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Abstract

This report addresses the use of wood materials as an alternative to plastics
in 3D processing and additive manufacturing. Being able to use wood materi-
als has many environmental advantages to using plastics, which is the material
most commonly used in 3D processing today. This project was carried out by
students taking the Mechatronics Advanced Course at the Royal Institute of
Technology in collaboration with Innventia, a research institute working with
innovations based on forest raw materials. The problems identified regarded
keeping the fibers intact, as well as increasing the ratio of wood fibers from
existing materials. These problems were addressed using the method continu-
ous filament fabrication, in which a fused filament fabrication 3D printer was
modified in order to operate with the added functionality. The printer head
was designed to print using a paper thread consisting of spruce and pine fibers,
reinforced with biodegradable PLA plastic. The stress strain tests performed
showed that the composite material had the same yield strength of 27 M Pa
as the binding material PLA, even though the tensile specimen of the compos-
ite material weighing 17 % less. The amount of wood fibers in the composite
material was calculated to around 50 %.
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Abbreviations

AM Additive Manufacturing

CFF Continuous Filament Fabrication

DC Direct Current

FFF Fused Filament Fabrication

KTH Kungliga Tekniska Hogskolan / Royal Institute of Technology
LOM Laminated Object Manufacturing

MOSFET Metal-Oxide—Semiconductor Field-Effect Transistor
PEEK Polyether Ether Ketone

PLA Polylactic Acid

PWM Pulse Width Modulation

RAMBo RepRap Arduino-Compatible Mother Board

SDL Selective Deposition Lamination

SEK Swedish Krona

SOTA State of the Art

Nomenclature

F External forces on the printer head
F; Maximum Detent Torque

Fy Holding Torque

F;,: Total Friction

g Gravity acceleration constant

I Phase current in the motor

Icgop Maximum output current for stepper driver
Irrrp Maximum current percentage
J; Load Inertia

Jm Motor Inertia

Jior Total Inertia

L Inductance in the coils

M Printer head mass

m, Test mass for the simulation



w1 Friction constant

w Angular velocity of the motor shaft
¢ Step angle in degrees

¥ Flux Linkage

r Radius of the motor shaft (x-movement)
R Reststance in the coils

R2 Current sense resistor

R3 Current sense resistor

t Time

T, Mechanical Torque Load

6 Angular position of the motor shaft
U Input voltage in simulation

Vrer Voltage Reference value

x Position of the printer head



1 Introduction

For more than twenty years there has been a continuing growth in the 3D-
printing industry [1]. In recent years the research and development regard-
ing 3D-printing materials has increased. The main interest for this project is
3D-printing techniques and materials. This project is a collaboration with In-
nventia, a world-leading Swedish material research institute. Their role in the
project is to provide insight regarding the materials to be used in the final pro-
totype. This section will present the background to the project, the problem
formulation, delimitations and method.

1.1 Background

Today 3D printing/Additive Manufacturing (AM) techniques use materials such
as liquid, solid and powder polymers; powder metals; and ceramics [2]. AM
refers to creating layer-by-layer three-dimensional objects using computer-aided
design [3]. The major advances from using AM are the time and cost reduction,
as well as the possibility to create almost any shape that could be difficult to
machine. The most common material of use is although synthetic polymers,
more known as plastics. Conventional plastic, which is mainly used, is made
from petrochemical synthetic polymers. These are extensively used in a wide
range of applications, e.g. for packaging, automobile, construction etc. [4].
There are several environmental issues related to the use of plastics in our
products. Plastic pollution is a huge problem in the world today. It is globally
distributed across all oceans due to its properties of buoyancy and durability
[5]. According to Rochman et al., synthetic polymers in the ocean should be re-
garded as hazardous waste [6], due to the absorption of toxicants to plastic while
traveling through the environment [7]. Plastic pollution impacts and endangers
marine fauna, seabirds, and marine reptiles. According to Eriksen et al., in
2014, an estimation of at least 5.25 trillion plastic particles weighing 268,940
tons was floating in the sea [8]. This is far from the only issue related to the use
of plastics. As described by Amin et al. [9], " The low degradability behavior of
plastics is an important environmental problem. The end-use of plastic creates
waste-disposal problems as these plastics do not readily or naturally degrade
and gives severe effect when plastic-waste requires more time to break down”.
There is however an other alternative being presented as a high promising
solution to the environmental problem of conventional non-biodegradable plas-
tics. The solution, emerging from the bio-polymer industries advance in this
field, is biodegradable plastics [9]. Biodegradation can be defined as the pro-
cess in which organic substances are broken down by microorganisms such as
bacteria, fungi and algae. Biodegradable plastics are derived from starch-based
tubers such as sugar cane, cassava, tacca, and corn [10]. In Sweden up to this
point, bio based plastics have not yet been created from the forest [11]. There
is an initiative by SEKAB called Locally Produced Plastics to research whether
it is possible or not to produce a biodegradable plastic from the Swedish forest.
They have found that the demand for the finished product as well as the tech-
nology to create the material is already in place, but can not be implemented
due to the lack of political incentives to facilitate investment decisions [11].
Sweden has a large wood industry as well as being a world-leading exporter
of paper, pulp and sawn timber [12]. Being able to make AM using wood



material would have many environmental advantages to using plastics, especially
conventional plastic. Innventia is developing ideas and concepts to make wood
and wood component materials of choice in 3D processing. To reach further in
the innovation process a better understanding of how to produce and process
wood derived based components are needed. Fundamentally it is important to
better understand the flow dynamics during the filament extrusion and how
wood derived entities, e.g. fibers, fiber fragments or other solid components,
mix, disperse and influence process ability and filament quality. Innventia has
developed a pre-mixed filament containing 70 % of the biodegradable plastic
Polyactic Acids (PLA) and 30 % of wood fibers, but are experiencing problems
with the wood fibers being chopped in the process, reducing the mechanical
properties of the material.

