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One of the most important aspects of the design activity of passenger railway vehicles is the optimization of the comfort level
that is often in contrast with other requirements, such as low weight, to reduce energy consumption, and high and flexible seating
capacity. Due to the coach weight reduction, the car body structure becomes more susceptible to structural vibrations that affect
the passenger comfort. In modern vehicles, seats are important elements to achieve the desired comfort, but in order to design and
estimate the actual comfort level, the whole system must be considered, including the track excitations, a vehicle detailed dynamic
model, and the coach and the seat flexibility. This paper describes a numerical model of a double-deck vehicle developed using
a MB code that considers measured track irregularities, a detailed vehicle model, and a transfer function of the seat obtained by
experimental tests on an optimized seat. In order to make the numerical model more realistic, the coach has been modeled as a
flexible body to consider the effect of its natural frequencies. The work has been performed within the “CARITAS” project, whose
aim is the design of a high comfort vehicle for people with reduced mobility.

1. Introduction

One of the most important aspects of a railway vehicle is
to guarantee a high comfort level, especially if the vehicle is
used for the transportation of people with reduced mobility.
In general, the comfort can be defined as a physical and
psychological condition of wellness, which is affected by
many factors, such as vibrations, noise, temperature, and
humidity. Regarding the dynamics of railway vehicles, the
factors that are investigated and analyzed during the design
of the vehicle are the ride comfort and the noise. The first
one is affected by the mechanical vibrations of the vehicle
with a frequency range from 0Hz to 50Hz [1]. Noise level
in the coach is instead mainly affected by vibrations with a
frequency range between 30Hz and 5000Hz.

The evaluation of the vehicle comfort is usually per-
formed by means of multibody simulations, where the coach
ismodeled as a rigid or a flexible body.The first solution [2, 3]
allows faster simulations but neglects the coach flexibility that
can affect the ride quality of the vehicle. In the last years,
more lightweight carbodies have been developed with the
purpose to reduce the axle-load and to increase the energetic

performance of the vehicle. The mass reduction results in
larger structural vibrations in the frequency range where
the human body shows greater sensitivity [4, 5]. For this
reason, several models considering a flexible coach have been
developed. Two different approaches have been proposed: the
first one considers the coach as an Euler–Bernoulli beam
with uniformly distributed mass [5–7], while the second
one considers the full coach FEM model, which is imported
in the MB environment by superposing free-body modal
modes [1, 8–12]. The first approach is able to simulate the
flexibility of the coach structure but does not consider the
local deformations due to the variation of mass and elastic
properties. The second method, instead, allows considering
this effect and so it is suitable when it is necessary to consider
the vibrations of the floor, which have an important role in
the coach acceleration, as demonstrated in [1]. The results
of those studies demonstrate that the coach flexibility affects
the estimation of the comfort index.Their limitation is based
on the fact that the comfort estimation is made on the floor,
neglecting the influence of the seat.

Another important component for the achievement of
the vehicle comfort level is the seat [13, 14]. This one is
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not usually directly modeled in the MB environment but
its effect is accounted by filtering the floor acceleration by
means of the weighting functions provided by regulations or
standards [15]. The simulation of the effect of the seat on the
comfort level can be performed using detailed FEM models
[16], bus mostly a transfer function of the seat response
is adopted [17]. This procedure is commonly adopted in
the automotive field where a specific “Seat” index has been
defined to account for the effect of the seat on the comfort
estimation [18]. This procedure has been extended in general
and a weighting function to account for the seat contribution
is also introduced in themost recent standards [15]. However,
the approach based on the use of a generic seat weighting
function does not allow addressing the design of innovative
and high comfort seats. This result can be only obtained
considering the effect of the specific seat being designed,
and in the railway field studies in this direction are mainly
addressed to the study of the driver’s seat [19]. In [20, 21],
the authors describe a procedure and a test device that allow
characterizing a passenger railway seat in order to simulate
its behavior in the frequency domain and to obtain a specific
transfer function that will be used in this work to describe the
seat response to excitation.

This paper focuses on the ride comfort of a trailed double-
deck vehicle, which has been derived from the “Vivalto”
coach used in Italy for regional service, and it is equippedwith
the Siemens SF400 bogies.The vehicle has a tare weight of 50
tons and amaximum operating speed of 160 km/h.The coach
has been improved with respect to the original one in order
to be suitable for the transportation of people with reduced
mobility.

