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A B S T R A C T

Traumatic Brain Injury (TBIs) is the most frequent cause of serious and fatal road crashes. European Community
has adopted an automatic emergency call system (eCall) and made it mandatory for new cars since 2018.
eCall was adapted also to motorcycles, which are worldwide linked to significant mortality and trauma rates
in crashes. In this context, the development of a helmet fitted with sensors, capable to estimate biomechanical
crash consequences and to transmit the information over the eCall system, has the potential to reduce
motorcycle crashes severity. The aim of this study is to adapt the 6 Degrees of Freedom (6DOF) method
to the estimation of the linear and rotational accelerations of a helmet Centre of Gravity (CoG) during an
impact and check the fitness of the method for the scope. The research was performed with virtual testing
tools, reproducing three impacts of the helmet on a deformable structure at 8 m/s. The results indicate that
the 6DOF estimates the peak values of the linear acceleration components with good approximation, while the
peak values of the rotational acceleration components and the time histories of all the components present
large errors. The 6DOF cannot be extended beyond the application to rigid bodies and another prediction
method has to be identified for the accelerations of the helmet centre of gravity.
1. Introduction

Motor vehicle crashes are among the most common causes of Trau-
matic Brain Injuries (TBIs)-related death, behind only intentional self-
harm and unintentional falls. In the USA, these three principal mech-
anisms of injury account respectively for 18.7%, 32.5% and 28.1% of
all injuries (Centers for Disease Control and Prevention et al., 2014). A
study made on 1557 TBI patients (Majdan et al., 2012) hospitalized in
Austria, Slovakia, Bosnia, Croatia and Macedonia highlighted that 44%
of TBIs were traffic related (car drivers, car passengers, motorcyclists,
bicyclists and pedestrians). Several studies pointed out that among
all road users, TBIs are mainly linked to motorcyclists with fatal and
serious injuries (Chinn et al., 2001; Gibson and Thai, 2007; Aare and
Holst, 2003; Meng et al.). These studies highlighted the importance of
the investigation of brain trauma in motorcyclists and the development
of new methods to mitigate these injuries.

Usually, TBI risk assessment is performed with criteria comprised
of a biomechanical metric and an injury risk function. Most of the
existing biomechanical metrics are based on head kinematics, measured
with crash test dummies or instrumented headforms. Injury criteria
based on linear acceleration were the first ones to be developed,
e.g. Head Injury Criterion (HIC) (Versace, 1971), a metric for head
injuries widely used also in Euro NCAP testing Protocols (EuroNCAP,
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2017a,b). More recent studies identified the rotational acceleration
as the main cause of TBIs (Gennarelli et al., 1972; Thomas et al.,
1982; Melvin, 1991; Kleiven, 2006). The latter findings triggered the
development of new injury criteria based on the rotational movement
of the brain. The most common ones are: Generalized Acceleration
Model for Brain Injury Threshold (GAMBIT) (Newman, 1986), Head
Injury Power (HIP) (Newman et al., 2000) and Brain Injury criteria
(BrIC) (Takhounts et al., 2003). Applications range from the estimation
of the level of trauma in accident reconstruction to vehicle homologa-
tion, using sensors of anthropometric test dummies. All these criteria
may also be used to estimate injuries directly in real world crashes, but
their application is hampered by the technological limits in performing
a precise and accurate estimation of the kinematic data (linear and
rotational accelerations).

Helmets are currently widely used as protective devices to mitigate
the severity of TBIs caused by an impact. Several systems incorporate
micro-electromechanical systems (MEMS) inertial sensors into helmets,
to measure some kinematic data and to estimate linear and rotational
head accelerations at the Centre of Gravity (CoG) of the head. Head
Impact Telemetry System (HITS) (Chu, 2005) was one of the earliest
and most widely used device to collect kinematic data in the sport
field (S.M. et al., 2005; Funk et al., 2007; Greenwald et al., 2008; Crisco
590-1982/© 2022 The Authors. Published by Elsevier Ltd. This is an open access art
c-nd/4.0/).
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et al., 2011; Beckwith et al., 2012; Rowson et al., 2012; Jadischke
et al., 2013). This device is comprised of an array of 6 single-axis
accelerometers, a data acquisition system, an on-board memory and
a wireless transceiver; each accelerometer is embedded in a fabric
padding physically attached to the helmet padding. This insert acts
as a spring maintaining the essential contact between head and the
accelerometers during an impact. The axes of the accelerometers are
orthogonally oriented towards the head surface. Their function is to
primarily measure the linear acceleration of the head, instead the
rotational acceleration is estimated assuming a hypothetical pivot point
in the neck.

HITS was updated, reorienting the sensing axes of the accelerom-
eters tangentially to the head surface and adding six single-axis ac-
celerometers for a total of twelve sensors. The new system, named
6DOF measurement device (Rowson et al., 2011), estimates both the
linear and the rotational accelerations iteratively solving an optimiza-
tion problem (Beckwith et al., 2007; Kimpara et al., 2011; Rowson
et al., 2012). HITs and 6DOF are the most common systems for moni-
toring head kinematics and in both of them the sensing elements need
to be in contact with the head to obtain accurate results.

