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1. Executive Summary
The present document has been prepared to provide a detailed overview of the work
undertaken by CARBODIN during the second year of the project. D12.6 builds upon D12.5 and
includes a collection of the publishable information from the WS deliverables related to the
demonstrators.
This report includes the advancements in the three blocks forming the project, and as such it will
be composed of three parts showcasing the project advancements in the car body shells block
(namely, WS1, WS2, WS3, and WS4), in the doors block (WS5, WS6, and WS7) and in the interiors
block (WS8, WS9, WS10, and WS11).
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2. Abbreviations and acronyms
Abbreviation
/ Acronym
AE
ASL
CMP
HMI
LCC

Acoustic Emission
Average Signal Level
Compression Moulding Process
Human-Machine Interface
Life Cycle Cost

Abbreviation
/ Acronym
IIR
IM
LCC
LCM
LIMS

MEMS
NRC
PoC

Micro-Electro-Mechanical-Systems
Non-Recurring-Costs
Proof of Concept

LRI
LSTM
MCA

RMS

Root Mean Square

MEMS

SHM
TD
VIP
WS
AC
ADA
ADC

Structural Health Monitoring
Technical Demonstrator
Vacuum Infusion Process
Work Stream
Alternating Current
American Disable Act
Analog-to-Digital Converter

MJF
ML
NCF
NDT
NRC
OOA
PCA

AE
AI
AM
ASL
ATL

Acoustic Emission
Artificial Intelligence
Additive Manufacturing
Average Signal Level
Automated Tape Laying

PET
PLB
PoC
Pre-preg
PRM

AVaRTM

Advanced VaRTM

RGB

BSS

Blind Signal Separation

RIFT

CAD
CAM
CAP
CAPRI

Computer Aided Design
Computer Aided Manufacturing
Credit Allocation Path
Controlled Atmosferic Pressure
Resin Infusion
Closed Cavity Bag Moulding

RMS
RNN
RRN
RTM

CFRP
Carbon Fibre Reinforced Plastics
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SHM

CCBM

Description

SCRIMPT

Description
Infinite Impulse Response
Infrastructure Manager
Life Cycle Cost
Liquid Composite Moulding
Liquid Injection Moulding
Simulation
Liquid Resin Infusion
Long Short Term Memory
Multiple Correspondence
Analysis
Micro-Electro-MechanicalSystems
MultiJet Fusion
Machine Learning
Non-Crimpt Fabric
Non-Destructive Testing
Non-Recurring-Costs
Out Of Autoclave
Principal Component
Analysis
Polyethylene Terephthalate
Pencil Lead Break
Proof of Concept
Pre-impregnated composite
People with Reduced
Mobility
Red Green Blue colour
spectrum
Resin Infusion under
Flexible or semi-rigid
Tooling
Root Mean Square
Recurrent Neural Network
Recurrent Neural Network
Resin Transfer Moulding
Seemann resin infusion
moulding process
Structural Health
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CMP
CNC
CNN
CSV
DB
DC
DEA

Compression Moulding Process
Computerised Numerical Control
Convolution Neural Network
Comma Separated Values
Database
Direct Current
Dielectric Analysis

SLA
SLM
SLS
SMD
TD
TRL
TSI

DFP
DLP
DM

Direct Fibre Placement
Digital Light Processing
Distribution Media

TSW
VAP
VARI

DNN

Deep Neural Network

VARIM

DRP

Direct Roving Placement

VARTM

ECU
EEA
FBG
FDM

Electronic Control Unit
European Economic Area
Fibre Bragg Grating
Fused Deposition Modelling

VIM
VIP
WS
GDPR

FE

Finite Element

GFRP

FFF
FFT
FIR

Fused Filament Fabrication
Fast Fourier Transformation
Finite Impulse Response

GRU
GSM
HCPC

FOS
GAN
ICA

Fibre Optic Sensing
General Adversarial Network
Independent Component Analysis

HMI
HUD
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Monitoring
Steriolithography
Selective Laser Melting
Selective Laser Sintering
Surface Mount Device
Technical Demonstrator
Technology Readiness Level
Technical Specification for
Interoperability
Train Simulator World
Vacuum Assisted Process
Vacuum Assisted Resin
Injection
Vacuum Assisted Resin
Infusion Moulding
Vaacum Assisted Resin
Transfer Moulding
Vacuum Infusion Moulding
Vacuum Infusion Process
Work Stream
General Data Protection
Regulation
Glass Fibre Reinforced
Polymer
Gated Recurrent Unit
Gram per Square Metre
Hierarchical Clustering on
Principal Components
Human-Machine Interface
Head-Up Display
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3. Background
The present document constitutes the Deliverable D12.6 “Report on year 2 CARBODIN
demonstrators” in the framework of the CARBODIN project (topic S2R-OC-IP1-01-2019, GA ID:
881814), which contributes to the ongoing PIVOT2 project (topic S2R-CFM-IP1-01-2019, GA ID:
881807), and this deliverable is related to TD 1.3 “Car body Shell Demonstrator” Tasks 1.3.4 and
1.3.5 , TD 1.6 “Doors and Access Systems Demonstrator” Task 1.6.4, and TD 1.7 “Train
Modularity in Use (TMIU)” Task 1.7.3 and 1.7.4, of IP1 “Cost efficient and reliable trains,
including high capacity trains and high speed trains” according to the MAAP TD Gantt-chart in
document Ref. Ares(2019)7676192 - 13/12/2019 whose date printed in the document is 14th of
November 2019, Brussels.
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4. Objective/Aim
This document has been prepared to provide a collection of the publishable information from
the WS deliverables related to demonstrators. This report includes the advancements in the
three blocks forming the project, and as such it will be composed of three parts.
The first section will showcase the project advancements in the car body shells block. This first
section focuses on the work done in WS1, WS2, WS3 and WS4.
The second section will include the advancements in the door block and cover the work
undertaken within WS5, WS6 and WS7.
Lastly, the report includes the progress in the interiors block, where the section concentrates on
the work done in WS8, WS9, WS10 and WS11.
This report includes information from the deliverables listed below in Table 1.

Car body shell

Block

WS
1
2
2
3
3
3
4

Doors

4
4
5
5
6
7
7

Interiors

8
8
8
9
9
9
10
10

Deliverable title
D1.2 Manufacturing and validation of modular tools
D2.2 Signal processing and predictive maintenance software
D2.3 Test and validation of SHM system
D3.1 Report on manufacturing process and hardware and software
specifications
D3.2 Report on online process monitoring and control system
D3.3 Validation report
D4.1 Report on joints and modular concepts, and 3D additive technologies for
joints and modular concepts
D4.2 Demonstrators of joint and modular concepts for composite car body
manufacturing
D4.3 Report of integration, test and validation of joints
D5.2 Modular tooling design and validation
D5.3 Manufacturing of modular tooling
D6.2 Report on CARBODIN thermal and acoustic solutions
D7.1 Reviewed functional requirements for the boarding equipment
D7.2 Planning and results of tests and design revision of improved accessibility
systems
D8.1 Design studies
D8.3 Physical mock-ups
D8.4 Virtual Configurator Tool
D9.1 Concept for modular manufacturing tool technology, results as a written
report, drawings
D9.2 Physical tool scale 1
D9.3 Demonstrator Interior mock-up production
D10.2 Results of the innovative driving cabin survey
D10.3 Proposal of pertinent new HMI
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11
11

D11.2 Ply demonstrator
D11.3 Report on ply results

Table 1. CARBODIN deliverables included in D12.6
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5. CARBODIN Block 1: Car body shells
In Block 1, “Car body shell”, CARBODIN investigated the cost-efficiency and reliability of
composite manufacturing technologies to dismantle the costs barrier preventing the market
introduction of composite technologies. CARBODIN will enable a significant cost reduction by
developing a new concept of modular tool capable of producing several parts with different
geometries. Adopting this tool will eliminate the need to produce a new tool for each new part
of the car body shell structure.
Block 1 has the following specific objectives:
▪
▪
▪

▪
▪
▪

▪

Develop a new concept of modular multi-material mould for re-use for several
geometries, thus reducing time and cost manufacturing.
Develop tools by a combination of technologies: conventional machining and 3D
technology to minimise tooling costs.
Introduce co-cured and co-bonded composite parts and develop multi-material
integrated joints and inserts to reduce the number of steps in car body manufacturing
and reduce the manufacturing cost and weight reduction.
Develop new smart tooling for composite car body manufacturing by introducing inmould sensors for OOA process control.
Implement automation concepts for OOA process manufacturing for cost and time
reduction.
Develop and demonstrate intelligent sensor nodes capable of monitoring the car body
conditions, and decision support tools using data generated from the sensing nodes to
allow a predictive maintenance strategy.
Manufacture, validate, test and evaluate a number of steps reduction in car body part
manufacturing by the implementation of 3D printed tools and inserts that will enable the
modularity of the process manufacturing and car body weight reduction.

Block 1 is composed of WS1, WS2, WS3, and WS4. The following paragraphs will introduce the
work done within this first block at each WS level and demonstrate how the project worked
towards the achievement of specific WS objectives.

Project CARBODIN – GA 881814
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5.1.

WS1: New tooling for composite car body manufacturing

The work done within WS1 is presented by Deliverable D1.2 “Manufacturing and validation of
modular tools”. The deliverable aims at
▪

Reporting on the mold fabrication and the part manufacturing that validates tools able
produce different composite parts to manufacture a representative section of a wagon;

▪

Explaining modular tools fabrication. The document presents details and specificities of
mold manufacturing, and it explains why 3D printed technology has not been used for big
inserts but will only be used in small elements.

▪

Describing parts fabrication and in particular the infusion molding process, characterised
by its own specificities and challenges due to the big size of the parts to be produced and
their modularity.

5.1.1.

Manufacturing and validation of modular tools

The tasks reported in D1.2 validated the work done within WS1, which demonstrated the
possibility of designing moulds able to produce modular components. Indeed, overall, it is not
common in the railway industry to employ standardised components, as different rolling stocks
employ different components in terms of their shape, width and accessories.
For this reason, the introduction of composite parts in the railway sector must be driven by tool
modularity to reduce costs that increase with changes in geometry. To reduce costs and improve
market uptake, tools for composite parts must support changes in the geometry. The work
carried out by the CARBODIN consortium aims to demonstrate that modular moulds can reduce
costs in composites manufacturing up to 30% or more, depending on the geometries.
The work done in this WS focused on identifying the best options for tool modularity, and the
consortium designed tools meant to be fabricated using 3D printing technology for
interchangeable inserts.

5.1.1.1. Moulds manufactured in CARBODIN
During the work carried out in WS1, the project focused on moulds. A mould is a support that
will give the final shape of the composite part. Infusions moulds are open moulds composed of
only one shell. These moulds do not include a top shell that covers everything and closes the
mould but, instead, a plastic bag and an appropriate release agent are placed on the mould
guaranteeing a good vacuum. CARBODIN manufactured the moulds presented in Table 2.
No.

Description

Geometry

Project CARBODIN – GA 881814

Comments

Responsible
for part
design

Responsible
for mold
design
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BLOCK 1 – CAR BODY
1
Sidewall
2a
Side Sill Floor
2b
Side Sill Roof
3a
Door Pillar L
3b
Door Pillar R
BLOCK 2 – DOORS
4a
Door Leaf L
4b
Door Leaf R
BLOCK 3 – INTERIORS
5
Interior Panel
Door Pillar L/R
6

Interior Panel
Top

Large shell
Closed profile
()
Open profile
(U or C)

sandwich panel
aim: one mold –
2 parts
aim: one mold –
2 parts

CG Rail
CG Rail
CG Rail
CG Rail
CG Rail

Aragon
EUT
EUT
CG Rail
CG Rail

Sandwich

aim: one mold –
2 parts

SMT
SMT

EUT
EUT

Open profile
(L)

aim: one mold U- CG Rail
Profile --> 2 parts
L-Profile
-CG Rail

Thin shell 2-3
mm

Aragon

EUT

Table 2. List of parts and tools to be designed within CARBODIN across its different WS, and
partners responsible for the activity.
Figure 1 shows where these parts are located in the CARBODIN demonstrator.

Figure 1. Location of the manufactured parts on the CARBODIN demonstrator.

5.1.1.2. Mould machining
Although work and study had been done on developing the union of several 3D printed elements
Project CARBODIN – GA 881814
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to develop the necessary moulds, the final choice was to manufacture interchangeable inserts
with conventional processes. 3D printed technology was indeed considered too uncertain for
mould manufacturing because tools are particularly large elements in the case of the car body
and require sufficient mechanical strength. 3D printed inserts should be able to withstand a very
high load due to mould and part weight. An advanced mechanical study of the joints must be
performed before adopting the technology to ensure the mechanical performance of the mould,
hence minimising risks. Nevertheless, as 3D printing technology is part of the CARBODIN project
and development has been made, it was decided to employ the knowledge from WS1 to produce
smaller elements that do not need any union by 3D printing technology. These elements include,
for example, the button insert in the door mould.
Since 3D technology has been deemed unfit at this time to produce the moulds, conventional
processes have been used, following the mould fabrication steps described below:
1. Raw materials checking
Once materials are received, checking is performed on the materials. Quality certificates
are checked as well as blocks dimensions.
2. Gross machining
This step consists in quitting excess material and leaving blocks ready for final machining.
A three-axe machine (CNC) is used to realise all the operations on the exterior face of the
blocks necessary to manipulate and fasten the blocks to initiate further milling with CAM
programs.
3. Grinding process
Once blocks have net shapes, a grinding process is realised to obtain a high flatness
quality. This process is realised with a grinding machine with a mobile bench and fixed
head.
4. Machining with CAM programs
Three different kinds of CAM programs are used for machining. They are generated with
POWERMILL software.
i.
ii.
iii.

Smooth down program
Semi-finishing program
Finishing programs

A five-axe milling machine is used with a fixed bench and a rotating head.
5. Drilling
Once milling programs are achieved, drillings are performed for centring elements. A
drilling machine realises this operation with a rotating head and deep hole drill bits.
Project CARBODIN – GA 881814
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6. Sanding step & mould filler
The sanding process is realised to eliminate the tool’s milling marks on the blocks’
surface. Different kinds of files with different sand grammages are used to erase marks,
starting from 50 to 600. Between 2 steps of sanding, a mould filler is applied to leave a
smooth and defect-free surface.
7. Coating
Due to resin infusion process specificities, a mould coating is indispensable. The coating
makes the mould completely air-proof for good vacuum levels and creates a protective
layer that will help demoulding, coupling with a demoulding agent. In this case, the
coating consists of a special painting.
8. Dimensional checking
A dimensional checking of the machined tool is performed. Values are compared with the
CAD model to check they are within tolerances. This verification is done with a threedimensional machine.
9. Assembly and Final verification
The tool is assembled with all its elements. The final verification consists in checking the
tool’s integrity and good assembly.

5.1.1.3. Part manufacturing
The modular moulds developed by the project are made for the so-called Vacuum Infusion
Process (VIP), which has a lower initial cost than other manufacturing processes that require a
metallic mould. In VIP, shown in Figure 2 and Figure 3, the fibre reinforcements are placed in a
one-sided mould, and a cover (typically a plastic bagging film) is placed over the top to form a
vacuum-tight seal. The resin typically enters the structure through strategically placed ports and
feed lines. Resin is drawn by vacuum through the reinforcements employing a series of designedin channels that facilitate fibre wet out. Because it does not require high heat or pressure,
vacuum infusion can be done with relatively low-cost tooling, making it possible to produce
large, complex parts inexpensively.

Project CARBODIN – GA 881814
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Figure 2. Schematic representation of VIP

Figure 3. VIP manufacturing.
The work undertaken in WS1 focused on the design and production of the moulds and the part
manufacturing through these moulds. The following section will detail the two steps of the
research performed within CARBODIN.

5.1.1.4. CARBODIN moulds and part manufacturing
5.1.1.4.1. Sidewall mould
The sidewall consists of one part made with sandwich construction. Two skins have to be
manufactured before mounting them together, with a foam core trapped in between to
manufacture the part. For this reason, the modularity in this mould is represented by the
possibility of producing both skins with one unique tool.
The mould has the characteristic of manufacturing both skins by using one side of the mould for
one skin and the other side for the second skin, as shown in Figure 4.

Figure 4. Sidewall design.
The first skin can be manufactured, and then the mould can be flipped to manufacture the
Project CARBODIN – GA 881814
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second skin (see Figure 5). Moreover, the same mould can be used for skin bonding after the
skins are fixed with the foam core inside. The mould can be used for skin positioning in the
bonding step.

Figure 5. Sidewall mould, side A (left) and side B (right).
As shown in Figure 6, the sidewall part is composed of several elements. The sidewall comprises
a sandwich structure with two monolithic composite skins joined together with a foam core in
between (see Figure 4). Thanks to their modularity, the skins are produced separately with the
same mould. Like all parts in the car body, skins are made by the infusion process. The foam core
is machined to the desired dimensions, and the three elements are then bonded together using
the mould for positioning.

Figure 6. Position of the sidewall in the final CARBODIN mock-up.

5.1.1.4.2. Mould “2A” side sill roof and mould “2B” side sill
floor
In the case of the side sill roof and side sill floor moulds, the consortium manufactured one
Project CARBODIN – GA 881814
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unique mould able to produce both parts, shown in Figure 7 and Figure 8.

Figure 7. Design of mould "2A" side sill floor.

Figure 8. Design of mould "2B" side sill roof.
The modularity, in this case, includes an interchangeable insert that allows changing geometry
according to the requirements. These inserts thus proved to grant a significant cost reduction.
Figure 9 below shows how the inserts are manufactured to allow modularity.

Figure 9. Section design of moulds “2A” side Sill Floor and “2B” Side Sill Roof, including
modularity. Comparison of profiles.
Figure 10 shows the mould and the additional head block for geometry changing after
machining.
Project CARBODIN – GA 881814
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Figure 10. Side sill mould with interchangeable head block and fixing system.
In this modular mould, importance was given to the fixing system allowing block changing. In this
case, the fixing system is realised by screw elements that cross the entire mould in its width.
These moulds allow for manufacturing the most singular parts to be produced in the car body,
characterised by a closed section of monolithic composite with a foam core trapped inside the
section. Figure 11 shows the position of the side sills in the car body, while Figure 12 shows the
design of the side sill to be manufactured.

Project CARBODIN – GA 881814
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Figure 11. Position of the side sills in the final mock-up.

Figure 12. Side sill design.
To manufacture these parts, the infusion is realised in a semi-closed mould instead of a typical
open mould, as in conventional infusions. The decision to employ a semi-closed mould has been
taken due to the need to obtain as many faces with good surface quality as required. It should be
noted that good surface quality can only be obtained if the composite is in contact with the
mould because otherwise, it is in contact with the peel ply, which leaves a rough surface to the
finished product.
To realise this infusion, it was decided to perform different trials to evaluate the viability of the
process. Both the singular process and the length of the part (required in three metres long)
were seen as a potential risk, but, after trials focused on a 30cm long core and subsequently 1m
long core, the full process was characterised by multiples resin inlets matched the expectations.
These trials were also important to determine the number of resin inlets that needed to be
installed in the three metres long part. The following figures show the test performed within the
trials.
Project CARBODIN – GA 881814
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Figure 13. Side sill 30cm trial.

Figure 14. Side sill 1 meter trial during the infusion (left) and after the infusion (right).
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Figure 15. Side sill laying up (left) and during the compacting step (right).

5.1.1.4.3. Mould “3A” and “3B” door pillar profiles R and L
In the case of the left and right Door Pillar profiles moulds, the consortium manufactured one
unique and modular structure able to produce all the four parts necessary. In Figure 16, the main
structure (in blue) is able to generate – thanks to specific mould extension blocks shown in
Figure 17 – two symmetrical U-profiles and an inner and outer L-Profile for each side of the door.
Besides, the inner Door Pillar profiles get their geometrical modifications by using a modified
extension block.

Figure 16. Modularity concept of door pillars.
Project CARBODIN – GA 881814
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Figure 17. Main block of side sill mold (left) and its interchangeable blocks (right).
The two interchangeable head-blocks have a specific positioning and fixing system. The three
blocks were manufactured separately to be then assembled for part manufacturing. This
modularity concept mould allowed to produce the four door pillars used in the car body, shown
in Figure 18.

Figure 18. Position of the door pillars in the final CARBODIN mock-up.
This mould is characterised by a “U” shape that permits producing two parts (shown in Figure 19)
simultaneously. Moreover, it is possible to attach an interchangeable block that permits
modifying the geometry of the pillars, producing two more different geometries.

Project CARBODIN – GA 881814
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Figure 19. Door pillars design.
All four pillars are quite conventional monolithic structures. Nevertheless, the high thickness of
the stacking sequence and the complex geometries in local spots mean the process is delicate.
Even though infusion for complex geometry is difficult to realise due to fibre placement, the
project successfully manufactured the required parts through its purposely designed modular
mould. The following figures show the manufacturing process of these pillars.

Figure 20. Door pillars manufacturing during infusion.
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Figure 21. Door pillars manufacturing once infusion is completed.

Figure 22. Door pillars final parts.
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5.1.1.4.4. Mould for interior door panel pillar left and right
This mould’s modular concept (shown in Figure 23 and Figure 24) consists of fabricating one
mould where it is possible to manufacture two different symmetric parts. The final production
part will be one “U” shaped item, but two “L” parts will be obtained after cutting it.

Figure 23. Design of interior panel door pillars mould.

Figure 24. The physical mould of interior panel door pillars.
This mould allows producing the interior door panel pillars (left and right), seen in Figure 25.

Figure 25. Position of the interior door panel pillars in the final CARBODIN mock-up.
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As shown in Figure 26, these parts were successfully fabricated through the mould in only one
infusion, saving time on parts production and validating the modular system able to realise two
parts at a time in one single mould.

Figure 26. Interior panel door pillars fabrication.
The validation of the tools through parts manufacturing eventually closed the activities of WP1.
WP5 and WP9 will focus on the realisation of the assembly of the final demonstrator and its
validation. The railway sector will likely benefit from CARBODIN efforts in modularity and
manufacturing, which proved that it is possible to have cheaper and modular mould
manufacturing, allowing costs savings in part production as well as a lower number of necessary
moulds.
For future research, some parts that have not been considered in CARBODIN could be studied in
different train models to approach modularity: trams, metros, restaurant wagon, sleeping
wagons, etc. The different train models existing on the market offer the possibility of studying
the manufacture of additional composite parts using modular technology to make the
manufacturing more affordable and bring composites closer to the market. The modular tools
could also further explore the use of 3D printed technology with different techniques and
materials, including large format 3D printing.
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5.2.
WS2: Car body Structural Health Monitoring Systems for
composites and metal-composites interfaces
With WS2, CARBODIN has the aim of:
▪
▪
▪
▪

Develop and demonstrate intelligent sensor nodes capable of monitoring the condition of
the car body.
Develop intelligent decision support tools making use of the data generated from the
sensing nodes to enable the realisation of predictive maintenance.
Reduce downtime on car bodies due to lengthy maintenance and/or unscheduled break
down.
Increase infrastructure availability by minimising disruption on train schedules due to
critical car-body composite failures.

The ultimate objective is to be able to timely detect early stage and developing faults remotely
to implement and schedule the best maintenance approaches. This also includes feedback about
crucial metal-composite interfaces; thus the sensor array will minimise the risk of catastrophic
outcomes related to crucial joint fractures and car body parts disposition.
The work performed in CARBODIN in its second year has been described in two deliverables:
D2.2 “Signal Processing and Predictive Maintenance Software” and D2.3 “Test and validation of
SHM system”.
The tasks reported in D2.2 analysed a set of models used in the processing of raw sensor data,
deployed across the train car body, capable of detecting structural faults and making predictions
on upcoming faults through regression, leading to predictive maintenance. The three sensor
systems proposed by WS2 and reported in D12.5 “Report of CARBODIN demonstrator year 1”
have been used in the second part of the project to generate sensor responses. These responses
are then denoised, properly pre-processed and specific features are extracted through a series of
pre-processing steps to feed specially developed machine learning models capable of making
inferences on failure detection and regression predictions about impending failures. The
ultimate objective of these models is to lead to predictive maintenance, thus improving safety
and reducing costs.
On the other hand, D2.3 reports on the tests and analysis that validated both the sensor system
and also the developed processing models on classification and regression of train car-body
failures. The procedure covered experiments on composite validating and analysing composite’s
sensors results using Acoustic Emission (AE) technique in the failing of structures in composites
and in standard materials. Also, the validation of detecting failing metal composite junctions
through AE was performed. AE proved to be a reliable and robust monitoring technique in
detecting composite and metal joint failures with very good sensitivity.
Project CARBODIN – GA 881814

24 | 206

Regarding accelerometer and gyroscope wireless sensors, a simulated environment was used
with corresponding sensors mounted to simulate failing composites or loose composite rivets
and thus provide fail detection. The simulated environment used CERTH/IMET’s cargo-van carbody due to the lack of a composite train car body. The experiments characterised these sensors
as low cost, low energy and easily mounted SHM sensors providing easy and robust classification
over composite failures coming from large delamination, internal composite foam failures, failing
rivets, and failing joints.
Finally, through Fibre Optic Sensors (FOS), the research tested a composite structure with small
failures both in the bottom composite’s woven layers and at the top. The FOS sensors were both
spatially aligned to the failures located in adjacent resin-hardened woven layers and were also
located in non-failing composite neighbour positions, providing enough data to demonstrate FOS
good capabilities in detecting composite structural failures and temperature variations inside the
composite.
In addition, WS2 designed the CARBODIN app: a pilot app used to demonstrate the interactive
approach that the innovative solutions developed can have.
The following section will provide insight into the work performed by WS2.

5.2.1.

Signal Processing and Predictive Maintenance Software

D2.2 “Signal Processing and Predictive Maintenance Software” presents the pre-processing and
processing machine learning approach used to accurately monitor failures and predict upcoming
failures in rail car bodies. CARBODIN employed a mixed system of wireless sensors nodes
equipped with accelerometers, gyroscopes and environmental temperature, pressure and
humidity sensors, along with wireless micro-Structural Health Monitoring (SHM) Acoustic
Emission (AE) receivers and embedded fibre optics sensors (FOS). This sensor system has been
used to feed an advanced machine learning model able to detect and predict failures in
composite rail car bodies.

5.2.1.1. Signal pre-processing techniques
Research started from the phase of pre-processing data, a data mining technique that converts
raw data into an understandable format. Real-world data is often insufficient and erratic: it may
lack certain behaviours or trends, or it might only contain aggregate data and is likely to contain
many errors and outliers.
Data pre-processing is a proven method to address such issues and an important step in the data
mining process. If data collection methods are not adequately controlled, the research might
suggest misleading results. Therefore, the presentation and quality of the data is the most
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important thing before performing any analysis. Data pre-processing included the following
steps:
▪

▪
▪

▪

▪

▪

▪

▪

Data Cleaning is done through processes such as filling in missing values or deleting rows
with missing data, smoothing noisy data, or resolving inconsistencies in the data. Binning,
regression and clustering are methods used in this step.
Data Integration: data with different representations are put together while in the
meantime resolving any conflicts within the data.
Data Transformation / Normalization: data is normalized and generalized. Normalization
is a process that ensures that no data is redundant, all data is stored in a single location,
and all dependencies are logical. Noise extraction, either using analog or digital tools, is
also part of this stage.
Data Reduction: data reduction aims to present a reduced representation of the data, so
that – by keeping the volume of data small – access to databases remains fast and
inexpensive while ensuring proper storage.
Data Discretization/ Interpolation: data can be discretized to replace raw values with
interval levels. This step involves the reduction of a number of values of a continuous
attribute by dividing the range of attribute intervals.
Data Sampling: sometimes, due to time, storage or memory constraints, a dataset can be
too big or too complex to be worked with. Sampling techniques can be used to select and
work with just a subset of the original dataset, provided that it has approximately the
same properties and features as the original one.
Features extraction: in this crucial stage, the input data are processed to outcome with
additional complementary data enhancing various aspects and patterns of the incoming
signal, through specific algorithms.
Segmentation: data are cut into chunks of data (segments). This stage is required to
reduce the need for memory usage especially for matrix manipulation, transformation
and multiplication where huge data usage must be avoided to use simple workstations.

