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Investigative Study of 3D Printed Connectors in Volvo Trucks production
A Comparison of Methods and Materials

LINNEA PIHL

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

All vehicles that are produced today by Volvo are provided with software that con-
trols the vehicle. In Volvo Trucks production facilities, connectors are used to down-
load software to the vehicle by using connectors. This master thesis is carried out
together with Volvo group AB and aims to conduct an investigative study to evalu-
ate whether the connectors used could be 3D printed, used as spare parts and used
in Volvo’s production. To analyze whether it is feasible to use a 3D printed connec-
tor in production, a material study was carried out, and a finite element analysis
was performed on both existing and 3D printed connectors. The material study
included tensile testing of the following polymer materials: Sustarine, PLA, PLA-
CF, PETG, PETG-CF, TPU, and PATH-CF. In addition to tensile testing, the 3D
printed test samples were also observed for surface quality and dimensional accuracy.

From the material study, it was found that the PLA, PLA-CF, PETG and PETG-
CF materials were suitable to print connectors in. PATH-CF was excluded due
to challenges in achieving acceptable print settings and the poor surface quality it
produced, and TPU was excluded due to issues such as deformation in corners and
holes and insu Lcieht layer bonding. From the finite element analysis it could be seen
that all materials except TPU could be suitable to print the connectors. The TPU
material was unsuitable because it was the only material in which the von Mises
stress exceeded the material’s yield strength. The results indicate that it would be
possible to use a 3D printed connector as a spare part. To be able to know if a
3D printed connector could have completely replaced a purchased connector, more
studies would have needed to be done, such as fatigue analysis and material wear.

Keywords: 3D printing, Finite element analysis (FEA), PLA, PLA-CF, PETG,
PETG-CF, TPU, PATH-CF
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Introduction

This chapter presents the background necessary to understand why the thesis is
carried out. The chapter also presents the aim and limitations of the project, as
well as the use of arti cial intelligence.

1.1 Background

All vehicles produced today by Volvo trucks are provided with software that con-
trols many of the di erent features and functions in the vehicle. For example, a
window goes down when pressing a button, or a warning goes o if one is driving
without the seatbelt. These di erent functions are managed by small computers
called electronic control units (ECUs), which are placed at several di erent places
on the truck. During production, connectors are used to connect to the di erent
ECUs, to download softwareto the vehicle. This is done in multiple places on the
production line and in di erent parts of the vehicle. These di erent vehicle parts
need di erent types of connectors. The connectors are designed and manufactured
by other companies and then purchased by Volvo. Volvo decides on what functions
and properties that are needed, and the company manufactures a prototype that
Volvo evaluates.

Figure 1.1: Connector studied in this thesis project.
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It is an iterative process in which Volvo and the company send the prototype back
and forth until Volvo is satis ed with the product. The connector that will be
studied in this thesis, see Figure 1.1, is used at a sub-assemblage station for engine
assembly. The connector is xed at a software download station and the vehicle is
attached to the production line that constantly moves forward.

1.2 Aim

The purpose of this thesis is to conduct an investigative study to evaluate whether
it is possible to 3D print connectors in Volvo trucks production facilities that can
be used in the factory as spare parts or as replacement of existing connectors, and if
it is feasible to use 3D printed connectors during prototype testing and validation.
Investigate whether FEM analysis can be used reliably on 3D printed materials and
to identify possible error sources and limitations using 3D printed connectors. The
aim of the thesis is to support the company in the decision-making process around
3D printing as a manufacturing method for spare parts or parts used in production,
which can contribute to a more e cient development process, reduced costs, and
improved environmental impact.

1.3 Limitations

The following limitations are set on this project:
1. The digital model will be simpli ed to contain no screws, springs, or pins.
2. The thesis will not include lateral loads.
3. The materials that the study will examine are PLA, PLA-CF, PETG, PETG-
CF, TPU95A, PATH-CF
There will be no comparison between di erent 3D printers.
. There will be no comparison between di erent in Il percentages or in Il struc-
tures.
6. The study is limited to being conducted for 20 weeks.