More recently the gForce Tracker (GFT) (Allison et al., 2015) was
developed. This system is characterized by one triaxial accelerometer
and one triaxial gyroscope embedded inside a casing attached to a
helmet. This technology provides only the maximum values of the resul-
tant linear acceleration and rotational velocity obtained from a power
fit regression and this data is not enough to perform an estimation of
the head injuries.

Another category of devices, rigidly connected to the head but
not associated to a helmet, comprises mount-guards (Miller et al.,
2018; Gabler et al., 2020), earplugs (Knox, 2002) and bands (Tier-
ney et al., 2008). These devices provide more detailed and accurate
data, but they are hardly acceptable by riders (i.e. motorcycle or
scooter users) for daily usage. In fact, a behavioural change would
be required to adopt these devices, but previous research projects
such as SAFERIDER (Bekiaris et al., 2009) or RiderScan (Delhaye and
Marot, 2015) proved that riders are reluctant to change habits. The
outcomes of the previously mentioned projects indicate that the utmost
attention should be dedicated to the riders’ acceptability during the
development of a new device. In order to minimize any acceptability
issue, this category of measuring devices was not further considered in
this research.

Helmet based methodologies may have the potential to estimate in
real time a fatal/serious injury. These devices, applied to rider helmets,
can enable the real-time estimation of the trauma during a crash.
However, practical considerations come into play for a widespread
adoption of the existing systems. HITs and 6DOF have the necessity to
ensure the constant contact of the accelerometers with the head and the
utmost attention should be paid by the user while wearing the helmet:
a complex usage procedure could limit the adoption of the improved
helmet and the presence of the accelerometers on the accessible surface
of the helmet could expose them to unintentional damage. GFT exploits
sensors attached to the helmet shell, i.e. far from the head, however it
has unsatisfactory average absolute errors (up to 40% if a wide variety
of impact directions is considered Allison et al., 2015). To remove the
drawbacks posed by the placement of the accelerometers, they could
be attached to the inner of the helmet shell. The estimation of the head
kinematics could be solved dividing the problem into two parts: (1) the
estimation of the linear and rotational accelerations of the helmet CoG;
(2) the development of a transfer function to estimate the accelerations
of the head CoG from the ones of the helmet.

This study explores the possibility to use an existing technology,
the 6DOF method, to perform the first step of the procedure. The
6DOF method was implemented in a finite element (FE) model of a
motorcyclist helmet, instrumented with sixteen accelerometers. Since
the 6DOF method was developed to estimate the acceleration of a rigid
2

body, the main research question is: can the 6DOF method be applied
to a motorcycle helmet to estimate its CoG accelerations with a +/-10%
of error at each time over the entire time history? If the time history
is not reproduced within a tolerable error, can the peak values of the
linear and rotational accelerations be estimated with a +/- 10% error?

2. Materials and methods

2.1. Original 6DOF method

The 6DOF measurement device uses 12 accelerometers positioned
in orthogonally oriented pairs at 6 different locations (Fig. 1): sensing
axis of the accelerometers is tangential to the head and accelerometers
are embedded in a padding to guarantee a contact with the head
during impacts. In this setup the measured signals represent the head
accelerations.

This method predicts both the linear and rotational head accelera-
tions through an iterative optimization of the head equations of motion
(1) during the impact:

‖𝑎𝑖‖ = 𝑟𝑎𝑖 ⋅ 𝑎 + 𝑟𝑎𝑖 ⋅ (�⃗� × 𝑟𝑖) (1)

where ‖𝑎𝑖‖ is the acceleration measured by each accelerometer, 𝑎 is the
head CoG linear acceleration, �⃗� is the head CoG rotational acceleration,
�⃗� is the accelerometer location relative to the head CoG and 𝑟𝑎𝑖 is the

orientation of the sensing axis of each accelerometer. The total squared
error between the measured and the estimated acceleration at each
location is the cost function (2) for the optimization algorithm (Rowson
et al., 2011).
12
∑

1

(

‖𝑎𝑖‖ −
[

𝑟𝑎𝑖 ⋅ 𝑎 + 𝑟𝑎𝑖 ⋅ (�⃗� × 𝑟𝑖)
])2 (2)

2.2. Updated 6DOF method

The 6DOF device was implemented in a FE model of a motorcyclist
helmet. Compared to the original device described in the previous sec-
tion, the accelerometers were rigidly attached to the inner of the helmet
shell, always in orthogonally pairs to measure the helmet accelerations.
The sensing axes of the accelerometers were oriented tangentially to
the helmet shell. Although the 6DOF method needs only 12 accelerom-
eters placed in pairs at 6 locations, a higher number of locations
was considered to investigate possible optimized configurations of the
accelerometers, capable to minimize the estimation errors. The 16 most
frequently impacted helmet sections (Fig. 2), according to the Motor-
cycle Accident In Depth Study (MAIDS) (MAIDS, 2009) coding scheme
(Fig. 3), were selected based on in-depth crash data (Fig. 4). Each
location was selected within a different helmet section. Considering the
accelerometer distribution on the helmet (Fig. 2), 16 locations were
considered enough for a satisfactory spatial sampling of the helmet
surface.