The design activity has been developed within the CAR-
ITAS project in the “Industria 2015” national research pro-
gram.Themain goal of the project is the design, construction,
and testing of a functional prototype for an innovative
double-deck wagon devoted to extended users, ensuring a
safe and comfortable travel.

The present work describes the vehicle numerical model
that has been built in order to analyze the ride comfort of
the vehicle in different operative conditions when running on
track.Themodel of the track considers the track irregularities
(lateral, vertical, gauge, and roll) that are simulated using both
the stochastic polynomials defined by the ORE B176 report
[22] and the irregularities measured on the track.The vehicle
ismodeledwith high level of details in order to obtain realistic
results in terms of acceleration on the coach and very similar
to the ones that occur on the real vehicle. Since the numerical
model is used to optimize the vehicle performance in terms
of comfort, the coach is modeled as a flexible body in order
to take into account its natural frequencies, which affects
the acceleration perceived by the passenger. In particular, the
numerical model is able to evaluate the vibration of the coach
floors and include the model of the seat. The results of the
simulations are analyzed and used to evaluate the ride quality
index of the vehicle according to the ISO 2631 standard [15].
This analysis is essential to predict the vibration level of the
vehicle in different conditions when running on track. The
results of the model allow us to optimize the characteristics
of the first and secondary suspension and the coach structure
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Figure 1: Scheme describing the function of the vehicle numerical
model inside the design process.

and to evaluate the positions of the coach where the quality
index is higher. Furthermore, during the activity related to
the project, the characteristic of the seats (foam, structure)
has also been optimized [20, 21] in order to achieve the best
comfort attitude for the specific track and vehicle.

The novelty of this approach is shown in Figure 1, where
the design process is schematically described: the multibody
model has been developed to evaluate the comfort level
of the vehicle during the design process and to take the
design decisions, evaluating the vehicle behavior before its
operation. Only if the entire system (track, vehicle, flexibility,
and seat) is considered, the result of the simulation ensures
that the target of the design can be achieved.This is especially
important when considering people with reduced mobility
whose comfort needs to be estimated considering the seat.

2. Numerical Model of the Vehicle

This section describes the numerical model of the vehicle
developed with the Simpack 9.7 software.The model consists
of three main submodels: the bogie model, the flexible coach,
and the track.

2.1. The Bogie Model. The vehicle is equipped with the
Siemens SF 400 bogies, which have been designed for push-
pull service in passenger coaches. A drawing of the bogie is
shown in Figure 2. The bogie maximum operational speed is
280 km/h.

The bogie model includes the following bodies: 2
wheelsets, 4 axle-boxes, the bolster, the bogie frame, the
central leverage of the Watt linkage (used for the trailing
system), and the antiroll bar (modeled as two separate
bodies).

The contact between wheels and rails has been imple-
mented by using the “General Rail Track Joint” of the
Simpack library. This type of joint allows 6 d.o.f to the
wheelset.The axle-box is connected to the wheelset by using a
revolute joint that allows only the relative rotation of the two
bodies around the wheelset axis. The bogie frame disposes of
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Figure 2: SF400 Bogie technical drawing, courtesy of Magliola s.p.a leading the CARITAS project.

all the six d.o.fs and it is connected to the wheelsets by means
of the primary suspension. Each bogie is then connected to
the respective bolster through the secondary suspension.The
bolster is connected to the wagon by using a bushing element,
with six high stiffness components. This element is used to
simulate a “quasi” rigid connection and takes into account
the deformations of the bolster due to the load.

The Primary Suspension. The primary suspension level, used
to connect the axle-boxes to the wheelset, is composed of
three different mechanical parts (the number of elements is
relative to each axle-box):

(i) Two coil compression springs (Flexicoil)

(ii) Two bushes used as axle-boxes guides and concentric
to the coil springs

(iii) One damper

The coil springs (number (5) in Figure 2) have the peculiarity
to be in series with two rubber elements (number (6) in
Figure 2), which have a precise stiffness value along the three

directions; see Table 2. These rubber elements are located at
the top of the spring.