S

1.4 Problem formulation

To clarify and simplify the main problem, the thesis is divided into di erent problem
areas. The problem areas were then divided into di erent sub-objectives that should
be met in order to carry out the work.
1. Examine which material is suitable for 3D printed connectors through tensile
testing, property testing, ease of printing, and physical results of printing.
2. Investigate which parts of the connector that is suitable for 3D printing.
3. What type of load case should be investigated?
4. Investigate 3D printed connectors during the selected load case by performing
nite element analysis and physical testing.
5. Examine if the nite element analysis matches the physical testing of the 3D
printed connectors in the di erent materials.
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6. Compare the results between machined and 3D printed connectors based on
the stresses that occur during the selected loadcase.

7. How does the chosen material and 3D printing as a manufacturing method
a ect the environment compared to the machined connector?

1.5 Use of arti cial intelligence

When it comes to using arti cial intelligence (Al) tools, it is important to be aware

of the risks involved. According to Chalmers guidelines, the student must use Al in a
responsible and transparent manner [7]. The student must assume full responsibility
and be able to justify the content and choices made, as well as clearly show what and
how Al has been used. In this work, Al has not been used to make decisions, develop
methods and results, or generate text. Al has been used as a tool to troubleshoot
the 3D printer, nd where certain speci c settings are in the slicer software, and
provide suggestions for improvements and wording in the report.
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Theory

In this chapter, all relevant theory will be presented. This includes the theory of
the selected connector, the selected load case, 3D printing, nite element analysis,
and materials.

2.1 Selected connector and load case

As described in Background 1.1, the connector is used in the production of Volvo
Trucks. The connector is xed at a station where an operator connects it to the
sub-module that will be programmed with software. The part of the vehicle that
will be programmed is constantly moving on the production line. The case that will
be studied in this project is an event in which the operator forgets to disconnect the
connector from the adapter in time, and the sub-assembly continues to move while
still attached to the connector. The connector will then be exposed to a force and
the case is to investigate what force the current machined connectors can withstand
and what force a 3D printed connector printed in the factory could withstand.

Figure 2.1: Drawing of the connector provided by Volvo Trucks.

The connector consists of two main parts that are screwed together with metal
screws, two clamps that are attached via a metal shaft, and a cable gland that
stabilizes the cord. In the connector, there are also two springs per clamp. A

5



2. Theory

drawing of the connector can be seen in Figure 2.1 and how the di erent parts are
put together can be seen in Figure 2.2.

(@) (b)

Figure 2.2: Catia model of how the parts of the connector t together.

2.2 Finite Element Analysis

The Finite element method (FEM) is a numerical method used to solve partial dif-
ferential equations by dividing a complex geometry into smaller simpler parts called
nite elements. Instead of solving the di erential equation for the entire domain,
FEM approximates the solution within each nite element. This makes it possible

to approximate solutions to problems that would be di cult to analyze analytically.

[2]. The points where elements are connected to each other are called nodes, and
each node has an associated set of degrees of freedom (DOF). Using the DOFs of
the nodes together with prede ned equations, the behavior of each element can be
determined based on known material properties. This process is performed on all
elements, resulting in an approximate solution for the entire domain.

Finite element analysis (FEA) is the practical application of FEM. The rst step to
performing an FEA analysis is mesh generation of the object which will be analyzed.
When a mesh is generated, the geometry of the object is divided into nite elements.
The mesh size (size of the elements) will determine the accuracy of the solution. A
main rule is that a ner mesh with smaller elements gives a more exact solution,
but also requires more computing resources and takes longer time to simulate. To
avoid performing simulations that take an unnecessary long time, it is common to
perform a mesh sensitivity study to determine when convergence of the results is
reached. A mesh sensitivity study aims to establish the optimal mesh con guration.
This is done by systematically changing the mesh size and observing the solution.
When the solution result does not change more than the intended accuracy, the
solution can be considered to be converged. If the geometry which will be simulated
Is complex or has, for example, a small radius, a local mesh size can be applied,
which means that meshing is only re ned where necessary.