After focusing on the pre-processing phase, research has moved to the advanced machine
learning (ML) modules.

5.2.1.2. Advanced machine learning modules
Deep learning constitutes a subsidiary of machine learning calculations that utilize numerous
layers to continuously extricate higher-level highlights from crude information. Deep learning
belongs to a broader family of machine learning methods based on artificial neural networks
with representation learning. The learning in CARBODIN Machine Learning (ML) methods is
supervised. For supervised learning tasks, Deep Learning methods eliminate feature engineering
by translating data into compact, intermediate representations that resemble principal
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components and deriving layered structures that remove redundancies in the representation.
In CARBODIN implementation, WS2 researchers used a double machine learning approach, one
for the AE sensor signals, shown in Figure 27, and the other for the accelerometer and gyroscope
signal, shown in Figure 28.

Figure 27. Processing AE signal with an 8 input Deep Neural Network using RELU activation
function.

Figure 28. Processing accelerometer and gyroscope signals with a mix of parallel Recurrent
Neural Network, Long-Short Term Memory, Deep Neural Network and Generative Adversarial
Network.
After the development of the appropriate machine learning modules, research focused on
developing the learning framework layout.
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5.2.1.3. Learning Framework Layout
The study within WS2 developed a framework performing failure detection and predictive failure
detection consisting of three modules: i) DB to CSVmodule, ii) CSV to ML learning module and iii)
recalling and inferring the machine learning models, as shown in Figure 29.

Figure 29. The central loop of the processing framework connecting all three stages.
In detail, these three modules have the following functionalities:
▪

DataBase (DB) to CSV module: the module searches DB for new entries in the
maintenance table DB and, once a new entry is found, it creates a time window and
extracts for that time window all entries/sensor readings corresponding to the spatial
car-body location to which the maintenance refers. Interpolation techniques are used to
annotate sensors measurements along the assuming time window of the maintenance
event, and create Comma Separated Value (CSV) files for later use in machine learning
and model training. The layout of the sensor cluster is described in Figure 30.
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Figure 30. Layout of the cluster sensor principle.
▪

▪

Machine learning of CSVs: Each newly created Comma Separated Value (CSV) is preprocessed, and the resulting input data is fed into machine learning models, which are
trained.
Recalling models to infer: the produced models are being recalled from a special
structured folder as to infer new incoming data. The infer module can replace newly
created models on the fly, as the learning on new maintenance events executes.

After the development of the sensor system (described in D2.1) and the processing models
(described in D2.2), WS2 focused on the Test and validation of the entire SHM system, described
in D2.3
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5.2.2.

Test and validation of SHM system

D2.3 “Test and validation of SHM system” reports on the tests and analysis that validated both
the sensor system and the developed processing models on classification and regression of train
car-body failures. Three sets of sensor systems have been employed to test the nodes SHM
capabilities.
▪

▪

▪

The procedure covered experiments on composite validating and analysing composite’s
sensors results using Acoustic Emission (AE) technique in the failing of structures in
composites and in standard materials. Also, the validation of detecting failing metal
composite junctions through AE was performed. AE proved to be a reliable and robust
monitoring technique in detecting composite and metal joint failures with very good
sensitivity.
Regarding accelerometer and gyroscope wireless sensors, a simulated environment was
used with corresponding sensors mounted to simulate failing composites or loose
composite rivets and thus provide fail detection. The simulated environment used CERTH
cargo van car body. The experiments resulted in characterising these sensors as low cost,
low energy and easily mounted SHM sensors providing easy and robust classification over
composite failures coming from large delamination, large internal composite foam
failures, failing rivets, and failing joints.
Finally, through Fibre Optic Sensors (FOS), the research tested a composite structure with
small failures both in the bottom composite’s woven layers and at the top. The FOS
sensors were both spatially aligned to the failures as well as located in non-failing
composite neighbour positions, providing enough data to demonstrate FOS capabilities in
detecting composite structural failures and temperature variations inside the composite.

5.2.2.1. Acoustic Emission
Numerous studies exist both in railway engineering and in material engineering proving the
usefulness of Acustic Emission (AE) as a monitoring and prediction failure tool. Research in
CARBODIN used Mistras' micro-SHM AE equipment for AE experiments and two universal
piezoelectric sensors, R15a and R6a, all shown in Figure 31.
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Figure 31. Micro-SHM equipment by Mistras1 (left) and used types of piezoelectric sensors
(right).
The micro-SHM apparatus is equipped with the AEWin companion software. It is connected
directly through Wi-Fi to the apparatus and gathers all recorded sensors data from internal
hardware buffers.
Preliminary testing
Two sets of preliminary experimentations were performed regarding AE. Throughout AE
experimentation, honeycomb wedges (shown in Figure 32) were used to mount the specimen on
top without transferring any noise and vibrations from the outer laboratory space.

Figure 32. Honeycomb wedges used to mount all specimens during experimentations.
The first set of experimentations used small composite specimen made of Pre-Preg and PET,
shown in Figure 33.

1

https://www.mistrasgroup.com/
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Figure 33. Typical PLB on the small specimen with hole-defects (right).
During all experiments, the PLB technique was used to simulate sources of vibrations or failures
running through the composite medium up to the sensors. Several experiments were made, and
for every 20 PLB, the following features were taken: Kurtosis, Skewness, Mean, Variance,
Entropy over the energy input. An initial dataset of 500 measurements was made and, through
SMOTE2, it has been increased to 5000 rows.
For the second set of experiments, the real sized composites specimens shown in Figure 34 were
used. These specimens had a size of 0.55x0.55m, a thickness of 25mm, and their material
consisted of non-crimp fabric (NCF) biaxial carbon fibre, PET Cores, and Crestapol 1261 urethane
acrylate resin. As for the first set of experiments, PLBs were performed first on a specimen with
no defects and no failures and secondly on a specimen with four different defects near its
corners, with the induced composite failures displayed in Figure 35. Figure 36 shows the
positions of the PLB experiments. As the defects are located near the four corners of the
specimen, for each defect, three positions for PLBs were used along the internal diagonal line.

2

Chawla, N. V., Bowyer K. W., Hall L. O., Kegelmeyer W. P., -SMOTE: synthetic minority over- sampling technique2002, Journal of artificial intelligence research, 16, 321-357.
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Figure 34. Real size composite specimen

Figure 35. Four different types of defects at the inner foam of the composite.
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Figure 36. PLB points during experimentation at the defected composite.
Regarding the experimentation on metal-composite joints, Figure 37 displays the composite
specimen used during the experiments. The failure in such a junction was created by inserting a
thin layer of material between the metal part and the composite’s surface. The whole structure
was glued with epoxy glue. The sensors were mounted on top of the metal rod and the PLB
occurred at the specimen surface in three positions, as shown in Figure 37. Two sets of metal
joints were used: one with rust and the other with no rust.

Figure 37. Composite-metal joints with and without any defects
Model setup and testing
These experiments allowed the researchers to develop Acoustic Emission learning models that
were then applied to processing models described previously. This last step allowed WS2 to
analyse the results and validate the entire system.
The validation of the system shows that AE can be used in capturing large failing events in the
central car-body monolithic skeleton as well as in metal-composite and composite-composite
joints. AE is of high sensitivity, but through built-in filtering and advanced machine learning,
possible noise can be excluded. At the same time, it is the only available and suitable
methodology for interfacial – joint failure detection. Moreover, AE proved to be extremely easy
to mount, with no additional cost embedding it inside the car body, and extremely robust in
ageing factors and in respect to very few interferences from the outside world.
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5.2.2.2. Accelerometer and Gyroscope Sensor Network
The objective of research regarding accelerometers and gyroscope sensors was to build a lowpower, low-cost sensor network able to be deployed across the car body to detect either loose
composites or loose composite-metal joints. To achieve this objective, WS2 leaders outfitted the
sensor network’s nodes with low-power MEMS accelerometers and gyroscopes. Each node was
also equipped with a temperature and humidity sensor to identify temperature anomalies and
potential fire outbreaks. The used wireless node connectivity was based on the robust and
popular Wi-Fi protocol.
The researchers used STMicroelectronics’ Nucleo hardware ecosystem for the hardware
implementation, specifically the Nucleo-401RE base board, was chosen as shown in Figure 38.

Figure 38. NUCLEO-401RE kit board.
Furthermore, the STM32Cube MCU package was chosen as the library environment to be
supported by the NUCLEO kit board, together with the X-NUCLEO-IKS01A2 expansion board,
including accelerometer, gyroscope, magnetometer, and temperature sensor. The final sensor
node construction can be seen in Figure 39.
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Figure 39. Complete STMicroelectronics sensor node.
Preliminary testing
To test the sensitivity and resilience of the accelerometer apparatus as a method of capturing
vibrations from failing composites, a simulation has been run by placing four sensor nodes inside
CERTH cargo van while driving over different types of road terrain.
Figure 40 shows the setup of the wireless sensor nodes. Two of the nodes were firmly mounted
on the van’s car body, while the other two were loosely mounted. One of the loosely mounted
nodes was characterised by a free moving axis able to deliver micro rotations to the gyroscope.
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Figure 40. The sensor setup inside the
van (left), mounting of two composite
sensors one in the loose edge and the
other in the firm edge (right-top), a
view of the experiment including the
Raspberry WiFi to 4G gate (rightbottom).
Additional experimentation occurred while driving twice on the same exact route with the same
speed but with loose sensors the first time, and firmly mounted sensors the second time.
Moreover, three series of experimentation occurred on different routes: one experiment on a
standard route with no holes and bumps on the road, a second experimentation on a route with
holes on the road and a third experiment on a route with bumps on the road.
The system successfully registered the experiments and classified them between loosely fixed
and firmly fixed accelerometers, shown in Figure 41.
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Figure 41. Accelerometers readings with loose accelerometers (left) and firmly mounted
accelerometers (right).
The system successfully distinguished between reading types on road with holes, rough terrain,
and bumpers, as shown in Figure 42.

Figure 42. From left to right: accelerometer readings on road holes, rough terrain and
bumpers.
Finally, the system recorded the readings for the two sensors mounted at the firmly attached
edge and at the loosely attached edge, shown in Figure 43.
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Figure 43. Accelerometer readings from the sensor at the firm side of the composite (leftcentre) and from the sensor at the loose edge of the composite (centre-right).
Model setup and testing
These experiments allowed the researchers to develop accelerometer learning models that were
then applied to processing models described previously. This last step allowed WS2 to analyse
the results and validate the entire system.
The validation of the system shows that wireless accelerometers and gyroscopes are cheap (due
to their low power use), miniaturised and easily embedded into the composite, with robust and
field-proven Wi-Fi connectivity. These wireless sensors can cover large areas of the car body
efficiently with minimum cost, with good sensitivity able to detect sidewall failures and perform
a good prediction. As the used accelerometers and gyroscope are Micro Electro Mechanical
Systems (MEMS), their robustness is guaranteed.

5.2.2.3. Fibre Optics System
Lastly, the researchers analysed the possibility to employ a fibre optic system. The analysis of the
sensor network is a crucial part of monitoring because it converts the wavelength change from
the Fiber Bragg Gratings (FBGs) single fibre optic sensors into a metric that can be measured
more readily, such as intensity, phase, or frequency. The spectrum analyser is known as an
interrogator, and it works in a variety of applications based on the sample rate. During the
CARBODIN monitoring tests, the FS22 BraggMonitor shown in Figure 44 has been used to record
the FBGs embedded on composite coupons.
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Figure 44. BraggMonitor (HBK-FiberSensing) interrogator.
Preliminary testing
To characterise the Fibre Optics Sensor (FOS) response to different manufacturing parameters as
well as to the presence of defects, some composite coupons were made under different
conditions and with FBGs embedded at various locations to monitor the differences between
them. The artificial defects were also embedded in the coupons during the plies stacking to
simulate delamination within the skins of the sandwich construction, usually one of the major
concerns on this type of structure. Figure 45 shows the manufacturing process of the coupons,
integrating FBGs and defects.

Figure 45. Pictures from the manufacturing process.
The creation of these coupons allowed the researchers to develop fibre optic models that were
then applied to processing models (link) described previously. This last step, described in section
LINK) allowed WS2 to analyse the results and validate the entire system. The validation of the
system shows that the Fibre Optic System has extreme sensitivity on microstructural failures,
and it can reliably measure internal composite’s temperature. It is a sensoring system completely
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embedded inside the composite, extremely reliable and immune to harsh environments. The
processing models can properly handle incoming data with clear detection and prediction
capabilities.

5.2.2.4. CARBODIN app
In addition, WS2 designed the CARBODIN app, a pilot app used to demonstrate the interactive
approach that the innovative solutions developed can have. Figure 46 shows the app’s general
layout.

Figure 46. General layout of CARBODIN app. From left to right: prediction and failure detection
panel, display panel, maintenance panel.
The app is organised in two panels with different directives:
▪

Maintenance panel, characterised by:
o The possibility for the maintenance engineer to log a maintenance event with its
exact date and time stamp of the maintenance event.
o The actual absolute integer position coordinates of the maintenance event
occurrence (X-pos, Y-pos, Z-pos).
o The ranking in a scale from 0 to 100 of the severity of the maintenance event,
possible partial or full replacement, and possible partial or full in-situ repair of the
composite part.
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▪

o The type of failure, either structural (ACCGRYR) or temperature melt down (HUT).
o An estimation (in days) of how long before the maintenance event the failure
started developing.
Prediction and Failure panel, characterised by:
o A connection to the DB responsible for collecting the inference data.
o The “Cluster of Sensors” combo-box, where it is possibel to select the cluster we
wish to focus into, defining the depth of DB inference data retrieval we wish to
visualize with the slider.
o The “Type of Damage and Action” combo-box, where it is possible to select which
predicted action among Severity, Replace and Repair we wish to visualize.
o A graph with class0 annotates the denial of the selected action (no-severity, no
repair, no replace), and class1 annotates the 100% severe or 100% replacement or
100% repair. The graph displays the last entries over inference retrieved from DB.
o A timer-thread constantly scanning all DB inferences and once the incidents of
class0 or class1 for a certain action (severity, replace, repair) are above a certain
threshold (as defined by the scroll bar “Limit of history”) then it is displayed into
the “Cluster History” message box, which is a real time warning tool on failures.
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5.3.
WS3: Process automation concepts for Composite car body
manufacturing
Within WS3, the project analysed the role composite materials can cover in the railway industry.
These materials have already been adopted for lightweight designs almost everywhere, such as
in the aerospace sector. However, structural components made of Carbon Fibre Reinforced
Plastics (CFRP) did not make their way to railway vehicles until now. Composite structures would
bring several benefits to the sector, such as reduced weight and lifecycle costs for trains in
service, due to, for example, less wear of track and wheels.
The manufacturing of composite parts must be further developed for it to be both cost-effective
as well as reliable and reproducible. The work performed in WS3 tackles the challenges that a
wide use of composite material poses with elevated development for process automation
approach for infusion processes. The work done within WS3 is reported in three deliverables:
D3.1 “Report on manufacturing process and hardware and software specifications”, D3.2
“Report on online process monitoring and control system”, and D3.3 “Validation report”.

5.3.1.
Report on manufacturing process & hardware and
software specifications
The research undertaken in WS3 and reported in Deliverable D3.1 focuses on the hardware and
software specifications for the development of a composite-based train wagon manufacturing
process. To achive this objective, several technical advances and possible challenges need to be
tackled at the manufacturing level:
▪

▪
▪

▪
▪

Choosing and exploring a reliable and cost-effective OOA manufacturing process. The
process, along with the preferred hardware, software and consumables, must promote
automation, shorten manufacturing time and promote cost efficiency always in
accordance with the primary goal of composite quality.
Choosing and planning a set of experimentations for the various manufacturing subprocesses and in addition, selecting the used consumables and composite’s first material.
Special consideration and investigation on selected apparatus, calibration, and critical
sub-processes, like trimming and fibre tape lay-up along with their critical parameters, in
order to experience the best quality in both cases.
Choosing embedded sensors monitoring the process, sub-processes and manufacturing
critical parameters.
Suggesting and investigating a state-of-the-art embedded control architecture
automating and controlling OOA resin infusion process.
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▪

Introducing and proposing a full-scale model seeded by sensors readings and established
through machine learning models to predict possible manufacturing failures and
product’s poor quality.
Figure 47 displays the manufacturing process steps that have been chosen to implement the
composite manufacturing process.

Figure 47. Overall OOA process and automation.

5.3.1.1. Resin infusion process simulation
The rising demand for weight reduction and higher fuel and energy efficiency for aerospace,
automotive as well as railway transportation increases the use of composite materials. Especially
for rail vehicles, those parts are large and complex. Traditional autoclave manufacturing
methods are becoming prohibitively expensive, which calls for out-of-autoclave processing
techniques.
Resin infusion process simulation is, in this context, useful for understanding the process and its
parameters before any real manufacturing process planning, which reduces time compared to
traditional trial-and-error approaches. The main goals of resin infusion simulation are to predict
the resin flow and confirm that manufacturing processes will produce high-quality parts without
leaving dry spots or voids.
Moreover, this simulation can predict air traps, micro porosities, injection times, temperature
evolutions, degree of curing and the mould pressure. At the same time, the simulation is able to
calculate the whole chain from preforming with influence on permeability, curing and distortion
of the part with curing and distortion analysis. Optimally the part and mould design can be
influenced to compensate for the distortion and reach well-fitting composite structures after
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demoulding.
Within WS3, research studies with process simulation have been performed. For simple plates,
representing thin CFRP shells and CFRP sandwich, the best suitable positions for inlets and
outlets has been determined. Additionally, studies to investigate the unknown permeability of
dry fibre preforms have been attempted, based on possible accompanied experimental results
from resin infusion trials with recorded time and flow front distance.

5.3.1.2. OAA process technologies
CARBODIN manufacturing process employed following the state-of-the-art technologies.

5.3.1.2.1. Moulds for composites
To create the moulds for car-body composite parts, a 3D printed negative profile template is
created. Templates are polished with fine grain sandpaper and coated with two layers of coating
resin to obtain a non-absorbing extra smooth surface. After the resin has dried, a moulding
epoxy paste is applied over the template to create the actual mould out of the 3D printed
template, which will be used later for casting the composite parts.
The produced moulds are later forwarded to the composite manufacturing line to cast
composites with the desired profile and shape. The geometry and tolerances of the produced
composite part are affected not only by the composite manufacturing process, but also by the
design and manufacturing process of the mould. An essential aspect is the selection of the mould
material. Most commonly used materials are displayed together with their properties in Table 3.
Material

Steel
A36
P20
4130
ANSI420
Aluminium
6061-T6
Glass/epoxi
Carbon/epoxi

CTE.103
(°C)

Thermal
Specific
conductivity Heat
(W/m. °C)
(kJ/kg.°C)

Tmax
service
(°C)

Density
(g/ml)

Tensile
strenght
(lineal) (MPa)

Hardness
(Rockwell)

11.7
11.5
11.3
17.2

76
76
42.7
17.5

0.42
0.5
0.4
.05

>500
>500
>500
>500

7.83
8.19
7.8
8.0

250
300
300
206

100Rb
38Rc
32Rc
40Rc

24.0
14-15
1.5-5

355
0.86
1.7

1.0
0.1
0.3

300
210
210

2.7
2.0
1.6

255
300
430

58Rb
80-115 Rh

Table 3. Material’s properties from the most commonly used moulds for infusion.

5.3.1.2.2. Choosing OOA material
A composite material is a complex structure comprising from a set of constituents. Furthermore,
the material can be either part of a monolithic or a sandwich construction: while a monolithic
3

ESI Group, ESI PAM-COMPOSITES, 2020 (model developed by Pôle de Plasturgie de l’Est)
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composite has just resin and layers of fibres as its main components, a sandwich construction
also includes a core material to achieve higher stiffness at an optimized cost and weight. Within
CARBODIN, in order to meet the high requirements for car-body parts, sandwich constructions
are the only alternative.
After research and consideration of all the standards required for each component, WS3
identified the following constituents to work best within CARBODIN activities.
▪

Resin: urethane acrylate resin with reference Crestapol 12614 from Scott Bader, shown in
Figure 48. Urethane acrylate resin with reference Crestapol 1261 from Scott Bader.

Figure 48. Urethane acrylate resin with reference Crestapol 1261 from Scott Bader.
▪
▪

Reinforcement: TR50 fibre with a weight of 160gsm (0.16 mm thick) from Swedish
manufacturer TeXtreme5
Core: a PET foam 3A Composites (Figure 49. PET foam from 3A Composites.Figure 49) has
been chosen for the final system. More specifically an FST resistance grade has been
selected (i.e. T90) with a density of 210 kg/m3 and a thickness of 30mm.

Figure 49. PET foam from 3A Composites6.

4

https://www.scottbader.com/business/composites/crestapol-1261-urethane-acrylate-resin/
https://www.textreme.com
6
https://www.3accorematerials.com/
5
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5.3.1.2.3. Vacuum resin infusion process
The selection of the appropriate counter-mould membrane is an important factor in the resin
infusion process. The use of self-heating silicone membranes – as an alternative to disposable
vacuum bags and as additional mean of heating – has become more popular recently. For its
application in CARBODIN, a BRV-0505-12 Silicone Vacuum bag (from MSquare GmbH7) has been
selected with a RedZero control unit. This corresponds to a system heated by electrical
resistances and with a simple control system based on thermocouples, illustrated in Figure 50.

Figure 50. Silicone Vacuum bag with RedZero control from MSquare GmbH.
Resin infusion is a closed mould process in which the resin impregnates a reinforcement fibre
woven thanks to the action of the vacuum created by the flexible film membrane, also called
vacuum bag (counter-mould), and sealant tape. The rigid part of the mould is responsible for the
composite part's final shape, providing a smooth outer surface to the composite part. The resin
infusion is one of the most promising alternatives due to its efficiency when manufacturing large
structures and short series (1-200 pieces/year).
The principle behind the infusion resin process is based on the vacuum, which eventually draws
out the resin and, hence, impregnates the dry fibre preform placed on the rigid mould, which is
then covered by a vacuum bag sealed with tape. This process is referred to by other names such
as vacuum infusion process (VIP), vacuum-assisted resin transfer (VARTM), vacuum infusion
moulding (VIM), vacuum-assisted resin injection (VARI), vacuum-assisted resin infusion moulding
(VARIM) and SCRIMP.
Resin infusion is typically a three-step process:
▪

▪

7

Lay-up of a fibre preform: The reinforcement is placed onto a rigid tool surface. Once the
reinforcement layup is complete, it is covered with resin distribution media and finally
with the formable vacuum bag.
Resin preparation: In some cases, the resin can be preheated to have lower viscosity.
Degassing may be recommended if the resin has been manipulated.

https://msquare.de/heating-blankets/
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▪

Impregnation of the preform with resin: Depending on the part size and shape, the resin
is introduced through single or multiple inlet ports. A network of distribution channels for
the resin is integrated into the vacuum bag set-up to control resin flow into complex
parts. The air is evacuated from the preform via a vacuum port prior to impregnation. A
resin pot is connected to an inlet port. The pot may be held at atmospheric pressure. The
pressure differential between the vacuum port and the pot forces the resin through the
highly-porous media, and thereby distributes the resin across the surface of the part,
prior to infusion through the part thickness.
Table 4 illustrates the pros and cons of the infusion process.
PROS
▪ Possibility of manufacturing large parts
with lower tool costs than in RTM
▪ Low cycle time with reduced differential
pressure based on a higher permeability
mesh
▪ Applicable for practically all TS resins and
reinforcement systems
▪ Relatively low cost obtaining medium /
high benefits
▪ Higher percentage of reinforcement (up to
55% by vol)
▪ Possibility
of
making
sandwich
constructions
▪ Possibility of integrating inserts
▪ Possibility of processing pieces of greater
thicknesses
▪ Volatile reduction compared to manual
▪ Lower assembly costs due to the possibility
of integrating parts

CONS
▪ Good surface finish on one side only
(rough surface on the face of the bag)
▪ Possibility of appearance of dry spots
▪ Complexity in preparing the process
▪ The low viscosity of resins can affect
mechanical characteristics and thermal
shrinkage
▪ Nest cores are processable as long as they
are designed to adhere to the hides and
not penetrate the structure
▪ Potential risk of creating pores due to the
introduction of air due to failure of the
vacuum seal during infusion
▪ Variation in thickness due to pressure
gradient between infusion port and
ventilation during curing and relaxation
cycles

Table 4. Pros and Cons of the infusion process.

5.3.1.3. OAA process automation technologies
An automation system controlling the entire process needs to be assembled. The automation
system should measure and control the temperature of the resin, integrity of the bag-mould
stuck-up structure when empty and the level of vacuum, monitoring the weight of resin infused
into the composite, outgassing resin if required, heating and controlling mould temperature if
required, driving the temperature for self-heating membranes if applicable, and the cooling rate.
In order to achieve a high level of composite quality and a good level in automation, embedded
sensors will be used in the composite. The novelty within CARBODIN will imply including process
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control by means of optical fibres and dielectric sensors. Also, in order to manufacture large
components, sequential infusion and its corresponding automation is envisaged.
Regarding moulds, self-heating membranes, automation and temperature would be one of the
most critical aspects defining both production times and the mechanical performance of the
component and, as such, they will be closely monitored. In order to do so, different sensors will
be introduced in both moulds (metallic mould and self-heating membrane) as well as in the
component itself. In addition, a thermal camera will be utilised and assessed.

5.3.1.3.1. Resin infusion monitoring and automation
The monitoring techniques utilised in CARBODIN composite manufacturing process are Dielectric
Analysis (DEA), Fibre Optic Sensing (FOS) and thermography.
Dielectric Analysis
Dielectric Analysis (DEA) is a technique for monitoring changes in the viscosity and cure state of
thermosetting resins, adhesives, paints, composites and other kinds of polymers or organic
substances by measuring variations in their dielectric properties. In general, the term dielectric
analysis refers to a group of techniques that measure changes in different physical properties of
a polar material, such as polarisation, permittivity, and conductivity, with temperature or
frequency.
The recent implementation of DEA technique has been advantageous in providing a better
understanding of monitoring systems in real time for process measurement of resin arrival,
viscosity, glass transition temperature and degree of cure. DEA is a powerful measurement
technique for the critical, invisible in-mould curing that dictates the quality of a component.
Figure 51 illustrates some of the curing sensors and equipment used in DEA during CARBODIN
research.
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Figure 51. Curing sensors and equipment from Netzsch8 to convert the Dielectric signals.
Within CARBODIN, the application of DEA for monitoring thermoset cure is based on the
influence of the structural transformation on intrinsic dielectric and electrical properties. With
the analysis of the changes happening in dielectric properties during cure, the undertaken
research will study if it is possible to achieve shorter curing times that lead to faster production
and less energy consumption, while maintaining the same mechanical properties among other
possibilities.
In the performed test, the sample is placed in contact with two electrodes (the dielectric sensor
seen in Figure 51), as shown in Figure 52.