The same cost function of the original 6DOF device was used to esti-
mate the accelerations, but helmet CoG accelerations were used instead
of head CoG accelerations in Eq. (3). The particle swarm algorithm
(PSA) was applied as optimization algorithm in this study, versus the
simulated annealing (SA) used in the original 6DOF formulation, since
PSA has higher performance than SA (Bagaram, 2017).

The 6 pairs of accelerometers required by the 6DOF system were
chosen among the 16 pairs of accelerometers available in order to ob-
tain different configurations of accelerometers to be investigated. Two
sets of accelerometer configurations were created, based on two differ-
ent criteria. The selection procedure was a sequential implementation
of the following steps:

1. each position was once selected as the first position for a config-
uration of accelerometers;

2. the remaining five positions were chosen implementing one of

the two following criteria:
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Fig. 1. 6DOF measurement device installed in a Riddell Revolution helmet (left) and a schematic of the measurement device in the helmet (right) (Rowson et al., 2011).
Fig. 2. Locations of the 16 orthogonally oriented accelerometer pairs.
Fig. 3. Coding scheme of helmet sections used in MAIDS (MAIDS, 2009).

(a) maximizing the sum of the distances between any two
positions in the configuration (criterion of maximum dis-
persion);

(b) minimizing the mean square error of the distance between
any two accelerometers of the configuration referred to
the mean distance among positions in the configuration
(criterion of the uniform distribution).

The procedure was defined to systematically position the accelerom-
eters on the helmet shell, to better capture its kinematic. Each con-
figuration had to differ from any previously defined one in order to
be included in the study. Thirty-two configurations were created and
investigated applying the 6DOF method to find the best performing
accelerometer arrangement.
3

2.3. FE models

A full-face model of helmet (AGV X 3000, size 58/59), certified
both DOT FMVSS 218 (DOT-FMVSS-218, 1984) and UNECE 22.05
(ECE22.05, 2002), was used for this study. LS-Dyna solver, version
971 (Hallquist et al., 2006), was used to perform impact simulations.
The helmet model, provided by Dainese SpA (Cernicchi et al., 2008),
consists of an energy-absorbing liner, an outer shell and a chin strap:
shell elements were used for the external polycarbonate shell (material
model: MAT058), while solid elements for the expanded polystyrene of
the energy-absorbing liner (material model: MAT075). The helmet CoG
was connected with an interpolation constraint to 10,000 randomly
selected nodes belonging to the shell surface. This modelling of the
helmet CoG allowed to measure the reference accelerations while not
stiffening the helmet shell. In the impacts, the helmet was coupled with
an appropriate rigid headform model.

Three different impact configurations of the helmet on a flat surface
were reproduced (Fig. 5). In Configuration 1 the impact point was
located on the top of the helmet, while in Configuration 2 the impact
point was on the left side of the helmet. These impact configurations
were selected to reproduce 2 out of the 5 impact conditions (P and
X points) required by the ECE 22.05 standard (ECE22.05, 2002). In
the third configuration the impact point was chosen not aligned with
the sagittal, transversal or horizontal plane, and the velocity vector
was defined to reproduce an oblique impact. In each configuration the
helmet impacted the surface at 8 m/s.

The 6DOF algorithm was developed assuming rigid body dynamics,
but both the head and helmet are deformable bodies. The helmet shell
is a laminated composite, modelled with MAT58 material. To investi-
gate the influence of the helmet deformability on the estimations of the
6DOF algorithm, the elastic Young Modulus of the shell material was
progressively increased in a sequence of simulations to approximate the
condition of infinitely rigid body. This approach was implemented for
the second impact configuration, which presented the largest errors in
this study.
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Fig. 4. Distribution of helmet contact sections (EDA, GIDAS, InSAFE, NSW datasets) (Pioneers, 2020) using the MAIDS helmet sections scheme (MAIDS, 2009).
Fig. 5. Impact configurations.
The following metrics were considered to evaluate the error of the
computed acceleration: percentage error for linear and angular peak
both for resultant and component accelerations; mean and maximum
absolute error for the time histories of linear and angular accelerations,
both for resultant and each component. In all calculations, the FE
helmet CoG accelerations, obtained from the simulations, were taken
as reference signals.

Eq. (3) was used to evaluate the mean relative error: 𝜀𝑚𝑒𝑎𝑛 is the
mean relative error, 𝑛 is the number of discrete data points, 6𝑑𝑜𝑓 is
the predicted acceleration by the 6DOF method, 𝐻𝐹 is the reference
signal, 𝐻𝐹𝑚𝑎𝑥 is the maximum absolute value of the reference signal.
A specific 𝐻𝐹𝑚𝑎𝑥 was determined for each component and for the
resultant of both linear and rotational acceleration. Eq. (4) was used
to evaluate the maximum relative error; where 𝜀𝑚𝑎𝑥 is the maximum
relative error. Eq. (5) and (6) were used to calculate the peak relative
positive and negative errors: 𝜀𝑝𝑒𝑎𝑘− is the negative one and 𝜀𝑝𝑒𝑎𝑘+ is
the positive one; 6𝑑𝑜𝑓(−) is the negative peak value for the predicted
acceleration and 𝐻𝐹 (−) for the real one (5). Instead, the positive peaks
are specified by the plus sign (6).