1.2 Problem Formulation

The goals of this project are identified as following;:

e Adapt AM using material reinforced with wood fibers
e Keep the wood fibers intact

e Increase the ratio of wood fibers from existing methods

1.3 Deliminations

This project is a masters project performed by seven mechatronics master stu-
dents at the Royal Institute of Technology in Sweden. The course covers 19.5
credits, which is equal to 13 weeks of work per person. The budget was set to
50.000 SEK. The costs of the project can be found in Appendix H. Further,
limitations in knowledge about the material and limited time for research had
influence in choice of materials for printing etc. Since this was a mechatronics
project the focus was on the mechatronics rather than the materials, and the
alm was to prove the concept of the printer.

1.4 Method

The development model used in this project was based on the V-model. The
problem formulation was stated as soon as Innventia had presented their ideas
and after that a SOTA-research could be accomplished where interesting man-
ufacturing methods could be researched. Functional requirements were set up
early in the process from which design of the system and subsystems could be
done. Definitions of the goals and problems in the project were set up. Real-
ization and integration of the subsystems was made and verified towards the
stated subsystems throughout the project with feedback loops.

All prototyping have been done at KTH and parts and materials have been
ordered from KTH’s chosen suppliers. Most components have been manufac-
tured by the team, but some components were outsourced to full-time man-
ufacturers working at the department of machine design, such as the coating
mechanism described in Section 6.3.



2 Literature Study

This section describes the literature study of materials that could be used as
well as the State of the Art (SOT A) regarding printing methods of interest, i.e.
the basis for the design decisions made in the project.

2.1 DMaterial

Understanding the characteristics and behaviors of the materials to be used
in the final prototype is an important aspect of this project. The materials
investigated are Cellulose-PLA Super Material originating from Innventia, PLA,
natural fibers, lignin, commingled material and paper.

2.1.1 Cellulose-PLA Super Material

Innventia has investigated certain demands on materials, such as transparency
for food packaging. The solution they have found is to mix PLA and cellulose
fibers, which makes the material’s characteristics depend on the heat and force
with which it is pressed. [13] By doing this, only one material is needed for the
packaging, instead of paper for the box and plastics for the transparent window.
If the PLA originates from local producers, and the super material is recycled
after use, this is highly environmentally friendly. Bags made of the Cellulose-
PLA material has also been shown to be lighter than traditional paper bags in
the same size.

2.1.2 PLA

As mentioned in the section above the filament material developed by Innventia
contains the biodegradable plastic PLA. PLA, which is a synthetic polymer
derived from natural monomers [14], is not a new polymer [15]. Interest in
the manufacture of an aliphatic polyester from lactic acids was pioneered al-
ready in 1932 [16], but it was not until 1972 that high-strength, biocompatible
fibers, which are copolymers of lactic and glycolic acids, were introduced. Their
application was restricted until the late 1980s, when advances in the bacterial
fermentation of D-glucose obtained from corn made it considerably cheaper to
obtain lactic acid [15]. The PLA used in Innventias developed filament material
is derived from corn in the USA, which is then manufactured in Japan before
transported to Sweden.

2.1.3 Natural Fibers

Natural fibers have been used in various works on the applications as compos-
ite materials. For example pineapple, sisal [17], coconut coir [18], jute, palm,
cotton, rice husk, and bamboo have been used in various tests where tensile
strength and young modulus have been tested. [19] In this project wood fibers
are of interest, and since wood itself is a composite, it has been useful to exam-
ine the methods used for the different natural fibers mentioned above. Natural
fibers are gaining more interest as composite materials as they have many at-
tractive properties, such as low weight, higher stiffness and lower cost. [17] Also,
environmentally friendly composites have been a hot topic recently due to the
increasing environmental awareness. [20]



The natural fibers which have been interesting for application in this project
are mainly spruce, pine and birch, since these are the most common trees in the
Swedish wood industry. [21]

The fibers are treated differently, depending on what tests will be done.
The fibers can for example be woven, as specified by Jones [22]. This method
is further discussed in Section 2.2.4. Another field of application is to make
threads or ropes from natural fibers, either in form of fibers woven together or
as a paper thread (as discussed in Section 2.1.6).

The applications of natural fibers are plenty, and are currently used as rein-
forcements in composite materials for automotive, aerospace, marine, sporting
goods and electronic industries [23].

2.1.4 Lignin

All natural cellulosic fibers contain lignin [23] which is a polymer in the cell
walls. The structure of lignin is very complex, and the amount differs between
different plants and different kinds of woods. Some examples of the composition
can be seen in Table 1.

Wood is a composite material itself, and lignin works as the matrix ma-
terial along with hemicellulose to enclose the cellulose fibers. The lignin has
been proven vital to protect the cellulose/hemicellulose from water and other
environmental conditions. [23]

‘ Type of bio fiber ‘ Source ‘ Cellulose ‘ Lignin ‘
Wood Hardwood | 43-47% 16-24%
Wood Softwood 40-44% | 25-31%

Table 1: Composition of lignin and cellulose between different types of wood [23]

Lignin has been interesting in this research since it is a component of wood.
If it is a possibility to use lignin as the binding substance in the final material
in this project it might be a possible solution to regain the characteristics of
wood.