Figure 52. Sensor placement in the mould touching composite itself to receive the data.
When a sinusoidal voltage is applied, the charge carriers inside the sample are forced to move,
so positively charged particles migrate to the negative pole and vice versa. This movement
results in a sinusoidal current with a phase shift. Based on the sample’s characteristics, a time
8

https://www.netzsch.com/en/
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shift between excitation and response signal is detected which, together with voltage and
current, allows for the calculation of dielectric magnitudes.
Experiments undertaken within WS3 examined whether it is possible to examine shorter curing
times that lead to faster production and less energy consumption while maintaining the same
mechanical properties through DEA.
Several companies can provide retail commercialise curing sensors specialised in composites.
Among them, Netzsch’s DEA sensors has been used successfully in previous scientific
publications [5] on composite process monitoring, which assures the viability of the technical
studies to be approached within CARBODIN. Another example is Synthesites, that also
commercialise a complete range of products i.e., electronic equipment, sensors. In this case, the
software necessary for the online monitoring and control of composites manufacturing is
produced in-house, ensuring quality and performance.
Fibre Optic Sensing (FOS)
Fibre optic sensors use fibre optics to emit and receive light signals, thus detecting alterations in
the object to be monitored through changes in the received signal.
The outstanding characteristics of fibre optics, such as geometric versatility, greater sensitivity
than existing techniques, and inherent compatibility with fibre-optic telecommunications
technology, make them stand out for sensing applications. These sensors are efficient and lowcost solutions for many applications, due to their high sensitivity, small size, robustness,
flexibility, remote monitoring and multiplexing capabilities. Another advantage is their possibility
of being used in the presence of unfavourable environmental conditions such as noise, strong
electromagnetic fields, high voltages, nuclear radiation, in explosive or chemically corrosive
media, at high temperatures. The most common fibre optic detection systems for monitoring
composite manufacturing are distributed sensors [6] and sensors based on Bragg gratings (FBG)
[3].
Bragg sensors are the most widely used fibre optic sensors in the industry thanks to their
versatility, their mechanical and thermal properties, as well as their technology matureness.
They have unique characteristics such as small size, long-term durability, long-range linearity and
immunity to electromagnetic noise, which makes them ideal for installation in places of difficult
access, with extreme temperatures, as well as to embed them in any type of material and create
smart structures or tools [7], [[2][4].
The FBG sensors identified by D3.1 to be used in CARBODIN, have been purchased from the
company FEMTO FIBER TEC9. These FBG sensors are inscribed, by means of a femtosecond laser,
in fibres of the Corning SMF-28 type (9 μm core and 125 μm cortex), to work at different
wavelengths. For the measurement of the FBG sensors, an interrogator, Braggmeter FS22
(shown in Figure 53) from the company HBM-FiberSensing10 will be used. These instruments can
be used for static and dynamic measurements of FBG fibre optic sensors, through continuous
scanning laser technology in up to 8 parallel optical channels, with a sampling frequency of up to
9
10
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1,000 S / s.

Figure 53. Braggmeter FS22 to be used within CARBODIN framework (left), and detail of an
embedded FBG integrator inside a composite (right).
Thermography
Thermography is a technique that allows inspecting elements without any interaction with them.
This technique detects the radiation in the electromagnetic spectrum's infrared range and
converts this radiation into an image. The range of this radiation could be divided in turn into
three ranges, short (SIR) between 780 nm – 3 μm, middle (MIR) 3 - 5 μm and far (FIR) 5 μm –
1mm). Thermography is mainly used in applications where the object under analysis cannot be
visible or where contact with the object is impossible. A few examples of this technique are
inspection of pipes or cables in construction or modification of buildings, gas detection, video
surveillance, or even space observation.
Thermography in CARBODIN has been used for resin infusion monitoring. Regarding possible
experimentation, an IR camera has been placed above the mould and, with the appropriate
algorithm, the thermography analysis could be performed in-line. The data is acquired while the
resin is infused and, at the same time, the algorithm analyses these images to detect any
problems during the process.
To perform this task, different cameras have been under evaluation and, given the requirements,
D3.1 preselected the following three cameras.
▪

Intratec VarioCam HD 800

Is the largest but also the one with the best image characteristics, its resolution is 1024x768
pixels with good accuracy.
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Figure 54. Technical specifications Infratec VarioCAM HD800.
▪

Xenics Gobi 640

It is a smaller camera with also worse resolution since its maximum is 640x480 pixels. However,
it has a great frame rate that could be 50Hz at their maximum performance.
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Figure 55. Technical specifications Xenics Gobi 640.
▪

Flir A65

Like the Xenics camera, Flir A65 is smaller and with a worse resolution than the Infratec one.
Besides it has worse frame rate than the Xenics camera, but with better sensitivity that can make
a difference in some applications between having good or bad results.
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Figure 56. Technical specifications Flir A65.

5.3.1.3.2. Curing monitoring and automation
Several sensing methods have been analysed within WS2. The main sensing methods identified
and their corresponding detection capabilities are included in Table 5, Table 6 and Table 7
including summaries of sensing technologies and representative applications in composites
manufacturing together with their practical aspects [1].
Flow
front
Dielectric analysis (DEA)
Direct Current (DC) analysis
Electrical time domain reflectometry
(ETDR)
Optical fibre interferometers (OFI)
Mechanical
properties
Ultrasonic transducers
Optical fibre refractometers (OFR)
Optical properties
Spectrometers
Thermo-dynamical Thermometers
properties
Pressure transducers
*Only by Infrared (IR) thermography

Curing
degree

Void
Delamination
content

Electromagnetic
properties
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Table 5. Main sensing methods.

Table 6. Typical implementation attributes of contemporary in-line FRP monitoring techniques.

Table 7. Typical implementation attributes of contemporary in-line FRP monitoring techniques.
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After an overview of the technologies used within CARBODIN WS3, the following section will
focus on the manufacturing stage called preforming.

5.3.1.4. Preforming stage
Preforming corresponds to the manufacturing phase where the reinforcement is stacked, so that
it is shaped close to the final geometry and, also, is properly oriented within the mould prior to
the introduction of the resin.
This process is a critical stage within the concurrent processes in the manufacture of a resininfused part due to the selection of the most suitable fibre as well as the degree of compaction
and orientation of the fibres, directly connected with the ability of the resin to flow through the
mould.
In order to manufacture the preform, the first step is to employ an ATL machine with the
objective of placing the dry fibre on a flat surface and stacking several layers, in order to obtain
the desire length, width and thickness of the foreseen preform. This first process is illustrated in
Figure 57.

Figure 57. Carbon dry fibre deposition by ATL.
The automatisation on the deposition of the dry fibre guarantees adequate positioning and
fixation of reinforcement during the infusion process.This automatic dry preform process is
simplified, as there is no need to cut materials or remove the polyethylene sheet.
After several trials of dry fibre deposition by ATL machine, WS3 optimised the process
parameters and determined necessary a 250 mm/s tape feed speed and a 300 N compression
force during process. For the heating source, both IR and laser have been tested as heat sources.
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Different designs for deposition of dry fibre have been also studied to find the best stacking
sequence for the resin to flow through the preform and impregnate the whole laminate.
In a typical manufacturing process, once the dry preform is obtained, the composite component
can be manufactured through the infusion process, consisting of the following steps:
1. The preform is placed on the mould, where sensors are located to monitor the infusion
process as shown in Figure 58. Sensors can be located at both sides of the preform to
make sure the resin impregnates both sides during the infusion.

Figure 58. Sensorisation of preform.
2. After the different parts of the sandwich are put together, composite is covered by a peel
ply which permits to separate the infusion material to the composite.
3. Enhancing resin flow is provided by a distribution media, which leaves more space
between vacuum bag and preform.
4. Infusion process needs an inlet tube and a vacuum port. The inlet tube will allow the resin
to come into the sandwich while the vacuum port will take out the remaining air and
enable the resin to flow in and impregnate the composite during the infusion process.
5. Vacuum bag is sealed with tacky tape.
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Figure 59. Infusion set-up.
CARBODIN tests show that, by using silicone membrane, the infusion time can be reduced
because of its self-heating structure which enables the resin to reduce its viscosity to flow faster
through the fibres, impregnating them and reducing resin curing time. Cost can therefore be
reduced due to reutilisation of the silicone membrane for up to 500 infusion processes. Labour
work will also diminish due to the elimination of steps 4 and 5 described on the typical infusion
process steps above, since the inlet tube and the vacuum port are already incorporated on the
silicone membrane, and there is no need for tacky tape to seal the membrane.
The whole composite manufacturing process can be observed in Figure 60.
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Figure 60. Preparation procedure chart for ATL preforms based on resin infusion process.
The manufacturing cell to be used in the framework of CARBODIN comprises different pieces of
equipment. The manufacturing cell is comprised of the following components:
▪

11

PrePro3D end effector11
The PrePro3D end effector is mounted on a manipulator. It is used to apply carbon fibre
tapes to various substrates. The tapes are heated and stacked using two short-waves,
independently controllable infrared radiator units.
It consists of 3 main components:
▪ End effector
▪ Mobile switch cabinet (mounted on end effector)
▪ Stationary switch cabinet with control unit
The interface that allows the user to communicate with the head is made through the
Conbility software. The interface is intuitive and allows the modification of a multitude of
necessary parameters during stacking such as the power of the heating unit, its
movement speed and force.

from Conbility GmbH FIND LINK https://conbility.de/
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Figure 61. PrePro3D end effector mounted on a Fanuc 2000IC Robot (left) and Conbility
program main screen (right).
▪

R-2000iC/165F Fanuc robot
It is an articulated robotic arm with six axes of movement. The maximum distance
reached is 2655 mm. The operation of this device is the same as that of a coordinate
movement machine, where these are specified by computer. In programming the
movement of the device, the coordinates and the speed of movement are indicated in
the program. The maximum payload that can be moved is 125 kg.

Figure 62. 2000IC Robot (Fanuc) and peripheral remote control.
▪ LDF 6000-40 from Laserline 6KW Diode Laser
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The laser source used within CARBODIN project is a 6-kW diode laser with a maximum
power of Laserline LDF 6000- 40 VGP, coupled to a 1 mm diameter fibre and with a beam
quality of 40 mm * mrad.
In order to control the laser temperature, a pyrometer-based temperature measurement
is present (Optris Ltd.).

Figure 63. Laser source LDF 6000-40 (Laserline).
▪

IR source, Optron GmbH
As heating unit an IR radiator with shielding has been used. The unit is completely
adjustable and its laser optics can be stored on the plate. The angle adjustment can vary
between -6° (inclined direction substrate) and + 3.5° (inclined direction incoming
material).

5.3.1.5. Laser technology on composite process
During the manufacturing process two trimming stages are envisaged: once after the preforming
and another time after the resin infusion to deliver the final component, as shown in Figure 64.

Figure 64. Laser trimming Manufacturing flow steps.
The following section illustrates the research done within WS3 to employ automated laser
technology in the two trimming stages.
Laser applicability: laser trimming of the preforms
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For the trimming trials a 1500W fibre laser source with the PRECITEC cutting head was used,
together the BOFA portable extraction (see Figure 65). The plate positioning system and setup
are standard. The plate must be horizontal and with enough room at the laser outlet in order to
position the fume extractor nozzle on the back surface of the material.

Figure 65. From left to right: 1500W fibre laser (ROFIN), portable aspiration system, cutting
head from PRECITEC, coupon positioning, and fume extraction in the opposite side of the
sample.
Laser trimming of the final component
The following experiments have been done on preforms of different thicknesses (2.5mm and
6.5mm) regarding possible experimentation on laser and composite process.
▪

For the coupon 2.5mm thick, preliminary tests (shown Figure 66) have been performed to
assess the feasibility of the process and also the edge quality that can be attained. The
identified optimal parameters were: 1500W power, 10000Hz, Duty Cycle 15%, 20mm/s of
speed for the cutting head displacement, focal point on the surface (f:0mm). The
Nitrogen cutting gas was used at low pressure (i.e. <3bar), the nozzle diameter was 1mm,
and the distance was kept at 1mm.

Figure 66. From left to right: general view of the coupon under study, detailed view of the edge
after the trimming process.
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▪

For the tests on the coupon 6.5mm thick (shown in Figure 67) the optimal parameters
identified were: 1500W power, 10000Hz, Duty Cycle 30%, 7.5mm/s of speed for the
cutting head displacement, focal point on the surface (f:0mm). As for the thinner coupon,
the cutting gas Nitrogen was used at low pressure (i.e. <3bar), the nozzle diameter was
1mm, and the distance was kept at 1mm.

Figure 67. From left to right: general view of the coupon under study, detailed view of the edge
after the trimming process.

5.3.1.6. OOA process control architecture
CARBODIN aims at applying Machine Learning (ML) to Out of Autoclave (OOA) process control.
The main benefit of applying ML to this process is its ability to learn from data without the need
to find analytic mathematical formulas describing the specific problem. This is especially true for
complex multi-parameter problems as those of manufacturing processes with frequent and
erratic human intervention, leading in non-ergodic behaviour. One of the most interesting ML
methods for application to OOA process control are Deep Neural Network (DNN). By deploying
sensors across a manufacturing process, it is possible to provide a plethora of measurements
that lead to complex classification problems without any analytic mathematical formulation.
Deep Neural Networks – shown in Figure 68 – proved their usefulness in past manufacturing
processes on numerous occasions.
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Figure 68. Typical Deep Neural Network.
Proposed approach for process control and monitoring
The work performed within WS3 forecasted an hybrid DNN – as seen in Figure 69 – accepting as
inputs sensor data from DEA and FOS to classify the produced composite parts quality and predetect in an early-stage possible manufacturing process failures over the final composite quality.

Figure 69. Process failure and composite quality index DNN.
In this way, during the manufacturing process early warnings and product quality classification
will be performed as to provide an overall composite quality check.

Project CARBODIN – GA 881814

65 | 206

5.3.2.

Report on online process monitoring and control system

After the research undertaken in WS3 and reported in the previous section, researchers in
Deliverable D3.2 “Report on online process monitoring and control system” focused on process
automation concepts considering embedded sensors, their monitoring and (on-line) control for
composite structures in railway applications. This area of focus is important for the project as a
whole because the whole chain from mould design and process simulation by finite-element
software, laser cutting materials, to manufacturing under monitoring of sensors can help to
improve the manufacturing of composite parts for rolling stock industry.
This first part will focus on more cost-efficient out-of-autoclave manufacturing made smart by
sensors and automation, as well as reaching high-quality composite parts.
The research has been guided by the following goals for composite manufacturing technologies:
▪

▪
▪
▪

▪
▪
▪

Developing reliable and reproducible cost-effective OOA manufacturing process with
reduced manufacturing time due to automation, fast curing resins and high quality
guaranteed by online monitoring;
Producing of composite samples for adjusting sensor equipment;
Evaluation of embedded sensors and monitoring quality;
Performing process simulation of selected OOA manufacturing technology for getting
quality parts quicker, avoiding trial-and-error runs for getting the best suitable infusion
setup;
Development of thermography software to detect that the manufacturing process is
correct without any defect in the process;
Development of an automated cutting station that generates cutting trajectories from
CAD geometries in order to reduce cycle time and improve cutting precision;
Providing the mean of additional early detection of manufacturing process, extendable in
providing feedback outputs in finetuning manufacturing process.

5.3.2.1. process simulation studies for vacuum infusion
Composite materials prove their use for lightweight designs in several fields, with the exception
of railway vehicles. For their introduction in this field to be successful, the manufacturing of
composite parts must be developed to be cost-effective, reliable and reproducible.
The work performed in WS3 did tackle these challenges with elevated development for process
automation approach for infusion processes. In Task 3.1, intense basic studies for process
simulation of sandwich structures were performed. The aim was:
a) to compare and evaluate different model degrees like 2D or 3D solver types, with or
without pressure representing the VARI process of sandwich panels,
b) evaluate the effect of external pressure for simple CFRP plates with varying thicknesses,
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c) calculate a specific infusion setup for the sandwich panel before later manufacturing
a) comparison and evaluation of different model degrees for CFRP sandwich panels
Figure 70 shows the model employed for the investigation and its specification for the selected
sandwich plate size (500 x 500 x 60 mm) with CFRP cover layers and PET foam core with
integrated infiltration holes.

Figure 70. Model overview for infusion simulation of a CFRP sandwich with punched foam
core.
As shown in Figure 71, the infiltration setup was chosen according to the real infusion test with
the following arrangement:
▪

central gate (resin inlet) in the middle of the piece on top of the stacking sequence

▪

vent (resin outlet and position of vacuum source) at a long edge at the bottom layers

▪

pressure at gate: 1 bar (atmospheric pressure)

▪

pressure at vent: 0 bar (ideal vacuum)

▪

temperature: 300 K
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Figure 71. Infiltration setup for infusion simulation of a CFRP sandwich with punched foam
core (left) and model for simulation (right).
The path for the investigation of different modelling degrees is presented in Figure 72. Three
models with increasing modelling degree were built in order to investigate the influence of the
modelling degree of the simulated infiltration process.

Figure 72. Different modelling degrees for the infusion simulation of sandwich panels: 2D
without Core (left), 3D without Core (middle), 3D with Core and additional mechanical ambient
pressure (right).
The results of the filling process are presented in Figure 73 for the 3 different modelling types.
Qualitatively, all models show a comparable propagation of the flow front. Compared to the 3D
modelling and the measurement, the 2D model shows a significantly lower infiltration time. The
pressure and velocity distributions also differ significantly from those of the 3D models.
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Figure 73. Results of filling simulation for different modelling degrees: 2D without Core (left),
3D without Core (middle), 3D with Core and additional mechanical ambient pressure (right).
In general, the research found that the infiltration process can be modelled with sufficient
accuracy using the available material data. Modelling in 2D can be preferred as it requires
significantly less computing time, which generates results of the infiltration process quick and
sufficiently accurate. It is particularly suitable for investigating different gate concepts and
arrangements in the development phase. However, as the level of modelling increases, so does
the precision of the simulation. With the help of 3D models, it is possible to determine the actual
infiltration time more precisely. The additional effort of 3D modelling is especially reasonable in
combination with experimentally determined material data. Therefore, the effort and benefit of
3D modelling must be estimated depending on the goal of the simulation and the project phase.
b) Evaluation of the effect of external pressure for simple CFRP plates with varying thicknesses
The research in the domain of process simulation studies conducted within WS3 aimed at
investigating the influence of the simulation type (modelling degree) on infiltration time for
different laminate thicknesses, and to identify whether there is a specific wall thickness when
the external atmospheric pressure from the VARI process leads to respectable thickness
variations.
The model was a simple flat CFRP plate with a size of 550 x 550 mm and varying laminate
thicknesses of 2.0, 4.0, 8.0, 16.0 and 32.0 mm, as shown in Figure 74. As for the previous set of
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experiments, the research considered three different simulation types: 2D, 3D and 3D with
external pressure.

Figure 74. Model overview for infusion simulation of a plate to investigate the effect of
external pressure for different laminate thicknesses.
Additionally, two different gate concepts – central and line gate as schematically shown in Figure
75 – had been investigated. The models investigated indicate that for all laminate thicknesses
the filling time for a central gate is longer than for line gate (see Figure 76).

Figure 75. Models for infusion simulation of simple CFRP plates with line gate (top) and central
gate (bottom).
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Figure 76. Filling times for Infusion of simple plates at different laminate thicknesses and
modelling degrees.
Further investigation was performed to find out the effects of the simulation type with external
pressure to the vacuum bag surface. The results indicate that for the 3D-pressure simulation the
fibre volume fraction increases while the permeability of the fabric decreases. Thus, the filling
time increases compared to the 3D simulation.
For modelling types 2D, 3D and 3D with external pressure, the agreement of results for the filling
time depends on the gate concept and laminate thickness.
▪

For the central gate, a qualitatively good agreement of the calculated flow front
propagation for all three modelling types have been found. However, the calculated
filling time differs significantly for 2D modelling and both 3D modelling types.

▪

For the line gate and the laminate thickness ≤ 12 mm, a good qualitative and quantitative
agreement of the calculated flow front propagation has been found for all three
modelling types.

c) Process simulation of a specific infusion setup for sandwich panel before manufacturing
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After the above-mentioned pre-studies, WS3 calculated the infusion process of a specific
infusion setup for a sandwich structure. The model and the later manufactured setup for the
infusion monitoring tests are shown in Figure 77.

Figure 77. Schematic Model of process simulation for selected setup of CFRP sandwich plate
for comparison and verification: FE model (left), real setup for manufacturing (right).
The results for the filling progress are shown in Figure 78. It is visible that the resin, which is
launched at the top layer impregnates in the direction of the layer first and in thickness direction
with lower velocity. When the top layer thickness is impregnated completely, the resin is
transported through the infiltration holes in the foam towards the bottom layer. There, the resin
flow front starts from circles to the complete surface and finally the whole bottom layer is
impregnated completely.
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Figure 78. Filling simulation of sandwich plate for later manufacturing at different time steps.
The research undertaken within WS3 examined the novelty of calculating and predicting the
pressure and thickness variation during VARI processes, which so far were never reached exactly.

5.3.2.2. CAD/CAM support for automated laser trimming
The aim of Task 3.2 was to develop a procedure to transfer CAD geometries and trimming
contours to the laser trimming machine with cutting trajectories. While trimming non-complex
geometries with straight paths is not challenging, the trimming of complex curves can be quite
challenging. The approach defined by CARBODIN in WS3 is to use from CAD drawings with mid to
high complexity for application to the trimming machine and define this procedure for future
application.
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Figure 79. Laser trimming machine.
Transfer to laser application for automated laser trimming
For testing and validating the proposed approach, the researchers designed an example with
straight and curved contours. In Figure 80, this test trimming contour is illustrated. It represents
a mixture of straight lines combined with curves and radii to test the laser accuracy to follow the
trimming path.

Figure 80. Test program for transfer from CAD to laser trimming.
This approach is going to be tested and trained within WP3. Results are presented in section
5.3.3.
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5.3.2.3. Online process monitoring and control system
As already seen for the work performed within WS3 Fibre Optic Sensing (FOS), Dielectric Analysis
(DEA) thermography can be used to monitor the manufacturing process. The work performed
within WS3 analysed the possibility of using these technologies to monitor the manufacturing
process. After specific research, CARBODIN researchers concluded that, due to its easiness and
cost reasons, thermography should be preferred.
Thermography in CARBODIN is used during the resin infusion process to develop the monitoring
and control of the resin front flow’s software. In order to do so, trials were run to set the limits
of the technique under different manufacturing conditions. The Infratec VarioCam HD 800
camera (Figure 54) performed better than the Xenics Gobi 640 and the Flir A65, and has been
therefore chosen for the trials. The camera was placed in front of the mould and, with the
appropriate algorithm, the thermography analysis could be performed in-line. With this process,
the data is acquired while the resin is infused and, at the same time, the algorithm is analysing
these images to detect any problems during the process.
Several experimental tests were made in order to validate the capability of the camera to detect
the resin front flow as well as the filling quality. The latter is critical to ensure the mechanical
performance of the final component by assisting dry areas detection as well as for correlations
with the former simulations concerning the flowing path. Thus, the camera is used for detecting
any potential defect presence and to monitor that the resin front flow advances properly and is
evenly distributed throughout the mould.
To carry out this control, software has been developed within CARBODIN. This software connects
with the camera to receive the images and it proves to be capable of identifying both the frontal
flow and eventual air leaks through the temperature differences that arises during resin infusion.
The first tests with this software were done with a silicone membrane heated mould. As
displayed in Figure 81 it was possible to verify that the resin was detectable by the camera and
its path could be followed through the mould.
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Figure 81. Resin flow path in the component by means of silicone membrane resin infusion
process.
As it can be seen in the image on the left-hand side, there is a dark coloured peak that
corresponds with the resin flowing through the mould. This flow can be perfectly monitored to
verify that the mould is completely filled. Also, the speed flow is critical for improving the resin
infusion configuration reaching productivity targets as well as for quality analysis since both slow
and fast fronts can indicate impregnation problems of the dry fibre.
Subsequent tests were carried out to develop the algorithm that detects the movement of the
resin through the mould. This algorithm differentiates the advancement of the resin due to its
temperature and changes in the image.
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Figure 82. Pictures of the resin flow progress during the resin infusion process.
Another objective of the software is the detection of any problem that may exist in the infusion
process, such as air leaks. Figure 83 shows the detection of a defect that would be impossible to
be visually detectable with an RGB image. This defect is detected before the resin reaches this
point, so it can be repaired in time.

Figure 83. (Left) thermography image and (right) RGB image showing the presence of a defect
before the resin hits this point. In this case it corresponds of a potential leakage point due to a
defect on the vacuum bag.
On the other hand, Figure 84 shows how the software detects a failure and marks it in red to
indicate its detection.

Figure 84. Out-of-mould defect.
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5.3.2.4. Detecting and Predicting Failing Manufacturing Process
Specially designed processing and post-processing Machine Learning (ML) models were
developed to further strengthen the automation of composites and the aforementioned
advanced manufacturing and monitoring.
These models receive input data from the embedded FOS sensors and from the embedded DEA
sensors. The purpose of these models is to be feeded by data coming from the embedded
sensors and, based on past training, to early detect failures on vacuum, abnormal thermal
treatment, and stacking failures.
Experimental setups have been created for producing the learning input space and, after several
interactions, a special setup has been constructed in producing the artificially made failures, by
placing correctly the sensing elements.
The experimental setup along with the preparation and learning trials will be explored in the
following section 5.3.3 dealing with validation.
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5.3.3.

Validation Report

As mentioned in the previous section, WS3 focused – towards the project conclusion – to the
validation of the technologies employed throughout the WS course. This validation is reported in
D3.3 “Validation Report”.

5.3.3.1. Preforming by means of AFP technology
AFP technologies allow automated composites manufacturing in an additive way, laying plies on
top of a tool and applying pressure and heat. Components that are broadly manufactured by
these technologies are carbon fibre reinforced thermoset resins. AFP fabrication allows the
manufacturing of parts of different complexity and a wide range of shapes and lengths with
faster deposition rates. Since these are automated technologies, a higher quality level is often
achieved based on the repeatability achieved in the process.
The development of these lay-up technologies has opened up the possibility of optimising layups for their final application in terms of local thickness and fibre orientations, allowing for more
efficient material usage and weight reduction than traditional lay-ups. Moreover, the automated
deposition technology using tows allows for more efficient use of material than the scrap
generated from manually laying up when cutting material blanks to create the patterns that will
conform to the part.
In the last years, the application of dry fibre through an AFP process has emerged as a competing
technology for standard structural applications in aeronautical industries. This technology highly
relies on the features and format of the material applied. Thus, this corresponds typically with a
tow of variable width where a binder is also applied. This binder enables the different layers to
stick together given the right processing conditions. At present, there are only a few commercial
grades available. They play a critical role in the permeability of the infusion process and, hence,
on the quality and production rates achieved on the component.

5.3.3.1.1. Experimental procedure
Optimising the manufacturing process parameters directly relates to preform manufacturing as it
enhances the permeability of the preform and maximises productivity. WS3 activities have been
using the equipment described in this section.
Several key aspects characterise AFP technology. The main element is the head used, which must
be fixed to a multi-axis portal machine or a commercial robot to move the head and
manufacture tridimensional pieces formed with multiples plies of material. To cure or
consolidate the material applied to the previous substrate, the AFP head system has a heat
source to warm the material and substrate. At the same time, a roller is used to exert pressure
on the material to be compacted and joined to the substrate. In this way, APF technology can
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process dry bindered materials as well as thermoplastics or thermoset prepregs. A basic scheme
of a placement head is shown in Figure 85.