The equivalent stiffness 𝑘eq of the coil spring and the rub-
ber elements can be calculated, in each direction, according to
(1), which is implemented according to the Simpack “Flexicoil
spring,” where 𝑘spr is the stiffness of the helical spring, 𝑘rub,1
is the stiffness of the rubber element at the top, and 𝑘rub,2 is at
the bottom of the spring. The considered bogie, as shown in
Figure 3, has only a rubber element on the top of the spring;
therefore, 1/𝑘rub,2 = 0.

𝑘eq = 1
1/𝑘rub,1 + 1/𝑘spr + 1/𝑘rub,2 . (1)

The geometrical and material properties of the helical spring
are reported in Table 1, while Table 2 shows the stiffness
components of the rubber element.

In order to allow a displacement of the wheelset with
respect to the bogie frame in the lateral and longitudinal
direction, the SF400 bogie is equipped with axle-box guides
(number (7) in Figure 2). These elements are very important
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Figure 3: Primary suspension scheme of the rubber element located
at the extremity of the helical spring.
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Figure 4: Detail of the axle-box guide system of the primary
suspension.

Table 1: Properties of the helical spring.

Geometrical characteristics Value Units
Nominal height of helical spring 0.234 m
𝑑, diameter of Wire 0.036 m
rf, radius of spring 0.2047 m
𝑛, number of turns 3.5 -
ℎ0, unloaded height 0.2806 m

Table 2: Stiffness of the rubber elements located at the top of the
spring.

Stiffness components Value Units
Radial stiffness 𝑥 direction 250000 N/m
Radial stiffness 𝑦 direction 250000 N/m
Axial stiffness 𝑧 direction 3500000 N/m
Bending stiffness 𝑥-axis 100000000 Nm/rad
Bending stiffness 𝑦-axis 100000000 Nm/rad

Table 3: Stiffness of the axle-box guide.

Stiffness components Value Units
Transl. stiffness cx 24300000 N/m
Transl. stiffness cy 5500000 N/m

for the vehicle dynamics especially when the vehicle is nego-
tiating the curve. Figure 4 shows a scheme of the axle-box
guide, which allows free movement in the vertical direction 𝑧
but acts along the 𝑥 and 𝑦 directions.

The guide ismodeled using a bushing element connecting
the axle-box and the bogie frame. Table 3 shows the values of
the stiffness components of this element; the component of
stiffness in the 𝑧 direction is equal to 0N/m, since the element
is free to move along this direction.

The damping of the primary suspension is provided by a
hydraulic damper on each axle-box (number (8) in Figure 2).

Bolster

Bogie frame

Secondary
suspension

Centre 
pivot pin

Coach

Figure 5: Scheme of the secondary suspension.

Table 4: Stiffness components of the air spring.

Stiffness components Value Units
Transl. stiffness c x 140000 N/m
Transl. stiffness c y 140000 N/m
Transl. stiffness c z 300000 N/m
Transl. damping d x 1000 Ns/m
Transl. damping d y 1000 Ns/m
Transl. damping d z 6500 Ns/m

This element is installed between the bogie frame and the
axle-box with an angle with respect to the vertical direction
in order to obtain a damping effect in both the lateral 𝑦 and
vertical 𝑧 direction. The damper is modeled using a point
to point force element, whose characteristic is provided by
means of an input function. The damper has a damping
coefficient equal to 10000Ns/m.

The Secondary Suspension. The secondary suspension has the
function to connect the bogie frame and the wagon. In the
numerical model, the secondary suspension links the bogie
frame and the bolster which is then linked to the coach
by using a more rigid element, in order to simulate the
connection stiffness of these elements. In the real vehicle,
the bolster is rigidly connected to the coach structure. The
secondary suspension is composed of the following elements:

(i) Two air springs
(ii) two vertical dampers

The vehicle has two air springs (number (9) in Figure 2), on
each bogie, one on the left and one on the right side of the
bolster; see Figure 5. These elements are modeled using the
nonlinear air spring element included in the Simpack library.
Table 4 shows the adopted values of stiffness and damping of
the air spring.

In addition to the damping effect introduced by the
air spring, the secondary suspension includes two vertical
hydraulic dampers with a damping coefficient equal to
10000Ns/m.

