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Abstract: Accurate accident reconstruction requires the knowledge of the mass properties of vehicles,
namely the centre of gravity location, the mass and the inertia tensor. Such data are seldom available,
especially in case of newly produced electric vehicles. In this paper, vehicle inertia measurements,
performed at Politecnico di Milano, refer to a number of electric vehicles. In addition to the “simple”
measurement of vehicle inertia, measured mass properties are analysed to derive the proper empirical
formulae for the estimation of the centre of gravity height and the moments of inertia. Both internal
combustion and electric vehicles are considered. Data show a significant difference in the mass
properties of the two types of vehicles. The proposed formulae can be effectively employed to quickly
obtain a reasonable estimation of the mass properties of any vehicle. The results show that electric
vehicles are characterised by higher values of mass with respect to internal combustion vehicles,
but they present a lower centre of gravity location and proportionally lower values of the moments
of inertia.

Keywords: mass properties; centre of gravity; inertia tensor; electric vehicles; accident reconstruction

1. Introduction

Dynamic simulation is exploited in a wide range of situations to understand vehicle
behaviour. During the design phase, dynamic simulation enables the early prediction of
vehicle handling and comfort performance. The active and passive safety of a vehicle can
also be virtually assessed. Through dynamic simulations, the tuning of vehicle settings can
be refined and expedited. Among all these applications, a particularly crucial field were
vehicle simulation plays a primary role is the reconstruction of automotive accidents.

In a world where about 1.3 million deaths and 20 to 50 millions injuries are related to
traffic accidents each year [1], understanding the causes and dynamics of such accidents
is of paramount importance to implement effective preventive and mitigating actions.
Additionally, as each accident implies a tragedy for those involved, these individuals
deserve an accurate reconstruction of what happened to correctly assess the moral and
legal responsibilities.

The aim of accident reconstruction is the determination of the initial position and
velocity of all vehicles and objects involved, as well as their motion to reach the rest
position [2]. Although electronic and digital devices, both on board of vehicles and on the
infrastructure, can provide recordings and data related to most accidents; this information
can be misleading if not supported by the required computation and the understanding of
their limits and uncertainties [3]. Furthermore, accident reconstruction is the only available
tool when such recordings are not available.

Vehicle dynamic simulation requires knowledge of several vehicle parameters. Among
these, mass properties (mass, centre of gravity location and inertia tensor) significantly
affect the dynamic behaviour of vehicles [4]. Therefore, accurate knowledge of these
parameters is essential for reliable simulations and to ensure better agreement between
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simulated and experimentally measured real dynamic behaviour [5]. In the context of
accident reconstruction, in [3], it is pointed out that if the rotational inertia of the vehicle is
neglected, i.e., vehicles are treated as point masses, errors of about 100% can be introduced
in the computation of the initial velocities of the vehicles. When more complex models
are employed and vehicle moments of inertia are considered, errors in estimating these
values impact the reconstructed dynamics of the involved vehicles. The authors of [6]
demonstrated that in 2D planar impact models, the yaw moment of inertia influences both
the preimpact velocities and postimpact trajectories of the vehicles. Comparable findings
are presented in [7], thus showing that for specific accident dynamics, errors of 10% in the
yaw moment of inertia or of 100 mm in the longitudinal position of the centre of gravity
can lead to variations of up to 20% in preaccident velocities. Vehicle rollover is primarily
influenced by the centre of gravity height and the roll moment of inertia [3,8,9]. Ref. [10]
shows that a 50% change in the roll moment of inertia reduces about 40% of the dynamic
rollover limit of a vehicle.