2.1.5 Commingled Material

Commingling is a process where two or more materials are getting physically
mixed or mingled to a uniformly distributed blend. Most often the term is
used when a matrix material, usually plastic, is getting reinforced with fibers.
These composite materials are intended to give better material properties than
the components separately. The commingled material can have different shape,
texture and property depending on the basic materials, blending ratio, the com-
mingling technique used and so on. The materials are suitable for different ap-
plications and can give a wide range of properties depending on how these are
processed. Usually the commingling is made by extrusion or compounding, but
there are other methods as well [24].

Innventia has developed a commingled material composing of PLA and wood
fibers, where the fibers are kept intact and the fiber content is up to 40%. This
composite has a paper or fluffy cotton pad like texture and is produced by wet
forming preferably followed by hot molding [13] [25].



2.1.6 Paper

The making of paper is an interesting subject to research in this project since
paper mainly consists of wood. It is also of interest to understand how different
methods of manufacturing can alter the papers material properties. Paper can
also be used for 3D printing using methods called SDL or LOM which will be
discussed further in Section 2.2.5

Wood mainly consists of three components, cellulose, lignin and hemicellu-
lose. When making the pulp for paper manufacturing lignin is often removed
to allow the fibers to be separated easily. The pulp can be made from four
different processes, chemical, semi-chemical, chemi-mechanical and mechanical
pulping. They are in order of increasing mechanical energy used and decreasing
chemicals used to separate the fibers. The more chemicals used the more lignin
is removed from the pulp. Thus, mechanical pulping does not remove any of
the lignin. The strength of a paper can be measured from two characteristics,
the strength of the individual fibers and the strength of the bonding between
the individual fibers. The strength of the individual fibers is dependent of the
angle of the micro fibrils that the fibers consist of. The angle of the fibrils is
different in different types of wood. Paper fibers are held together by hydrogen
bonding from the hydroxyl groups in cellulose and hemicellulose. As mentioned
before chemical pulping decrease the amount of lignin in the paper, this is to
make it stronger because ligning interferes negatively with the hydrogen bonding
between the fibers [26].

2.2 State of the Art

This section presents all to the project relevant scientific reports on AM. It cov-
ers extrusion, AM with different types of fibers, Spray Up technique, Weaving
Fibers and Paper 3D-Cutting. These are all methods used in industry today.

2.2.1 Extrusion

Extrusion is a technique of interest in this project since a lot of methods in AM
are depending on some kind of extrusion. This section is about the classic use
of extruders and what can be learnt from them.

Extrusion is a process that is mostly used to create objects with a fixed cross-
sectional profile. One or more materials are fed into the extruder and then the
materials are pushed forward and mixed by one or two big screws. At the same
time the materials are heated by the shear friction from the screws and with
help from external heating. When the material is mixed, i.e. no longer solid, the
screw will push it through the iron die with the desired cross-section. This is
possible since “during extrusion, compressive and shear, but not tensile, forces
are developed in the stock, thus allowing the material to be heavily deformed
without fracturing”[28] which means that you can make very complex cross-
sections without the risk of the material breaking. “The main purposes of the
heaters are to melt the polymer that remains in the barrel at cold startup,
to assist in forming the initial melt, and to “trim” the barrel temperatures for
specific purposes such as improving feed rate.” [29] which makes the shape of the
screw important depending on what kind of material that are being processed.

The kind of extrusion that is interesting in this project is where plastic and
wood fibers are put into the extruder and made into pellets that are used for
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Figure 1: How extrusion works. The figure is taken from learning material from the School of
Materials Science and Engineering, UNSW Australia [27]

injection molding, a process used by Innventia to try to make use of wood in new
areas. The problem with putting wood fibers through an extruder is that the
fibers are being crushed in the process, and the material loses the mechanical
benefits gained by adding fibers.

2.2.2 3D-Printing with Fibers

There has been little research regarding 3D-printing with wood fiber materials.
Therefore it is essential to also study 3D-printing with other types of fibers,
such as carbon fiber, as the structure of the material is similar.

Fused Filament Fabrication FF'F with fiber reinforced plastic is the most
common way to 3D-print fiber materials. There is a large amount of different
fiber reinforced material commercially available to use in FFF. One of these
materials is e.g. WoodFill, a filament from ColorFabb, consisting of 70 % PLA
and 30 % recycled fine pine wood fibers [30].

In 2000 Zhong et al. [31] showed that FF'F printing with glass fiber rein-
forced plastic filament increased the mechanical strength of the final part com-
pared to a non-reinforced plastic part. Furthermore Zhong et al.[31] observed
that the fiberglass reduced shrinkage of the 3D-printed part. Because of the
stiffness of fibers, increasing the fiber content severely effect the brittleness of
the filament. A glass fiber content of more than 25 % was not possible to use
with a FFF 3D printer. Filaments for F'F'F are manufactured using extrusion
as mentioned in Section 2.2.1. Increasing the fiber content in the plastic mixture
fed to the extruder results in shorter fibers in the filament produced[32].