The Antiroll System. The vehicle, developed in the project,
disposes of an antiroll system composed of the antiroll bar
(number (11) in Figure 2), free to rotate around its axis with
respect to the bolster, and two links (number (12) in Figure 2),
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Table 5: Properties of the antiroll bar.

Property Value Units
Bar diameter, 𝑑 51 mm
Bar length, 𝑙 2320 mm
Tangential module, 𝐺 78500 N/mm2

Bogie

Antiroll barBolsterAntiroll bar

Links

Connecting 
bushing

kl
kl
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Figure 6: Antiroll system adopted for the vehicle.

which are used to connect the extremities of the antiroll bar
to the bogie frame. In order to keep into account the torsional
stiffness of the antiroll bar, this has been modeled using
two bodies connected to each other by means of a bushing
element; see Figure 6.The torsional stiffness 𝑘𝜃 of the bar can
be calculated according to

𝑘𝜃 = 𝐺𝜋𝑑
4

32𝑙 = 22473Nm/rad. (2)

Table 5 shows the values of the quantities used in (2).
The mass of the links has been neglected and they

have been modeled as point to point forces applied at the
extremities of the antiroll bar. The stiffness of the link is
calculated as the series of the link stiffness and the stiffness
of the elastic connections between the bolster and the antiroll
bar. The value of the equivalent stiffness (𝑘𝑙) is equal to
55∗106N/m.

The Trailing System. The trailing system can influence the
comfort level of the passengers, especially during the acceler-
ation/deceleration operations of the vehicle. Figure 7 shows
the trailing system adopted for the vehicle, based on Watt’s
linkage.

The trailing system is composed of the central leverage
that is free to rotate around the 𝑧-axis and the two traction
rods (number (4) in Figure 8) disposed symmetrically to
the longitudinal axis. These elements connect the central
leverage to the bogie frame. The central leverage is modeled
as a single body connected to the bogie frame by means of
a revolution joint around the 𝑧-axis. The traction rods are
modeled as spring-damper parallel force elements. The real
vehicle includes an elastic element placed on the pivot of the
central leverage (number (6) in Figure 8) that is modeled
considering its stiffness in series with the stiffness of the
elastic elements of the articulated joints of the traction rods
(number (5) in Figure 8). Therefore, the equivalent stiffness
of each traction rod can be determined from

𝑘eq = 1
1/𝑘𝑗1 + 1/2𝑘spr + 1/𝑘𝑗2 = 111000N/m. (3)

Centre pivot pin

Traction 
rods
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leverage

Bogie frame

keq

keq

Figure 7: Schematics of Watt’s trailing system.

(1) Bogie frame
(2) Bolster
(3) Elastic bump stop
(4) Traction rod

(5) Rubber elements (rod heads)
(6) Rubber element (pivot)
(7) Lateral damper

(2)

(3)

(4)

(5)

(1)

(7)

(5)

(4)

(6)

Kj1

Kj1

Kj2

Kj2

KＭＪＬ

Figure 8: Detail of the bump stops used to limit the coach lateral
displacement and of the traction system.

Table 6: Stiffness values of the traction rod force element.

Element Value Units
Pivot spring 75000000 N/m
Articulated joint 1 250000 N/m
Articulated joint 2 200000 N/m

In (3) 𝑘spr is the stiffness of the pivot spring, 𝑘𝑗2 is the
stiffness of the articulated joint connecting the traction rod
and the bogie, and 𝑘𝑗1 is the stiffness of the articulated joint
connecting the traction rod and the central leverage. Table 6
shows the stiffness values used, while Figure 8 shows the
position of the elastic elements.

In order to take into account the hysteretic behavior of the
rubber elements, a damping coefficient equal to 12400Ns/m
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Figure 9: Force-displacement characteristic of the bump stop.

has been added to the force element that simulates the
traction rod.

Transversal Actions. The transversal actions on the bogie are
contained by the following elements:

(i) Two horizontal dampers connected between the
bogie frame and the central leverage of Watt’s artic-
ulation (number (7) in Figure 8)

(ii) Two lateral bump stops to limit the lateral displace-
ment of the coach (number (3) in Figure 8)

The two horizontal hydraulic dampers are installed not
parallel to the track plane in order to have a component of the
damping force acting in the vertical direction 𝑧.The damping
coefficient of the dampers is equal to 12500Ns/m. The two
lateral bump stops have the shape of truncated cone with
axis parallel to the lateral direction 𝑦 and are installed in
opposition, as shown in Figure 8.