Mass properties, however, are seldom known or readily available. Their experimental
determination is not straightforward. Only the mass and in-plane centre of gravity location
can be easily measured. Measurement standards solely exist for the mass and centre
of gravity location [11,12]. Determining the inertia tensor necessitates special, complex,
and costly dedicated test rigs [13–15]. Two distinct approaches are employed for measuring
the mass properties of rigid bodies. In the first approach, the moments of inertia are
measured one at a time. In this case, different methods are usually employed for the the
measurement of the roll and pitch moments of inertia or for the yaw moment of inertia.
In [16,17], pendulums were used to swing heavy and large military vehicles around the
roll and pitch axes. For the yaw moment of inertia, torsion pendulums [16] or multifilar
pendulums [18] are often employed to induce oscillations around a vertical axis. In the
second approach, all moments of inertia, and in some cases the location of the centre of
gravity as well, are measured in a single test. In these methods, the body under investigation
undergoes complex motion in space, and suitable identification procedures are used to
derive the mass properties. In [19,20] K and C (Kinematics and Compliance) test beds
were modified to identify the mass properties of whole cars, car subsystems and truck
cabs. In [21,22], dynamic actuators were used to move a platform carrying the car. In [7], a
multifilar pendulum was used to realise a highly nonlinear and complex motion of a frame
carrying full vehicles or vehicle components. Yet, the described equipment are not widely
available and only seldom employed [23].

Alternatively, the mass properties could be derived from 3D models of the vehicle. This
deviation is not quite accurate, despite simplified model-based estimations of the centre
of gravity location being used in the vehicle preliminary design stage [24]. Vehicles are
composed of a large number of components (nearly thirty-thousand for internal combustion
powered vehicles and more than one hundred thousand for electric vehicles). Even if very
accurate and complex models of vehicle subsystems are available, only rough estimations
of the mass properties can be obtained.

In some cases, complex, though less accurate, onboard systems for mass properties
estimation can be developed for the estimation of such parameters [25].

Often, neither of the two considered options is available. In this case, the mass
properties must be estimated. In the literature, some papers dealing with empiric formulae
for the estimation of mass properties for cars are available. A quite large collection of
vehicle mass properties can be found in [26–28]. These papers also provide some empiric
formulae to be used for the estimation of the mass properties. The papers, however, refer
mostly to vehicles from the USA market produced before 1998. Empiric formulae referring
to easily available vehicle data, such as the mass, length, wheelbase, track, roof height and
so on, have also been proposed by other authors and based on these databases [4,6,23,29,30].
More recently, the authors published simple empirical formulae based on vehicle mass
properties referring to European market vehicles produced up to 2016 [31,32]. Formulae
for estimating the mass, centre of gravity location and moment of inertia of cars can also
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be found in [33]. In this paper, a series of estimating equations has been derived based on
physical considerations and adapted to different car configurations (such as car type, front-
or rear-wheel drive and so on). The derived set of equations and correction factors have
been compared with available experimental data.

All of the considered databases refer almost exclusively to Internal Combustion (IC)
vehicles. The diffusion of both pure electric (BEVs) and hybrid vehicles is increasing year by
year. Such vehicles have completely different powertrains, thus resulting in very different
mass distributions. Empirical formulae derived for IC vehicles may not directly apply, and
their employment may lead to large estimation errors on the mass properties of BEVs.

This paper aims to address the lack of information regarding the mass properties of
Battery Electric Vehicles (BEVs). From an engineering standpoint, having reliable formulae
for the quick estimation of BEVs mass properties can significantly enhance the accuracy of
simulations and accident reconstructions. Moreover, from a scientific perspective, the paper
compares the mass properties of BEVs with those of traditional Internal Combustion (IC)
vehicles. This comparison sheds light not only on the current trend of vehicle mass increase
but also on how mass is distributed in new vehicles, especially considering the impact of
larger batteries on the centre of gravity height and moments of inertia. This information can
be beneficial not only for accident reconstruction, but also for vehicle design and control,
especially for new electric vehicle architectures [34]. To achieve these objectives, the paper
extends the existing database, previously presented in [31,32], by incorporating the data
on more recent IC vehicles and a variety of BEVs. The two sets of mass properties, one for
IC vehicles and the other for BEVs, are then compared, thus leading to the formulation of
dedicated empirical formulae for each vehicle type.

This paper is organised as follows. The Section 1 is devoted to the description of
the InTenso+ System of the Politecnico di Milano employed for the measurement of the
vehicle mass properties considered in the paper. Then, a correlation analysis is presented
to identify the most relevant vehicle parameters for the estimation of the centre of gravity
height and of the moments of inertia. Finally, the interpolation formulae are presented, and
the mass properties of IC vehicles and BEVs are compared.