Figure 85. Schematic drawing of placement head.
Hence, the AFP manufacturing activities have been performed by an AFP Combility system
mounted on a FANUC R-2000iC/165F Robotic Arm (Figure 86).

Figure 86. AFP equipment in AIMEN. AFP Combility head installed on a Fanuc Robot.
The compaction system consists of a metallic roller coated with a silicon layer shown in Figure
87. When applying the compaction force, the silicon layer is deformed, and the contact surface is
adapted to the substrate shape. Finally, a water refrigeration system cools down the compaction
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roller.

Figure 87. Silicone coated compaction roller installed on the AFP head.
The tow cutting system comprises a pneumatic actuator, and it is based on a guillotine principle.
The system is capable of controlling tape feed, tape tension, applied pressure, roller temperature
and applied temperature employing a laser or infrared heating system.
A material screening study was performed to select the right material grade for CARBODIN. In
this sense, it should be mentioned that there are currently only a few grades commercially
available due to the novelty of the technology.
Given the expertise of AIMEN in this technology, together with the limitation of the binders, the
TeXtreme grades were finally selected. WS3 researchers examined different parameters such as
the processability of the material, the stacking sequence, the influence of the parameters on the
preform. Furthermore, the activities performed a series of analyses to determine the
microstructure as well as thermal and mechanical properties of the manufactured preforms.
These analyses were:
▪
▪
▪
▪
▪

Microstructural analysis
Thermal analysis
Surface characterisation
Chemical analysis
Front flow analysis

5.3.3.1.2. Results
During production testing, different vacuum infusion processing strategies and different vacuum
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pressures were used. The appearance of the final resulting preform is optimal, being flat and
without wrinkles, as can be seen in Figure 88.

Figure 88. The appearance of the preform manufactured by AFP.
The infusion test with this preforms resulted very favourably.

5.3.3.2. Silicone self-heating membranes
To ensure compliance with EN455451, thus ensuring security against fire, smoke and toxicity,
WS3 selected the following materials.

12

▪

Resin: after market analysis and successful application stories were taken into account,
researchers selected a urethane acrylate resin with reference Crestapol 126112 from Scott
Bader.

▪

Reinforcement: after an extensive market study has been performed, the Swedish

https://www.scottbader.com/business/composites/crestapol-1261-urethane-acrylate-resin/
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company TeXtreme13 has been selected as a supplier. In this case, TR50 fibre has been
selected with a weight of 160gsm.
▪

Standard woven: a standard woven was selected to compare the manufacturability of
composite components by using VIP and infusion through a self-heated silicone
membrane. After an appropriate analysis, a biaxial Zoltek Panex 35 50K carbon fibre
woven of 606g/m2 from Saertex14 was selected, as represented in Figure 90.

▪

Core: for a sandwich structure, the core material selection is critical. Considering the
mechanical requirements, weight, cost and fire resistance, a PET foam 3A Composites
(Figure 91) has been chosen for the final system.

Figure 89. Tape of carbon fibre for ATL preforming where the binder can be easily
distinguished.

Figure 90. Saertex Zoltek Panex 35 carbon fibre layer for infusion.

13
14

https://www.textreme.com
https://www.saertex.com/en
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Figure 91. PET foam from 3A Composites.15

5.3.3.2.1. Experimental procedure
The resin infusion process carried out using a silicone membrane was compared to conventional
resin infusion processes, such as VIP, to determine the strong and weak aspects between both
manufacturing processes. Comparison between them involves the quantity of infusion
consumables, time consumed along the whole manufacturing process, logistics of storing and
mobilizing the manufactured parts of a car body shell of railway transport and costs as much as
mechanical performance.
WS3 researchers performed a series of analyses to determine the microstructure as well as
thermal and mechanical properties of the manufactured preforms. These analyses were:
▪

Microstructural analysis

▪

Thermal analysis

▪

Front flow analysis

▪

Analysis of mechanical properties

5.3.3.2.2. Results
After the analysis carried out in WS3, the researchers compared conventional resin infusion and
infusion using a silicone membrane to have a greater understanding of both processes. Since
only monolithic composites were fabricated using a membrane silicone, sandwich composite is
not considered in this report.
It was proved that monolithic composites obtained through the conventional vacuum bagging
infusion process have lower tensile strength and tensile modulus than the monolithic composites
infused using a silicone membrane while presenting higher compressive strength and
compressive modulus. Shear strength and shear modulus are very similar in both scenarios.

15

https://www.3accorematerials.com/

Project CARBODIN – GA 881814

84 | 206

Lower tensile strength and tensile modulus in composites manufactured with vacuum bags
might be explained by their higher porosity compared to the composites manufactured with
silicone membranes. This porosity affects the final properties of the laminate when a tensile load
is applied, while it might be mitigated when a compression load is produced.
Silicone membrane also shows lower compaction during vacuum since composites obtained
through this method have a higher thickness than that of the components infused using a
vacuum bag, reducing infusion times and, thus, manufacturing costs.
It is regarding costs where infusion with silicone membrane really takes the lead because it
reduces the infusion disposables needed while enabling the industry with the possibility of curing
the resin out of an oven. If the composite part has to be cured in an oven, the costs of the
machinery itself, heating the whole structure, and the space needed for it in the company are
way higher than the investment of a silicone membrane, and this fact is significantly more
important the bigger are the composite parts.

5.3.3.3. Process monitoring
Process monitoring is a key factor in evaluating parts’ production quality. During the process,
individual data are collected independently from other parameters. In this way, a multitude of
sensors has been developed to monitor as many parameters as possible. WS3 focused on the
curing behaviour of a thermoset resin. Sensors have been developed to in-situ monitor the ionic
viscosity of the resin so that it is possible to detect curing time. In this analysis, sensors have
been used to study the curing behaviour of the CARBODIN resin.
The experiment involves realizing an infusion at a lab-scale to evaluate different properties
through dielectric sensors. A flat slab has been infused with several layers of carbon fibre.
Equipment includes moulding plates and a vacuum pump. Several consumables are necessary to
perform the infusion, such as a vacuum bag to ensure a good vacuum level, resin distribution
media to help resin flow, and peel ply to easily remove all the consumables from the finished
part.

Figure 92. Vacuum Process Infusion set up.
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Figure 93. VIP mould with embedded DEA sensors.
Sensors are directly mounted in the mould, see Figure 94.

Figure 94. DEA sensors detail in the mould.
Frequency determination
Through this experiment, the researchers determined the correct frequency suitable to
CARBODIN processes and materials. Choosing the right frequency is a key element to ensure
good measurements with the DEA sensor. If the chosen frequency is too low, the dipole
relaxation of the sensor occurs, and the measurement won’t be correctly done. On the other
hand, a too high frequency will produce noise that will interfere with the measurement.
Together with these experiments, the researchers also investigated the following scenarios:
▪

Monitoring of infusion slab with introduced defects

▪

Vacuum failure

▪

Lack of impregnation

▪

Stacking sequence failure

▪

Variation of temperature

Subsequently, the researchers manufactured two composite sandwich specimens and employed
Fibre Optic Sensors (FOS), punctual Fibre Bragg Grating (FBG) and distributed sensors (Rayleigh)
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to monitor the resin curing behaviour. Moreover, WS3 aimed at training Machine Learning
models to monitor the progress of resin infusion and curing constantly and provide early
detection of errors in various manufacturing parameters like the erroneous stacking of the
composite layers, problematic vacuum and resin infusion, the possible creation of dry spots and
problematic temperature ramping in infusion and curing. CARBODIN researchers deliberately
produced flaws during composite manufacturing and recorded the stresses and temperature
across the composite specimen.
The Machine Learning models were able to produce different outputs according to the presence
or not of any failure, based on the Bragg strain sensors. The data were delivered in CSV data
format. The best solution was attained using the LSTM model with hidden dimensions, though
good results were also obtained using GRU and RNN.

5.3.3.4. Laser cutting
Automated laser cutting is one of the different fabrication processes addressed by CARBODIN for
advanced car body shell manufacturing. Through a set of different experiments and analysis, the
cutting abilities of an IR fibre laser combined with a laser cutting head and a robotic arm for the
trimming process of different CARBODIN materials: (i) fibre carbon fabric, (ii) composite fibre
fabric (Saertex) and (iii) composite dry fibre (HiTape) were investigated. Figure 95 represents
some examples of the cutting results obtained by a laser cutting process.

a)

b)

Figure 95. a) carbon fibre fabric sample and b) composite fibre fabric cut by a laser cutting
process using an IR fibre laser combined with a laser cutting head and a robotic arm.
As seen in the previous figure, good results in terms of smooth edges and no heat affection were
obtained, though some loose carbon fibres appeared in a few points.
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5.4.
WS4: Process integrating joint concepts & modular concepts
for composite car body manufacturing
Within WS4, the project is specifically focused on process integrating joint concepts and modular
concepts. The introduction of composite materials with polymer matrix instead of traditional
metallic structures leads to advantages such as versatile design, allowing complex manufacturing
structures and therefore to high potential for integration of functions and elements, and
reduction of number of steps in assembly manufacturing, improvement of fatigue behaviour in
key areas and weight reduction.
The work performed within WS4 investigates novel car body manufacturing routes through
incorporating joints, multi-material concepts, co-curing, and 3D printing technology to reduce
manufacturing times, the number of steps in the post-processing, and therefore the time to
market and manufacturing costs. The work done within WS4 is reported in three deliverables:
D4.1 “Report on joints and modular concepts, and 3D additive technologies for joints and
modular concepts”, D4.2 “Demonstrators of joint and modular concepts for composite car body
manufacturing” and D4.3 “Report on integration, test and validation of joints”.

5.4.1.
Report on joints and modular concepts, and 3D additive
technologies for joints and modular concepts
The research undertaken in WS4 and reported in Deliverable D4.1 “Report on joints and modular
concepts, and 3D additive technologies for joints and modular concepts” works towards
CARBODIN overarching objective of developing innovative and affordable solutions for advanced
Car body shell manufacturing and lightweight material strategies for railways, innovative doors
and train modularity, contributing to S2R IP1 strategy. In particular, WS4 aims to accomplish the
following objectives included in Block 1:
▪

Introduce co-cured and co-bonded composite parts and develop multi-material
integrated joints and inserts to reduce the number of steps in car body manufacturing,
reduce the manufacturing cost, and reduce weight.

▪

Implement automation concepts for OOA process manufacturing for cost and time
reduction.

▪

Manufacture, validate, test, and evaluate the number of steps reduction in car body part
manufacturing by implementing 3D printed tools and inserts that will enable the
modularity of the process manufacturing and car body weight reduction.
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5.4.2.
Demonstrators of joint and modular concepts for
composite car body manufacturing
CARBODIN advocates for reducing the cost for composite technologies in railways, one of the key
factors for getting higher request demand and entering the market for more structural
composite components. As Block 1 focuses on the Car Body Shell and WS4 specifically focuses on
process integrating joint concepts and modular concepts, the research prioritised the design of a
realistic study case. After investigation, the solution proposed in CARBODIN WS4 is a multimaterial approach with CFRP material and 3D printed plastic inserts with its integration in a car
body sidewall. Such an infusion and co-curing process will reduce manufacturing costs and
assembly efforts in car body assembly lines because no additional metal parts must be joined.
In the research reported in D4.2 “Demonstrators of joint and modular concepts for composite
car body manufacturing”, WS4 partners analysed the design and manufacturing process of the
CARBODIN WS4 demonstrator.
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5.4.3.

Report of integration, test and validation of joints

After the activities performed by WS4 researchers reported in the previous sections, the work
described in D4.3, "Report of integration, test and validation of joints," concentrated on the indepth analysis of the project results. The following sections show that the research had two main
areas of focus: 3D additive technologies for joints and modular concepts, and demonstrator
design and manufacturing.

5.4.3.1. 3D additive technologies for joints and modular
concepts
This section will explain the selected additive manufacturing technology to fabricate the Cgroove insert embedded on the sidewall CFRP panels.
The intention is to replace C-Groove metallic wall inserts used for anchoring car body train
elements such as passenger seats with additive manufactured polymer inserts integrated into a
CFRP wall panel. The outcomes expected by the performed experiments are to achieve an
important weight reduction and reduced number of manufacturing steps, both contributing to
decreasing manufacturing costs. Moreover, 3D printing technology allows modularity of the
fabrication process since additive manufacturing allows quick design changes with minimal
impact on the production process and no additional cost or lead time.

5.4.3.1.1. Experimental procedure
As explained in section 5.4.1, several material grades have been pre-selected to manufacture the
C-Groove insert using FFF technology. The criterion for this selection is based on the following
aspects:
▪
▪

Mechanical loads: the FFF material to be selected for this application must fulfil mediumhigh mechanical properties.
Fire protection: the selected material is to be compliant with fire protection requirement
DIN EN 45545 for Railway applications and UL 94 V-0 flammability standard.

The proposed materials investigated for their application to CARBODIN WS4 activities are:
▪
▪
▪
▪

Polycarbonate/Acrylonitrile butadiene styrene (PC-ABS)
Polyphenylene ether/Polystyrene (PPE-PS)
Polyphenylene sulfide (PPS)
Polyvinylidene fluoride (PVDF)

The experimental procedure carried out on these four materials was based on the following
aspects:
▪

Mechanical properties testing for both XY and XZ printing directions.
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▪
▪

Surface characterisation, which will provide valuable information regarding compatibility
with adhesives and resin based on wettability.
Printability and post processability, which consist in the absence of manufacturing
defects and possibility of machining printed parts.

Four sets of coupons for each material have been manufactured according to the CAM design
presented in Figure 96. These coupons have been analysed to produce a mechanical
characterisation used to select one of the four proposed materials based on their test
performance.

Figure 96. Path planning of XY tensile and flexural coupons on CAM software. Infill pattern
oriented at +-45ºC (left) and infill pattern oriented along pulling direction (right).
Several design iterations have been necessary to make possible the approach to combine the 3D
printing and AFP technologies intended to attain the initial CARBODIN objectives. Considering
manufacturing constraints, several modifications were needed since the initial design did not
allow laying up the material as required. Moreover, from a resin infusion point of view, a
redesign was necessary to ease the resin flow over the insert. This has already been described on
D4.2, where three design iterations were presented.
Finally, a fourth design iteration was performed where the sides of the 3D printed insert were
chopped, now flat surfaces instead of curved slopes. This redesign is the result of the Design for
Manufacturing sessions (DfM): the strategy to lay down the carbon fibre has been modified to
ease the resin flow during the infusion process. The new design is also beneficial for the 3D
printing process, since the flat area can fully contact the build plate, improving the adhesion and
removing the need to add support structures, and preventing manufacturing issues such as
warping, which tends to happen on reduced contact areas. Other minor changes like adjusting
the thickness of thin walls to the diameter of the 3D printing nozzle used to achieve better
dimensional accuracy have also been implemented. The final design iteration has granted a more
robust manufacturing process, with fewer chances for defects. All manufacturing processes in
the demo fabrication have benefitted from the last modification, from 3D printing to ATL and
resin infusion. Note that there is an intermediate design for the AM process, where the C-Groove
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slot is closed, as seen in Figure 97. This skin has been added to prevent resin flow from
penetrating the slot during the infusion. After the infusion process is completed and the insert is
integrated into the wall panel, it will be machined to open the slot again.

Figure 97. C-Groove insert CAD model of finished version (left) and CAD model for AM (right).
Figure 98 shows the final iterations of the C-Groove insert being 3D printed.

Figure 98. Final iteration of C-Groove insert being 3D printed in PPE-PS (left), final iteration of
C-Groove insert completed (right)
Additionally, two new inserts have been designed and manufactured to demonstrate the
modularity of AM processes. The new demonstrator design comprises two sets of inserts of
different lengths, as shown in Figure 23. The C-Groove inserts have been manufactured using the
same slicer process created for the initial demonstrator design. The good results prove the high
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value of additive manufacturing technology in implementing design alterations, having no impact
on the manufacturing process. The new set of modular C-Groove inserts is presented in Figure
99, while Figure 100 shows the final inserts. For the final insert production, the same slicer
process has been used for all of the different inserts, validating the design modularity without
impact on manufacturing process.

Figure 99. Alternative demonstrator to validate design modularity.

Figure 100. 3D printed inserts of different dimensions.

5.4.3.1.2. Results
WS4 activities focused in this instance on evaluating the four proposed materials for their
application to the 3D printed insert to be manufactured.
Mechanical properties
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Figure 101 to 104 show the resulting mechanical properties of the four materials. PPS featured
the highest results obtained for Tensile strength, Young’s modulus, and flexure modulus in XY
direction. Nevertheless, the highest results correspond with PPE-PS for the Flexure strength and
the maximum load in XY direction. The results obtained for the XZ direction specimens follow the
same trend that in the XY direction specimen. Since PVDF featured inadequate mechanical
properties, the material was discarded and was not subject to further testing.
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Figure 101. Comparative of the results obtained in terms of Tensile strength, XY and XZ
directions.
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Figure 102. Comparative of the results obtained in terms of Young’s Modulus, XY and XZ
directions.
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Flexural Strength
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Figure 103. Comparative of the results obtained in terms of Flexural Strength, XY and XZ
directions.
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Figure 104. Comparative of the results obtained in terms of Flexural Strength, XY and XZ
directions.
Surface characterisation
In Figure 105, a graphic comparison of the roughness results obtained for each sample studied is
shown. It is noted that the material which presents the highest values, in terms of Rz and Ra, is
the PPE-PS samples. Also, it concludes that the sample with the highest roughness is the PPE-PS
sample, which corresponds with the highest layer heigh manufactured. So, in terms of
roughness, the most appropriate material for the adhesive joining with the composite material is
PPE-PS. This fact has been verified through SLJ tests of the samples.
Project CARBODIN – GA 881814

95 | 206

Figure 105. Graphic comparative of roughness results for all the 3D print samples.
In a second step, the researchers tested the free surface energy of the materials, as seen in
Figure 106.

Figure 106. Free surface energy test samples.
According to the values obtained, it is observed that the surface energy is higher for PPS than for
PPE-PS and PC-ABS. If the polar and dispersive components are evaluated, it is observed that the
variation of the energy in the different samples is produced by the polar component.
Printability and post processability
Lastly, the researchers analysed, through SLJ tests, the adhesion of the different configurations
with and without adhesive. After the tests, it emerged that ABS has the highest values, making it
very suitable to be the final choice of the insert that will be included in the DEMO cases.
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5.4.3.2. Experimental procedure of demonstrator
characterisation
Non-destructive testing
Qualitative and quantitative data of the different demonstrators made as well as their
corresponding manufacturing process have been obtained. Thus, process monitoring with
different technologies has been performed to get the KPIs of the process and get an insight into
the components’ quality. The different measurements have been attained by means of
thermography and FOS technologies. Also, thermocouples and DC sensors on both the mould
and components have been used. Finally, a standard camera has taken simple measurements
optically, as depicted in Figure 107.

Right side
Medium side
Left side

Figure 107. Optical measurements of the front flow by means of a standard camera and a
ruler.
All the components were weighted before the resin infusion process with a precision balance to
verify the fibre content. Furthermore, the final component and the excess of resin were
weighted. With these values and the dimensions, the fibre content was estimated for each case.
Destructive testing
The destructive testing of manufactured samples was chosen to verify the design and FE analysis.
Because the reference of metallic grooves assembled by bonding and riveting are completely
over-dimensioned and not representative, a FE analysis result is the baseline for verification.
The multi-material groove joint was developed according to an intense FE analysis considering
the study case's realistic loads and boundary conditions. The static load of a passenger seat and a
passenger is transferred with four screw connections to the four grooves. The two grooves in the
centre are loaded by two passenger seats, including passengers. Due to space limitations of the
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testing rig and machine, the team decided to perform pull-out tests of single groove samples
only. The tension of the test machine is applied in the axial direction to the screws, which are
fixed with nuts in the insert grooves.
The measured pull-out forces represent the maximum allowable force for the multi-material
groove. So, the maximal performance of the pull-out or peel-off as a reaction of axial tension
load is determined. In WP4, three different types of samples for testing were selected and
manufactured. For each type, three samples for destructive testing were manufactured.

5.4.3.3. Results
To test the possible introduction of the production process of the demonstrator, WS4
researchers analysed every possible manufacturing process for the demonstrator. Ultimately, the
researchers agreed that the One-Shot manufacturing process is the best option due to high
reduction on time, handwork and cost while obtaining similar fibre/resin content, consistency in
the manufacturing process and performance during testing.
Moreover, the researchers performed a FE analysis with a passenger seat attached to four
grooves in a sidewall to test whether the use of 3D printed insert can be applied to the railway
sector for the sidewall of car bodies. The tests proved that the integrated groove in a multimaterial design is suitable for the application. With some modifications such as the improvement
of adhesion in the transition of 3d print material to composite, the pull-out forces can be even
increased to be more robust.
In conclusion, WS4 activities proved that composite materials can definitively reduce the weight
of trains or train structures with a high specific strength and modulus compared to metals. For
the selected case scenario of attachment grooves at sidewalls, the integrated multi-material
groove joint made of plastics and composite brings further benefits. Whereas first composite car
body solutions required additionally assembled metal groove sheets, the integration of the
CARBODIN grooves happens during the sidewall manufacturing process. The advantages of this
solution are multiple: firstly, it reduces effort due to the dropped following assembly with
riveting and bonding as well as the positioning at the accurate locations. Secondly, a potential
corrosion problem is avoided because all components are made of plastics. Furthermore, if the
sidewalls are curved the inserts can be integrated appropriately to it, whereas metal grooves
need the adaption with high investment in separate extrusion moulds. Finally, the mentioned
benefits are advantageous at the same level of costs.
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6. CARBODIN Block 2: Doors
Similarly to the work done in Block 1, in Block 2 of “Doors”, CARBODIN investigated the costefficiency and reliability of composite manufacturing technologies applied to the context of
regional train doors. The project focused on the development of modular tools to reduce the
cost of production of composite parts of similar geometry. Moreover, CARBODIN developed
technologies to improve passenger comfort in the vicinity of the doors, ensuring thermal and
acoustic insulation, and developed an accessibility ramp and gap filler tested for adequate
accessibility.
Block 2 has the following specific objectives:
▪
▪
▪
▪
▪
▪

Develop the door leaf manufacturing process/technology accessible to the industry in composite
materials
Develop new modular tooling with high flexibility for geometry changes adaptation to reduce the
manufacturing cost.
Reduce the weight of the whole door system by enabling the use of composite material for the
door leaves.
Improve passengers’ comfort by enhancing the acoustic and thermal behaviour of the door
leaves.
Improve passengers’ comfort by eliminating accessibility barriers and other boarding and
alighting operational complications.
Reduce the NRC of the door leaf manufacturing process, making it versatile and flexible.

Block 2 is composed of WS5, WS6, and WS7. The following paragraphs will introduce the work
done within this second block at a WS level, thus demonstrating how the project is working
towards the achievement of specific WS objectives.

6.1.
6.1.1.

WS5: New tooling for composite door leaves manufacturing
Modular tooling design and validation

As seen previously, the CARBODIN consortium studied the use of modular moulds to
manufacture composite parts for the railway sector. The consortium defined various part
geometries to build a representative section of a passenger wagon and to demonstrate the
modularity concept. Figure 108 shows the proposed representative demonstrator.
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Figure 108. Demonstrator proposal, exterior view of a representative section of a wagon.
WS5 follows the CARBODIN approach already explained in Block 1. The project aims to propose
modular tooling with interchangeable head blocks or interchangeable 3D-printed inserts to find
ways to lower production costs, one of the key factors impeding entry to the market for
composite technologies. The work done regarding these modular moulds is reported in
deliverable D5.2 “Modular tooling design and validation”.

6.1.1.1. List of tools to be manufactured
As seen already in section 5.1.1 Manufacturing and validation of modular tools, WS5 is
responsible for the development of two kinds of moulds in Block 2 “Doors”. The list of the
moulds to be developed within the project activities is included in Table 8.
No.

Description

BLOCK 1 – CAR BODY
1
Sidewall
2a
Side Sill Floor
2b
Side Sill Roof
3a
Door Pillar L
3b
Door Pillar R

BLOCK 2 – DOORS
4a
Door Leaf L
4b
Door Leaf R
BLOCK 3 – INTERIORS
5
Interior Panel
Door Pillar L/R
6

Interior Panel
Top

Geometry

Comments

Responsible
for part
design

Responsible
for mold
design

Large shell
Closed profile
()
Open profile (U
or C)

sandwich panel
aim: one mold – 2
parts
aim: one mold – 2
parts

CG Rail
CG Rail
CG Rail
CG Rail
CG Rail

Aragon
EUT
EUT
CG Rail
CG Rail

Sandwich

aim: one mold –
2 parts

SMT
SMT

EUT
EUT

Open profile
(L)

aim: one mold UProfile --> 2 parts
L-Profile
--

CG Rail

Aragon

CG Rail

EUT

Thin shell 2-3
mm
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Table 8. List of parts and tools to be designed within CARBODIN, with focus on the parts to be
manufactured in WS5.
As Table 8 shows, WS5 is responsible for developing and manufacturing the moulds “4A” and
“4B” that constitute the door leaves, also illustrated in Figure 109.

Figure 109. Demonstrator proposal: interior and exterior view of a representative section of a
wagon (left and right, respectively).
The researchers of WS5 estimated the process called Resin Transfer Moulding Light (RTM Light)
to be the best process to employ within WS5 activities. RTM-Light is a closed mould system
consisting of rigid and semi-rigid counter moulds. As Figure 110 shows, the mould incorporates
joints that create an air-tight seal when the mould and counter-mould are closed by the action of
the vacuum.

Figure 110. Resin Transfer Moulding Light Process (RTM Light).
The fibre reinforcement rolling sequence is placed dry on the surface of the mould, and the
closure is carried out with the help of vacuum pressure applied to the perimeter closure and the
mould cavity. After applying the vacuum pressure, the resin is injected at very low pressure into
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the mould through the resin inlets. Once the resin has cured, the cavity and closure vacuum is
cut off, and the counter-mould is opened to proceed with the demoulding of the manufactured
part. Both sides of the part have a good finish as they copy the texture of the mould and
counter-mould, and a layer of gel coat can be applied. The reason for choosing this process is
that the door leaves are characterised by a sandwich panel geometry and must be manufactured
in a single step instead of manufacturing two skins separately and then bonding them to the core
in a second stage.
The research undertaken within WS5 aimed to manufacture the left and right doors with the
same mould holder and change the internal head blocks, leading to a mould with a lower cost.
With this versatile design that includes modular head blocks, it is also possible to save costs if the
design of the doors changes for marketing or technical purposes because it will be necessary to
modify only the affected zone of the internal head blocks.
Furthermore, the researchers followed these principles for the mould design:
▪

▪
▪
▪

▪

▪

Demoulding strategy: the moulds have been designed to make easier the demoulding
step thanks to an angle of 3° included in the mould. Besides, a 1 mm gap in the closing
zone between the inferior and superior plates has been included to inject air to help in
this step.
Reinforcement drapeability: the edges of the moulds have been eliminated or smoothed,
and the radii of the curved areas have been increased where possible.
Joints and assembly: all the parts have been designed considering the final assembly of
the demonstrator.
Production cycles: the objective in WS5 is to demonstrate the modularity of the moulds
to reduce costs. In this sense, the number of parts that these moulds can manufacture is
relatively low compared with a metallic mould. However, the concept of modularity can
be extrapolated to other processes more adequate to a mass-production scale.
Mould materials: the mould designs cover the possibility of manufacturing the moulds in
several materials such as metallic or tooling board (epoxy, polyurethane or similar),
including the interchangeable head blocks. The material will be the Obomodulan® 700
terra, a Polyurethane based material. The changeable inserts could be produced by 3D
technology for fast reconfiguration and geometry adaptation. However, due to the size
limitation to print the inserts by 3D technology within the consortium, the
interchangeable blocks in the CARBODIN project have also been manufactured in the
same Obomodulan® 700 material.
Part materials: the moulds have been designed to cure the resin at room temperature for
any type of resin that is manufactured especially for the RTM Light processing technique.
The resin used in CARBODIN will be the Crestapol 1261 from Scott Bader, a urethane-
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acrylate resin. The reinforcement will be carbon fibre from SAERTEX. Eventually, the
selected core is the foam from Airex T90.