These elements enter in contact with the flat surface
obtained on the bolster (number (2) in Figure 8) when the
displacement of the coach is greater than 18mm. The bump
stops are modeled using bushing elements with an input
function that describes the characteristic force-displacement
of the elastic element. Figure 9 shows this characteristicwhere
it is possible to see that the elastic bump stop generates a force
only when the displacement of the coach with respect to the
bogie is greater than 18mm.

2.2. The “Flexible” Coach Model. This section shows the
integration of the coach FEM model, realized using the
Ansys software, in the vehicle MB model. The FEM model
has been developed within the CARITAS project in order
to optimize the coach structure in terms of mechanical
strength and vibration level. The FEM model includes the
first and second floor of the coach, fundamental for the
analysis of the coach vibrations. In order to integrate the
FEM model, it is necessary to add the master nodes to
interface the coach flexible model with the Simpack MB
model. The master nodes correspond to the points of the
coach structure where multibody elements are connected,

Coach FEM model

Master 
node MPC184 

element

Dependent nodes
Master node 

rear bogie
Master node 
front bogie

Figure 10: Connection of themesh nodes near themaster nodewith
MPC184 elements.

such as joints, sensors, and forces.The standardMB approach
considers rigid bodies and concentrates the force on a single
point (marker). In order to distribute the load to the nodes
close to the master node, it is necessary to include specific
“interface” elements on the FEM model. For this reason, the
AnsysMPC184 elements have been used to connect the mesh
nodes near to a master node. MPC184 elements are two-
node multipoint elements constraint that applies kinematic
constraints between nodes; see Figure 10.

In this case, these elements are used as rigid beams in
order to simulate a rigid connection between the nodes
defining the element. In this way, the six d.o.fs of each node,
connected to themaster node bymeans ofMPC184 elements,
depend only on the d.o.fs of the master node. The kinematic
constraints are imposed by means of the direct elimination
method, which generates internal constraint equations with
the aim of eliminating the degrees of freedom of a dependent
node in favour of an independent node (master). The density
of the MPC184 elements has been set to 0Kg/m3 in order to
have no mass elements that operate as internal constraints.
In total, 8 master nodes have been defined: 2 nodes for the
connection of the flexible coach with the bogies and 6 nodes
for the connection of the seats to the coach floor. As regards
the connection of the flexible coach to the bolster, the master
node has been defined in the geometrical center of the inter-
face area between the two bodies. Each node inside this area
has been connected with a MPC184 element to the master
node in order to make its d.o.fs dependent from the ones of
themaster node.The same approach has been adopted for the
connection of the seat to the coach floor.The flexible carbody,
imported in the MB environment, has been connected to the
bolsters by using two bushings defined between the coach
master node and the bolster center of mass. The marker
on the flexible body has been defined as position connects
and so its position and orientation agree with the one of
the master node. All the translational and rotational stiffness
components of the bushing element are equal to 108N/m in
order to simulate a rigid connection between the bolster and
the coach; see Figure 11.The rotation and displacement of the
coach with respect to the bogies are allowed by the secondary
suspension which has been previously described.

In order to import the FEM model into Simpack, a
substructure analysis has been performed and the result
files containing the modal condensation (.sub), the model
geometry (.cdb), and the recovery matrix (.tcms) have been
used to generate the Simpack fbi file, which is the “modal
super-element” to import inside the MB model. Figure 12
shows the complete multibodymodel with the flexible coach.
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Figure 11: Connection of the flexible coach to the bolsters.

Figure 12: Complete multibody model of the vehicle with flexible
coach.

Table 7: Natural frequencies of the coach lower than 20Hz.