2. InTenso+ System

The Intenso+ System, developed at the Politecnico di Milano, is designed for measur-
ing the mass, centre of gravity location and inertia tensor of rigid bodies. The method has
been presented in a series of papers [7,35,36], with particular reference to the measurement
of the mass properties of vehicles. Figure 1 shows the two test rigs located at the LaST
laboratory (Laboratory for Safety in Trasportation) of the Politecnico di Milano. On the left,
the test rig for the measurement of full-scale vehicles is depicted, while on the right, the
test rig for the measurement of vehicle subsystems is shown.

The measurement involves displacing the multibar pendulum carrying the body under
investigation from a state of rest. The following complex motion is recorded using encoders
and load cells, which are placed on the universal joints connecting the support bars to the
ceiling frame. These measurements enable the reconstruction of the kinematic quantities
describing the system’s motion and the applied forces. Subsequently, through a proper
mathematical procedure, the centre of gravity location and the components of the inertia
tensor are identified.

The specifications of the test rigs are reported in Table 1. Details on the calibration and
verification procedures can be found in [7,36].

Table 1. Technical specifications of the test rigs.

InTenso+ InTensino+

Payload range [kg] 500–3500 50–400
Maximum dimensions of the body (L × W × H) [m]

7 × 2 × 1.6 (∗) 3 × 1 × 1 (∗)
Motion frequency [Hz] <5 <5
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Table 1. Cont.

InTenso+ InTensino+

Peack acceleration during test (min–max) [m/s2]
2–10 3–10

CoG uncertainty (in plane, height) [mm]
±3 (∗∗)–±5 ±1.5–±3

Moment of inertia (MOI) uncertainty [%] ±1% ±1%
Products of inertia (POI) uncertainty (% of the maximum MOI of the body) [%]

±0.5% ±0.5%
MOI and POI resolution (% of the maximum MOI of the body) [%]

0.2% 0.2%
Testing time (∗∗∗) [minutes] <10 <10

(∗) Dimensions are indicative. Fully customised fixturing can be realised. (∗∗) Static balancing method. (∗∗∗) The
testing time does not consider the time needed to position the body on the test rig.

Figure 1. InTenso+ system of Politecnico di Milano. (a) Equipment for full vehicles (max 3500 kg).
(b) Equipment for vehicle subsystems (up to 400 kg).

3. Vehicle Mass Properties Database

The mass properties data of several vehicles measured by the InTenso+ test rig have
been collected into a database. The database comprises the mass properties of fifty-nine
vehicles produced from 1997 to 2023. Forty-one are IC vehicles, while eighteen are BEVs.
The database includes a wide variety of cars comprising small urban vehicles, medium
and premium cars, as well as high performances sports cars. In Tables 2 and 3, the ranges
of parameters covered by the vehicle database for IC vehicles and BEVs are reported.
For confidentiality reasons, such data can be published only in the aggregated form. For the
purposes of the present paper, this is not a limitation, as the paper is focused on the analysis
of global formulae and not on the analysis of the mass properties of any given vehicle.

The vehicle data will be used in the following of the paper to focus on four mass
properties, namely the centre of gravity height (CoG) and the three moments of inertia
(MOI) along the three geometrical axes of the vehicle (longitudinal, lateral and vertical).
The in-plane location of the centre of gravity was not considered, as it can usually be quite
easily estimated from the axle loads of the car. The products of inertia were not considered,
even though they are important for a correct simulation of the motion, as they strongly
depend on the actual vehicle and its suspension configuration.
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Table 2. Ranges of IC vehicle data.

Parameter Units Min. Value Max. Value

Mass [kg] 858 2363
Centre of gravity height * [mm] 288 694

Jxx ** [kgm2] 274 944
Jyy ** [kgm2] 943 4802
Jzz ** [kgm2] 1055 5033

Length [mm] 3500 5262
Width [mm] 1600 2035

Roof height [mm] 1182 1699
Wheelbase [mm] 2300 3171

Average track [mm] 1402 1725
Power [kW] 50 610

Max velocity [km/h] 140 380
Year [-] 1997 2023

* With respect to road plane. ** Reference system: x longitudinal, y lateral z vertical. Jxx, Jyy and Jzz indicate the
roll, pitch and yaw MOI, respectively. Values refer to the centre of gravity.

Table 3. Ranges of BEV data.