𝜀𝑚𝑒𝑎𝑛 =
1
𝑛
∑ 6𝑑𝑜𝑓𝑖 −𝐻𝐹 𝑖

𝐻𝐹𝑚𝑎𝑥
(3)

𝜀𝑚𝑎𝑥 = 𝑚𝑎𝑥
(

6𝑑𝑜𝑓𝑖 −𝐻𝐹 𝑖
𝐻𝐹𝑚𝑎𝑥

)

(4)

𝜀𝑝𝑒𝑎𝑘(−) =
6𝑑𝑜𝑓(−) −𝐻𝐹 (−)

𝐻𝐹𝑚𝑎𝑥
(5)

𝜀𝑝𝑒𝑎𝑘(+) =
6𝑑𝑜𝑓(+) −𝐻𝐹 (+)

𝐻𝐹𝑚𝑎𝑥
(6)

For each configuration of accelerometers, average 𝜀𝑚𝑒𝑎𝑛 and 𝜀𝑝𝑒𝑎𝑘+
over the three impact configurations were computed for both the linear
and rotational resultant accelerations. The accelerometer configuration
that minimized both the errors was selected as the best one. Specif-
ically, 𝜀𝑚𝑒𝑎𝑛 was used to understand if this method was suitable to
reproduce the entire time history of the acceleration of the helmet CoG;
instead, 𝜀𝑝𝑒𝑎𝑘+ gave an estimation of the method performances in the
prediction of peak values.

3. Results

The first step was to identify and select the best relative position
of accelerometers among the 32 configurations defined in the previous
4

section. According to the results in Tables 1 and 2, the configurations
of accelerometers obtained maximizing the distance between each
accelerometer locations are characterized by lower values for both
the average 𝜀𝑚𝑒𝑎𝑛, 𝜀𝑚𝑎𝑥 and average 𝜀𝑝𝑒𝑎𝑘+. Among these configura-
tions, 𝜀𝑚𝑒𝑎𝑛 has similar values both for the resultant linear acceleration
and the resultant rotational acceleration (Table 1). Moreover, most of
these configurations have average 𝜀𝑝𝑒𝑎𝑘+ below 5% for the resultant
linear acceleration. As the average 𝜀𝑝𝑒𝑎𝑘+ for the resultant rotational
acceleration and 𝜀𝑚𝑎𝑥 for both the linear and rotational accelerations
are the error metrics with the largest values, the best configuration
had to minimize these parameters. The selected configuration (#4) is
also characterized by the best value of the average 𝜀𝑚𝑒𝑎𝑛 both for the
resultant linear and rotational accelerations. It includes the sensors
located at the positions 1-4-8-10-11-13 (Fig. 2). The configuration
was used for the performance assessment of the 6DOF method in the
estimation of the helmet CoG accelerations.

For each configuration the comparison was performed at component
level and the related errors metrics were computed and analysed. In
the first configuration (Figs. 6 and 7) the most relevant discrepancies
occur in 𝑎𝑥 and 𝑎𝑦 linear accelerations and in 𝛼𝑥 and 𝛼𝑧 rotational
accelerations. The impact kinematics is mainly along the 𝑍 axis and
around the 𝑌 axis. Therefore, 𝑎𝑧 and 𝛼𝑦 are the components with larger
amplitude and a good qualitative match can be observed. The errors
reported in Table 3 confirm the qualitative assessment: the positive and
negative peak values of the linear acceleration along the 𝑍 axis and
the resultant amplitude are estimated almost perfectly (maximum error
1%). Both the 𝑎𝑧 and the resultant linear acceleration are characterized
by larger values of 𝜀𝑚𝑎𝑥 (respectively 16% and 17%). In the graphs
of Figs. 6 and 7, components (𝑎𝑧 and 𝛼𝑦), the differences between
the reference and predicted data increase shortly after the main peak
(starting from 0.015 s). Instead, the component along the 𝑋 axis is
characterized by the worst estimation as underlined by the maximum
relative error equal to 23% and the negative and positive peak errors
equal to 12% and 9%.

Similar results were obtained for the rotational acceleration, al-
though errors are larger than for the linear acceleration: the main
component (𝛼𝑦) and the resultant are characterized by the smallest
peak estimation errors. Instead, the resultant rotational acceleration has
the worst 𝜀𝑚𝑎𝑥 equal to 50% due to the high 𝜀𝑚𝑎𝑥 values of the three
components. Without the presence of a marked peak in the acceleration
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Table 1
Average 𝜀𝑚𝑒𝑎𝑛, 𝜀𝑚𝑎𝑥 and 𝜀𝑝𝑒𝑎𝑘+ over the three impact configurations as a function of the 16 accelerometer configurations obtained maximizing
the distance between each accelerometer location.
Error Type Acceleration Type Accelerometer configurations

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

𝜀𝑚𝑒𝑎𝑛 [%]
Linear 5.06 5.67 5.17 4.49 4.95 4.22 5.03 5.13 4.62 4.90 4.41 4.15 5.17 5.42 4.65 5.11
Rotational 12.1 14.0 14.0 12.2 14.5 13.7 14.0 14.4 14.2 13.4 13.2 12.8 13.7 14.5 13.2 14.5