Mode number Mode type Frequency [Hz]
(1) 1st coach torsional 6.3

(2) Lower floor 1st vertical
bending 8.06

(3) Upper floor 1st vertical
bending 9.08

(4) 1st coach vertical bending 10.67

(5) Coach vertical bending and
torsional 12.07

(6) Lower floor 2nd vertical
Bending 14.13

(7) Upper floor 2nd vertical
bending 16.5

(8) Coach and upper floor
vertical bending 19.5

Table 7 shows the frequencies of the coach with a
frequency value less than 20Hz.These ones correspond to the
frequencies where the human body shows more sensibility
since they are next to the natural frequencies of the organs.
Figures 13 and 14 show, respectively, the fourth and the fifth
natural frequency of the coach.

2.3.The SeatModel. Current legislation does not consider the
effect of the seat on the comfort perceived by the passenger.
The standards suggest measuring the acceleration at the floor
level on different part of the vehicle and to use the acquired
signals to calculate the comfort index. The choice of the
standards is justified by the fact that it is also necessary to
ensure a good level of comfort for standing passengers. The
seat, being an additional suspension level between the coach
floor and the passenger, affects the level of comfort perceived.

Figure 13: Modal shape of the 4th mode at 10.67Hz.

Figure 14: Modal shape of the 5th mode at 12.07Hz.

The seat is simulated as a single rigid body with a mass
of 150 kg that takes into account the mass of the seat and
the mass of a standard person. The seat is jointed to the
coach by means of a 6 d.o.fs joint applied between the seat
center of mass and a master node of the coach. The element
force connecting the seat to the coach allows simulating com-
ponents with frequency dependent behavior. This frequency
dependent force element allows defining for each direction
a transfer function describing the dynamic response of the
seat in a specific direction. The transfer functions have been
experimentally calculated by means of the railway seat test
rig developed by the authors [20, 21], after an optimization
process to define the foam and structure characteristics.
Figure 15 shows the transfer functions between the coach
floor and the seat, which have been introduced in the Simpack
frequency dependent force element.

2.4. The Track Model. The only model of the vehicle is
not sufficient to evaluate the ride comfort index of the
vehicle since it is necessary to simulate the track and the
irregularities. The track considered in this work is from
Peschici to S. Severo, located on the Gargano, Italy. The track
is 78 km long and includes small radius curves and slopes
greater than the 30‰.The layout of the track in the horizontal
and vertical plane is shown in Figures 16 and 17, respectively.

Figure 18 shows the irregularities considered in the
model, which have beenmodeled as rail related irregularities.
They have been measured on the track during experimental
tests.

2.5. Wheel-Rail Contact. The model has been realized using
Simpack 2017, and the wheel-rail contact model has been
simulated adopting the native flexible wheel-rail contact
model [23], considering UIC 60 rail profiles canted 1 : 20, new
S1002 wheel profiles with a radius of 460mm. The contact
model consists of a wheel-rail contact joint allowing 6 degree
of freedom to the wheelset (substantially unconstrained), an
elastic element that represents the normal force that is able to
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Figure 16: Layout of the track in the horizontal plane.

manage up to 5 simultaneous contact points (on straight track
only one contact point is active), and a tangential friction
force that arises due to the relative velocity between wheel
and rail. The tangential force can be modeled according to
different models commonly used in literature. In this work,
the model based on the Fastsim algorithm [24] has been
used.The friction coefficient between wheel and rail has been
assumed as constant and equal to 0.4.

3. Sensors Position and Comfort
Index Calculation

This section describes the simulations performed to assess the
vehicle quality index. In order to evaluate the comfort level,
it is necessary to install sensors on the coach at the points
as indicated by the standards. According to [15], the sensors
have to be located at the floor level. In the numerical model,
the following sensors have been positioned:

(i) On the ground floor over the bogies
(ii) On the ground floor in the middle of the coach
(iii) On the first floor in the middle of the coach

6
,0
E
+
04

5
,0
E
+
04

7
,0
E
+
04

8
,0
E
+
04

3
,0
E
+
04

2
,0
E
+
04

1
,0
E
+
04

4
,0
E
+
04

0
,0
E
+
00

Position on the track (m)

−200

−150

−100

−50

0

50

100

Tr
ac

k 
ve

rt
ic

al
 (m

)

Figure 17: Layout of the track in the vertical plane.

The sensors used are those in the Simpack library and provide
position, velocity, and acceleration of the marker to which
they are connected. On the ground floor, 6 sensors are placed,
2 over the front bogie, 2 over the rear bogie (see Figure 19),
and 2 in the central part of the coach (see Figure 20). The
sensors over the bogies are placed over the bolster and outside
from the pneumatic spring profile in order to not affect the
measured acceleration.