With the aim to increase the fiber length in the 3D-printed part a new
technique called Continuous Filament Fabrication C'F'F' has been developed. It
is based on a F'F'F machine with a few modifications. The biggest difference
with FFF is that the polymer and the fiber is not bonded together before
entering the print head. A few variations of the technique exists.

Matsuzaki et al.[33] have adapted a FFF printer for use with CFF. The
printer head have two inlets, one for the thermoplastic filament and one for a
fiber wire, in this case they use unidirectional twisted jute yarn and unidirec-
tional carbon fiber tow. A motor driven drive gear push the filament into the
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nozzle. The fiber wire is fed to the nozzle inlet and impregnated with the melt-
ing plastic as shown in Figure 2. The fiber wire is pulled by the plastic filament,
no extra driving mechanism is needed. It is possible to orient the direction of the
fibers by adjusting the path of the nozzle. The length of the fiber is intact in the
printed part. The Tensile strength of both the jute and carbon reinforced speci-
men was increased compared to pure PLA which was used as binding material.
Furthermore Matsuzaki et al.[33] states that the carbon reinforced specimen
had superior tensile strength compared to fiber reinforced plastic part made by
AM. Another benefit of this method is that no pre-treatment of the fiber is
necessary, which makes it possible to use a vast range of different fiber material.
Matsuzaki et al. [33] assumes that it is possible to have a fiber volume of up to
50 % with this method

Heater

Hot table

Figure 2: CFF process with one nozzle. The figure is taken from the report ”Three-
dimensional printing of continuous-fiber composites by in-nozzle impregnation” by R. Mat-
suzaki et al. [33]

Mark Two is a Commercial off-the-shelf 3D printer that uses C'F'F. It uses
a nylon based polymer which is possible to reinforce with glass fiber, carbon
fiber or Kevlar. The printer head has a nozzle for the nylon filament as well as
a special nozzle for the fiber tow. The fiber tow is pre-coated with Nylon. The
layer adhesion binds the nylon coated fiber tow with the nylon matrix on the
print bed [34].

2.2.3 Spray Up

The Spray Up-process is an additive process method. A chopper gun is fed with
fibers that are cut off and sprayed to a surface simultaneously with resin. The
mixed material is then rolled with a roller in order to get rid of air on the surface.
[35] The process is usually done manually by a operator who therefore control
the thickness. The main advantage with the process is that the equipment is
portable and on-site fabrication can be made.
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Figure 3: The spray-up process. The figure is taken from the report ”Advanced Polymer
Processing Operations” by N P Cheremisinoff [35]

2.2.4 Weaving Wood Fibers

In the method described in Section 2.2.2 the direction of the fibers are important,
since Mark Two requires that the fibers are spun into a yarn like material. In
cotton textiles, cotton fibers are woven into a thread, which then is used to
weave a fabric. When textiles are made, the fibers has to be at least 5mm
long, and according to the research in Section 2.1.3, pine and spruce have fibers
which are up to 6mm long. [21] In Mechanical Properties of Woven Banana
Fiber Reinforced Epoxy Composites [19] banana fibers are used to reinforce an
epoxy material. Stress tests and Young’s modulus tests are done on the material
and the results showed that the characteristics of the material were good when
it came to how much force it could take.

In Mechanics of Composite Materials [22] the characteristics of fiber-reinforced
composites are discussed. When the fibers are woven perpendicularly to each
other the material becomes stronger than when the fibers are woven in 45°
angle.

2.2.5 Paper 3D-printing

This method consists of gluing papers together and cutting out a preferred shape
using either a laser or a blade. The process is as follows. First a piece of paper
is applied to the workplace, then the layer is cut according to the model from
the user, glue is then applied to this layer and ultimately a new sheet of paper
is applied on top and pressed against the previous layer to bond the two papers
together. There are two different, yet very similar, methods to do this, Selective
deposition lamination, SDL and Laminated object manufacturing, LOM. The
difference between these two methods is that LOM applies glue uniformly to
the whole layer while SDL deposit more glue to the area that will become the
part and less to the surrounding area that is the support structure. LOM uses
a laser while SDL uses a blade, usually a tungsten carbide blade, to cut the
edges of the part. [36]
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3 Concept Evaluation and Development

The researched methods and materials presented in Section 2 had their ad-
vantages and disadvantages. This following section covers the evaluation and
development of the concept based on the SOTA in the previous section.

3.1 Concept Evaluation

This section presents the requirements developed for the prototype as well as
the evaluation of printing method and materials.

3.1.1 Requirements

The aim of this project was to increase the ratio of wood fibers in AM without
loosing the material properties and characteristics of wood. In order to achieve
this a set of requirements were set up for the prototype to be developed. The
requirements were divided into functional, non-functional and for material and
stakeholder, and can be found in Appendix G. The decisions of concept (i.e
printing method and material) was set and evaluated against a set of critical
functions derived from the functional requirements. The critical functions are
presented below:

e To mix wood fibers with binding substance

e To add as much wood as possible

e To control the directions of wood fibers, in x and y direction
e To keep long fibers intact

e To be able to maintain shape after print

3.1.2 Ewvaluation

The basis for our decision of method is by comparing each method from Section
2 with our requirement. The score is presented below in Table 2.

. 3D Spray- Weaving Paper

Extrusion Printing up fibers 3D
Fiber+Binder v v v v v
Wood Ratio v v v v v
Fiber Direction X v be v v
Fiber Length X v X v v
Maintain Shape v v X X v

Score 3/5 5/5 2/5 4/5 5/5

Table 2: Evaluation matrix for choice of concept
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From Table 2 it is possible to see that 3D Printing and Paper 3D got the
highest score. However, Paper 3D printing method removes material which
makes it a method that consumes natural resources. Therefore 3D printing is
the most preferred method.