Parameter Units Min. Value Max. Value

Mass [kg] 1644 2938
Centre of gravity height * [mm] 453 601

Jxx ** [kgm2] 679 1234
Jyy ** [kgm2] 2410 5798
Jzz ** [kgm2] 2579 5798

Length [mm] 4584 5216
Width [mm] 1852 2254

Roof height [mm] 1445 1721
Wheelbase [mm] 2720 3210

Average track [mm] 1558 1720
Power [kW] 151 484

Max velocity [km/h] 180 250
Year [-] 2017 2023

* With respect to road plane. ** Reference system: x longitudinal, y lateral z vertical. Jxx, Jyy and Jzz indicate the
roll, pitch and yaw MOI, respectively. Values refer to the centre of gravity.

4. Correlation Analysis

Six easily available vehicle parameters were considered for the interpolation of the
considered mass properties; namely, they are the following:

• Mass;
• Length;
• Width,
• Roof height,
• Wheelbase,
• Average track.

To verify if these parameters were actually independent, in Table 4, the correlation
coefficients computed for these parameters considering the vehicles in the database are
shown. The correlation coefficients were computed considering the nonlinear Spearman
correlation [37]. This coefficient measures the strength and direction of a monotonic rela-
tionship between two ranked variables. The method did not assume any linear relationship
or variable distribution and was robust to outliers.

From the correlation analysis reported in Table 4, it can be observed that the mass was
correlated with all other parameters except the roof height, with a relatively high correlation
with the length and especially the wheelbase. Also, the in-plane parameters were mostly
correlated with each other. This observation is not surprising, considering that as vehicle
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dimensions increase, they tend to grow both longitudinally and laterally, thus resulting in
an increase in mass as well. Among all these correlations, the two correlations between the
length, wheelbase, width and average track were particularly high, thus being above 0.9.
Considering such high correlations, the wheelbase and average track were removed from
the analysis, and only the length and width were considered.

In Table 5, the correlations between the vehicle parameters and mass properties are
reported. The mass was strongly correlated with all the moments of inertia, but not with the
centre of gravity height. The moments of inertia were also correlated, with different degrees
of correlation, with the vehicle dimensions. THe centre of gravity height appeared to be
correlated only with the roof height. Based on this analysis, approximation formulae for the
moments of inertia should consider the mass and vehicle dimensions, while for the centre
of gravity height, only the roof height seemed to be a relevant parameter. Additionally,
all the relevant parameters had a positive correlation with the correlated mass properties,
thus indicating that as one considered parameter increased, the correlated mass properties
increased as well.

Finally, Table 6 shows the correlation coefficients among the considered mass proper-
ties. As expected, the moments of inertia were strongly correlated with each other, with an
extremely high correlation between the pitch and yaw moments of inertia. The centre of
gravity height was not correlated with any other considered mass parameter.

Table 4. Correlation analysis of vehicle parameters. In bold are the correlation coefficients with values
higher than 0.8. RH is roof height, WB is wheelbase and AT is average track.

Mass Length Width RH WB AT

Mass 1 0.80 0.69 0.55 0.87 0.69

Length 0.80 1 0.75 0.37 0.91 0.76

Width 0.69 0.75 1 0.12 0.68 0.93

RH 0.55 0.37 0.12 1 0.48 0.16

WB 0.87 0.91 0.68 0.48 1 0.70

AT 0.69 0.76 0.93 0.16 0.70 1

Table 5. Correlation analysis between vehicle parameters and mass properties. In bold are the
correlation coefficients with values higher than 0.8.

CoG Height Roll MOI Pitch MOI Yaw MOI

Mass 0.10 0.93 0.96 0.96

Length 0.05 0.72 0.87 0.86

Width −0.25 0.55 0.68 0.69

Roof height 0.71 0.70 0.59 0.58

Table 6. Correlation analysis of vehicle mass properties. In bold are the correlation coefficients with
values higher than 0.8.