6.1.1.2. Parts design
The parts that have been used to design the modular moulds were designed within the
CARBODIN consortium. It should be noted that the door leaf includes not only the outer skins
but also an internal structure and the associated interface fixing points. The standard door
frames consist of aluminium profiles that are welded, bonded, and bolted together to form the
internal structure of the door leaf. The doors designed in composite are characterised by a
sandwich panel structure that consists of two skins composed of four composite layers each and
a core. The stacking sequence is explained in the following section “Part simulations”.
The designs of the doors in composite have been realised trying to respect the original metallic
design to make the assembly easier. One of the most difficult points was to design the shape of
the metallic frames thinking about composite materials and considering the RTM light processing
technique. It was decided to include these frames in 3D printed material after some
modifications in the designs.
After the previous steps, the researchers focused on the metallic frames that serve as guides for
the opening mechanism. It was decided to leave these guides in the original metallic components
due to the requirements of the movement of the opening mechanism itself. With these designs
completed, WS5 activities carried out the part simulations to define the laminates' stacking
sequence and eventually design the modular moulds.

6.1.1.3. Part simulations
The performance of the new door leaves design has been evaluated by Finite Element
simulations. The properties of the composite materials have been modelled by implementing
specific methods able to consider the orthotropic properties of the material as well as its
complex failure mechanisms. Two simulation loops have been performed considering different
materials and modelling strategies.
First simulation loop
The properties of the composite ply (fibres and resin) have been calculated by implementing a
microscale FE simulation model of a Representative Elementary Volume (REV). The geometry of
the door leaves has been meshed using shell elements for the composite skins and solid
elements (quadratic tetrahedrons) for the core and profiles. The geometry of the windows has
not been included in this model. The windows contribute to the global response of the system
since they provide stiffness, but they also represent a surface affected by the suction pressure. In
order to take this into account, a load has been applied at the perimetral edges of the window,
Project CARBODIN – GA 881814

103 | 206

equivalent to the load produced by the suction pressure on the window surface. Moreover, the
following movement restrictions have been applied to realistically reproduce the behaviour of
the door leaves:
▪

Displacement in X, Y and Z directions at A, B, C and D points.

▪

Rotations in X and Z directions at A, B, C and D points.

▪

Displacement in the Z direction at E and F points.

Once the FE simulation model is created, different simulations with different material
combinations have been submitted. From the results obtained, the researchers obtained the
following conclusions:
▪
▪
▪
▪
▪
▪

The core material Airex T90 100 provides the best performance regarding specific
stiffness.
The use of aluminium profiles instead of Iglidur I3 polymer improves the specific stiffness
in a very significant way.
Compared to a two-layer laminate, the use of a four-layer laminate improves the stiffness
significantly, and the resulting overall thickness is still below the limit.
The safety factor is above one except in localised zones, indicating proper structural
integrity.
Local stress concentration zones where the model is simplified, such as fixations, should
be analysed more in detail.
The maximum displacement was out of the defined limit even for the best configuration
analysed.

According to those results and conclusions, a second simulation loop was decided to be
performed to fulfil all the defined criteria – especially the maximum displacement – and improve
the simulation model.
Second simulation loop
In this second loop, the same fabrics as in the first loop in terms of orientations, ply thicknesses,
and fibre volume ratio have been considered but with HS-Carbon fibres instead of E-Glass fibres,
to determine the improvement that this kind of fibres can provide mainly in terms of stiffness
and lightweighting. The materials for the matrix, resin and profiles have been considered the
same.
Furthermore, the geometry of the window glasses and the related profiles have been added to
the FE simulation model to realistically reproduce the system’s behaviour. This geometry has
been meshed using the same criteria as the first loop, the window glasses modelled as a surface,
and meshed with shell elements.
The same parameters used in the first simulation have been included in terms of movement
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restriction and loads. From the FE simulation results obtained in this second loop, the
researchers obtained the following conclusions:
▪
▪
▪
▪

The use of carbon fabrics significantly improves the solution in terms of lightweight and
stiffness.
The use of carbon fabrics enables the fulfilment of all the criteria.
The safety factor is above one except in localised zones, indicating proper structural
integrity.
Local stress concentration zones where the model is simplified, such as fixations, should
be analysed more in detail.

6.1.1.4. Moulds “4a” and “4b”: left and right doors
After completing the design of the door parts and defining the stacking sequence, WS5
researchers focused on the mould design, including the modularity concept. Both left and right
door parts are expected to be manufactured with the same mould holder by changing the
internal blocks that contain the left or the right geometries. The mould consists of:
▪
▪
▪

A mould holder;
A set of Inserts (Male and Female, named as headblock) for the exterior skin and the
interior skin of the sandwich panel that constitutes the right door;
A set of Inserts (Male and Female, also named as headblock) for the exterior skin and the
interior skin of the left door.

The mould design, shown in Figure 111, includes modularity concept: the left and right doors can
be manufactured with the same mould by changing the internal blocks.
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Figure 111. Mould design.
In figure 16, the injection point in orange colour can be appreciated. Besides, the mould has one
air injection point that helps in the demoulding strategy: a 1 mm gap in the closing zone between
the inferior and superior plates has been included to inject air to help in this step.
In Figure 112, a section of the mould is shown, displaying how the internal head block fits in the
mould holder and how the head block is joined to the mould holder with screws.

Figure 112. Section of the mould to see the internal head block (left) and detail of how the
head blocks are joined to the mould holder (right).
The mould holder and the internal blocks include removable handling elements that permit
mould manipulation and the interchanging of the head blocks. Figure 113 provides detail of the
removable handling elements.

Figure 113. Detail of removable handling elements.
The modularity of the mould ensures that the left and right doors can be manufactured using the
same mould holder. Moreover, if the design of the part changes, it would be more economical
and simpler to act on the affected part, and it is not necessary to update the entire mould. This
allows the reduction of costs in materials and hours of realisation.
With this mentioned approach and mould design solution, the researchers assumed several cost
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reductions for mould manufacturing. In particular, the mould holder representing approximately
35% of the total mould size is needed only once to manufacture both left and right doors. Table
9 quantifies the reduction of costs following the CARBODIN WS5 mould.
Savings in raw material
Saving in mould manufacturing in terms of
machining hours

35% savings respect to manufacture 2
individual moulds
25% savings respect to manufacture 2
individual moulds

Table 9. Estimated costs reduction following the employment of WS5 door mould.
Considering the assumption that the mould costs are divided into raw material costs (40%) and
manufacturing costs (60%), the raw material cost saving is 14%, and the manufacturing cost
saving is 15 % with respect to the total cost in the moulds manufacturing. Therefore, it is possible
to achieve up to 29 % in the total savings thanks to the selected modularity concept.

6.1.1.5. Work with 3D printed inserts
To include 3D printed inserts, the researchers identified the Multi Jet Fusion (MJF) technology by
HP as the most suitable 3D additive manufacturing technology. In this printing process, the
printer lays down a layer of powder on the printing bed. Subsequently, an inkjet head runs
across the powder and deposits both a fusing and a detailing agent onto it. However, the main
limitations of this technology in the context of CARBODIN activities is represented by the
maximum dimensions or volume of the parts that can be manufactured. The building volume of
the MJF machine is 380 x 285 x 380 mm, and due to the thermal distortions of big parts, only a
maximum of 30% of the total volume can be used. For this reason, the 3D printing activities
dedicated to the manufacturing of the inserts have been focused on three aspects:
1. Study of the different unions between insert parts and mould holder;
2. Mould surface post-process to reduce splitting line between insert parts;
3. Coatings study to improve the surface finish of 3D printed insert and demoulding
improvement.
Regarding the first point, WS1 activities considered that the best type of union studied is through
screws since this method facilitates the assembly, requires less post-processing to improve the
surface finish and the union is mechanically more resistant. The screws studied are made of
different plastics since metal screws would damage the master board. WS5 researchers focused
on the two remaining points, and the results are explained here.
2. Mould surface post-process to reduce splitting line between insert parts
The researchers selected the following sealants for evaluation:
▪

ProLab Glue (Sika)
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▪
▪
▪

Polyester Fiberglass Putty
Loctite 5699
EasyMax (Sika)

The activities focused on the effect that the application of different sealants has on the surface
roughness of MJF pieces. Different aspects of the results have also been evaluated: ease of
application, polishing time (after application) and final quality. A specific test specimen sample
was designed to test the different sealants. The specimen simulates the different curvatures
found in the mould with some borders with organic surface. The sealant has been applied in the
four different separation zones that are found when joining the moulds, and then it has been
polished using different sanding paper grades. The test specimen can be seen in Figure 114.

Figure 114. Specimen employed to evaluate the sealants.
Evaluating the results obtained and the observations of each sealant, the researchers considered
that the best surface finish and the easiest one to apply are the sealants provided by Sika:
PROLAB and Easymax. Although the two are very similar in terms of application and polishing,
the Easymax only needs 20 minutes to cure, compared to the 16 hours required for PROLAB.
The Krafft Polyester Fiberglass is the best choice for roughness results, but its application is not
as simple as those discussed above. However, it should be noted that it is three times cheaper
than the Sika Easymax.
On the contrary, the Loctite 5688 is completely discarded as it has very poor roughness results
and the polishing task is very complicated, and you need to use sandpaper.
3. Coatings study to improve the surface finish of 3D printed insert and demolding improvement
Different coatings have been studied to enhance the surface finish. Test samples have been
manufactured with MJF and then spray painted with the different coatings to improve surface
finish and help in the demoulding step. Afterwards, all the samples were tested using a
roughness tester to determine the surface finish. The selected coatings are
▪
▪

CRC Plastik 70
RS Epoxy
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▪
▪

Loctite 8021
CPL Electrotube

A total of 4 different resins were used, and for each of them, two test tubes were made, the first
with a single layer and the second with two layers of coating. Figure 115 shows the test
specimens used to test the coatings.

Figure 115. Test specimens used to test the coatings.
The results showed that the Loctite 8021 results in a higher or equal surface roughness than the
part without coating, so it is completely discarded. The resin that presents the best results is
Electrolube, followed by RS Epoxy. The price of the two solutions is quite similar.

6.1.1.6. 3D printed inserts in small components of the Doors:
opening buttons
As mentioned throughout the report, CARBODIN activities explored the possibility to include 3D
printing inserts in the moulds to make the manufacturing of the modular items faster. However,
due to the size limitation for manufacturing 3D parts within the consortium, joining strategies
between the inserts have been approached to eventually achieve bigger inserts.
At the time of D5.2, only small sections of the mould for the doors, such as the opening buttons,
have been considered to demonstrate the feasibility of the mould modularity with 3D printing
technology. In this line, WS5 activities designed these buttons as 3D inserts. The exterior side of
the door is characterised by three buttons, and the interior side features two. These buttons
have two different geometries, which can be appreciated in Figure 116, Figure 117 and Figure
118.
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Figure 116. Exterior (left) and interior (right) view of the position of the opening buttons.

Figure 117. Details of the first opening button.

Figure 118. Details of the second opening button.
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With the knowledge acquired with the technical advances in 3D printed activities, the possibility
of manufacturing these inserts in 3D printing and including them as part of the mould is analysed
in the activities carried out in WS5 in the next section 6.1.2.
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6.1.2.

Manufacturing of modular tooling

Due to the COVID-19 pandemic and the increase of cases in Germany, CARBODIN partners and
suppliers had to halt the production of CARBODIN demonstrator. At the time of the production
of this report, the manufacturing to be described in D5.3 “Manufacturing of modular tooling” is
ongoing and work towards the finalisation of the mould is proceeding, as shown in Figure 119.

Figure 119. Ongoing manufacturing of WS5 mould.
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6.2.
WS6: Solutions for thermal and noise reduction in the
neighbourhood of the doors
WS6 aims to increase passenger comfort in the regional trains, especially regarding the thermal
and acoustic conditions in the vicinity of the door. In detail, WS6 aims at:
▪

Finding a combination of materials to improve thermal features,

▪

Finding a combination of geometry and materials to improve acoustic features,

▪

Finding optimal conditions and requirements for efficient and time lasting sealing
technology.

The activities performed within WS6 are reported in deliverable D6.2 “Report on CARBODIN
thermal and acoustic solutions.”

6.2.1.

Report on CARBODIN thermal and acoustic solutions

After initial research reported in deliverable D12.5, WS6 activities further developed the concept
of Helmholtz-Resonator-Thermal-Layer (HRTL), described in D6.2 “Report on CARBODIN thermal
and acoustic solutions”.

6.2.1.1. Acoustic optimisation of the HRTL design
The HRTL concept is composed of glass fibre reinforced polymer (GFRP), ABS, gluing tape and
mineral wool. After tests evaluating its thermal and acoustic performance have been carried out
in the first year of the project, a second iteration addressed the following areas.
▪

Mass redistribution with thickness optimisation

Through a specific analysis employing two algorithms, the researchers identified the
adoption of a double cell layer solution as promising. The additional middle-wall influences
how vibrations are propagating into the structure in opposition to the single wall model
already defined in the WS activities. It also gives space for proper thickness distribution
during the velocity decreasing process. The proposed, modified HRTL1 design with the
double cell concept and the application of Artificial Intelligence proves the potential to
exploit by optimising wall thickness distribution.
▪

Frame strengthening of the external faces

Researchers investigated the possibility of redistributing local structural mass, replacing the
uniform "quiet" and "noisy" faces with slightly thinner plates reinforced with small framing
beams. The research aimed at developing an understanding on whether such a solution
might lead to an increase of bending stiffness, creating a structure which is effectively stiffer
and reflects more incoming energy and radiates less, especially through bending modes.
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▪

Shifting one row of transverse walls relative to another

WS6 activities aimed at verifying whether shifting the first row of transverse walls relative to
the second row might reduce the overall sound transmission. The results show that, on the
one hand, the discontinuity on the wave path enforces additional mode conversions, from
longitudinal to bending and vice versa, which reduces sound transmission efficiency. On the
other hand, this lowers the global stiffness, entailing a smaller amount of sound reflected at
the "noisy" face, which is an unwanted effect.
▪

Introducing damping spacers at the T- or X-junctions

The project activities estimated whether rubber elements hold the transverse walls and
provide extra damping.
▪

Proposing and validating the formula for prediction of Helmholtz resonance of coupled
cells

Researchers considered the possibility of developing a twin cell layout for the HRTL design.
Early results proved that the twin-cell design might be interesting in the higher frequency
range.
▪

Initial check of efficiency of energy inflow into H-cell through wall membranes

Researchers analysed whether an elastic wall could provide energy without destroying the
Helmholtz resonance effect itself.

6.2.1.2. Thermal performance prediction of the HRTL1 design
The research undertaken in WS6 works upon the advancements of the previous year regarding
the thermal evaluation of the HRTL1 design. The researchers focused on the influence of
convection around the running train and the value of the heat transfer coefficient of the HTRL1
design structure.
The analysis of the test results indicated that the sound attenuation efficiency of a resonator
matrix could be estimated above 40 dB when the HRTL concept is being used. Nevertheless,
further investigation must pursue significant mass reduction.

6.2.1.3. Regional train door vibration analysis
The vibration analysis of the door has different purposes. On the one hand, it estimates acoustic
excitation from the door natural modes. On the other hand, it brings essential information about
the sealing deformation when vibrating with the door structure. The sealing deformation can, in
extreme cases, lead to tightness loss and, as a consequence, to locally missing thermal isolation
as well as missing acoustic isolation.
This analysis found that the maximum sealing leap displacement is considered rather small
compared to the deflection of the sealing lip resulting from the door being closed by hydraulic
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cylinder forces. Moreover, researchers found that composite laminate shells have lower stiffness
than shells made of aluminium. Consequently, the first natural frequency is lower, and the
acoustic excitation velocity is higher. To enhance the stiffness of the door with the composite
solution, stiffeners could be placed inside the door or sandwich composite layers.

6.2.1.4. Thermal performance prediction of regional train doors
The research then investigated how different materials, the external environment and train
movement conditions influence the heat exchange through the regional train door. Five sections
have been identified in the door structure for calculating the heat exchange coefficient, as
shown in Figure 120.

Figure 120. Cross-section types in a regional train door.
The FE analysis of the door thermal performance proved that there is a significant difference in
the heat exchange coefficient depending on whether the thermal bridges appear in the door
design or not. If thermal bridges exist, the thermal performance significantly drops. However, it
is possible to remove these bridges by applying polymer or composite elements instead of
metallic components in the internal door structure. The analysis also proved that the covers and
the painting play a limited role in heat conduction, and therefore the covers can remain metallic.
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Lastly, WS6 activities proved that the glass within the door has the most significant influence on
the heat exchange process. When uniform glass is applied, the heat energy portion flowing
through the glass is more than 50% of the entire heat flow through the dominating section types
of the door. When a special design of glass has been applied, the heat energy portion that flows
through the glass becomes much less than 50% of the entire heat flow through the door.

6.2.1.5. Tests on small specimen and validation of simulation
The ultimate step of WS6 was to perform tests on small specimens and validate the simulation
previously performed. These tests employed three plates:
1) a thin layered composite laminate plate (GFRP) representing a material typically used for
door cover shells, shown in Figure 121.

Figure 121. Laminate plate 500x500x2.0 (left), structure of the laminate surface (right).
2) a small specimen with four Helmholtz resonators, shown in Figure 122.

Figure 122. Sandwich plate HRTL1/2x.
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3) another small specimen with nine Helmholtz resonators, seen in Figure 123.

Figure 123. Sandwich plate HRTL1/3x3.
The measurements had the aim to compare their result values with the corresponding values
received from FE simulations and thus, to validate or verify the FE models and their parameters.
For this purpose, the following measurements have been performed:
a) deflection of the laminate plate, to validate the laminate stiffness;
b) vibrations of the laminate plate to determine the damping coefficient of the plate
material;
c) vibrations of the sandwich plate HRTL1/2x2 to validate the acoustic frequencies;
d) vibrations of the sandwich plate HRTL1/3x3 to validate the acoustic frequencies.
In conclusion, WS6 activities successfully demonstrated that the HRTL concept could be applied
and optimised for regional train door structures to fulfil the objectives of noise attenuation level
of 35 - 38 [dB] and heat exchange coefficient of less than 3.3 [W/m2K].
The solution is also applicable for the vestibule and passenger compartment walls. If used in
combination with the CARBODIN door, the best results are expected due to its composition of
mostly laminates and polymers. In this sense, their application is expected to fulfil the project
objectives without violating the weight and stress constraints.
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6.3.

WS7: Accessibility to passenger trains

The aim of WS7 is to provide the necessary research for CARBODIN activities to focus on
functional requirements for the boarding equipment, to be intended as adaptive boarding aids to
reduce vertical and horizontal gaps, thus improving train accessibility and making that safer and
comfortable also for disabled people and persons with reduced mobility (PRM).
Following the activities developed in WS7, a CARBODIN mock-up will be produced consisting in a
gap bridge/ramp device (2 in 1) and a complete door system including a door mechanism and
two-door leaves. This mock-up has been conceived as a static apparatus for simulating and
assessing the train accessibility for PRM. The solution proposed focuses on removing the
responsibility from the end-user to decide whether it is necessary to deploy a ramp or a gap
filler. Instead, it is the system that decides what to do based on the platform geometry and
layout. In doing so, it treats PRM and non-PRM people in the same way.
The activities performed within CARBODIN WS7 are reported in deliverables D7.1 “Reviewed
functional requirements for the boarding equipment” and D7.2 “Planning and results of tests and
design revision of improved accessibility systems.”

6.3.1.
Reviewed functional requirements for the boarding
equipment
The WS7 researchers’ activities in the work reported in D7.1, “Reviewed functional requirements
for the boarding equipment,” aimed at providing a review of the main specifications dealing with
train accessibility provided to the consortium by the CFM PIVOT2 project, to ultimately select
functional requirements and implementation rules compatible with the expected TRL 5-6 to be
achieved by the WS7 of the CARBODIN project.
The focus in WS7 has been put on the following well-defined features and subsystems:
1. Platform height;
2. Distance between the platform and the doorsill;
3. Residual gap between the gap filler and the platform;
4. Slopes;
5. Platform position and measurement systems.
Train access systems, namely doors, steps and ramps, are commonly recognized as the crucial
interfaces between station platforms and trains. They primarily enable all passengers - including
disabled people and persons with reduced mobility (PRM)16 - to board and alight the train.
16

PMR TSI defines (cf. §2.2) a person with disabilities and a person with reduced mobility “[...] any person who has a
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Besides, they perform further additional functions such as ensuring the passenger safety,
supporting the demands of people with reduced mobility and optimising dwell time at stations.
They also contribute to increasing comfort for train travelers as a whole, as seen in Table 10.
Key Area
Improved
services and
customer quality

Key objective
▪ Increase train
accessibility for PRMs
▪ Passengers safety and
comfort improvement
and enhanced PRMs
traveling experience
▪ Increased capacity due
to improved passenger
flow by introducing
innovative passenger
access systems

Technology contributions
▪ Innovative vehicle access systems (namely,
a vertical and horizontal gap filler) allowing
a) independent and faster boarding for all
passengers
b) an unassisted and easy PRM access
▪ New architectures, new materials and
technologies for an optimized access
solution (thermal, acoustic performances,
and weight)
▪ Contactless passenger detection by using
new sensor technologies

Table 10. Key objectives and technology contribution to improve customer service quality.
The following sections respectively address the systems listed below.

6.3.1.1. Entrance system as theoretically developed within
PIVOT-2
6.3.1.1.1. Platform height & platform-doorsill distance
Gaps and height differences between train and platform are one of the main barriers hindering
the mobility of PRM. Indeed, in case passengers are people with serious walking difficulties at
present, there is no solution for an autonomous PRM boarding and a list of procedures is
required to enable a coherent operation between the Infrastructure Manager (IM) and the
Railway Undertaking (RU) as the responsible for the rolling stock subsystem. In doing so, disabled
passengers are generally provided with an assistance service by a crew member (e.g. via a
dedicated manual ramp or lift) for boarding and alighting from trains. Such service, activated
upon reservation in advance, is always necessary for wheelchair passengers. Since the time
required for booking is quite large, this prevents the disabled passenger, unlike any other
customer, from making his/her travel decisions in a short time.
In this context, the focus is on developing a boarding aid to reduce both horizontal and vertical
gaps between the door threshold and the platform. Following both the EN and TSI standards, the

permanent or temporary physical, mental, intellectual or sensory impairment which, in interaction with various
barriers, may hinder their full and effective use of transport on an equal basis with other passengers or whose
mobility when using transport is reduced due to age”.
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boarding support should be necessarily adaptive to an extensive range of platforms, specifically
European standard platforms (550 mm and 760 mm); such a device must allow covering a gap of
more than 200 mm and a stroke between 150 mm and 550 mm.
As far as the platform height is concerned, the train must allow easy and safe access to both the
760 mm and 550 mm platform typology, as regulated by the TSI. In such a case, the height
tolerance values are respectively [-30 mm] and [+ 55mm] for both the nominal platform height.
This tolerance value refers to a sample composed of more than 80% of the 550 mm platforms
measured in France. Moreover, depending on the station type and its curvature radius, the
trains' operating speed that does not stop at the station as well as on the type and length of the
train stopping at the station, it is possible to observe cases of very large distance between the
platform and the doorsill, as shown in Figure 124.

Figure 124. Platform and train interface (source: Dennis, Rail Magazine, 2018).
According to different railway services, the minimum and maximum values to be detected,
mainly depending on the door position and the platform design, are as follows:
▪

Metro: min = 80-150 mm; max = 200 mm;

▪

Regional: min = 80-120 mm; max= 500 mm;

▪

High Speed: min = 80-120 mm; max= 500 mm.

6.3.1.1.2. The residual gap between the gap filler and the
platform
Once the stroke and the altitude of the step have been adjusted, the target of 20 mm has been
set up for the residual vertical gaps between the platform and the end of the sliding step of the
vehicle. This value is fully compliant with the TSI PRM that set level access of 50 mm. As far as
the horizontal gap is concerned, the target is 20 mm too; in such a case, the level of access as
defined by the TSI PRM is 75 mm. As a complementary reference, the ADA regulation (United
States of America) identifies different vertical gaps to be filled, based on the following
characteristics:
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▪

New platform and new train: < 16 mm;

▪

New trains only: < 38 mm;

▪

Train refurbishment: < 51 mm.

6.3.1.1.3. Slopes
To allow easy and safe access, the slopes in the train access area should be limited to a 6% target
value. This implies a related upstand (protrusion) of 20 mm at both ends, which could be
reduced to 10 mm if the ramp splits twofold or stow. If it is impossible to reach the target value,
a maximum value of up to 10% would be acceptable. At the Europen level, according to the TSI
PRM, the slope cannot exceed 18%, which is an angle of 10.2°. As a further reference from the
United States of America, the ADA regulation provides maximum slope values according to
height change in the access area.

6.3.1.1.4. Platform position and measurement systems
In order to reduce the residual gaps between the door sill and the platform, it is necessary to
receive information on the platform position. This information could be delivered by beacons or
by a database after platform measurement.
Currently, the following two types of solutions are already in operation:
▪

Use of ultrasonic sensors to measure the horizontal distance of the platform. This
solution is accurate to measure only the horizontal distance but does not allows to
measure the vertical distance. This kind of sensor is also used to determine the type of
platform (high or low).

▪

Use of scanner based on laser to measure both horizontal and vertical distances of the
platform. Alternatively, it is also possible to use the laser to enlighten the platform with
the use of a camera to analyze and measure horizontal and vertical platform distances.

However, both solutions present some weaknesses. On one side, they are rather expensive
while, on the other side, the sensitivity to the dirt and dust can negatively affect the
measurement.
Nonetheless, if there are no beacons or data available, to fine-tune the adaptive gap filler, it will
be possible to refer to a benchmark and an assessment of the existing solutions. In doing so, the
platform measurement system can allow performing residual gap filer adjustment, as seen in
section 6.3.1.1.2.

6.3.1.1.5. Functional requirements
Based on the main features related to the boarding equipment, as identified in the CFM PIVOT-2
project, Table 11 summarises the functional requirements according to the single phases of the
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device operations.
Functional steps
Deployment and retraction

Requirements
Deployment and retraction of
the device shall be automatic

Preliminary adjustment

Perform preliminary
adjustment of the height
before the train is at standstill
to reduce the dwell time
Platform heights and distance
should be known before the
train is at a standstill

Behaviour of the entrance
system

Entrance system shall always
act as a "level access".