In order to get a complete framework of the acceleration
values on the coach, two sensors have been located on the
upper floor. Figure 21 shows the position of these sensors.

In order to evaluate the effect of the seat on the passenger
comfort additional sensors have been installed on this part.

The comfort index has been evaluated according to the
ISO 2631-1:1997 standard [15], which provides the accelera-
tion weighting indexes and defines a comfort index based on
the RMS value of the acceleration (calculated in accordance
with (4)).

ISOindex = √(1.4𝑎𝑥𝑤𝑑)2 + (1.4𝑎𝑦𝑤𝑑)2 + 𝑎2𝑧𝑤𝑏. (4)

The ISO2631 [15] and ISO8041 [25] define four filters, defined
in the frequency domain [26], that are used to build the
weighting functions of the acceleration.The filters defined by
the standard are the following equations:

High-pass filter:

𝐻ℎ = 𝑠2
𝑠2 + (𝜔1/𝑄1) 𝑠 + 𝜔21 . (5)

Low-pass filter:

𝐻𝑙 = 𝜔22
𝑠2 + (𝜔2/𝑄2) 𝑠 + 𝜔22 . (6)

Acceleration-velocity transition filter:

𝐻𝑡 = (𝜔
2
4/𝜔3) 𝑠 + 𝜔24

𝑠2 + (𝜔4/𝑄4) 𝑠 + 𝜔24 .
(7)
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Figure 18: Measured track irregularities.

Figure 19: Position of the sensors (red circles) on the ground floor
over the rear bogie.

Upward step filter:

𝐻𝑠 = 𝑠
2 + (𝜔25/𝑄4) 𝑠 + 𝜔25
𝑠2 + (𝜔6/𝑄6) 𝑠 + 𝜔26 .

(8)

These indexes are combined with each other in order to
calculate theweighting functions.The parameters that appear
in (5)–(8) are taken from the ISO2631 and ISO8041 standards.
The weighting function 𝐻𝑥𝑦 for the acceleration in 𝑥 and 𝑦
direction is reported in (9), while the weighting function𝐻𝑧
for the acceleration in 𝑧 (vertical) direction is shown in (10).

𝐻𝑥𝑦 = 𝐻ℎ𝐻𝑙𝐻𝑡 (9)

𝐻𝑧 = 𝐻ℎ𝐻𝑙𝐻𝑡𝐻𝑠. (10)

Once the acceleration has been weighted using the filters of
(9) and (10), the RMS value of the acceleration is calculated
using a time window of 5 seconds [27].
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Figure 21: Position of the sensors (red circles) on the first floor.

Table 8: Limit values of the ISO coefficient (taken from [20]).

r.m.s. vibration level Perception
Less than 0.315m/s2 Not uncomfortable
0.315m/s2 to 0.63m/s2 A little uncomfortable
0.5m/s2 to 1m/s2 Fairly uncomfortable
0.8m/s2 to 1.6m/s2 Uncomfortable
1.25m/s2 to 2.5m/s2 Very uncomfortable
Greater than 2m/s2 Extremely uncomfortable

Obviously, it is not possible to directly compare the value
of the ISO index to the perception of the passengers, but the
standard indicates some values that can be used as a reference
for assessing the comfort quality of a vehicle; see Table 8.

The simulations have been performed running the vehicle
on the track and considering the track irregularities. The
vehicle speed has been imposed equal to the maximum
allowed for the considered track. In order to control the
vehicle speed, a traction force has been applied on the vehicle.
The force is applied between the carbody and the main
reference system along the 𝑥-axis. The marker on the main
reference system is not fixed but moves with the vehicle on
the track and so the traction force follows the track and it
is always perpendicular to the track (𝑥-axis direction of the
vehicle). Figure 22 shows the speed profile of the vehicle.

4. Results

This section shows the results obtained from the numerical
model running on track.The simulations have been executed
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Figure 22: Speed profile of the vehicle during the simulations.

on an Intel Core i5-4670@3.40GHz processor with 16GB
of RAM, which allows a real-time factor equal to 1.15
(simulation runs 1.15 times slower than real-time). This work
analyzes the effect of considering a flexible coach on the
comfort index calculation.