3D-printing using F'F'F' limited the benefits of a reinforced fiber composite.
Wood fiber filaments that were available have no or very little improvement of
the mechanical properties compared to the binding plastic. It was restrained
both by the printing technique and manufacturing process of the filament.

However CF'F adapted the F'FF technique in order to use fiber composites.
As described in Section 2.2.2 it could be highly customized in order to work
with different fibers and binding materials. As it was possible to modify an
existing F'F'F printer, much of the fundamental parts of the 3D printer was
already done. Thus it allowed the focus on the binding and extrusion of the
wood material. This led to CFF being chosen, but adapted to fit our needs.
From this technique we got the possibility to choose direction of the fibers, using
some sort of fiber thread, as well as maintaining their length. This meant that
we could increase the amount of wood fibers (compared to SOT A materials).
The material needed for this is as stated earlier a fiber thread and a binding
substance.

3.2 Concept Idea Development

This section presents a development of the concept from Section 3.1.2. It de-
scribes decisions that are made regarding material and machinery to use.

3.2.1 Choice of Printer

As mentioned in Section 3.1.2 a decision was made to use the CFF technique
and modify a FF'F printer. A decision was then made to order a 3D printer
and adapt the printer head and software as it seemed feasible to achieve the
requirements using this method.

A decision matrix, seen in Appendix E, was developed consisting of possible
3D printers that could be used without exceeding the project funding of 50 000
SEK, being able to be delivered within a reasonable amount of time, as well as
being open source and available to modifications.

The benefits and disadvantages of the presented printers were discussed be-
fore a decision was made. Finally, the MakerGear M2 3D printer was chosen
(Figure 4), mainly based on stability of the construction, i.e. the use of high
quality materials and components as well as the printer head only being moved
in one axis. Since the printer head prototype to be developed contains more
functionality than a regular 3D-printing head the added weight could cause
problems when moved on smaller axes in more than one direction. Another
benefit was the open construction, making it easier to modify [37]. The 3D
printer is presented in detail in Section 4.
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Figure 4: The Makergear M2 printer chosen for the project. This figure is taken from
MakerGear’s product site [37]

3.2.2 Choice of Material

For the concept chosen to proceed with, CFF, a paper thread made of wood
fibers was chosen to be used as wood material. A wide variety of paper threads
were ordered from distributors recommended by Innventia. There were big dis-
parities between the different paper threads. The paper threads were evaluated
regarding print-ability and strength. The following were the criteria that deter-
mined the print-ability; rigidness, bendability, size and width consistency. As
all of the paper yarns bought originally was intended to be used knitting, it was
hard to find a thread suited for our task. A 1 mm thick round paper thread
made of kraft paper strips from the Yarn distributor Lankava was chosen. It was
possible to push the thread in a given direction and it could easily be bent 90
degrees without damaging the thread. The paper thread is displayed in Figure
5.A sample of the thread was analyzed by Innventia. The analysis showed that
the paper thread consist of 100 % kraft pulp made from pine and spruce. The
whole report can be found in appendix A.
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Figure 5: The paper thread, shown both twisted and untwisted. A metal ruler is used for
scale

For the binding material, the use of a biodegradable plastic was an alterna-
tive with good prospects. The current PLA used in the filament by Innventia,
due to the long transportation of both raw material and finished product, was
not a sustainable solution to the problem. Unfortunately, since this project had
a limited time frame and funding, using PLA for this prototype had to be a
temporary solution.
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4 MakerGear M2

This section will present the hardware and firmware of the F'F'F printer Mak-
erGear M2 to be modified. This section only discusses the original features of
the MakerGear M2 printer. Alterations and new parts are discussed in Section
6. The MakerGear M2 3D printer is open source and has a wiki with useful
information about the printer [38].

4.1 Motors

MakerGear M2 uses stepper motors for movement and has one for each axis - X,
Y and Z. The printer head only moves in direction of the X-axis, with movement
made possible by a toothed belt which is attached to the stepper motor with a
pulley. The stepper motor which moves the build plate in the Y-direction uses
the same method, while motion in Z-axis is actuated with the stepper motor
attached to a leadscrew. One additional stepper motor is used for feeding of
the material, this one is attached to a 5.18:1 planetary gearbox. Stepper motors
has a number of advantages to other motors, one is that the number of steps is
equal to the number of control pulses. Also, it is precise and has good holding
torque. [39]

The stepper motors all rotate with 1.8° per full step, and one revolution
is 200 steps. The stepper motor driver chip on RAMBo divides each full step
into 16 microsteps. Further, only the motor for movement in the X-direction is
discussed since the printer head is remodeled to print composite material.

The standard steps/mm calculation is:

Full steps per rotation - Microsteps per full step

x Gear ratio 1
Distance travelled in a full rotation (1)

The stepper motor for movement in X-direction has a toothed belt pulley
with GT2 profile and 18 teeth. One revolution of the pulley is 36mm. This
gives us:

200-16
36

x 1 = 88.888.. ~ 88.89steps/mm (2)

4.2 Temperature

The heater for the hot end is a cartridge heater rated at 40 W at 24 V. The
hot end has a maximum temperature of 250 °C'. Each heater is controlled by
a MOSFET used as a switch. The input to the MOSFET is a signal from the
microcontroller and the output is the voltage to the heaters.

