of occupants are
under continuing development, is that the results also indicate the range of biofi-
delity that is desirable in the computer models. To accommodate for example
50% of the range of head movement that drivers exhibit while most likely to
incur neck strain in a rear impact, it would on the basis of the information avail-
able be necessary to deal with approximately ±15 mm lateral movement, ±10
mm longitudinal movement and ±7.5 degrees left-right rotation of the head.

The degree of variation between subjects particularly exemplified in Figure 2,
Figure 3 and Figure 4 and summarised in Table 4 was not known until the
experimental program had been carried out. It was considered statistically
inadvisable to combine the cases into a group analysis on the present number
of cases given the level of inter-subject variability and the unequal duration of
’stopped or stopping’ periods in the naturalistic driving trials. It is suggested
that when the statistical parameters of the t location-scale model are used in
computer simulation to appropriately weight the position of the driver’s head at
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impact, a choice should be made at that stage whether to optimise the seat for
one or two representative drivers or across the full range of variation indicated
by this study.

The core results of the seat posture driving trials ultimately derive from
nine subjects driving a single vehicle on two routes through a single city for 75
minutes. It would be unsafe to recklessly extrapolate the findings to a wider
population of drivers, vehicles, routes or cities. The value of this study lies
in sketching the outlines of a picture about which little or no information was
previously available: quantifying the range of head movement as a risk factor for
whiplash-associated disorders among car drivers under traffic conditions when
a rear impact could occur. The degree of similarity among the subjects lends
a qualified confidence to the expectation that the results would be consistent
with the outcome of a wider, deeper or more diverse study.

5 Conclusions

Of the three parameters described in detail, lateral head position demonstrated
most uniformity of median value and interquartile range for the nine subjects;
longitudinal position showed uniformity of the interquartile range but wide dif-
ferences in the median value; while left-right rotation showed considerable dif-
ferences in both the median value and interquartile range. Incorporating these
three main independent movements into a computer model of a seated human
body or crash test dummy using the statistical parameters provided would pro-
duce an effective first-order simulation of a driver’s posture while in control of
a vehicle. This would include posture under traffic conditions associated with a
risk of soft-tissue neck injury from rear impact. Data would enable the design
of seats to be optimised for the mitigation of whiplash taking into account head
position and rotation as an aggravating risk factor.

Technical improvements for future studies of this type should aim at a reduc-
tion in the proportion of missing readings from the eye-tracker and an increase in
its range of measurement, particularly side-to-side rotation. A larger sample of
drivers, vehicles and routes would be beneficial in future research to consolidate
the results of this pioneering study and to obtain a more detailed correlation of
head position with specific vehicle manoeuvres and traffic situations.
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