Adjustment during boarding,
alighting and stop in station

Due to the enter/egress of
passengers in the train, the
wagons weight may change
and then the height of the
floor also. Nevertheless, the
floor's height must remain
constant because the train
secondary suspension will
nearly always compensate for
the change of vehicle weight

Recommendations
Ramp or access devices
should not oversail the
platform in order to avoid
passenger injuries (contact or
impact on passenger present
on the platform near the
edge)
Longitudinal slopes inside the
train rather than lateral slopes
should be implemented
Accumulation of the lateral
slope of the floor with the
slope of the train (up to 8%)
must be avoided to avoid risk
of having unacceptable slope
values
Gap filler is always adjusted to
the platform height and
distance
No adjustment during
boarding and alighting for the
adaptive gap filler.

Table 11. Functional requirements considered in WS7.

6.3.1.2. Functional features linked to the simulation process and
needed to deliver a mock-up
After analysing the features described above, CARBODIN researchers focused on the design and
operating specification of boarding equipment (i.e., ramps and gap fillers). This is a first step in
the development of the CARBODIN mock-up produced by MASATS.
The mock-up consists in both (I) a gap bridge/ramp device (2 in 1) and (II) a complete door
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system consisting of a door mechanism and two-door leaves. This mock-up has been conceived
as a static apparatus built at the MASATS manufacturer site (Barcelona/Manresa – Spain) for
simulating and assessing the train accessibility for Persons with Reduced Mobility (PRM). The
solution proposed focuses on removing the responsibility from the end-user to decide whether it
is necessary to deploy a ramp or a gap filler. Instead, it is the system that decides what to do
based on the platform geometry and layout. In doing so, it treats PRM and non-PRM people in
the same way.

6.3.1.2.1. Geometric characteristics of the static mock-up
Based on the above-mentioned features, the apparatus developed by MASATS are expected to
feature specific geometric characteristics. The ramp opening (Figure 125) will always be from a
higher train position to the platform and not the other way around. The maximum vertical gap
that the device is able to compensate for is 140 mm, while the maximum horizontal gap is 300
mm.

Figure 125. Ramp/sliding step concept (source: MASATS, 2021).
The ramp/gap bridge will have an effective width no smaller than 1300 mm (Figure 126).

Figure 126. Mock-up layout and clear passage dimensions (source: MASATS, 2021).
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6.3.1.2.2. Operating modes and functionality to be
integrated into the system
After having identified the geometric characteristics, the researchers described the main
operating characteristics expected from the mock-up. Apart the sliding plate in the stowed
position, two different operating deployment mode were expected to be recognized, as shown in
Figure 127:
1. sliding step deployment;
2. ramp deployment.

Figure 127. Gap filler via sliding step or ramp mode (source: MASATS, 2021).
In both cases, an integrated sensor system capable of automatically utilizing the device as a gap
bridge or as a ramp without input from the end-user is included. This sensor system can detect
the presence or absence of the platform edge and deploy the gap filler accordingly.

6.3.1.2.3. Obstacle detection system
An obstacle detection system is integrated within the unit's main functions. This is achieved by
two individual systems providing two separate inputs, as shown in Figure 128. The first one is
due to an overcurrent limit value monitored by the system during the plate deployment. In cases
such as where a limit is exceeded, the Electronic Control Unit (ECU) "reads" it as "an obstacle in
the path". A sensitive edge, installed at the front lip of the sliding plate, is capable of "sensing"
an obstacle when it comes in contact with it during the deployment of the sliding plate/ramp.
When an overcurrent or a sensitive edge activation is detected, the system will execute the
following sequence:
▪ CASE 1 - The detected distance is < 300 mm: the sliding plate will retract 25 mm and
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execute another attempt to deploy. If after 3 attempts the obstacle detection remains,
the sliding plate will retract to the 300mm position (gap filler mode).
▪

CASE 2 -The detected distance is ≥ 300 mm: the sliding plate will retract 25 mm. A second
attempt will be executed in 3s. If successful, the plate will continue its deployment as a
ramp. After three attempts, if the result is not successful, the sliding plate will retract to
300 mm and remain extended a gap filler.

it should be noted that, in both cases, if the vertical distance between the sliding plate and the
platform is less than 40 mm, then the system will command the plate to retract always to the
300 mm position. The reason for this limitation is to avoid crashing of the sliding plate should the
train suffer a sudden change in its leveled position (i.e. a sudden loss of pressure in the
secondary suspensión system).

Figure 128. Platform system detection (source: MASATS, 2021).

6.3.1.2.4. Platform detection system
The system employs four sensors installed under the sliding plate and the chassis that are
capable of “sensing” the platform area without the need of “touching” or coming in contact with
the platform edge. The sensors are able to map the platform edge and therefore determine (a)
the distance of the sliding plate to the platform and (b) its relative position to the platform
surface (i.e. whether the sliding plate is above or below the platform level). The ECU receives this
information and commands the device to deploy as a bridge plate (i.e. only horizontal
movement) or as a ramp (i.e. horizontal and vertical movements), as detailed below.
Platform edge detection
Two sensors are located on the left and right side of the chasis. When the train is at a standstill,
the sensors provide feedback to the ECU regarding the relative position of the sensors (and thus
the sliding plate) with respect to the platform edge. If the position is at or below the platform
surface, the ECU will carry out a “step deployment”, as seen previously in Figure 127.
Platform surface detection
A second set of sensors will be integrated on the lower surface of the sliding plate. When the
train is stopped at the station and the sliding plate starts to deploy, these sensors “seek” the
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presence or not of the platform level below. When (a) the presence of the platform level is
detected (i.e., relative position above the platform level) and (b) height is within the specified
range (i.e. 40 <H≤ 140 mm) then the ECU will allow the sliding plate to continue its trajectory and
will therefore convert into a ramp as seen previously in Figure 127.
If, however, the measured height is more than 140 mm or less than 40mm, then the ECU will
limit the deployment to the step mode.

6.3.1.3. TSI – PRM: the focal point for rail systems accessibility
The PRM Technical Specifications for Interoperability (TSI) must be intended as a mandatory
technological focal point for improving the PRM accessibility to rail systems. Indeed, they cover
all the essential requirements referred to passengers' safety. Among them, platform ramps and
on-board ramps, as a manual, semi-automatic or automatic device that “is positioned between
the vehicle door threshold and the platform”, represent one of the Interoperability Constituents
(ICs) for PRM TSI. It should be reminded that interoperability constituents means any elementary
component, group of components, subassembly or complete assembly of equipment
incorporated or intended to be incorporated into a subsystem, upon which the interoperability
of the rail system depends directly or indirectly, including both tangible objects and intangible
objects.
According to the above, in order to investigate a possible relationship among the PRM TSI and
the documents chosen as the main references for the work undertaken in the first part of WS7,
the researchers carried out a systemic analysis of the main functional elements featuring the
boarding equipment also in light of the PRM TSI requirements.
Following the analysis carried out, it is evident that the accessibility requirement at the level of
the train-platform system is essential for all railway passengers. However, it becomes of crucial
importance when it refers to PRM or, in any case, people with temporary or permanent
disabilities to whom it is necessary to guarantee a safe and, at the same time, comfortable train
access. The topic's relevance is also confirmed by the technological evolution concerning the
boarding devices (namely ramps and gap filler) allowing disabled people access and egress trains
in an autonomous manner, which are echoed by the mandatory rules at the European level, i.e.,
TSI expressly dedicated to PRM.
After a first theoretical step, the reserachers focused on the other tasks within WS7. In the next
section, the concepts outlined above have been translated into a physical demonstrator to test
accessibility and safety train passengers under diverse criticality levels.
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6.3.2.
Planning and results of tests and design revision of
improved accessibility systems
Research activities carried out within WS11 focused on the testing procedure theoretically
developed in methodological terms. The work reported in deliverable D7.2, “Planning and results
of tests and design revision of improved accessibility systems,” defines the testing scenarios and
the principles applied for developing the PRM sample, the main criteria through which the
impacts of train boarding aid is estimated and a guideline for carrying out the testing activities.
The researchers focused on the functional and operating features associated with the simulation
process and the explanation of the experimental tests. In such a context, the details on how,
when, and where the demonstrator activities were performed are reported, along with a critical
discussion of the main results in terms of boarding and alighting times recorded by the different
disability clusters composing the PRM sample.
Finally, CARBODIN researchers provide the outlook of the survey which the WS findings carried
out through questionnaires distributed immediately after the conclusion of the experimental
tests. In this way, it was possible to have a first impression of how the participants attending the
tests perceived the boarding aid device's usefulness and functionality, as well as comfort and
accessibility improvement.
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7. CARBODIN Block 3: Interiors
Within Block 3 “Interiors”, CARBODIN will develop modular and aesthetic interior designs and
layouts characterised by low cost and rapid uptake. The project will also identify new humanmachine interactions for future cabins and integrate low volt circuits in panels to increase
reliability.
Block 3 has the following specific objectives:
▪ Develop modular and aesthetic interior designs that fit to the new fixation system
concept.
▪ Create a configuration tool to reduce the time to market and the prototype costs by using
virtual reality.
▪ Design flexible, low-cost manufacturing tools for interior components.
▪ Perform a European survey to identify possible human-machine interactions like gesture,
sound, and voice for the driving cabin.
▪ Specify and develop low volt circuits for the implementation in wall, roof, and floor.
Block 3 is composed of WS8, WS9, WS10, and WS11. The following paragraphs will introduce the
work done within this third block at a WS level, thus demonstrating how the project is working
towards the achievement of specific WS objectives.

7.1.
WS8: Modular Interior’s concepts and virtual immersive
interior design configurator tool
In the framework of CARBODIN block 3, the activities carried out under WS8 aim at
▪ Developing various interior designs for future trains by taking the needs of the
passengers into account.
▪ Developing a Virtual Reality enabled configuration tool for the interior of passenger and
driver’s cabin.
▪ Building mock-ups of the designed interior.

7.1.1.

Design studies

The researchers of WS8 performed activities in four tasks. The purpose of Task 8.1 was to
brainstorm ideas about the possible modular floor from an aesthetic point of view. In Task 8.2,
the researchers selected the best two ideas, which were then developed with more detail,
considering technical aspects. Once the selected ideas were fully developed, in Task 8.3 and Task
8.4, the main costs and assembly times were calculated. Aesthetic.
CARBODIN activities performed within these four tasks are reported in Deliverable D8.1 “Design
studies”.
This deliverable includes the first five ideas for the modular floor and the selection of the best
two options according to S2R-CFM-IP1- 01-2019. From the two selected ideas come out the
chosen one for the mock-up that has been manufactured in task 8.5 (D8.3).
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The first book of ideas shows only the aesthetic floor designs, without any technical detail like
material, dimensions, etc. After these concepts, PIVOT2 has chosen the best two options which
meet better its requirements, and these two ideas have been developed with more detail.

7.1.1.1. Book of ideas V1
Initially, the research performed in WS8 developed various designs of modular floors. In this
instance, five concept ideas have been outlined for aesthetic purposes. In the second phase of
the research, reported in section 7.1.1.2, the two best ideas have been selected to be developed
in more detail.

7.1.1.1.1. Modular floor ideas
This section illustrates the five ideas initially developed for the modular floor design. To have a
better understanding of these designs, the ideas are supported by sketches.
Idea 1: Puzzle panels
The first concept identified by WS8 researchers (shown in Figure 129. Idea 1: puzzle
panels.Figure 129) is composed of square panels joined together, with a gap big enough to join
the different accessories such as seats, tables, etc.

Figure 129. Idea 1: puzzle panels.
Within this concept, it is possible to design six different models of floor panels to the system
flexible and adaptable to any configuration required. The panels can also be changed anytime in
case any of them could be damaged. The six panels are shown in Figure 130, while the render of
this first concept is illustrated in Figure 131.
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Figure 130. Floor panels used in idea 1.

Figure 131. Render of the concept resulting from idea 1.
Idea 2: Mini panels
The second idea from WS8 researchers is more focused on the aspect of modularity. The floor
would consist of multiple panels (size of 100 x 100 mm) so that the final solution could be more
customised. Figure 132 shows the concept of idea 2, while Figure 133 shows the render of the
second concept.

Figure 132. Idea 2: mini panels.
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Figure 133. Render of the concept resulting from idea 2.
Idea 3: Hexagonal foldable panels
In the case of the second concept ideated by WS8 researchers, the panels are hexagonal and
foldable to allow the fixation of the different accessories. Figure 134 shows concept idea 3, while
Figure 135 illustrates the details of the foldable panels and their features and Figure 136 displays
the render of the third concept.

Figure 134. Idea 3: Hexagonal foldable panels.
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Figure 135. Details of the foldable panel and its features.

Figure 136. Render of the concept resulting from idea 3.
Idea 4: Triangular foldable panel
The fourth concept is similar to the third concept previous. The panels are foldable to allow the
fixation of the different accessories but are triangular in shape. Figure 137 shows concept idea 4,
Figure 138 displays the render of the fourth concept.
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Figure 137. Idea 4: Triangular foldable panels.

Figure 138. Render of the concept resulting from idea 4
Idea 5: Cut-out rubber floor
In the case of the fifth concept developed by WS8 researchers, the panels are rectangular and
would match the width of the car body. The areas for the accessories would have to be cut to
allow the fixation, as figure Figure 139. Figure 140 displays the render of the fifth concept.
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Figure 139. Idea 5: Cut-out rubber floor.

Figure 140. Render of the concept resulting from idea 5.

7.1.1.1.2. Interior’s configuration
Typically the interiors of train car bodies follow different configurations, where furniture and
accessories are placed in different positions to match different requirements. According to these
requirements, it might be necessary to provide the most rational placement of seats as to
maximise the number of seated passengers, or it might be necessary to provide adequate free
space for passengers with reduced mobility, standing passengers and adequate space for bicycle
racks, or again it might be necessary to alternate double seats to single seats and bicycle racks.
Project CARBODIN – GA 881814

134 | 206

Based on these three scenarios provided by CFM Project PIVOT2, WS8 researchers identified the
possible configurations for each of the above-mentioned five ideas.
Configuration 1
The first configuration is one of the most used. In this case, the seats are always in couple, in two
lines and placed perpendicular to the wagon. There is a room in the middle, where the doors are,
allowing the passengers to get out and in of the trains. There are also four tables, two of them
are located in one line and the other two in the other line. The application of the five ideas to
this configuration is shown in Figure 141.

Figure 141. Sketch of configuration 1 applied to the five design of modular floor ideas.
Configuration 2
The second possible configuration shows a wagon with space for bicycles. There are various
couples of seats placed perpendicularly to the wagon and, in this case, there are also four seats
joined together, placed parallel to the wagon and against the walls. The application of the five
ideas to this configuration is shown in Figure 142.
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Figure 142. Sketch of configuration 2 applied to the five design of modular floor ideas.
Configuration 3
The second possible configuration is similar to the previous one, though there are also various
single seats placed diagonally in this case. The application of the five ideas to this configuration is
shown in Figure 143.
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Figure 143. Sketch of configuration 3 applied to the five design of modular floor ideas.

7.1.1.2. Book of ideas V2
The two best ideas have been selected from the five mentioned above. These two ideas have
been selected by the CFM project PIVOT2 according to its criteria and expertise.
▪ The first idea selected by PIVOT2 is the idea 1 “puzzle panels”, shown in Figure 129.
However, inputs from PIVOT2 that must be taken into account before achieving the fully
developed concept are:
o The panels have to be adapted for several configurations;
o The design has to be neutral so that it can be adapted to any marketing service;
o The cost must be optimised through the adoption of mostly simple panels. Only
complex panels such as those supporting seats, tables, etc. can be expensive.
o The all-in-one approach must be adopted to reduce the number of fixing points of the
floor and the car body shell.
▪ The second idea selected by PIVOT2 is the idea 3 “triangular foldable panels”, shown in
Figure 134.
As for the previous case, there are some inputs from PIVOT2 that must be considered before
achieving the fully developed concept:
o The panels have to be adapted for several configurations;
o Although idea 3 is a disruptive concept of floor, it could be acceptable because of the
size and because it is adaptable to any marketing service. Nevertheless, the number
of panels must be optimised.
o The all-in-one approach must be adopted to reduce the number of fixing points of the
floor and the car body shell.
Following these inputs, CARBODIN researchers further developed the two concepts.

7.1.1.3. Development of the solution
For the development of the solution, the research took as reference the configuration illustrated
in Figure 144. A 3D visual layout is shown in Figure 145.
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Figure 144. Ideas selected from PIVOT2 on a reference configuration.

Figure 145. Visual layout of a car body vehicle provided by PIVOT-2.
The layout illustrated in figure 17 will be used as a reference for the main dimensions (see Figure
146), where the highlighted area is used for the development.
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Figure 146. Area selected for the development of the modular floor.
Once the dimensions have been defined, the researchers focused on defining how the floor will
be fixed to the car body shell, what material will be used for the panels, how the panels can
easily be plugged into the structure.
Hardpoints
Regarding the hardpoints and the materials for the floor, the researchers assumed that the
modular floor panels could be installed into the train using either aluminium profiles together
with hardpoints or only through hardpoints (Figure 147). These methods can be useful especially
in the case of different sizes and configurations, as the panels can be adapted to any of them.

Figure 147. Aluminium profiles system with hardpoints (left) and only hardpoints (right
picture).
For the CARBODIN mockup (See section 7.1.2) only hardpoints will be used. Figure 148
represents the hardpoint that will be installed in the final mockup.

Figure 148. Hardpoint used for the final CARBODIN mock-up.
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Materials
Regarding the materials used for the system, though it does not enter within the scope of
CARBODIN, the researchers identified the options illustrated in the following four figures.
Nonetheless, the choice amongst these materials will be made only for the scope of the
CARBODIN mock-up (See section 7.1.2), as they have been not chosen with operational use in
mind.

Figure 149. Wood panels (left), Gypsum board (right).

Figure 150. Sandwich panels with insulation (left), HONEXT cellulose waste (right).
Plug & Play
The Plug & Play system already discussed in D12.5 “Report on year 1 CARBODIN demonstrators”
is an essential part of the solution. Within WS8, the researchers performed a list of several plugand-play sytems, which ultimately evaluated the Metaklett solution as the best option for
CARBODIN activities. This solution is shown in Figure 151.
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Figure 151. Metaklett solution.
This solution works as a velcro and combines metallic parts with textiles depending on the need.
In particular, the system can be arranged in three different options. The first one, called HYBRID,
is a mixture between metal and textile. The second one, called FLAMINGO, is completely a
metallic velcro. The last one, called ENTENKOPF, is also a metallic solution but it works by
clamping the small hooks that it has. The three options have been analysed and compared
before application to CARBODIN activities, as shown in Figure 152.

Figure 152. Different Metaklett solution samples.
Ultimately, however, the solution had to be dismissed by WS8 researchers due to the following
three reasons:
▪

It can not be customised. This aspect represents a problem because the size of the hooks
is too small for an easy and fast application on a large panel.

Project CARBODIN – GA 881814

141 | 206

▪

There are no holes to screw the system, neither in the panels nor in the hardpoints. This
aspect is translated in the fact that the system must be soldered or glued, increasing
manufacturing and assembly costs.
▪ The unclamping force is too high so some of the hooks should be removed.
After rejecting the use of the Metaklett system, WS8 researchers analysed the SNAPLOC one
solution. This system, shown in Figure 153, is composed of a coupling and a pin. Through
pressure, the clamping is ensured. There are several options of coupling and pins, with different
materials, lengths and diameters.

Figure 153. SNAPLOC one solutions, from the constructor’s catalogue.
This solution has been identified as the best option for CARBODIN activities as it does not have
drawbacks for its application. Both the coupling and the pin can be easily installed in the hard
point or the panels. The researchers also considered the clamping/unclamping force of 10N at
room temperature as sufficient for the application of this system.
First concept
After the hardpoints, the panels material and the plug and play system were defined, the
researchers designed the first concept of the modular floor in more detail. The researchers
developed this first concept on the basis of the idea 1 puzzle panels of square shape. This first
concept has been developed as a single unit of the system, and a calculation of how many panels
could be installed has been carried out. Considering the fact that the panels must be easily
handled to allow a single person to change them, Figure 154 shows the panels distribution.
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Figure 154. Total distribution of the panels in width and length.
It has to be noted that this configuration does not consider certain factors such as the joint
between the panels and the walls, the components of the ventilation or any other component
that could interfere or can vary the dimension of the panel. After having defined the dimensions,
the research focused on the distribution of the number of hard points for one panel. Figure 155
shows a distribution that can work both for the square and the triangular panels.

Figure 155. Hard points distribution.
After placing the hardpoints, the activities defined the joint between these hardpoints and the
panels. The aim is not to leave a gap between the panels so that passengers cannot remove
them easily. However, as trains are in constant movement and thus susceptible to vibrations and
inertia, a clamping system must be in place. In this regard, the SNAPLOC solution is a good match
for the system due to its ability in absorbing these kinds of movements, as shown in Figure 156.
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Figure 156. SNAPLOC solution can absorb movements and vibrations.
After identifying the most suitable solution for joining the panels with the hardpoints, the
researchers focused on fixing this solution with the two interfaces.
To fix the SNAPLOC solution with the panels, the researchers agreed that, as the pin presents a
thread, this must be screwed into the panels. However, the panel will be made of a material that
can possibly present issues with the removal of the screw over several times as the thread could
be damaged. In that sense, a metallic insert is necessary to ensure the long-lasting performance
of the panel. These kinds of components are usually used when there is a joint between a
material weaker (wood, plastic, etc.) than a metallic one. In this case, the weaker material would
be the panel, as the thread of the pin is metallic. Therefore, to ensure that this thread is not
damaged after several uses (for example if the floor is removed ten times) these inserts are
perfect.
On the other hand, to fix the SNAPLOC solution with the hardpoints, the researchers identified
the need for designing a new part that can be fixed with the hardpoint and to which the coupling
can be inserted. Figure 157 shows the designed part, which will fit with the coupling through the
rib. The new part presents four holes (as the hardpoint) to screw the part to it.
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Figure 157. Coupling and part designed.
Because the coupling is a cylinder, the new part will be composed of two complementary parts
per each hard point, as seen in Figure 158.

Figure 158. Fixation of the coupling with the hard point.
Once the plug and play solution is developed, the hardpoints are distributed for the entire
dimension of the area that needs covering, as shown in Figure 161. Figure 159 shows how the
solution is finally designed.
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Figure 159. Final design of single unit of panels.
Figure 160 shows the area chosen to apply the modular floor and the two different layouts
selected by PIVOT2 (square and rhombus/triangle panels).

Figure 160. Final distribution of the panels in the selected area featuring square and
rhombus/triangle panels.
The previous distribution only considers a flat layout, without furniture or any other component.
Analysing the layout requested by PIVOT 2 and including seats, the final results will need a
rectangular panel where the connection between the seats and the hardpoints are. The blue
highlighted panel in Figure 161 is the rectangular panel needed.
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Figure 161. Distribution of the panels with the seats.
Unclamping tool
As there is no gap between panels, it will be necessary to use a vacuum tool to be able to
unclamp the system. On the market there are numerous options suitable for the unclamping of
the panels, Figure 162 shows only one of the possible options.

Figure 162. Vacuum tool to unclamp the system.17

17

Source: www.rubi.com
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7.1.2.

Physical mock-ups

For the mock-up, described in D8.3 “Physical mock-ups,” a first prototype has been developed to
verify the effectiveness of the solution.

7.1.2.1. First prototype as a single unit
To build the first prototype, the researchers followed the procedure described above in section
7.1.1. Therefore, firstly the hard points for a single unit of the panels were placed in a wood
panel, as shown in Figure 163. The distance between the hard points is the same as the one
considered for the full-size mock-up.

Figure 163. Hard points placed for the first mock-up.
The hard points featured the designed part to hold the SNAPLOC solution in place, as seen in
Figure 164.
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Figure 164. SNAPLOC solution with the part designed to hold it.
Once the plug-and-play solution is assembled, the researchers placed the pin in the panel, which
in the case of the prototype was also made of wood as shown in Figure 165.

Figure 165. Wood panel with the plug and play solution installed.
The last step consists in leveling the hard point and clamp the panel to them. As seen in Figure
166, the system works.
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Figure 166. First prototype of a single panel.
The movement allowed on the X and Y axis means that the plug and play system vibration
absorption also works, and thus when all the panels are together, this movement will allow to
absorb the train vibrations through the plug and play system. Notably, the clamping force is
enough to be umclamped by hand.

7.1.2.2. Full size mock-up
After verifying the solution with the design and the first prototype, WS8 final step is to build the
full size mock-up of 2 m x 2 m. The surface to clamp the hard points, simulating the car body
shell structure, is made by beams and wood chipboards as seen in Figure 167.

Figure 167. Surface to place the modular floor.
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Figure 168 and Figure 169 show the structure built and the first hard points placed in the centre.

Figure 168. Positioning of the first hard points.

Figure 169. Positioning of all the hard points.
The final mock-up employing the two selected ideas seen in section 7.1.1.2 is showed in Figure
170 and Figure 171.
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Figure 170. Final mock-up using idea 1.
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Figure 171. Final mock-up using idea 3.
In conclusion, WS8 researchers produced a video demonstrating the functioning of the system,
accessible at this link: https://doi.org/10.5281/zenodo.6242793
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7.1.3.

Virtual configurator tool

With the activities reported in D8.4, “Virtual configurator tool,” WS8 ultimately aimed at building
a first version of the software needed to generate different layouts for interiors and manage its
immersive use as a revision tool using a hybrid desktop and VR Headset tool, known as Virtual
Configurator. The activities performed within the last part of WS8 contribute to the following
objectives:
▪

Develop various interior designs for future trains by taking the needs of the passengers
into account.

▪

Shorten the time of decision regarding train interior renovation (seating and cargo
configuration, lighting, material appearance, etc.)

7.1.3.1. Designing a Virtual Configurator Tool
Preproduction has been done regarding the software framework to be used and the main 3D
assets to be considered.
The researcher decided to develop a quick prototyping software (see Figure 172) to implement
fast changes and new features to be evaluated quickly by the final customer. At the same time,
state of the art visual capabilities has been considered and tested at some stages of the main
development, taking into account the idea of not requiring the latest generation graphics
hardware or high-end workstations.

Figure 172. CARBODIN Virtual Configurator development in Unity 3D.
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The first decision was to use Real Time Ray Tracing to enhance visualization and treatment of
lighting and achieve the most realistic rendering of the virtual viewports. However, three
considerations hindered this line of work at the moment. Firstly, the initial implementation of
the technology is almost in beta stages, indicating there are still some inconsistencies for
industrial assets. Secondly, Virtual Reality devices still suffer from irregular performance, and
thirdly, due to the current chip crisis, there is a global shortage of minimum graphical hardware
required18.
Tests performed within WS8 (see Figure 173) included fully dynamic voxel-based global
illumination system solutions as SEGI19. However, although these promising and open-source
solutions aim at low polygon density scenes, they could not cope with the project's
requirements.

Figure 173. Voxel-based global illumination with unity 3D engine. 20

7.1.3.2. Methodology Assessment
Two layouts were provided from the CFM PIVOT-2 project to test the design capabilities. A
hierarchical approach was suggested to keep the scalability of the Virtual Configurator, as one of
the main goals driving the research was to keep the capability of loading new content in runtime
without major problems controlling objects' position and visual consistency.

18

https://www.techradar.com/news/amd-ceo-lisa-su-warns-the-chip-shortage-wont-end-any-time-soon
https://www.techradar.com/news/nvidia-ceo-says-theres-no-magic-cure-for-gpu-shortage-thatll-last-until-2023
19
20

https://github.com/sonicether/SEGI
https://unity.com/ray-tracing
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Figure 174. PIVOT-2 Layout n1.