CoG Height Roll MOI Pitch MOI Yaw MOI

CoG Height 1 0.28 0.22 0.20

Roll MOI 0.28 1 0.93 0.93

Pitch MOI 0.22 0.93 1 0.996

Yaw MOI 0.20 0.93 0.996 1
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5. Formulae for the Centre of Gravity Height

The correlation analysis discussed in the previous section shows that the centre of
gravity height was correlated to the roof height only. Therefore, the approximation formulae
will be functions of only this vehicle parameter. This result is consistent with previously
published formulae [4], where a linear interpolation with an intercept was used. In order
to verify the order of interpolation, in Table 7, the p-values for the parameters in the case
of linear interpolation without an intercept, linear interpolation with an intercept and
quadratic interpolation are reported. From the results of the analysis, both for IC vehicles
and for BEVs, the only term showing a p-value below 0.05 was the linear term.

Table 7. p-values for the parameters of different formulae for centre of gravity height estimation.

Linear Model with
Intercept

Linear Model
without Intercept

Quadratic Model
with Intercept

Model * CoGz = a + b · hr CoGz = b · hr
CoGz =

a + b · hr + c · h2
r

p-values—IC
vehciles **

pva = 0.620
pvb < 10−6 pvb < 10−6

pva = 0.764
pvb = 0.430
pvc = 0.804

p-values—BEVs ** pva = 0.455
pvb = 5.4 × 10−5 pvb < 10−6

pva = 0.175
pvb = 0.144
pvc = 0.188

* CoGz: height of the centre of gravity, hr : roof height, a, bc: coefficients. ** pv: p-value.

In Figure 2 at the top, the measured centre of gravity heights are reported as a function
of the roof height. Clearly, the IC vehicle data and BEV data have two different tendencies,
with BEVs having a lower centre of gravity height for the same roof height with respect
to IC vehicles. This is due to the batteries, which are typically located in the floor of the
vehicle and have a large mass. The figure also depicts the best linear fit without an intercept
obtained by a least square identification of the b coefficient. The two b coefficients reflect the
lower CoG of the BEVs, with the BEVs having a coefficient 13% lower than the IC vehicles.

In the figure, four outliers are highlighted, with three referring to IC vehicles and
one to BEVs. Referring to the three outliers of IC vehicles, these correspond to three
hypercars. These cars have clearly been designed to minimise the centre of gravity height,
and it is reasonable that they do not belong to the distribution of standard cars. The BEV
outlier is a medium-size SUV with no evident difference compared to similar vehicles.
For the computation of the interpolation coefficient, the values of these outliers have not
been considered.

Figure 2 middle depicts the normal probability charts of the residual distributions
for the two types of vehicles (outliers values have not been considered). In both cases,
the residuals are well distributed around the theoretical values and they do not show any
curvature, thus confirming that the order of the interpolation is suited for the data. In the
bottom of the figure, the error distribution in the approximation of the centre of gravity
height is reported. In about 70% of cases, the error was in the interval of ±20 mm, and
with all cases, not considering outliers, it comprised the interval ±50 mm.
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Figure 2. Centre of gravity interpolation with expression CoGz = b · hr. Top: Linear regression
for IC vehicles and BEVs (the correlation coefficient, excluding outliers, for the two series is also
reported). Middle: Normal probability charts for the residuals of IC vehicles and BEVs. In the
residuals, outliers have not been reported. Bottom: Distribution of the error in the centre of gravity
height, excluding outliers.

6. Formulae for the Moments of Inertia

Several formulae have been proposed in the literature for the approximation of the
moments of inertia. In many cases [4,6,23,26–30], formulae based on the products of the
mass and geometrical dimensions, sometimes in logarithmic form, have been employed.
Usually, different exponents were applied to the mass and to each geometrical dimension.
The parameter exponents and coefficients have been identified on the basis of available
databases. In [31,32] the authors proposed to use the formula for the computation of
the moments of inertia of a uniform density parallelepiped with dimensions equal to the
external dimensions of the vehicle multiplied by a single coefficient (Equations (1)–(3),
with l, w, hr length, width and roof height, respectively, and m mass). Also, a single
interpolation coefficient k = kxx = kyy = kzz = 0.85 could be used to satisfactory fit all of
the three moments of inertia by using Equations (1)–(3) [31,32].