The heated build platform is provided approximately 192 W at 24 V from a
silicone heater. This combined with the moderate insulation of the silicone and
air exposure and conduction to glass bed limits the maximum temperature to
approximately 110-115 °C.

The sensors used for both the hot end and the heated build platform are
thermistors, i.e. resistors that has a precise change in resistance following tem-
perature change. Both thermistors has a resistance of 100 £Q +1%.

The build platform heater has a slow response and is therefore not fully
active until the set point is reached, and then fully inactive until it reaches a
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certain amount under that point, and then turned back on again in a repeatable
process. The hot end on the other hand is controlled by a PID.

4.3 Motherboard

The mainboard of the Makergear M2 is the RepRap Arduino-compatible Mother
Board RAM Bo made by Ultimachine. Ultimachine is a company specialized
in supplying hardware and electronics for 3D printers. RAM Bo is designed
to be a full featured motherboard for FFF 3D printers. It is improved and
more versatile than its predecessor, the popular RAMPS board. RAM Bo is
open source so the design files and schematics are freely available. The Arduino
compatible microcontroller Atmega2560 is used as the main computational unit
and comes preloaded with the Arduino boot loader.The board can be seen in
Figure 6.

RAM Bo has a motor control part which feature interface for supporting up
to six stepper motors. The driver used is the A4982 stepper motor driver chip
from Allegro [40]. It is possible to micro step up to sixteenth of a step in order
to get higher resolution of the motor. The driver also feature current chopping
control. The current limit is connected with a digital potentiometer thus control
of the current can be adjusted in firmware.

There is support for up to 4 thermistors for temperature sensing. Heaters
and fans are each driven by a single MOSFET transistor. There is connectors
for six endstops,one for each end point of the three axes. Rambo has three
separate power rails; Heated bed, MOSFETSs, Motors and logics. Each rail have
it own fuse and can independently be supplied with a voltage in the range of
12-24 V. However in the M2 configuration, all the rails have a common voltage
of 24 V supplied by the power supply. The power supply is a separate unit and
converts mains to 24 V direct current DC.

n H M B ':I (RepRap (RA)rduino-(Mlega-compatible (Mlother (Bo)ard Version1 20

repraporg/wiki/Ramba RepRap / 30 Printer / CHE Electronics Main Connectors

Mosfet Outputs | Extruder 0 |Extruder 1 |Heated
Bed

& [Power Input]

....... - : 1 - Heated Bed

Logic, Heaters,
and Fans

Motors

12V-35V

Power Input
Povrer must be supplied to ‘Power

i

Figure 6: RAM Bo motherboard with the most commonly used connectors highlighted [41]
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4.4 Firmware

The stock firmware for Makergear M2 and RAM Bo is Marlin. The firmware
is also used among many other Arduino based F'F'F' 3D printers, such as the
Ultimaker 2 and the Taz 5. The main reason for using Marlin in this project
is that it is an open source firmware. Marlins key functionality is to translate
G-code into actions for the printer.
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5 Simulation of X-axis Movement

This section will present the simulation of the X-axis movement. This was done
by simulating the movement in Simulink using a stepper motor model from the
Simulink library and modifying it to fit this project.

The printer head can be driven in positive and negative direction on the
X-axis due to the toothed belt that is connected to the motor pulley. The
simulation was done only for this motor since this is interesting considering
that the alterations to the printer mainly cover the design of the printer head
and its functions and therefore the mass of this part will change.

The stepper motor used to move the printer head in X-axis is a synchronous
hybrid, two phased bipolar stepper motor from Kysan Electronics, serial number
42BYGH4803-C6 [42]. More information about this motor can be found in
Section 4.1.

Load torque

Signal Builder
@ STEP || STER
DIR |—p{DIR s %
e
28VDC = e (A B
Divar Hybrid Stepper Mator
Digcrete,
Ts=1e-006 s r—

Figure 7: The model for the stepper motor from the Simulink library

The Simulink model in Figure 7 needs some data. The input voltage U was
set to 24 V. The driver needs the parameters I, the phase current, and the
stepping rate which is calculated as described in Section 4.1. Due to precision
in the 3D printer we use microstepping to achieve the best results. RAM Bo
divides each full step into 16 ”micro”steps. The motor moves with 200 full steps
per rotation and the distance traveled in a full rotation is 36 mm.

200 - 16
steps/mm = —5 = 88.8888.... (3)

If a desired rotational velocity w is stated the stepping rate can be calculated.
Here the rotational velocity was set to 180 mm/min.

Stepping rate = steps/mm X rotational velocity (4)

The Hybrid Stepper Motor-block takes the parameters L and R which are
the winding inductance, and winding resistance. It also needs the step angle ¢,
maximum flux linkage ¥, maximum detent torque Fy, total inertia Jy.:, total
friction Fj,;. The initial speed and initial position were set to zero.

A simulation was done in order to decide the maximum possible weight of
the printer head and to see how the mass affected the movement. The mass M
was therefore varied with the masses stated in Table 3. The acronym m, where
r=1,2,3,4,5, is used for the different masses.
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Variable | Value [kg]
mq 0.5
mo 1
ms 10
my 50
ms 70

Table 3: The mass variation of the motor used in the simulation

The data sheet for the Kysan motor can be found in Appendix B. The
parameters found in the data sheet are also presented in Table 4. The Maximum
Flux Linkage, ¥, produced by the magnets, the maximum Detent Torque Fy,
Total Inertia .J;,; and Total Friction Fj,; were not stated in the data sheet.
These parameters had to be calculated or estimated. The accuracy of these are
discussed in Section 9.1.