𝜀𝑚𝑎𝑥 [%]
Linear 40.8 37.2 42.7 42.3 42.5 32.2 31.0 40.1 39.1 39.4 41.7 35.7 35.5 44.8 36.3 31.4
Rotational 93.5 125 101 83.1 117 120 110 125 93.3 103 100 95.9 107 116 93.0 115

𝜀𝑝𝑒𝑎𝑘+ [%]
Linear 9.29 3.91 1.32 3.25 5.00 2.37 13.2 5.49 3.05 13.5 1.97 1.70 8.64 9.87 4.46 2.91
Rotational 40.3 59.0 34.2 30.7 45.3 48.0 60.5 49.0 44.3 45.5 34.4 32.4 61.1 46.1 34.1 58.5
Table 2
Average 𝜀𝑚𝑒𝑎𝑛, 𝜀𝑚𝑎𝑥 end 𝜀𝑝𝑒𝑎𝑘+ over the three impact configurations as a function of the 16 accelerometer configurations obtained minimizing
the mean square error of the mean distance between each accelerometer location.
Error Type Acceleration Type Accelerometer configurations

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

𝜀𝑚𝑒𝑎𝑛 [%]
Linear 11.3 10.5 10.5 8.24 9.42 10.6 10.8 11.7 10.6 9.96 10.5 9.29 7.08 10.1 10.0 10.7
Rotational 33.0 34.5 33.1 31.6 30.7 31.1 33.7 32.9 33.3 31.1 32.3 31.0 25.4 32.3 33.9 28.2

𝜀𝑚𝑎𝑥 [%]
Linear 74.6 67.1 72.2 42.3 63.3 72.9 80.2 87.2 79.6 68.9 65.7 60.6 39.6 71.0 62.4 88.1
Rotational 203 234 212 234 212 189 198 197 191 205 202 218 185 219 228 178

𝜀𝑝𝑒𝑎𝑘+ [%]
Linear 27.8 26.1 31.4 7.99 15.7 26.1 39.1 45.9 39.2 23.1 19.7 15.8 13.7 24.8 13.1 44.2
Rotational 139 171 151 170 147 126 166 129 157 140 137 153 119 154 163 104
Fig. 6. Configuration 1: response of the simulated and 6DOF estimated linear accelerations of the helmet CoG (see also Table 3): (a) 𝑥 axis component, (b) 𝑦 axis component, (c)
𝑧 axis component, (d) resultant acceleration. The vertical line indicates the time corresponding to 𝜀𝑚𝑎𝑥.
Fig. 7. Configuration 1: response of the simulated and 6DOF estimated rotational accelerations of the helmet CoG (see also Table 3): (a) 𝑥 axis component, (b) 𝑦 axis component,
c) 𝑧 axis component, (d) resultant acceleration. The vertical line indicates the time corresponding to 𝜀𝑚𝑎𝑥.
Table 3
Configuration 1: mean and maximum relative errors, positive and negative peak errors for the helmet accelerations.

Error type Linear Acceleration Rotational Acceleration

𝑎𝑥 𝑎𝑦 𝑎𝑧 Resultant 𝛼𝑥 𝛼𝑦 𝛼𝑧 Resultant

𝜀𝑚𝑒𝑎𝑛 [%] 3.67 0.89 3.41 4.01 10.4 6.98 5.57 10.2
𝜀𝑚𝑎𝑥 [%] 22.6 6.57 15.5 17.3 48.7 30.4 29.9 49.7
𝜀𝑝𝑒𝑎𝑘+ [%] 8.51 3.81 0.82 0.60 40.4 8.80 22.3 8.05
𝜀𝑝𝑒𝑎𝑘− [%] 11.8 5.50 0.41 / 46.6 4.64 26.8 /

Note: / is used when the parameter is not applicable.
ignal, the 6DOF algorithm was not able to properly predict both 𝛼𝑥 and
(Fig. 7).
5

𝑧 t

In the second configuration, the helmet velocity was aligned with

he 𝑌 axis and the helmet impacted the surface on the right side. The
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Fig. 8. Configuration 2: response of the simulated and 6DOF estimated linear accelerations of the helmet CoG (see also Table 4): (a) 𝑥 axis component, (b) 𝑦 axis component, (c)
𝑧 axis component, (d) resultant acceleration. The vertical line indicates the time corresponding to 𝜀𝑚𝑎𝑥.
Fig. 9. Configuration 2: response of the simulated and 6DOF estimated rotational accelerations of the helmet CoG (see also Table 4): (a) 𝑥 axis component, (b) 𝑦 axis component,
c) 𝑧 axis component, (d) resultant acceleration. The vertical line indicates the time corresponding to 𝜀𝑚𝑎𝑥.
Table 4
Configuration 2: mean and maximum relative errors, positive and negative peak errors for the helmet accelerations.