Jxx = kxx ·
m ·

(
w2 + h2

r
)

12
(1)

Jyy = kyy ·
m ·

(
l2 + h2

r
)

12
(2)

Jzz = kzz ·
m ·

(
l2 + w2)
12

(3)

In this paper, we proposed to use the formulae in Equations (1)–(3) by identifying
the multiplication coefficients for each moment of inertia and separately for IC vehicles
and BEVs.
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In Figures 3–5, the interpolations obtained by applying Equations (1)–(3) are depicted.
At the top of the figures, the interpolated values are plotted with respect to the measured
values. For reference, the 45o straight line is also reported. The points appear to be well
distributed around the 45o straight line. BEVs showed higher masses and higher moments
of inertia with respect to IC vehicles. However, the moments of inertia grew less than the
mass. This is highlighted by the coefficients kxx, kyy and kzz that were smaller for BEVs than
for IC vehicles, as reported in Table 8. The difference between the two types of vehicles
is quite relevant and is due to the presence of the battery. In fact, smaller constants mean
that for the same mass and dimensions, the mass of BEVs is more concentrated around the
centre of gravity. This can be explained by the fact that the battery has a high density and is
located mostly between the two axles, i.e., it is close to the centre of gravity. The difference
was found to be lower for the roll moment of inertia than for the other moments of inertia.
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Figure 3. Roll moment of inertia interpolation using Equation (1). Top: Linear regression for IC
vehicles and BEVs. Middle: Normal probability charts for the residuals of IC vehicles and BEVs.
Bottom: Distribution of the error in the moments of inertia.
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Figure 4. Pitch moment of inertia interpolation using Equation (2). Top: Linear regression for IC
vehicles and BEVs. Middle: Normal probability charts for the residuals of IC vehicles and BEVs.
Bottom: Distribution of the error in the moments of inertia.
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Figure 5. Yaw moment of inertia interpolation using Equation (3). Top: Linear regression for IC
vehicles and BEVs. Middle: Normal probability charts for the residuals of IC vehicles and BEVs.
Bottom: Distribution of the error in the moments of inertia.
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In the middle part of Figures 1–3, the distributions of the residuals are shown. In all
cases, the residuals fit well on normal distributions. Finally, at the bottom, the error
distributions are reported. In all cases, about 80% of the samples had an error comprising
±10%, with almost all samples in the interval ±15%. It is worth noticing that all vehicles
have been considered, and the vehicles that were outliers for the centre of gravity height
appear not to be outliers for the moments of inertia.

Table 8. Coefficients of Equations (1)–(3) for IC vehicles and BEVs.

IC Vehicles BEVs Difference [%]

kxx 0.757 0.719 −5.0
kyy 0.823 0.743 −9.7
kzz 0.852 0.769 −9.7

Comparison with More Complex Formulae

The formulae of Equations (1)–(3) have a pretty simple structure with just one pa-
rameter. It can be argued that the use of more complex formulae could lead to lower
interpolation errors. In [31], the authors have already shown that by referring to a more
limited database of only IC vehicles, these simple formulae actually have a similar level of
approximation of more complex ones. In [4], particularly complete and nonlinear formulae
were proposed, which read

Jii = 10k · lkl · wkw · hkhr
r · mkm , ii = xx, yy, zz (4)

In Figures 6 and 7, the comparison between the regressions obtained by using the the
simple formulae in Equations (1)–(3) and the more complex formula in Equation (4) for
IC vehicles and BEVs are reported, along with the distributions of the residuals. The coef-
ficients for Equation (4) are reported in Table 9. The figures demonstrate that the simple
formulae exhibited a comparable accuracy in estimating the mass properties compared
to the more complex ones, with the latter displaying slightly smaller errors. However,
when the p-values of the estimated parameters of Equation (4) reported in Table 9 are
considered, it can be observed that most of the identified parameters are not statistically
meaningful. Also, the p-values of most of the nonsignificant parameters had similar values
for both databases, even when the IC database had a much larger number of vehicles. This
indicates that in most cases, the number of samples is not responsible for the nonsignif-
icance of the parameters. Also, the p-values and the correlation analysis of Table 5 are
in good agreement in the identification of the most significant parameters. This signifi-
cance analysis shows that the additional parameters of the more complex formula hardly
provided a better estimation but could imply a reduced generalisation capability of the
formula, which may produce larger errors when estimating the mass properties of vehicles
not pertaining to the considered database.
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Figure 6. Comparison of the moments of inertia interpolation by considering the simple formulae in
Equations (1)–(3) and the more complex formula in Equation (4) for IC vehicles. Left: Jxx. Middle: Jyy.
Right: Jzz. Top: Regressions. Bottom: Normal probability charts for the residuals.