According to the Simulink page the Maximum Detent Torque, F,, can be
assumed to be equal to 1-10 % of the maximum holding torque, Fy [43]. Here
it was chosen to be 5 % of the holding torque.

F;=0.05Fy (5)

The inertia from the load, J; was calculated as

Jy =M -r? (6)

where M is the mass of the printer head and r is the radius of the motor
shaft. From this the total inertia J;,; was calculated as

Jtot = Jl + Jm (7)

where J,, is the inertia of the motor. The value for J;,; found in Table 4 is
calculated with the real measured mass of the printer head, M.

The Maximum Flux Linkage ¥ was estimated by comparing other similar
Kysan motors where the value was given. The values for the total friction
Fio+ was estimated through an experiment where the printer head was detached
from the motor and only was attached to the moving sleigh. The force which
it needed to move was measured, and this was chosen as the estimated total
friction. The friction will of course vary with the load, and is therefore seen as
a heavy estimation. This is also further discussed in Section 9.1. Further, the
mechanical load torque T, was calculated as

Ty =r(F+ pMg) (8)

where r is the radius of the motor shaft, M is the mass load, g is the gravity
acceleration, p is the friction constant and F' is external forces. The model is
presented in Figure 8. Here F'is set to zero since no further forces are considered.
All parameter values can be found in Table 4.
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Figure 8: The load torque model
Variable Explanation Value Unit Origin
L Winding Inductance 4.8 mH Datasheet
R Winding Resistance 2.8 Ohm Datasheet
Im Inertia of the motor 82-1077 kgm? | Datasheet
10) The step angle of the rotor 1.8 Degree | Datasheet
Fy Holding Torque 5.9 Kg-cm | Datasheet
1 Rated Current 1.5 A Datasheet
Fy Detent Torque 0.027 Nm Calculated
v Maximum Flux Linkage 0.04 Vs Estimated
Jtot Total Inertia 2.6978-107° kgm? FEstimated
Fiot Total Friction 0.02 kgm/s | Estimated
r Radius of motor shaft 0.0057 m Measured
M Mass of the printer head 0.572 kg Measured

Table 4: Parameters for the motor

5.1 Simulation 1

In the first simulation the input was to drive the motor continuously in one
direction with the same speed. The simulation was done for 1 s.

o
STEP
1.5

1

0.5

DIR

0 L 1 1 Il 1 1 1 1 Il J
0 01 02 03 04 05 0.6 07 08 09 1
Time (sec)

Figure 9: The input signal for simulation 1 - Driving motor in one direction
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The motion of the printer head can be seen in Figure 8 where z is the
position of the printer head, 6 is the angular position of the rotor shaft and
w is the angular velocity. When the motor moves counter-clockwise it equals
positive movement on the X-axis. Dir = 1 drives the motor counter-clockwise
and Dir = 0 drives it clockwise. Step = 1 actuates the motor, while Step = 0
does not actuate. The input signal presented in Figure 9 will therefore drive
the motor counter-clockwise which is positive direction on the X-axis, for 1 s.

T
50 L 0.5kg
1kg
10kg /
S0kg P
40 M 70 kg //
w P
] /
5
o
a8 2 /'/
h / '/
L=
0 0.1 0.2 03 04 05 06 07 08 09 1

Time

Figure 10: Output from Simulation 1

In Figure 10 it seems like mass mq-my4 follow a similar linear movement
while m5 does not move more than a few millimeters. In Figure 11 the graph is
zoomed to compare the behavior of the different masses. The smallest masses,
my and mg move similar, while the behavior for the heavier masses, ms-ms is
different.

141

05kg
1kg

10kg
S0 kg
70kg

138

—

g
o

Distance

\

w
m

135

0.29 0.291 0.292 0.293 0.284 0.295
Time

Figure 11: Zoomed view of Figure 10
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5.2 Simulation 2

In simulation

2 the simulation started with keeping the printer head still, at

t = 0.1 actuate it and move the mass in positive direction for 0.4 s. At t = 0.5
it should stop actuating the motor again. The movement can be seen in Figure

12.

1

STEP

DIR

01 02 03 04 05 06 07 08 09 1
Time (sec)

Figure 12: The input signal for simulation 2 - Driving motor with stop

The output from this simulation shows like Simulation 1 that the masses

mi-my Move
Figure 11 a z

similar, while my does not move more than a few millimeter. In
oomed view of 13 is shown. Here it is clear that the larger mass,

the more overshoot when the printer head brakes.

Distance

T
0.5kg
an Tkg v
10kg
50 kg
TOkg
15 /
10 /
5 ,-/
NN
0
] 0.1 0.2 0.3 04 05 06 a7 08 09 1
Time

Figure 13: Output from Simulation 1
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Figure 14: Zoomed view of Figure 13

25




6 Prototype Design

The printer head is the key part in this project. It handles both the paper
thread and the plastic as well as the fusion between the two materials which is
required for printing using the C'F'F method. As basic requirements, the printer
head needs to be able to:

Control the feeding of the paper thread

Control the feeding of the PLA material

Reach and maintain a temperature suitable for printing with PLA

Coat the fiber thread with PLA so that the extruded composite filament
is able to stick to the heated build platform and merge layers of filament

The coating has to be made so that the PLA is spread evenly around the
paper thread and the paper thread has to be fed with enough force to pierce
through the PLA and stick to the heated build platform. The materials used in
the design has to be picked with great consideration of their heat transfer prop-
erties. The coating block has to be able to reach temperatures well above 200 °C'
which makes good isolation crucial to prevent the heat from being transferred
elsewhere.