Figure 175. PIVOT-2 Layout n2.
The initial assets were disposed in a “flat hierarchy” with no parenting, so two approaches have
been used - the main hierarchy depending on the train layout to be able to swap different assets
on runtime. Eventually, to cope with the reality that different sources of content must be
considered, a simpler methodology has been implemented to ensure the scalability and ease of
management of new 3D assets regarding their transforms in 3D.
First, the empty layouts consider a series of tagged “Fixing Point” locators (see Figure 176)
according to the family of objects they are able to track (seats, tables, luggage racks, passenger
location, etc.). This allowed setting the expected position of a new asset with certainty and
permits to edit later its position, rotation and visibility.

Figure 176. Fixing Points for Layout.
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In this way, the Virtual Configurator automatically loads each type of content on its determined
fixing point in 3D space.

7.1.3.3. Virtual Configurator
The Virtual Configurator is designed to work seamlessly with Windows 10 desktop operative
systems and HTC Vive Virtual Reality headsets. The following Figure 177 represent the Virtual
Configurator at work.

Figure 177. Virtual Configurator main screen.

Figure 178. CARBODIN Virtual Configurator object options and transformations editor.

Project CARBODIN – GA 881814

157 | 206

Figure 179. CARBODIN Virtual Configurator Light and environment editor.

Figure 180. CARBODIN Virtual Configurator VR view and contextual controls.
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Figure 181. CARBODIN Virtual Configurator Project management section.

Figure 182. CARBODIN Virtual Configurator floor assets.
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Figure 183. CARBODIN Virtual Configurator passengers’ simulation.

Figure 184. CARBODIN Virtual Configurator weight heatmap.
The solution developed by WS8 is fully functional and has been designed with scalability and
modularity in mind so that it is possible to implement new features like Real Time Global
Illumination. Some free access assets have been included in the final version of the system in
order to be able to swap 3D assets in the configurator, as most of the items provided do not
have more than one option. Still, a dynamic load of 3D geometry is implemented so new models
can be imported in runtime.
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7.2.

WS9: New tooling for composite interiors manufacturing

The composite materials offer the possibility of obtaining lighter parts and thus, reducing energy
consumption in the transport industry. One of the problems faced by the railway sector when
introducing composites is the change in the designs of the train parts, which for different
reasons change periodically: marketing strategies, technical requirements, new advances in
designs, etc. Many of the parts made with composites are obtained with processes that need to
manufacture a mould, which can have high costs. However, it may be possible to manufacture
different parts with the same mould if the geometries have enough similarities, achieving
important savings in the parts manufacturing.
CARBODIN WS9 studies the use of modular moulds for interior components through the use of
infusion manufacturing process.

7.2.1.

Concept for modular manufacturing tool technology

The initial work done in WS9 is reported in deliverable D9.1 “Concept for modular manufacturing
tool technology” In this instance, the researchers designed the moulds for manufacturing the
interior components of a representative section of a wagon, including the aspect of modularity
to reduce construction costs. In the CARBODIN project, the modular moulds have been designed
to be applied to the Vacuum Infusion Process (VIP) due to its lower initial costs than other
manufacturing processes. More details on the VIP can be found in section 5.1.1.3.
As explained in WS1, the CARBODIN consortium has studied the use of modular moulds to
manufacture composite parts by using interchangeable head blocks and/or 3D inserts. The
researchers defined various part geometries to build a representative section of a passenger
wagon and to demonstrate the modularity concept. The previous Figure 108. Demonstrator
proposal, exterior view of a representative section of a wagon. showed the proposed
representative demonstrator.
WS9 follows the CARBODIN approach already explained in Block 1, so the project aims to
propose modular tooling with interchangeable head blocks or interchangeable 3D-printed inserts
to find ways to lower production costs, one of the key factors impeding entry to the market for
composite technologies.

7.2.1.1. List of tools to be manufactured
As seen already in section 5.1.1.1, WS9 is responsible for the development of two kinds of
moulds in Block 3 “Interiors”. The list of the moulds to be developed within the project activities
and specifically in WS9 is included in Table 12.
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No.

Description

BLOCK 1 – CAR BODY
1
Sidewall
2a
Side Sill Floor
2b
Side Sill Roof
3a
Door Pillar L
3b
Door Pillar R
BLOCK 2 – DOORS
4a
Door Leaf L
4b
Door Leaf R

BLOCK 3 – INTERIORS
5
Interior Panel
Door Pillar L/R
6

Interior Panel
Top

Geometry

Comments

Responsible
for part
design

Responsible
for mold
design

Large shell
Closed profile
()
Open profile (U
or C)

sandwich panel
aim: one mold – 2
parts
aim: one mold – 2
parts

CG Rail
CG Rail
CG Rail
CG Rail
CG Rail

Aragon
EUT
EUT
CG Rail
CG Rail

Sandwich

aim: one mold – 2
parts

SMT
SMT

EUT
EUT

Open profile
(L)

aim: one mold
U-Profile --> 2
parts L-Profile
--

CG Rail

Aragon

CG Rail

EUT

Thin shell 2-3
mm

Table 12. List of parts and tools to be designed within CARBODIN, with focus on the parts to be
manufactured in WS9.
As Table 12 shows, WS9 will be responsible for the development and manufacturing of moulds
“5” and “6”, illustrated also in Figure 185.

Figure 185. Interior parts highlighted in blue in the demonstrator.
The researchers followed these principles for the mold design:
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▪

▪
▪
▪

▪

▪

Demolding strategy: the moulds have been designed to make easier the demolding step.
Additionally, the modularity strategy itself will help in the demolding step since, in the
areas where the mould release is complex due to the geometry, removable elements
have been added as part of the mould structure.
Reinforcement drapeability: the edges of the moulds have been eliminated or smoothed,
and the radii of the curved areas have been increased where possible.
Joints and assembly: all the parts have been designed considering the final assembly of
the demonstrator (Figure 185).
Production cycles: the objective in WS9 is to demonstrate the modularity of the moulds
to reduce costs. In this sense, the number of parts that these design moulds can
manufacture is relatively low compared with processes such as compression technique.
However, the concept of modularity can be extrapolated to other processes more
adequate to a mass-production scale.
Mould materials: the mould designs cover the possibility of manufacturing the moulds in
several materials, such as metallic or tooling board (epoxy, polyurethane or similar) core,
with the interchangeable head blocks. The material selected for the core is the
Obomodulan® 700 terra, a polyurethane-based material. The changeable inserts can
theoretically be produced through 3D technology for fast reconfiguration and geometry
adaptation but, due to the size limitation to print the inserts by 3D technology within the
consortium, in the CARBODIN project the interchangeable blocks have also been
manufactured in epoxy, polyurethane or similar materials. In the project, the
interchangeable blocks will probably be manufactured in the same Obomodulan® 700
material.
Part materials: the moulds are designed to infuse and cure at room temperature any type
of resin that is manufactured, especially for the vacuum infusion processing technique.

7.2.1.2. Mould “5” Interior panel door pillar L/R
Modern car bodies are characterised by a pair of door pillar profiles at each side of a door cutout. For safety and aesthetic reasons, these structural door pillars are covered by interior panels.
In the CARBODIN demonstrator, these interior door pillar panels are symmetrical from the right
to left side as shown in Figure 186.
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Figure 186. Interior panel door pillar profiles at the inside of the car body (orange colour).
In the design phase of these panels, researchers deemed GFRP as the most suitable material for
their construction and selected the manufacturing approach consisting of a U-profile that is later
trimmed into two L-profiles: the interior panel door pillar profiles for the left and right side of the
door, as depicted respectively in Figure 187.

Figure 187. Interior panel door pillar profiles manufactured as one u-profile (blue colour) and
trimmed into two L-profiles (orange colour).
The design of the Interior panels is simple. Being the left and right side symmetrical, there is no
need to use a design where a main mould can be modified with extension blocks for different
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geometries of the pillar profiles. The objective in WS9 for this part is the design of one mould
where two different parts can be manufactured in the same mould. This approach ensures that
only one mould for both interior panel door pillar profiles is needed and not two.
A draft angle of 1,5° is applied to the mould surface for a better demolding of the composite
part. As the mould surface is turned by the same angle, the rectangularity of the interior door
pillar profiles is not modified. Figure 188 shows a section of the mould.

Figure 188. Angle consideration in door pillar mould (left), interior panel door pillar mould
(right).
The mould modularity can be further developed for design modifications. For design
adjustments like enlarging the interior door pillar profiles for different roof heights, the lengths
of the mould can be adapted through extension blocks.
With this approach and mould design solution, the researchers assume an important cost
reduction for the mould manufacturing. Moreover, the total volume of the mould block can be
reduced by 25% because of the reduced additional area for offcuts and sealing in the middle
between the later trimmed L-profiles.
Table 13 summarises the savings identified through the use of this modular mould.
Savings in raw material
Savings in mold manufacturing in terms of
machining hours

25% savings respect to manufacture 2
individual moulds
25% savings respect to manufacture 2
individual moulds

Table 13. Identified savings in the interior panel door pillar profile moulds manufacturing.
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Considering the assumption that the mould costs are divided into raw material costs (40%) and
manufacturing costs (60%), the raw material cost saving is 10%, and the manufacturing cost
saving is 15 % with respect to the total cost in the moulds manufacturing.

7.2.1.3. Mould “6” Interior panel top
The part that corresponds to the interior top panel has been designed by the CARBODIN
consortium and it has been used as a basis to design the mould. Figure 189 represents the
manufactured part within the mould.

Figure 189. Interior top panel within the mould.
The mould to manufacture the interior top panel is composed of four interchangeable parts as
shown in Figure 190.

Figure 190. Interior top panel mould.
This decision has been taken to keep costs as low as possible: if the design of the part changes, it
is more economical and simpler to act on the affected part of the mould without the need to
update the entire mould. This allows the reduction of costs in materials and in hours of
realisation. For example, the lateral covers can be disassembled to facilitate the demoulding of
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the part and modify the length of the profile if the design changes, if it were necessary to make
longer interior panels.
This solution is characterised by a modular approach. Though only one interior panel is necessary
to create the CARBODIN demonstrator, the concept of modularity is rooted at design level. As
Figure 191 shows, it is possible to manufacture a longer interior top panel by changing some
head blocks. If a wagon changes its design, for example, it would be possible to use some head
blocks of the mould and manufacture a different geometry just replacing the lateral head blocks.

Figure 191. interior top panel parts with different geometries (purple and green).
Moreover, as seen in Figure 192 and Figure 193, the lateral covers of the mould can be
disassembled to include new lateral covers adapted to the new geometry. This allows
manufacturing two parts of different sizes in a more economical way than traditional moulds.

Figure 192. interior top panel mould with covers adapted for a short geometry and a longer
geometry.
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Figure 193. Detail of interior top panel parts (left) and moulds (right) with different lengths.
With the CARBODIN approach and mould design solution, the researchers assume several cost
reductions for mould manufacturing. The internal blocks of the mould that do not change
represent approximately 75% of the mould size. The lateral cover blocks have a size of
approximately 25% of the mould size. Thus, the adoption of this modular mould ensures a saving
of up to 75% of raw material volume.
Table 14 summarises the savings identified through the use of this modular mould.
Savings in raw material
Savings in mold manufacturing in terms of
machining hours

75% savings respect to manufacture 2
individual moulds
60% savings respect to manufacture 2
individual moulds

Table 14. Identified savings in the interior top panel moulds manufacturing.
Considering the assumption that the mould costs are divided into raw material costs (40%) and
manufacturing costs (60%), the raw material cost saving is 30% and the manufacturing cost
saving is 36 % with respect to the total cost in the moulds manufacturing. In conclusion, it is
possible to achieve up to 66% in the total savings thanks to the selected modularity concept.

7.2.1.4. 3D printed inserts
The research undertaken in WS9 works towards the success of the European rail system through
cost-efficient passenger trains with high capability and reliability. One of the benefits of using
composite materials in the transport industry is to reduce cost and weight to achieve less energy
consumption. At the same time, the users can obtain economic and environmental benefits by
using composite materials, which lead to the use of less power and produce fewer greenhouse
emissions.
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While the next steps of the research within WS9 will provide more details, the researchers
identified the Multi Jet Fusion (MJF) technology by HP as the most suitable 3D additive
manufacturing technology. In this printing process, the printer lays down a layer of powder on
the printing bed. Subsequently, an inkjet head runs across the powder and deposits both a fusing
and a detailing agent onto it. However, the main limitations of this technology in the context of
CARBODIN activities is represented by the maximum dimensions or volume of the parts that can
be manufactured. The building volume of the MJF machine is 380 x 285 x 380 mm, and due to
the thermal distortions of big parts, only a maximum of 30% of the total volume can be used.
For this reason, the 3D printing activities dedicated to the manufacturing of the inserts have
been focused on three aspects:
1. Study of the different unions between insert parts and mould holder;
2. Mould surface post-process to reduce splitting line between insert parts;
3. Coatings study to improve the surface finish of 3D printed insert and demolding
improvement.
The new technical advances in the three lines of investigation will be detailed in the next
sections related to WS9.
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7.2.2.

Physical Tool Scale 1

Composite materials offer the possibility of obtaining lighter parts, thus reducing energy
consumption in the transport industry. One of the problems faced by the railway sector when
introducing composites is the change in the designs of the train parts, which for different
reasons change periodically: marketing strategies, technical requirements, new advances in
designs, etc. Many of the parts that are made with composites are obtained with processes that
need to manufacture a mould, which can have a high cost. However, the CARBODIN approach
proposes manufacturing different parts with the same mould in case of geometries with enough
similarities, achieving important savings in the parts manufacturing. The CARBODIN project
carried out research and development activities to manufacture different designs of a part with
the same mould, using modular moulds including interchangeable head blocks or/and inserts.
The change of only one zone of the mould has been studied so that manufacturing a part can be
done in a more economical way when the design changes. In addition, the possibility of
manufacturing these inserts by 3D printing has been studied so that the manufacture of the
moulds themselves can be done in a faster and cheaper way.
The work done by researchers and reported in deliverable D9.2 “Physical tool scale 1” presents
the CARBODIN demonstrator for WS9. The demonstrator was manufactured on the fundamental
requirements of a vacuum infusion and a competitive implementation and was composed of the
mould “6” interior panel top presented in section 7.2.1.3.
Mould “5” interior panel door pillar L/R (see section 7.2.1.2) was successful realised by Eurecat
and is included in section 7.2.3.

7.2.2.1. Final version demonstrator mould “6” interior top panel
The first version of the mould “6” interior panel top is mentioned in section 7.2.1.3. and was
designed by Eurecat in cooperation with SMT. The part that corresponds to the interior top panel
has been designed by the project consortium and it has been used to design the mould. Figure
189 shows the part within the mould.
The final version of mould “6” simplified the mould as much as possible with the focus on cost
reduction and comply with all WS9 and CARBODIN demonstrator objectives. The final mould was
designed for a 5mm thick composite.
In a first step, the board thickness was reduced to the thinner standard of 50mm, and the
researchers identified as the best board material the PUR SikaBlock M680. This material has
been chosen because, while preliminary experiments have shown the excellent properties of the
RenShape epoxy boards for the mould manufacturing, the process conditions do not need such a
high-performance material. Therefore, good quality results can appear even with the use of the
selected, more affordable material.
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The second step of the mould design consolidation was the merging of the middle part with one
modular mould side to a not separable whole. Additionally, the CARBODINs demonstrator only
necessitates one size of this top panel. Nevertheless, the possibility to demonstrate the
integration of an insert on the changeable mould head is still open.
The third step concerns shifting from a cutting-edge process to a near-net-shape process. It is
expected to minimise the trimming after the vacuum infusion and seal the edges against
environmental influences.
Figure 194 shows an overview of the demonstrator mold final design. Each of the four side walls
was manufactured separately, and three of them were bonded permanently later.

Figure 194. The final version of the mould “6” prepared for the near-net-shape process.
Figure 195 shows the two final mould parts. Both are joined with inserts, screws and positioning
pins.

Figure 195. The mould core part (left) and the changeable head (right).
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7.2.2.2. Demonstrator “Physical Tool Scale 1”
The demonstrator “Physical Tool Scale 1” was manufactured to show the feasibility of modular
moulds and manufacture the composite interior panel top for the CARBODIN demonstrator. The
mould was manufactured in the most cost-efficient way and was designed for the vacuum
infusion process with the principle option to demold several hundred times.
Figure 196 shows the completed demonstrator prepared for the near-net-shape process.

Figure 196. Demonstrator “Physical Tool Scale 1”.
The tooling gelcoat was laid on the infusion side of the mould and in the area of the resin gate
and the vacuum vent to protect the mould surface. As mentioned above, the material selected
for the mould board is SikaBlock M680 PUR board. It is the cheapest choice and totally sufficient
for this application. The demolding pockets support the demolding after the vacuum infusion
and the curing process, and they will be filled with self-separating silicon packings during the VIP.
As Figure 197 shows, the mould parts are connected and supported by positioning pins with
screws and inserts for easy replacement.
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Figure 197. The final mould core part (right) and the changeable head (left).
The sealing between the mould parts will be realised through moulding clay and sealant tape and
must be renewed partially in each process cycle. While this aspect is inconvenient, there is no
easy solution for this challenge characteristics of the VIP. Nevertheless, all other objectives of the
modular tooling concept were demonstrated successfully. The final test will be the interior
mock-up production of the interior panel top, which will be presented in the next section 7.2.3.

Project CARBODIN – GA 881814

173 | 206

7.2.3.

Demonstrator interior mock-up production

The modular mould previously designed was successfully applied to manufacture the mock-up
demonstrator reported in D9.3 “Demonstrator interior mock-up production”. As described in
section 7.2.2, WS9 researchers developed the modular mould with these three main
characteristics:
▪ PUR SikaBlock M680 with a tooling gel coat as protection layer;
▪ Modular mould design as a two-part mould with a replaceable part;
▪ Near-net-shape design with demolding pockets.
The mould “6” interior panel top was manufactured from a PUR tooling board by milling and
featured an additional tooling gel coat to guarantee a homogenous and smooth surface for
several hundred demoldings. The mould was designed to be employed in a production process
based on vacuum infusion technology. The resulting composite was manufactured in a near-netshape process and was 5 mm thick.
First, the modular mould was treated with a release agent as preparation for the demolding
process after the curing process. Additionally, the gap between the two mould parts was sealed
for the vacuum. For the next step, the mould was masked with a foil and sprayed with the
protection gel coat (see Figure 198).

Figure 198. Gel coat application (A) and gel coat only in near-net-shape (B).
After a specific drying time, the sandwich dry pack was placed consisting of prepared NCF and
core material Soric. The plybook and cutting files from GC Rail was used successfully to speed up
the laying process, as shown in Figure 199.
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Figure 199. Top sheet NCF (A), core Soric (B) and back sheet NCF (C), based on the GC Rail
Plybook
Subsequently, the vacuum infusion setup (see Figure 200) was built up with the gate concept 2
based on the flow simulation by GC Rail. The advantages are
▪
▪
▪

a short infusion time
a homogenous pressure distribution combined with a lower process risk to prevent
small leakages
stable and narrow property distribution of the composite

Figure 200. Vacuum infusion setup
While the direct comparison between simulation and experiment is correct in terms of the flow
behaviour, the flow rate in the simulation proved to be higher than the actual experiment due to
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the new and more complex setup, which included unknown material parameters. In particular,
the vacuum infusion took 742 seconds and therefore was 32 times longer than the simulation.
Nevertheless, the analysis of the infusion process allowed to close this deviation between
simulation and experiment so that, in its latest attempt, the flow behaviour matches exactly with
the simulation results (see Figure 201).

Figure 201. Resin flow during the vacuum infusion process experiment (left) and simulation
(right).
After a curing time inside the mould of 18 hours, the curing process requires some days out of
the mould. The final trimming was done manually to achieve the finished product visible in
Figure 202.

Figure 202. Final “interior panel top” composite part
Regarding the aspect of modularity, shown in Figure 203, WS9 demonstrated that the vacuum
infusion technology is combinable with the modular mould concept. Furthermore, the modular
mould concept proved to be a suitable possibility to introduce lightweight technologies more
cost-effectively into railway vehicles. The primary benefits are the cost reduction for the
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investment and larger design flexibility. The secondary benefits result in combination with the
infusion technology, where a wide range of price-optimised lightweight materials can be used.

Figure 203. possibilities for the modification of the modular mould.
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7.3.

WS10: Innovative driving cabin

CARBODIN WS10 aims at identifying the expectations of train drivers or other railway operator
staff about HMI in future cabins. The identification of pertinent solutions needs surveying
preferences and efficiencies of possible new information technology configurations of HMI
considering human factors as input and output sensors. The results of WS10 will be used to
select new technologies and new uses of the driver’s cabin.

7.3.1.

Results of the innovative driving cabin survey

The research undertaken within WS10 and reported in D10.2, “Results of the innovative driving
cabin survey,” performed two experimentations to specify the best technologies to include in the
future train cabin, from the perspective of train drivers and railways staff.
The first experimentation is an online survey (survey 1) dedicated to training drivers or other
train staff to assess the acceptability of the use of advanced technologies such as gesture-based
devices on the future cabin. It involves different types of railway operators (high speed, regional,
trams, freight, etc.) and actors (drivers, driving instructors, controllers in the control room,
maintenance members, staff from direction, etc.). The data analysis aims to detect what is really
expected to be included in future train cabins regarding HMI objectives (speed control, traffic
regulation, safety of passengers and environment, etc.).
The second experimentation considers feedback from the first experimentation to design an
experimental protocol with a train simulator, make tangible interactions with drivers possible,
and assess their feelings about the use of such interaction supports. Participants of this second
experimental protocol were invited to fulfil two surveys: the same survey as the first
experimentation (Survey 1) and a second survey designed specifically for this second
experimentation (Survey 2).
1,762 persons participated to experimentation 1, and 21 drivers made experimentation 2.
The following sections present the design and the data analysis of two experimentations.

7.3.1.1. Experimentation 1
7.3.1.1.1. Methodology
The first round of experimentation had two main goals. The first goal was to gather drivers’
feedback on the technologies and sounds they could have in their cabin. The second goal was to
select technologies for the second experimentation. To obtain the maximum response, it was
decided to set up an online survey.

Project CARBODIN – GA 881814

178 | 206

To obtain meaningful statistics, a maximum number of answers was needed during the first
experimentation. Thus, the online survey was designed to be completed in less than 20 minutes
to achieve a high completion rate. The survey was open from February 2021 to April 2021.
Train drivers were targeted, but the survey was also open to other professional railway staff.
Participants had to answer to relevant information that had been categorised later by statistical
analysis with regard to professional groups.
Survey support
The first step in designing the survey was the choice of survey logistics by determining the best
compromise between the complexity of the implementation of the chosen solution, its cost and
the flexibility of the tool. To do so, the choice focused on an external supplier responsible for
hosting the survey, collecting the data, and storing it while providing a high level of security.
In the first place, several worldwide survey providers were identified and compared. Most of
them are designed for marketing plans or feedback gathering but cannot cover all the goals of
the first CARBODIN survey. Particular attention has been given to the General Data Protection
Regulation protecting European citizens and covering the transfer of personal data outside the
EU and EEA areas. In this sense, priority was given to EU based companies to ensure the
respondents’ personal data might not leave the EU area. Moreover, quality-of-life criteria were
applied. The first requirement was supporting user-friendly multilingual support out of the box.
The second was about data exportation in a convenient file format. The last requirement
concerned the availability of some online analytics tools to view data during collection without
having to download them.
Four companies that fulfilled all these requirements were identified. Finally, Eval&Go was
selected because their services were more efficient and cheaper than the competitors. For
instance, Eval&Go proposes multi-modal software supports (e.g., smartphone, tablet, computer)
without implementing any additional developments in support of multiple devices, which
facilitated the objectives of survey dissemination.
Survey and question design
The survey aimed at being appealing to the target users, as to obtain a large number of
responses. Following research on specific survey methodologies, the WS10 survey was
characterised by:
▪
▪
▪

Simple layout;
An introduction page and an immediate “thank you” feedback, explaining the survey and
the purpose benefits of the results.
The sensitive or personal questions were placed at the end so that respondents would be
more inclined to answer these questions.
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▪ The survey questions respected a simple plan by explaining each step’s content.
The experimentation adopted the following structure:
1. Introduction
2. Presentation of technologies
3. Audio
4. Technologies
5. Personal data
6. Contact
7. Thank you and conclusion
The sounds that were tested on the audio section were designed by the company Sound to Sight.
On the technologies section, questions were written with simple few words, maintaining the
balance between brevity and a friendly tone. Furthermore, the survey maintained the questions’
objectivity by stating both sides of attitude scales in the question items and making complete
sentences.
One of the purposes of WS10 is to determine which HMIs are promising to be developed in the
driving cabin of the future. Innovative technologies were identified and included in the
experimentation from work performed in CARBODIN first year and reported in Deliverable
D10.1, “State of the art of HMI in transport industries”. The investigation of the first survey
concerns feedback about the use of sounds, touch screen, gesture, visual and haptic
technologies. Four input solutions and four output solutions are assessable by using these
technologies, as shown in Table 15.
Technologies
Audio
Touch screen
Gesture
Visual
Haptic

Action (input)
Voice control
Tactile control
Gesture recognition
N/A
Manipulator

Information (output)
Audible notification
Screen reading
N/A
Head-up display (HUD)
Force feedback

Table 15. Technologies considered by WS10 activities
Various technologies are being studied for integration into the train cabin of the future. These
technologies can be applied to the means of action that drivers would have to act on their train
and the means of information that would enable them to keep informed about the train state.
Possible relationships between technology and action or information are:
▪
▪

AUDIO: Voice control of the system (action) and audible notification (information)
TOUCH SCREEN: Use of a touch screen (smartphone, tablet, etc.) for entering commands
(action) and reading information (information).
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▪

GESTURE: Gestures recognition technologies allow to act on the system without contact
(action)
▪ VISUAL: A system allows information to be projected into the driver’s field of vision. Thus,
the desired information can be accessed through a Head-Up Display (HUD), without
leaving the lane of sight (information).
▪ HAPTIC: Haptic technology allows you to use the manipulator you are used to and adds
force feedback functions. The manipulator is then able to assist the driver, accompanying
or resisting the driver's movements. It is therefore used by the driver to control traction
(action) and to be informed of his speed (information).
Each technology was described by a short explanatory text and visual support (such as a
pictogram or video clip) in the “Presentation of technologies” section of the survey. The
respondents had all the elements to understand the proposed technologies at their disposal
before starting the survey.
Furthermore, a functional analysis was done to define categories and groups due to the huge
number of actions or information regularly performed or checked during railroading by drivers.
Categories were built up according to the criticality and time constraint of the interaction, and
groups were built up according to round up similar interactions. The identified categories were
as follows.
▪

Category 1 includes the KEY elements:
Actions and/or information having a high impact on the safety of the train and
passengers with a high time factor.
▪ Category 2 contains AUXILIARY systems:
Actions and/or information related to driving but carried out either at a standstill or in
specific but limited circumstances.
▪ Category 3 includes SUPPORT devices:
Actions and/or information related to the comfort, putting into service or parking of the
train.
A total of ten groups of actions typically carried out by railroad drivers were determined for
these three categories, as shown in Table 16.
KEY elements
Groups
Situation
awareness

Speed
regulation

AUXILIARY systems
Tasks
Groups
Tasks
Dead
man’s
Movement
switch
authorisation
Signalling
Stopping
Station
stop
Train
Reverser
protection &
warning
system
Cruise control Accessories
Sand spraying
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SUPPORT devices
Groups
Tasks
Instrument
brightness
Lighting
Cabin lighting
Sanitary
Comfort
systems
Audio
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Engine throttle

Flow
management

announcement
Passenger
power sockets
Climate control
Lighting

Windshield
cleaner
Headlight
Defrosting

Brake
Door
/
Bridging plate
Management
power

Change
traction mode
Change voltage
Panthograph

Sound system
Configuration

Start/Stop
Train settings

Table 16. Categories and related actions investigated within WS10.Table 15
To facilitate the survey understanding, each group of actions was also accompanied by a short
explanatory text. All the tasks usually performed by the drivers were included in a package
composed of 18 questions. Each group is assessed in terms of information and action by using
the same layout for the 18 questions:
o How relevant would you consider the following technologies for: Action on “group’s
name”?
o How relevant would you consider the following technologies for: Information on
“group’s name”?