The chosen material is de ned in the FEA software. When a polymeric material
is modeled, properties such as density and elasticity are needed. These properties

6



2. Theory

include Young's modulusg), Poisson's ratio ( ), yield stresses (y) and density ( ).
These properties can be obtained by either using existing data sheets or analyzing
stress-strain curves extracted from material testing data.

2.3 3D Printing

Additive manufacturing (AM) is a technology that is capable of creating physical
3D objects from a digital model. An AM method is 3D printing, where the digi-
tal model is broken down into 2D cross sections, called layers, by using a program
called a slicer. The slicer software then generates a G-code that can be sent to the
3D printer. Using the G-code, the 3D printer can create the physical object by a
layer-by-layer sequence. The 3D printer melts the material and extrudes the melted
material through a nozzle in the layers generated by the slicer software. The layers
solidi es and combines to create the 3D object. The AM technology was initially
developed for use in polymeric materials, but has since evolved to introduce other
materials such as composites and metals [1].

When the digital 3D model has been imported into the slicer software, many di erent
settings can be changed to achieve the best possible result. Some important param-
eters which should be taken into account are the nozzle temperature, the builder
plate temperature, volumetric speed limitation, |l percentage, in Il structure, sup-
port structure, and orientation of the object that will be printed. The temperature
settings of the nozzle and the builder plate depend on the material chosen. The
nozzle temperature is especially important since it directly a ects the 3D printed
result. A too high nozzle temperature heats the material too much, which can lead
to over extrusion, which in turn can cause surface defects and weakened prints. On
the other hand, too low nozzle temperature will not heat the material su ciently
and this can cause the layers to not adhere to each other properly [10]. This and a
slower ow rate from the material not being melted enough can lead to print fail-
ures. The bed temperature is important to ensure that the rst layer adheres to
the printing bed, if the rst layer does not adhise it will be printing failure [10].
The volymetric speed limitation settings refer to how much plastic the 3D printer
will extrude per second. This is a crucial factor that decides how fast the printer
can print while keeping the quality of the prints. The speed at which a material
can be extruded without a ecting the quality of the print varies between di erent
materials, and the speed is often speci ed by the manufacturer.

Normally, when an object is 3D printed, it is not printed as a solid object but as
an object with an inner and outer shell that are lled with and in Il structure. The
percentage of Il refers to how much space between the inner and outer shell walls
is lled with this Il structure. An 100% in Il would mean that the object is solid

and an 0% in Il would mean that the object is printed as a shell. A low lling
percentage entails that the object is printed quickly but that, on the other hand,
gives lower sti ness and durability, while a high lling percentage makes the object
stronger but takes more time to print and also requires more material. In Il settings

7



2. Theory

can also be changed to di erent types of in Il structure.There is a possibility that
the printed material does not have enough time to solidify properly when printing
complex geometries or models with overhanging parts. Therefore, it is common for
models to be printed with a support structure. A support structure can strengthen
overhanging parts during printing and make sure that the material solidi es cor-
rectly. A support structure should be printed in such a way that it can be removed
easily from the object after the object has been printed. The support structure is
generated in the slicer program. It is important to choose the option, support from
builder plate only, if all support structures are to be properly removed. This op-
tion ensures that the support structure will only be generated on the outside of the
object and not inside the in Il structure. It is bene cial to avoid support structure

if possible, as it takes time to print and remove the material, and it costs money
to print the extra material. If needed, the support structure can be printed in a
di erent material from the main object, as long as the printer can handle more than
one material at the time.

The orientation of the object can be changed to avoid using a support structure. By
rotating the object in such a way that the structure supports itself, all supporting
structures can be removed. Another thing to consider regarding orientation of the
object is that 3D printed parts are stronger along the layers compared to across
them([9]. Therefore, it is advantageous to position the object in such a way that it is
printed with the layers in the correct direction for the nished object to be as strong

as possible. The precision of holes and other details also varies depending on how
the object is oriented. Holes, for example, have very good precision when printed
laying down compared to when standing, as there is an overhang that can make the
holes less precise, which is also something to consider when orienting the object.