Error type [%] Linear Acceleration Rotational Acceleration

𝑎𝑥 𝑎𝑦 𝑎𝑧 Resultant 𝛼𝑥 𝛼𝑦 𝛼𝑧 Resultant

𝜀𝑚𝑒𝑎𝑛 [%] 6.34 4.73 8.46 8.63 17.8 13.6 10.6 18.3
𝜀𝑚𝑎𝑥 [%] 39.9 23.0 68.1 77.7 115 107 57.7 113
𝜀𝑝𝑒𝑎𝑘+ [%] 34.9 5.94 51.9 4.48 65.7 88.4 46.7 56.2
𝜀𝑝𝑒𝑎𝑘− [%] 15.2 1.29 29.2 / 31.2 42.7 27.2 /

Note: / is used when the parameter is not applicable.
c
c
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DOF estimations show more diffuse errors, but the linear acceleration
long the 𝑌 axis has been correctly estimated (Fig. 8). All the predicted
omponents of the rotational acceleration differ from the reference
urves (Fig. 9). Overall, the curves predicted by the 6DOF system
end to overestimate the local maxima and minima of the acceleration
omponents. The errors confirm these findings (Table 4). 𝑎𝑦 is the only

component of acceleration predicted with acceptable errors: 6% and
1% for 𝜀𝑝𝑒𝑎𝑘+ and 𝜀𝑝𝑒𝑎𝑘− respectively, while 𝜀𝑚𝑒𝑎𝑛 is 5%. The other
components of the linear acceleration have errors up to 52% in the
estimation of the positive peak value and 29% for the negative one of
𝑎𝑧. The resultant linear acceleration shows a small error on the peak
value (𝜀𝑝𝑒𝑎𝑘+ = 4%), although the time history does not reproduce the
reference curve. The peak value of the target acceleration occurred at
𝑡1 = 0.009 s, instead in the acceleration reproduced with the 6DOF the
peak occurred at 𝑡2 = 0.012 s. All the estimated rotational acceleration
omponents show significant errors: up to 88% in the estimation of
he positive peak value of 𝛼𝑦 and 𝜀𝑚𝑒𝑎𝑛 in the range 11%–17%. The
esultant rotational acceleration has similar results for 𝜀𝑚𝑒𝑎𝑛 (18%) and
𝜀𝑝𝑒𝑎𝑘+ (56%). In Fig. 9 the rotational accelerations are compared. The
average mean and maximum relative errors are 15% ± 4% and 98% ±
30% respectively; while the average positive peak error is 64% ± 21%
nd the average negative peak error is 34% ± 8%. The whole results
re reported in the Table 4.

In the third configuration a generic impact, with randomly selected
irection of the helmet velocity and helmet orientation with respect
o the plate, was reproduced. The linear and rotational accelerations,
6

omponents and resultants, are reported in Figs. 10 and 11. Y and Z
omponents of the linear accelerations have similar amplitudes and
hey show a good agreement with the reference signals. X component
as a smaller amplitude range, but it shows a comparable qualita-
ive match between 6DOF and reference curves. Results reported in
able 1 confirm the previous analysis: the 𝜀𝑚𝑒𝑎𝑛 does not exceed 4%
or each component. Peak errors show that 𝑎𝑥 and 𝑎𝑦 have the best

negative (𝜀𝑝𝑒𝑎𝑘−), and positive (𝜀𝑝𝑒𝑎𝑘+) peak predictions. The quality
of the component estimation also affected the resultant estimation as
demonstrated by 𝜀𝑚𝑒𝑎𝑛 and 𝜀𝑝𝑒𝑎𝑘+, respectively equal to 4% and 5%.

The prediction of the rotational accelerations is still affected by a
greater error than the linear acceleration (Table 5): 𝜀𝑚𝑒𝑎𝑛 never falls
below 10% and errors up to 70% and 73% affect respectively the
positive and negative peak estimations. The comparison between the
predicted and target rotational accelerations is shown in Fig. 11. 6DOF
curves tend to overestimate local minima and maxima of the real
acceleration over the entire time history, leading to unacceptable errors
in estimation as discussed above.

The 6DOF measurement device was developed to be used with sub-
stantially rigid body, but in this study the accelerometers were attached
to the helmet shell, a deformable body. The impact configuration with
the prediction performances of the worst accelerations, i.e. the second
configuration, was selected as test case to verify how deformability
affected the results. Increments from 10 to 104 times of the helmet
shell Young modulus were implemented to change the deformability
of the body up to an extremely stiff shell. Results shown in Table 6
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Fig. 10. Configuration 3: response of the simulated and 6DOF estimated linear accelerations of the helmet CoG (see also Table 5): (a) 𝑥 axis component, (b) 𝑦 axis component,
(c) 𝑧 axis component, (d) resultant acceleration. The vertical line indicates the time corresponding to 𝜀𝑚𝑎𝑥.
Fig. 11. Configuration 3: response of the simulated and 6DOF estimated rotational accelerations of the helmet CoG (see also Table 5): (a) 𝑥 axis component, (b) 𝑦 axis component,
c) 𝑧 axis component, (d) resultant acceleration. The vertical line indicates the time corresponding to 𝜀𝑚𝑎𝑥.
Table 5
Configuration 3: mean and maximum relative errors, positive and negative peak errors for the helmet accelerations.