Table 9. Coefficients of Equations (1)–(3) for IC vehicles and BEVs.

Coefficients for Jxx

k kl kw khr km

IC (values) 0.048 −0.231 −0.662 0.576 1.218
IC (p-values) 0.983 0.547 0.356 0.014 <10−4

BEV (values) −6.835 0.297 1.078 0.860 0.712
BEV (p-values) 0.002 0.683 0.254 0.017 0.002

Coefficients for Jyy

k kl kw khr km

IC (values) −4.276 1.391 −0.708 0.353 1.182
IC (p-values) 0.004 <10−4 0.102 0.01 <10−4

BEV (values) −7.929 0.832 1.340 0.202 1.027
BEV (p-values) 0.005 0.392 0.273 0.628 0.001

Coefficients for Jzz

k kl kw khr km

IC (values) −3.724 1.223 −0.542 0.233 1.157
IC (p-values) 0.012 <10−4 0.217 0.094 <10−4

BEV (values) −7.104 1.121 0.572 0.391 1.0244
BEV (p-values) 0.008 0.230 0.622 0.340 0.001
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Figure 7. Comparison of the moments of inertia interpolation by considering the simple formulae
in Equations (1)–(3) and the more complex formula in Equation (4) for BEVs. Left: Jxx. Middle: Jyy.
Right: Jzz. Top: Regressions. Bottom: Normal probability charts for the residuals.

7. Conclusions

In this paper, with the aim of providing reliable mass properties for accident recon-
struction in particular, the centre of gravity height and the moments of inertia of internal
combustion and electric vehicles have been investigated. A database of vehicle mass prop-
erties measured at the Politecnico di Milano comprising vehicles form 1997 to 2023 has been
employed to derive the empirical formulae for estimating the considered mass properties.
The mass properties were estimated as functions of easily available vehicle data.

Firstly, a simple correlation analysis has shown that the moments of inertia can be
estimated from the values of vehicle mass, length, width and roof height, while the centre
of gravity height was shown to be a function of the roof height only.

For the estimation of the centre of gravity height, a simple proportional constant with
respect to the roof height was found to be sufficient. An error of less than ±20 mm could
be obtained in about the 70% of cases, with maximum error being less than 50 mm.

The estimation of the moments of inertia require the mass and external dimensions
of the vehicle. A simple formula based on the expression of the moments of inertia
of a constant density parallelepiped multiplied by a constant has been proposed. This
formula, which is a function of only one parameter to be tuned on the basis of available
measurements, has shown to be reasonably accurate in predicting the desired values.
In about 80% of the cases, the error was ±10%, while the maximum error was below 15%.

One of the main results of the paper is the comparison between the mass properties
of internal combustion and electric vehicles. Electric vehicles show higher values of mass
but lower values of the centre of gravity height and proportionally lower values of the
moments of inertia. The differences in the mass properties of the two types vehicles is quite
relevant, and specific parameters should be used for the approximation formulae. In fact,
the multiplying constants in the proposed interpolation formulae differed by 5% to 13%
for the two types of vehicles. The comparison between internal combustion and electric
vehicles has also shown that as vehicles evolve, the mass distribution changes as well.
Therefore, future measurements can be added to the current database and to the analysis.
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Finally, the proposed simple formulae were compared with more complex formu-
lae taken from the literature. The comparison shows that the simple formulae have a
comparable level of accuracy in the estimation of the moments of inertia with respect to
the more complex ones. Also, a statistical significance analysis has shown that adding
more interpolation parameters leads to the identification of parameters with a low level of
significance that may reduce the error with respect to the considered database but could
reduce the generalisation capabilities of the formulae.

The formulae presented in this paper provide a convenient and reasonably precise
method for estimating the primary mass properties of a vehicle. Such estimations are
particularly valuable in accident reconstruction, where more precise data are often not
readily accessible, and poorly estimated mass properties can result in significant errors in
the reconstructed velocities and trajectories of the vehicles involved in the accident.
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