7.3.1.1.2. Data collection
In order to avoid discouraging drivers from responding, simplicity was prioritised over the safety
of results.
Respondents only needed the web page link to access the survey content, a working internet
connection and support like a computer, a smartphone, a tablet or any similar device with text
input, sound output, and capable of running a web navigator. To participate in the survey,
drivers had to go to the provider's page using the link. Next, they had to choose their language
and then start answering the questions. They were able to answer in 9 languages: English,
French, German, Italian, Swedish, Spanish, Polish, Dutch and Slovenian. Once they finished, their
responses were automatically saved.
"R" has been chosen as the statistical analysis tool to be employed for determining relevant
tendencies on the results by considering data like the age of drivers, the homeland of the drivers,
their living country, their experience, their perception of sounds or technologies.
Multiple Correspondence Analysis (MCA) and Hierarchical Clustering on Principal Components
(HCPC) are the two data analysis techniques employed to analyse the results. MCA aims to find
links between several variables, and it identifies independent groups of data by considering
respondent profiles (age, experience, job, nationality) and scores given for sounds and
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technologies assessment. It also prepares data for the HCPC analysis technique to determine
clusters that link members of the same group and differentiate them from other groups. This
technique, in particular, reveals which respondents are the most representative and the most
divergent of each group with regard to factors from data analysis for each cluster. It also sorts
the different groups according to their size.
These tools created groups in the pool of participants by using the answers to the survey
question to place each participant in a multidimensional space. Closer are the answers and
shorter is the distance between the point. Subsequently, they create groups to identify the best
breakdown, consisting of the breakdown where for each group, groups members are close to
each other and distant from any no group members. After this, the tools will identify criteria that
could be typical of the created groups. Whenever a relevant breakdown is identified, the tools
will try to create and add meaning to the unrevealing breakdown.

7.3.1.1.3. Results of experimentation 1
The results of the first experimentation regarding the groups and tasks are as follows:
▪

▪

▪

KEY elements
o Situation awareness: Train drivers prefer using touch technology to act on systems
regarding situational awareness and audible technology to be informed. Secondly,
some train drivers appreciate the use of gesture technology to act on those systems
o Speed regulation: Train drivers prefer using haptic technology to act on systems
regarding speed regulation and a HUD to be informed. Secondly, some train drivers
appreciate the use of gesture technology to act on those systems.
o Flow management: Train drivers prefer using touch technology to act on systems
regarding flow management. Secondly, some train drivers appreciate the use of
gestures to act on those systems.
AUXILIARY systems
o Station stop: Train drivers prefer using touch technology to act on systems regarding
station stop and a tactile screen or HUD to be informed. Secondly, some train drivers
appreciate the use of gesture technology to act on those systems.
o Accessories & power management: Train drivers prefer using touch technology to
act on systems regarding Accessories/ Power management and a tactile screen or
HUD to be informed. Secondly, some train drivers appreciate the use of gesture
technology to act on those systems.
SUPPORT devices
o Lighting: Train drivers prefer using touch technology to act on systems regarding
lighting and a tactile screen to be informed. Secondly, some train drivers appreciate
using gesture technology to act on those systems and a HUD to be informed.
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o Comfort systems & configuration: Train drivers prefer using touch technology to act
on systems regarding Comfort systems & configuration and a tactile screen to be
informed. Secondly, some train drivers appreciate the use of gesture technology to
act on those systems and a HUD to be informed.

7.3.1.2. Experimentation 2
7.3.1.2.1. Methodology
The second experimentation is intended as a follow-up to the first experimentation and employs
its results to determine the relevant technologies most suitable to be used for future train
cabins. It aims to test and assess innovative HMI technology by drivers. This second
experimentation was designed in three steps. In the first stage, participants were asked to fulfil
the first survey from experimentation 1. After doing so, the researchers asked them to pass an
experiment, and lastly, they were asked to answer a second survey.
The participants were asked to perform the experiments on devices integrated into a simulated
rail driving scenario inviting the drivers to operate on a simulated train. To this end, the
researchers selected the Train Sim Word simulator, and interactions with gesture and voice
recognition systems to make gesture and voice command possible were developed.
To reduce time-consuming for software developments, the experiment protocol support was
implemented in French. Moreover, because of the pandemic situation in Europe, it was decided
to limit the experimental protocol to French drivers and to organise experiments in Valenciennes
and Paris. The purpose of this protocol is to verify the relevance of the European sample by
comparing the result of the first survey that emerged during experimentation 1 and those
obtained during experimentation 2, and to measure if differences exist in the responses after
using a technology during a test protocol on the simulator.
Train simulator
As a train simulator, the researchers employed Train Sim World 2 (TSW), a railway simulation
video game shown in Figure 204, launched on August 20th, 2020. It provides a sufficient level of
details to allow a good immersion, and it is particularly fast to implement.
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Figure 204. Train Sim World 2.
Train control support
RailDriver is a Desktop Train Cab Controller designed to evoke an operation panel in the cabin of
a locomotive, as shown in Figure 205. It features throttle, brake, reverser, switch controls, and
34 programmable buttons. It has been chosen by the researchers as, in conjunction with Train
Sim World 2, it establishes a high level of immersion for drivers.

Figure 205. RailDriver Desktop Train Cab Controller.
In order to make the operation of the traction manipulator conform to the habits of the French
drivers, the RailDriver has been rotated. Furthermore, as some of the train driving tasks are not
triggerable from this support, a numeric pad was used to allow drivers to achieve these tasks
when needed.

7.3.1.2.2. Gesture and voice recognition support
The researchers used a Leap Motion device to implement gesture recognition, complemented by
GameWAVE and AutoHotkey software. The Leap Motion tracks users’ hands in space, allocating
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the tracking data process to GameWAVE. With the tracking information, GameWAVE runs
AutoHotkey scripts when it detects the corresponding gesture, which simulates keyboard press
and activates a function in the simulator. Leap Motion is a reliable prototype device, but
interferences may occur in degraded conditions due to light or heat levels. Due to the
interpretation risk in such conditions, a “wizard of oz” approach is used to recover it.
Regarding voice capture, Google Assistant is used to implementing reliable and fast speech
recognition. The full operating protocol is based on IFTTT and Assistant Computer Control.
However, it should be noted that IFTTT aims to add new features to Google Assistant, consisting
in creating a text file in a cloud storage area. Assistant Computer Control reads those files and
runs the corresponding AutoHotkey scripts accordingly. As for the gesture case, AutoHotkey
scripts then simulate the keyboard press, which activates the simulator’s function. To avoid
introducing any bias during the experimentation because of response delays, lack of reaction and
interpretation concerns, voice recognition feedback was implemented to the system. Thus,
during a vocal command, the voice system acknowledges the drivers with the command it
understands. This aims to verify the voice command and identify possible errors of recognition
and delays.

7.3.1.2.3. Scenario design
A German track and train were chosen for the scenario (shown in Figure 206) to ensure that both
French and Spanish drivers would pass the tests under the same conditions if the pandemic
situation in Europe allowed a specific event in Spain.
Time was a complex element to manage: on the one hand, the achievement of the experimental
protocol cannot spend too much time to avoid any fatigue and keep attentional resources of
drivers. On the other hand, the researchers had to avoid keeping the drivers occupied too long or
boring them. The scenario was divided into three parts.
▪

▪

The first part is the training phase. During this phase, drivers were asked to get into the
simulator and get accustomed to the experimental setup. This part was itself divided into
two sub-parts. The first sub-part aims to familiarise the participants with the hand
tracking device and voice input system. In this first sub-part, participants learned about
the use of gesture control devices and the system's reaction to acknowledge the required
command. During the second sub-step, drivers used the simulator while driving the train
in a scenario containing three stops. During each stop, one way of interaction was
studied. During the first test, the participants used the RailDriver. During the second stop,
they used the Leap Motion. During the last stop, they used the voice command.
The second part of the scenario tested the gesture and voice control during predefined
stops. The drivers had to perform specific actions to be tested, and each driver tested
each technology at least three times. Most of the time, the actions on the innovative
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▪

interfaces were carried out during station stops. This way, drivers had the time to find the
right command and execute it safely.
The last part consisted of driving by freely using gesture and voice commands. During this
part, drivers were free to use the technologies when and how they wanted.

Figure 206. Experimental protocol of experimentation 2.
After the driving scenario was completed, participants were asked to fill a second survey.

7.3.1.2.4. Conclusion on experimentation 2
The second experimentation was able to identify both the most appreciated sounds by train
drivers for alerts on different actions.
At the same time, the participants identified the most relevant technologies for action and
information with regard to categories and groups of tasks. The results are as follows:
▪

▪

KEY elements
o Situation awareness:
• Action: Touch
• Information: HUD
o Speed regulation
• Action: Haptic
• Information: HUD
o Flow management
• Action: Touch
• Information: HUD
AUXILIARY systems
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▪

o Station stops
• Action: Touch
• Information: HUD
o Accessories
• Action: Touch
• Information: Screen
o Power management
• Action: Touch
• Information: HUD
SUPPORT devices
o Lighting
• Action: Touch
• Information: Screen
o Comfort systems/Configuration
• Action: Touch
• Information: Screen

7.3.1.3. Conclusions on both experimentations
The first experiment is based on a large population, which gives it good statistical reliability, but
unfortunately, it was not possible to ensure access control to the survey. Furthermore, despite it
being possible that some errors occurred when entering answers, these isolated cases are not
expected to have skewed the results.
The second experimentation was made with expert drivers, who are a particular type of driver.
These results are based on about 1700 participants of survey 1 for subset 1 and the 21
participants of survey 2 for subset 2.
The research identified the most suitable ones regarding the best sound to be used in future
train driving cabins. At the same time, the interest in gesture technology implementation in train
cabins decreased slightly on Survey 2 compared to Survey 1. On the contrary, the interest in
voice recognition technology is higher in Survey 2 compared to Survey 1. On the other hand,
gesture and voice recognition technologies remain relevant in both surveys for implementation
in future train cabins.
The following tables highlight the results of the study performed within WS10. The information
highlighted in blue in Table 17 relates to the divergence between the results of both
experimentations. In contrast, the other information is proved to be relevant for being
implemented in future train cabins.
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KEY elements
Tasks

Groups
Situation
awareness
Speed regulation

Action

Information

Groups

AUXILIARY systems
Tasks
Action
Information

Groups

SUPPORT devices
Tasks
Action
Information

Touch

Divergence

Station Stop

Touch

Divergence

Lighting

Touch

Screen

Haptic

Divergence

Accessories

Touch

Divergence

Comfort systems

Touch

Screen

Divergence

Power
Management

Touch

Divergence

Configuration

Touch

Screen

Flow management Touch

Table 17. Result of the comparison between EXP1-SV1 et EXP2-SV2.
These divergences are detailed in Table 18. The most relevant technologies are indicated for
Action and Information related to categories and groups of tasks.
Group
Situation awareness
Speed regulation
Flow management
Station Stop
Accessories
Power Management

Interaction
Information
Information
Information
Information
Information
Information

Survey 1
Survey 2
Audible
HUD
HUD
HUD
Audible
HUD
Equality for the three technologies
HUD
Screen HUD
Screen
Screen HUD
HUD

Table 18. Divergence cases between Experimentation 1 – Survey 1 and Experimentation 2 –
Survey 2.
After analysing the results of the two experimentations carried out within WS10, the next
section will provide technical recommendations about the train cabin of the future.
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7.3.2.

Proposal of pertinent new HMI

After the two experimentations explained above, researchers in WS10 performed a study on
HMI in transport systems to provide guidance to include in future train cabins. This activity is
reported in D10.3 “Proposal of pertinent new HMI.” Innovative interfaces were studied during
the first part of the project and are therefore included in D12.5 “Report of year 1 CARBODIN
demonstrator”.

7.3.2.1. Recommendations on sounds
From the results of both experimentations, it is clear that certain sounds are rejected. Other
sounds from Survey 1 and sounds for Survey 2 are totally or partially appreciated and might be
used for being implemented on train cabin. However, auditory notification is affected by high
level of noise on cabin and difficulties to interpret an isolated sound among a group of sounds.
Sound might be enriched by another channel of communication or not limited sounds to a short
beep.

7.3.2.2. Recommendations on groups of tasks
The results of the two experimentations regarding relevant technologies for the different
categories can be seen earlier in Table 17.

7.3.2.3. Limitations and additional recommendations
Better results in the second survey have characterised voice control after the driving simulation.
Drivers who preferred giving commands using natural speech and voice commands obtained
high scores during the experimentations. The efficacy of voice control is correlated with its high
level of accuracy. Drivers showed a very strong interest in the feedback from the voice
command. However, there is no tangible feedback with this device and, to improve gesture
commands, different solutions can be studied: trigger a pop up on the screen, trigger voiced
feedback, display the movements of the hands of the driver, or create haptic feedback on
gestural commands. Moreover, during a vocal command, vocal feedback was developed, which
allowed the drivers to know whether the system understood and applied the command.
During the tests, the drivers showed a very strong interest in replacing the beeps emitted by the
train with voice interaction. Indeed, according to them, voice interactions, although longer, allow
to avoid the time of analysis of the beep and the search for its meaning. Moreover, in the second
test of sounds, some of them occurred regularly, and their meaning was ambiguous for the
drivers. This confirms the potential interest for the system’s clear and concise vocal messages.
Lastly, drivers complained about the cascade of alarms generating a mental overload and a high
stress level.
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Conversely, gesture control has been characterised by lower results in the second survey, mostly
because of technical problems with Leap Motion technology. Indeed, as gesture control is
disruptive, it needs an adaptation time. Leap motion is only one medium, and other gesture
recognition systems can be very different as using arms, full upper body or whole body to trigger
commands.
Despite performing multitasking activities, the drivers can only rely on two hands to move
actuators. The nested situation can be improved by AI, which can choose which data and button
to display on the touch screen, which data send on HUD and using voice or gesture commands
when hands are already used. Through AI, drivers can use voice or gesture commands even
when already using both hands.
The researchers also developed the following additional and complementary recommendations:
▪

▪

▪

▪

▪

▪

Some drivers express their interest in having a better mutual understanding with the
train because the willingness to cooperate is linked to understanding the system. In
particular, they demanded more information and a better troubleshooting system. One
of the most feared events is failures that cause degraded mode.
The drivers have also complained about the driving cabin itself. They asked for some
quality-of-life improvement. They were mostly interested in equipment that became
common in the automotive field, such as more efficient automatic headlights and
windshield wipers and a comfortable seat.
Drivers are willing to use a HUD. Nevertheless, HUD information must be carefully picked.
In fact, unlike haptics, it is easy to ensure that the information transmitted on a HUD will
be well understood. Nevertheless, the possible overload of the user with unnecessary
information represents a problem. For example, tracks profiles could be included for
safety and eco-driving purposes.
Most drivers want to maintain speed control with a physical manipulator but are strongly
interested in haptics. Therefore, the traction manipulator should be enhanced with haptic
feedback. As for the HUD, information relayed by haptics must be carefully picked,
though the technology is promising as haptics could be used for several different
combinations of stimuli and actions.
Drivers want to use touch screens. A touch screen allows gathering information and
performing actions simultaneously and on the same device. Several parameters can be
handled to satisfy the preferences of drivers: relevance of information, readability,
colour, standardisation.
Some drivers asked for the layout of the controls to be redesigned. They would also like
to see more consistency in the design of the controls, especially regarding the location of
some actuators (ergonomics). Indeed, they found that rarely used controls take up too
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▪
▪
▪

much space on the desk or cabin and that commonly used control devices are too small
and poorly placed.
Music appeared to be improving concentration, and some drivers asked to have radio or
music in the cab.
AI-oriented Advanced Driver Assistance Systems should be developed to predict relevant
actuators to show up on touch screen, reducing the drivers’ workload.
Finally, facing the complexity of systems and situations, drivers ask for the development
of a more user-friendly HMI.

The research performed within WS10 shows that innovative interfaces such as tactile, haptics,
and voice command are the most appreciated features amongst train drivers, and therefore they
deserve to be further studied and implemented in future train cabins.
Further research should also include those innovative interfaces that can improve the train
driver's comfort, such as gesture and HUD, though it should be reminded that gesture control
should not be used in actions with high temporal constraints.
From the drivers' point of view, special focus should also be placed on security measures for
voice and gesture commands, to avoid the possibility for someone who is not the train driver to
use them. In particular, these innovations could solve the present problem where lack of security
on physical devices, where someone can already act on the train if they grab the manipulator.
Drivers also asked for more action on the computer. In particular, the focus should be on
assistance tools that must be redesigned because, as long as drivers are accountable, they must
feel they remain in control. Moreover, such assistance needs the development of drivers' state
assessment and monitoring devices. For instance, some drivers complained about concentration
loss and negative impact on workload for the dead man's switch verification. Due to human
complexity, HMI can become problem makers instead of problem solvers. The correlation
between HMI information and the train's behaviour via automated or manual tasks has to be
verified on the field. Moreover, task allocation between a driver and a train has to consider
human and technical advantages and weaknesses to take advantage of the benefits of one to
compensate for the weaknesses of the other.
Within WS10, the researchers successfully identified the expectations of train drivers and railway
operator staff about HMI in future cabins. In this instance, the work performed by CARBODIN
surveyed preferences and efficiencies of possible new information technology configurations of
HMI, considering human factors as input and output sensors to finally identify pertinent
solutions. The results of WS10 are expected to be used to select new technologies and new uses
of the driver's cabin and allow the design of Cabin & Driving 2030.
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7.4.

WS11: Integrated low volt circuits in panel

The main goals of WS11 are to achieve the integration of new functionalities such as low voltage
circuits in composite panels employed for the internal structure of the train cars and reduce the
weight of the functional roof and wall panels.
These new components will provide electricity to the passenger lights and electronic device
charging points, all designed in a way to facilitate an efficient, easy, and aesthetical modularity in
use. This integration should enable a reduction of Life Cycle Cost (LCC) and increase the
attractiveness, comfort, and ergonomics of the interiors.
Throughout the project activities, technologies will be developed by using printing techniques
and following a modular design to facilitate a portfolio of functionalities, a standard plug-andplay connector, and standard interconnectors. Such design modularity will facilitate the
versatility of the functionalities to be assembled and fabricated. The initial work performed
within WS11 is described in Deliverable D11.2 “Ply demonstrator.”

7.4.1.

Ply demonstrator

In the first phase of WS11 and within Tasks T11.3 and T11.4, the researchers focused on the
inner structure and production process of wall and roof panels by developing conductive foils to
carry electricity to the power outlets and light points. This work is related to the TD1.3 “Car body
Shell Demonstrator” and TD1.7 “Train Modularity In Use (TMIU)”.
The main goal of WS11, as seen above, is to propose solutions based on Printed Electronics
technologies to replace the wiring that is currently used in the distribution of electrical power
inside a train car. Specifically, the challenge posed is to replace the wiring of the “Low voltage”
distribution circuit, as can be seen in Figure 207. This change, combined with improvements in
the panels’ design, enables a reduction of the weight of the train and, therefore, a reduction of
the energy needed for moving it.
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Figure 207. Possible solution for low voltage distribution with printed technology
This “Low voltage” circuit is responsible for powering electrically the devices that make up the
equipment that can be called the “comfort set” for the train user, that is, reading lights, USB
connection for charging mobile devices (smartphones or tablets), power outlets for connecting
laptop-type devices, ventilation, and individual seat adjustment system. The “Low voltage”
circuit can consist of 3 tracks for carrying 110 V DC (positive, negative, and ground) or 230 V AC
(phase, neutral, and ground).

7.4.1.1. Roof and wall panels
Within WS11 activities, the structure of the roof and wall panels have been improved to reduce
their overall weight.
As part of the ply demonstrator, researchers manufactured the cut of a representable interior
panel as a supporting structure. The design, setup, and manufacturing process was carried out as
part of WS9. The final design considered a variety of criteria to improve the weight, as well as
complex design requirements and the compatibility to the vacuum infusion process (VIP). An
additional important focus was the flexible optimisation between material consumption and the
case-to-case requirements for the interior panel.
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The final design for CARBODIN wall and roof panels is based on a composite sandwich structure
as a multi-material approach manufactured in a VIP with vacuum bagging foils. Nevertheless,
future activities will develop panels made with an increasing quantity by silicon membranes. A
non-crimp fabric (NCF) from SEARTEX was used for both face sheets, while a structured fleece
from Lantor was used as core material. As shown in Figure 208, both materials are available in
different versions, and all these are combinable. This allows a flexible design for a wide range of
requirements. The fire protection layer is transferred from the mould surface to the composite
surface during the VIP.

Figure 208. Left: Layers structure of the designed panels. Right: detailed picture of core
material.
Figure 209 shows the vacuum infusion on the aluminium board. The whole infusion time was 30
min for 400 mm, where the mesh determined the resin flow rate. The material selection allows
manufacturing interiors in a wide range of thicknesses, mechanical strength, and geometries.
The multi-material approach based on a sandwich structure shows the expected weight
reduction optimised for the wanted application.
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Figure 209. VIP process. Elapsed infusion time at each picture: a) 0 min, b) 5 min, c) 10 min, d)
15 min, e) 20 min, f) 30 min.
The interior sandwich design for the ply demonstrator in WS11 combines all important points
from the CARBODIN project and supports the lightweight agenda with the printed circuits. Two
manufactured sample panels are shown in Figure 210, Figure 211 and Figure 212.
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Figure 210. Two sample panels.

Figure 211. Backside of one panel.
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Figure 212. Side-view of the panel, showing the layer stack

7.4.1.2. Conductive foil
In order to reduce the weight of the conductive part of the cables, a foil with printed tracks has
been developed. The following sections will present a description of the different challenges
faced, designs, and versions.

7.4.1.2.1. Material selection
Foil material
To serve as the base material for the printed tracks, the foil material needs to withstand high
temperatures and have good electrical isolating properties. Polyimide has been selected as a
substrate for this purpose because it is easily available on the market and is already used for
isolating electronics when high temperatures occur.
Conductive ink
Different inks have been taken into consideration for their application in WS11. In Table 19 a
comparison among them is reflected.
Reference
Manufacturer
Conductive material
Conductivity
(mΩ.mil/□)
Price
Comments on print
tests

Ink 1
Man. 1
Silver
20~25

Ink 2
Man. 2
Copper
25~30

Ink 3
Man. 3
Copper
~2.5

€€€€
Silver ink degrades
over time in presence
of oxygen at ambient
temperature and light
conditions

€€
Printed tracks are
brittle and do not
attach firmly to the
substrate, even after
applying specific
surface treatments to
the substrate

€€
Printing process has
an extra step, but the
results are satisfying
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Table 19. Comparison amongst different inks considered by WS11.
Based on the results shown in Table 19, only copper inks have been finally considered and
tested. A first design has been printed in order to check the printing capabilities of the different
inks and study the track thickness and specific resistances that we can achieve. The design is
shown in Figure 213.

Figure 213. Design for assessing the inks properties
Ink 3 printing process is more complicated than the one for ink 2 because it adds an extra
sintering step after drying the ink. Such a step consists of applying heat and pressure directly
onto the tracks to sinter the copper particles, with the result that electrical conductivity is
enabled in the printed material.
Regarding the conductivity, some printed foils have been tested electrically and mechanically, as
shown in Figure 214.

Project CARBODIN – GA 881814

199 | 206

Figure 214. A printed foil being tested under bending forces.
After the printing tests and according to the conductivity results, the ink 3 was selected for this
use case.

7.4.1.2.2. Conductive tracks designs
The researchers considered the following technical aspects for conductive tracks design:
▪
▪
▪

The width of the tracks, which is related to the track resistance through the printed track
thickness;
The minimum space between tracks, defined by the printing tools and the safety
normative;
The mechanical adaptation to external elements.

The first feature to be considered was the width of the conductive tracks. With the preliminary
tests described in the previous section, sufficient knowledge about the ink printability and
characteristics was acquired. This allowed, together with evaluating the needs of conducting up
to 4A continuously and applying a safety factor of 3, to design tracks able to conduct 12A.
The researchers concluded that, supposing a maximum length of 3 meters of conductive foil, it
was necessary to design tracks without significant self-heating and with a nominal voltage drop
below 1% per meter. Another factor considered is the number of tracks to be printed. For both
230 VAC and 110 VDC, three tracks should be provided: phase, neutral and ground for the
former, and positive, negative, and ground for the latter case.
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A first version of the design considered the consumption point to be embedded into the panel.
The tracks were designed so that sufficient space was available for embedding a power outlet or
a light point.
However, after internal discussions, the need to have the power consumption point embedded
has been discarded in favour of a simpler track and adapters design. This final design allows a
reduction in the overall size of the connectors and, thus, a reduction of the overall weight of the
conductive part, improving the characteristics of this option in comparison with the traditional
system. In this design, the cables needed for the power consumption point are passed through a
hole in the panel next to the tracks, so the cables are available for mounting a surface power
outlet or light point. The overall final set-up, including the last versions of the track design,
connectors, mechanical stands and manufactured panels is shown in Figure 215, Figure 216 and
Figure 217

Figure 215. Front side of the panel with a surface box for the consumption point.
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Figure 216. Detail on the box with the cables coming from the back side of the panel.

Figure 217. Panel with a 230 VAC “Schuko" power outlet with 2 embedded USB charging ports
as a consumption point.
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7.4.1.3. Conductive part weight reduction
The conductive part has been weighted and compared to the traditional power delivery system.
The printed foils have a length of 40cm, and an extra 10cm of cables have been added at each
side to attach them to the power supply or the consumption point. The results are that the
weight reduction of the CARBODIN system is 18% with respect to the traditional Low Voltage
Circuit. These numbers can be increased if longer conductive foils are used, as the main
contribution to the CARBODIN weight are the connectors and the connecting cables on the sides.
On the other hand, the weight reduction of the panels manufactured through VIP is around 55%.
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7.4.2.

Report on ply results

Due to the COVID-19 pandemic and the delays of the project activities, CARBODIN partners had
yet to finalise the analysis at the time of this report. Nevertheless, the initial document of D11.3,
“Report on ply results,” resumes all activities performed within WS11 and provides information
about the achievements obtained in relation to the wall and roof panels, with a special focus on
their inner structure and production process, through the development of conductive foils to
carry electricity to the power outlets and light points.
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8. Conclusions
In conclusion, this deliverable D12.6 report provides a detailed overview of the work undertaken
by the CARBODIN Project during its final year by including a collection of the publishable
information from the deliverables related to the demonstrators.
This report includes the project’s progress in its three blocks and details the work done within all
its WSs.
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