2.4 Materials

In this Section di erent lament materials used for 3D printing and their properties
will be discussed as well as material properties for the purchased connectors that
are used in factories today.

24.1 PLA

Polylactic acid (PLA) is a biodegradable lament and is one of the most commonly
used laments since it is easy to use and has low printing temperatures. PLA is
mainly used for prototypes and decoratives as it is sti but relatively brittle and
has low heat resistance[8]. PLA is also available in combination with carbon ber,
PLA-CF, which provides increased sti ness and strength. Carbon ber reinforced
plastic components are often used for functional prototypes and for applications that
requires high mechanical loads[5]. However, with carbon-reinforced polymers, there
are some challenges regarding recycling. If the material is recycled, it is di cult to
separate carbon bers from the polymer material[6]. If the bers are successfully
separated, there are still challenges, such as the di culty of not damaging the bers
during the process, which is necessary for the bers to retain their properties.The

8



2. Theory

material data for PLA and PLA-CF are provided by the manufacturer[8] and can
be seen in Table 2.1.

Table 2.1: Material data for PLA and PLA-CF from the manufacturer.

Material | E [MPa] | [kg=n’] | , [MPa]
PLA 2870 1240 58
PLA-CF 2960 1240 62

242 PETG

Polyethylene Terephthalate Glycol (PETG) is also one of the most commonly used
materials used for 3D printing, mainly since the material has a great chemical re-
sistance. PETG is a strong, durable and partially exible plastic that combines the

advantages of both PLA and ABS and, due to the properties of the material, it is

suitable for technical applications[8]. PETG is also available as an alternative with
elements of carbon ber (PETG-CF), and, as previously mentioned, an addition of
carbon ber provides increased sti ness and strength. The material data provided
by the manufacturer[8] can be seen in Table 2.2.

Table 2.2: Material data for PETG and PETG-CF from the manufacturer.

Material E [MPa] | [kg=n?]| , [MPa]
PETG 1651 1270 45
PETG-CF | 5120 1320 52

243 TPU

Thermoplastic Polyurethane (TPU) is a versatile lament. It has high wear re-
sistance, and since it is a ductile lament it is possible to print highly exible
parts. However, it requires a slower printing speed compared to most other lament
materials[8]. No material data was presented by the manufacturer for TPU.

2.4.4 PATH-CF

PATH-CF is a carbon ber-reinforced Nylon 12 lament. The material has prop-
erties such as being highly wear-resistant, chemically and UV resistant, and having
good layer adhesion. The material is usually used for 3D-printing end-use parts.
The carbon bers make the material sti er and less prone to shrinkage but not sti
enough to reduce the Nylon's extreme impact resistance. However, the material is
more technical to print [8]. The material data provided by the manufacturer[8] can
be seen in Table 2.3.

Table 2.3: Material data for PATH-CF from the manufacturer.

[kg=nv]
1200

Material
PATH-CF

E [MPa]
1460

y [MPa]
58




2. Theory

2.4.5 Sustarine

Sustarine is the material of which today the connectors purchased are made. The
material has high sti ness, high dimensional stability, and is electrically conductive.
Material data is provided by the manufacturer [11], see Table 2.4.

Table 2.4: Material data for Sustarine from the manufacturer.

Material | E [MPa] | [kg=m?’] | , [MPa]
Sustarine | 3700 1440 45

2.5 Sustainability

In this section, 3D printing as a manufacturing method will be compared to the
method currently used for the connectors, which is mainly milling, from a sustain-
ability perspective. One major di erence between AM and traditional machining is
material waste. In machining, complex geometries, such as connectors, often require
substantial material removal. This results in signi cant material waste compared to
3D printing, which generates minimal waste, typically limited to initial priming and,

if required, support structures. According to Faludi et al. (2015), who compared the
environmental impact of 3D printing with a traditional computer numerical control
milling machine through a life cycle analysis, the main impact of 3D printing is the
use of electricity and for the machining, material waste, and cutting uid, where
the main impacts [3]. Faludi et al. mention that 3D printing had lower ecological
impacts per produced part compared to machining. 3D printing also enables local
production that reduces transportation-related emissions [4].