Figure 23 shows a comparison of the acceleration mea-
sured on the rigid and the flexible coach. Observing the
results, it is evident that the coach flexibility more affects the
vertical acceleration, especially on the upper floor and on
the central ground floor, where several modes are excited by
the track irregularities. Considering the lateral direction, the
influence of the floor flexibility is less important, in fact, it
is partially affected by the coach natural modes. In general,
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Figure 23: Amplitude of the lateral and vertical acceleration measured on different points of the coach.

the lateral acceleration is mainly affected by the bogie modes
that are in the frequency range 0–7Hz. The longitudinal
acceleration is not shown since this direction is not affected
by the coach flexibility.

These assertions are confirmed by Figure 24 where the
vehicle comfort index is compared when considering rigid
and flexible coach.The comfort index is in fact affected by the

coach flexibility only when considering the sensors installed
on the upper floor and on the central part of the ground floor.
The sensor installed on the ground floor, over the front bogie,
is least affected by the coach natural modes, since this posi-
tion is near to a node of the coach shape modes. Moreover,
this point of the coach, being installed close to the secondary
suspension, is more susceptible to the bogie natural mode.
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Figure 24: Comfort index evaluated on different points of the coach.
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Figure 25: Comparison of the comfort index calculated on the coach and on the seat, on the ground floor (b), and on the upper floor (c).

Figure 25 shows the effect of the seat on the comfort
level perceived by the passenger. The results relative to this
comparison have been obtained only for the model with
flexible coach. In this case, the seat allows, in general, an
improvement of the comfort index if we consider the central
ground floor and the upper floor. The seat has, instead,
little benefit if we consider the sensor over the rear bogie,

where, in some sections of the track, the comfort index is
worse on the seat than on the floor. This behavior can be
explained considering the seat transfer function (shown in
Figure 14) that amplifies the frequency range 2–5Hz and cut
the frequencies higher than 7Hz.The seat is then able to filter
the natural modes of the coach, but amplifying the frequency
range typical of the bogie natural modes.
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Table 9: Average values of the comfort index in different track sections.

Section Ground floor Upper floor
Floor Seat Δ% Floor Seat Δ%

0–10 km 0.2203 0.1567 29% 0.1218 0.0925 24%
10–20 km 0.1857 0.16 14% 0.1512 0.0959 37%
20–30 km 0.1484 0.1181 20% 0.0919 0.0762 17%
30–40 km 0.1634 0.1150 30% 0.1134 0.0612 46%
40–50 km 0.1704 0.1317 23% 0.1048 0.07 33%
50–60 km 0.1250 0.1012 19% 0.0978 0.0590 40%
60–70 km 0.1364 0.0888 35% 0.0833 0.0536 36%

Table 9 compares the average values obtained on the floor
and on the seat considering track sections of 10 km, so that
the benefit of the seat can be better analyzed. The use of the
seat leads to an improvement of the comfort of 14–35% on the
ground floor and 17–46% on the upper floor.

The results shown in this section allow concluding that
the vehicle developed within the CARITAS project is able to
guarantee a very high level of comfort for both standing and
sitting passengers. The design of the seat allowed reaching a
further improvement of the comfort level.

5. Conclusions

The paper shows the numerical model of a vehicle for the
transport of people with reduced mobility. The work has
been developed in the CARITAS project within the national
research program “Industria 2015.”The numerical model has
been used to analyze and optimize the performance of the
vehicle in terms of comfort. The results prove that the coach
flexibility plays an important role in the comfort level of the
vehicle and cannot be neglected. For this reason, the FEM
model of the coach has been integrated in the MB model of
the vehicle in order to evaluate the index of comfort of the
vehicle in different points of the structure. The paper also
analyzes the effect of the seat, which is really important when
considering passengers with reduced mobility. The seat has
been simulated as a force element with frequency dependent
behavior, which has been calculated experimentally after
optimizing the design of the seat.

The vehicle model has been simulated on a real track with
irregularities measured on a real line, in order to evaluate its
realistic performance in terms of comfort. The results allow
concluding that the coach prototype, developed within the
project, guarantees a high level of comfort especially to seated
passengers.
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