Error type [%] Linear Acceleration Rotational Acceleration

𝑎𝑥 𝑎𝑦 𝑎𝑧 Resultant 𝛼𝑥 𝛼𝑦 𝛼𝑧 Resultant

𝜀𝑚𝑒𝑎𝑛 [%] 2.91 1.64 4.04 3.82 15.2 14.4 11.0 17.1
𝜀𝑚𝑎𝑥 [%] 14.4 16.5 27.2 31.9 72.4 129 45.0 86.5
𝜀𝑝𝑒𝑎𝑘+ [%] 4.74 0.89 12.3 4.68 69.9 21.2 16.2 27.8
𝜀𝑝𝑒𝑎𝑘− [%] 0.75 7.14 6.86 / 27.5 73.4 27.6 /

Note: / is used when the parameter is not applicable.
ighlighted a decreasing trend in the four error metrics as the stiffness
f the helmet shell increased: 𝜀𝑚𝑒𝑎𝑛 decreased in the range 1%–2% and
%–6% respectively for the linear and rotational accelerations; 𝜀𝑚𝑎𝑥
howed the greatest improvement (e.g. the related error of 𝛼𝑥 decreased

from 115% to 32%); both 𝜀𝑝𝑒𝑎𝑘+ and 𝜀𝑝𝑒𝑎𝑘− dropped below 15%.

4. Discussion

eCall is a pan-European system for the automatic emergency call
in case of road crashes. Initially developed for cars, eCall was ex-
tended to other vehicles, including Powered Two-Wheelers (PTWs),
within the I_Heero project. Currently BMW is offering the system on
its motorcycles but also aftermarket systems are available. This tech-
nology on PTWs enables new possibilities for early crash detection and
emergency treatment of riders. In fact, riders are not protected by an
outer structure as in cars, but the helmet use is mandatory in several
countries. Helmet could be turned into a sensing protective equipment,
capable to improve the crash detection (currently performed by on-
board sensors) but also to integrate a real time estimation of head
injuries into the activation criterion of the eCall. The latter data could
also be transmitted to the rescue team and enable a more timely and
effective intervention. TBIs are overrepresented among riders (Gibson
and Thai, 2007), and they are one of the most severe and dangerous
consequences of an impact. Detection and timely treatment are key to
7

minimize consequences (Tepas III. et al., 2009).
The estimation of head injuries requires appropriate knowledge of
the head kinematics during the impact. Measurement systems embed-
ded into the helmets could provide adequate data to perform real time
estimation of the injuries, but new helmets should require to the end
users the same level of usage expertise than the current marketed solu-
tions. As the 6DOF method has strict requirements for the positioning
of sensors (i.e. in contact with the head), there is the need to investigate
possible changes to sensors layout and the implications on the accuracy
and precision of the derived data. In the current study the sensors were
attached to the inner side of the outer shell of the helmet.

From 16 pairs of accelerometers, 32 possible configurations of the
sensors were defined and simulated in the three impact configurations,
representative of crash conditions both in terms of impact points and
velocity. The accelerometer configurations obtained with the maxi-
mization of the distance between accelerometer locations (Table 1) led
to better accuracy than minimizing the square error referred to the
mean distance (Table 2). On the contrary, the accelerometer configura-
tions generated with the same criterion had similar performances and
none of them was clearly outperforming the other ones. For instance,
the sixteen accelerometer configurations in Table 1 have comparable
values of 𝜀𝑚𝑒𝑎𝑛 both for the linear and rotational accelerations. Similar
remarks apply to 𝜀𝑚𝑎𝑥, except that some configurations (#2, #6, #8)
have noticeably higher values. The results demonstrate the strong
effect of the criterion for the sensor distribution on the prediction
accuracy of CoG accelerations with flexible bodies, and negligible
differences among the accelerometer configurations generated with
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Table 6
Increasing Young modulus of the outer shell: mean and maximum relative errors, positive and negative peak errors for the helmet accelerations.

Error type Configuration Linear Acceleration Rotational Acceleration

𝑎𝑥 𝑎𝑦 𝑎𝑧 Resultant 𝛼𝑥 𝛼𝑦 𝛼𝑧 Resultant

𝜀𝑚𝑒𝑎𝑛 [%]

𝐸 6.34 4.73 8.46 8.63 17.8 13.6 10.6 18.3
𝐸 ∗ 10 4.52 2.51 4.15 4.58 6.37 5.48 5.85 6.85
𝐸 ∗ 102 3.37 2.45 3.72 3.87 11.3 8.10 9.23 11.3
𝐸 ∗ 103 2.13 1.92 2.98 3.27 7.98 5.64 7.23 7.45
𝐸 ∗ 104 1.18 1.20 1.80 1.88 6.46 4.51 4.89 5.00

𝜀𝑚𝑎𝑥 [%]

𝐸 40.0 23.0 68.1 77.7 115 107 57.7 113
𝐸 ∗ 10 34.4 14.6 33.0 34.6 60.9 46.3 37.3 45.9
𝐸 ∗ 102 19.3 12.7 36.9 20.2 56.6 52.7 54.8 54.0
𝐸 ∗ 103 11.2 10.0 28.7 14.8 37.3 30.3 60.1 45.9
𝐸 ∗ 104 5.14 5.49 13.0 7.65 32.4 26.1 25.9 25.5

𝜀𝑝𝑒𝑎𝑘+ [%]