10
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Methods

In this chapter, the di erent methods used in the project will be presented. This
includes 3D printing, FEA, material choice, and physical testing.

3.1 Material investigation

To gain a better understanding of the printability and mechanical behavior of the
materials, a brief material study was conducted. In order to be able to use the
3D printed connector as a spare part or replacement for an existing connector, the
selected material needed to withstand equivalent mechanical loads without yield-
ing. When used for prototype testing, the ability to give good surfaces and precise
printing is more valuable. Additionally, it had to be a polymer compatible with
the available 3D printer. To evaluate this, standardized test specimens were 3D
printed to observe surface quality and dimensional accuracy. Tensile tests were also
performed on the test specimens to obtain the material properties of the materials.

3.1.1 Poisson's ratio

There were no exact Poisson's ratio values provided from the manufacturer for any
of the materials. Therefore, the values were approximated based on typical ranges
for plastic materials found in engineering literature and databases such as MatWeb.
Typical Poisson's ratio values for polymers are 0.33-0.4 [12][13][14] where 0.35 was
estimated to be the most common value. An exception was made for TPU, which
is a exible material, and the value 0.45 was estimated.

3.1.2 3D printing test specimens

The 3D printer used for this project was Flashforge Guider 3 Ultra and it was used
together with the Orca ashforge 1.3.1 slicer program and the Bambu lab X1C with
the Bambu studio slicer. The geometry of the test specimens was created in Catia
and followed the 1ISO 527 standard. The drawing and complete test specimen can
be seen in Figure 3.2, Appendix .7, for bigger picture.

11



3. Methods

Figure 3.1: Test specimens in slicer program.

The test specimens were printed on the following materials: PLA, PLA-CF PETG,
PETG-CF, TPU, and PATH-CF. For the orientation of the test specimens on the
printer bed, see Figure 3.1. The 3D printers settings was changed in the slicer for
each material to obtain best possible results. For more details on the settings, see
Appendix .1

(b)

(@)

Figure 3.2: Drawing and complete test specimen in Catia V5.

3.1.3 Tensile testing on test specimens

When performing the tensile tests on the test specimens, the plastic tension option
was used on the tensile testing machine. Other settings in the machine were:

1. Test speed 10mm/min

2. Prestress 0.2MPa

3. extensiometer max 3%

4. extensiometer measure 2%.
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3. Methods

For a visual representation of the test setup, see Figure 3.3

Figure 3.3: Test setup for 3D printed test specimens.

3.1.4 3D printing connectors

The two parts of the connector housing were printed separately and the clams were
printed together. The parts and their orientation on the printing bed can be seen in
Figures 3.4, 3.5 and 3.6. The support structure was used when printing the second
part of the connector housing and the optiorsupport from builder plate onlywas
used.

(a) (b)

Figure 3.4: Part one of the connector housings orientation in slicer.
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(@)

(b)

Figure 3.5: Second part of the connector housings orientation in slicer.

(@)

(b)

Figure 3.6: Orientation of the clams in slicer.

3.2 Tensile test purchased connector

A tensile test was performed to determine the force the connector can withstand
before being released from the adapter. When the force is known, it can be used in
the FEA to see if the 3D printed connectors would be able to withstand the same
force or if they would break. The following settings were used on the tensile testing
machine during the test:

1.

14
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Type of test: tension-tension
sample length 55.0mm
sample width 35.0mm
sample thickness 35.0mm
sample weight 162.0g

test speed 30mm/min
contacts speed 10mm/min
return speed 300mm/min
stop load 95%
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