𝐸 34.9 5.93 51.9 4.49 65.7 88.4 46.7 56.2
𝐸 ∗ 10 23.8 12.2 22.3 12.0 5.14 27.4 26.6 17.3
𝐸 ∗ 102 8.60 4.44 18.0 6.38 30.9 22.8 28.1 27.4
𝐸 ∗ 103 8.34 1.43 28.3 2.09 32.7 13.3 17.3 30.5
𝐸 ∗ 104 0.67 4.54 12.2 5.92 0.39 10.2 12.1 8.17

𝜀𝑝𝑒𝑎𝑘− [%]

𝐸 15.2 1.29 29.2 / 31.1 42.7 27.2 /
𝐸 ∗ 10 30.3 14.6 16.1 / 23.6 34.4 21.4 /
𝐸 ∗ 102 15.4 9.52 21.7 / 31.6 30.2 32.3 /
𝐸 ∗ 103 5.42 2.12 13.0 / 19.0 18.2 17.7 /
𝐸 ∗ 104 3.58 4.62 5.55 / 6.62 14.8 11.1 /

Note: / is used when the parameter is not applicable.
the same criterion. The observed differences may vanish if the ac-
celerometer configurations would be tested on a larger set of impact
configurations. Such a test should be conducted before accepting the
possibility to successfully perform an optimization of the accelerometer
distribution within a specific distribution criterion. This activity was
not developed within the present research, since the main focus was on
the applicability of the 6DOF method to flexible bodies. Nonetheless the
following research activities were developed with the best accelerom-
eter configuration, i.e. #4 in Table 1, as it minimized the greatest
number of errors metrics (i.e. 4 out of 6).

The system, with the selected accelerometer configuration, was
tested in three different impact configurations. The results show a good
capability in the assessment of linear acceleration peak values: in all
configurations the peak error on the resultant of the linear acceleration
never exceeded 5%, although in the second configuration the peak of
the 6DOF prediction was delayed compared to the reference signal. The
latter result is a consequence of higher peak errors in the components:
maximum peak error exceeded 50% in this configuration, while it
reached 12% in the other two configurations. In general, the 6DOF
prediction of the linear accelerations overestimated the local minima
and maxima in each impact configuration (Tables 3–5). This trend was
extremely evident in the second impact configuration time histories
of the 𝑥 and z components as well as for the resultant (Fig. 8). The
predicted signals were good in proximity of the peaks of the resultant
for the configurations 1 and 3 as well as of the components with the
largest amplitude for all impact configurations, but they failed to match
the reference signals over the entire time range.

With reference to the rotational acceleration, the results highlighted
the general difficulty of the method to correctly reproduce the entire
time history of the in each component. Specifically, the predicted
rotational accelerations tended to overestimate the local minima and
maxima as for the linear accelerations. Mean errors were never below
6% in any impact configuration, with a maximum of 18% in the
estimation of the resultant rotational acceleration in the second impact
configuration, and the predicted values of the negative and positive
peaks had errors up to 88%.

The results demonstrated an extremely limited predictive capability
for the 6DOF method applied to a flexible body, already in a limited set
of impact configurations. The errors were not in line with the desired
accuracy and they did not justify further investigation. In fact, this
8

research aimed to verify the general applicability of the 6DOF method
to predict the CoG accelerations of a flexible body. The parametric
study on the elasticity of the outer shell, confirmed that the main source
of error is the body deformability.

An intrinsic limitation applies to this study. Namely the impossibil-
ity of carrying out an experimental verification, as the CoG is not a
physical point of the helmet and no measurement of its accelerations
can be performed. A secondary possible limitation could be the use of
a single helmet model. Nonetheless the feasibility study is not affected
by this limitation, as more helmets would be necessary to confirm a
positive estimation capability of the 6DOF method but a single helmet
is sufficient to prove the limitations, if a general application of the
method is desired.

This research showed that a different method has to be identified
for the prediction of the CoG accelerations. Such a method should be
capable of handling the flexibility of the body and, possibly, it should
also integrate the transfer function from the CoG accelerations of the
helmet to the head accelerations.

5. Conclusions

The study focused on the investigation of the 6DOF method to
estimate the acceleration of a motorcyclists’ helmet centre of gravity.
Three different configurations of a helmet, coupled with a standard
rigid head and impacting on a deformable plate, were reproduced in
a virtual environmental. The FE model of the helmet was integrated
with 32 accelerometers in orthogonally pairs at 16 different locations
on its outer shell.

Since the 6DOF needed only 6 pairs of accelerometers, a preliminary
study to identify the best configuration of accelerometers was per-
formed. The criterion used to generate the accelerometer configurations
influenced the precision of the estimated results, but there were limited
differences among the best configurations based on the same criterion.
The best configuration was used for a detailed analysis and comparison
of the predicted signals with the reference ones.

Results suggested that the 6DOF capability to estimate linear ac-
celerations depended on the impact configuration and on the desired
outcome. If the peak of the resultant linear acceleration could suffice,
the investigation on the 6DOF applicability to flexible bodies could
be further extended. If the prediction of the entire acceleration signal
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is sought, the 6DOF method has severe limitations, especially for the
rotational accelerations.

Future works should consider a totally novel method capable of
taking into account the flexibility of the body, which is the greatest
limit of technologies integrated into the helmet. Otherwise, a novel
technology able to directly estimate the head CoG accelerations using
sensors attached to the helmet surface should be deepened.
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