This section will present the design of the printer head prototype, alterations
and extra functionality added to the printer as well as the software used for
printing.

Figure 15: Final design of printer head

6.1 Feeding of the fiber thread

The thread feeding consists of two parts: pulling and pushing. The pulling of
the thread, which is the first part of the feeding process, is less complex than
the pushing since the pulling force is applied at the end of the thread, which
will prevent the thread from bending. In theory, the thread will be pulled if
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the pull torque applied on the thread is larger than the counter torque from the
spool inertia and the friction on the thread.

The second part of the feeding process is when the thread is pushed through
the plastic and on to the heated build platform. In this process the force is
applied at the beginning of the thread and has to be transferred through the
thread all the way to the end. The push force at the end of the thread will be
heavily reduced by any elastic behavior of the thread.

Figure 16: The thread is fed by rollers controlled by a stepper motor

In the design which can be seen in Figure 16, torque from a stepper motor
is transferred to a force applied on the thread by two rollers. Since the thread
used in this project is soft and has such a small diameter compared to regular
plastic filament, it was decided to use two soft rollers with a high friction surface
instead of the pinions which can be found in most 3D printers on the market.
The thread feeder was designed with a part that can rotate around an axis to
be able to tighten the rollers with a spring. The force from the spring can be
adjusted by tightening and releasing a wing nut on a M3 threaded rod. This
provides the capacity of feeding threads of different sizes with different levels of
force requirements.

The roller on the motor shaft was 3D-printed using a flexible filament, which
gave it a slightly soft surface which was taped with a fine grained sandpaper to
add extra friction. The other roller consists of a ball bearing with a diameter
of 16 mm and a surface with a high friction tape.
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Figure 17: To the left: A too large pipe will give the thread the possibility to bend and the
force from the rollers is lost. To the right: A smaller pipe inside a larger pipe prevents the
thread from bending. It will also reduce the space between the rollers and the pipe.

To be able to print with a good quality, or even to print at all, the force on
the thread has to be kept as constant as possible from the motor rollers where
it is applied, through the coating and to the nozzle where it is pushed on to the
heated build platform. To achieve this, a low friction Teflon pipe, with the same
inner diameter as the thread diameter to reduce any play between thread and
the pipe, is used from the motor rollers to the coating block. It is put inside a
larger pipe with the same inner diameter as the outer diameter of the smaller
pipe for more stability. An advantage of the smaller pipe is that i can be put
closer the rollers to make sure the thread goes straight in to the pipe as seen in
Figure 17.

6.2 Feeding of plastic filament

Feeding of plastic filament is one of the most common problem for FF'F 3D
printers. Therefore the subject of filament feeding is well investigated and there
are many advanced and thoroughly designed feeders commercially available.
Thus it was decided to buy an existing filament feeder rather than develop one
for this project. The Bondtech QR was chosen for its robust design and previous
experience with it in other projects. Conventional feeders use a motor driven
knurled wheel for pushing the filament and a ball bearing for support on the
other side of the filament. Two common issues with this design is slippage of
the filament and friction in the bearing resulting in under extrusion. In the
Bondtech extruder the ball bearing is replaced by a knurled wheel mechanically
connected with spur gears to the knurled wheel attached to the motor.Thus the
filament is pushed from both sides. This feature, called dual drive, results in a
robust and slip free feeding mechanism. A bowden setup was used in order to
avoid putting additional weight on the printer head.

A revamp of the standard calculations regarding plastic extrusion was needed
considering our hot end design featured extrusion of plastic coated paper thread.
The amount of plastic, i.e. the length of the plastic filament, that need to be
extruded during a movement FE is determined by the ratio between the cross
sectional area of the plastic filament on the spool and the plastic on the coated
thread. This can be seen in Figure 18.
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A thread

A before A after
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Figure 18: The white plastic enters the coating block from the left, and the fiber thread
enters from the top. To be able to extrude the right amount of plastic on the thread, the
plastic cross sectional area of the coated thread is compared with the original plastic filament.

Equation 9 describes how to calculate £ when moving the nozzle from a
point Zsiare t0 Teng With the cross sectional areas Apefore; Aafter and Aghread-

Aafte'r - Athread (9)

E= (xstart - xend) . A
before

6.3 Coating of fiber thread with PLA

The process of printing is based on adding layers of fibers on top of each other. In
order to make the layers stick to each other, coating of the thread is an essential
part. The paper thread is coated with PLA to bind the printed segments
together.

Figure 19: The coating head in exploded view
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The final prototype for the coating mechanism consists of four parts, all
shown in Figure 19. The parts are manufactured using milling, considering it
being a relatively easy and cheap manufacturing process. The material used to
manufacture the parts is brass, based on it having a good thermal conductivity,
which is a key requirement in order for the mechanism to properly heat the
PLA.

The PLA is fed in to the top part, seen below in Figure 20. It contains
a chamber into which the PLA is melted by two cartridge heaters, further
explained in Section 6.4, that are placed through all parts of the coating device
to achieve an even heating of all of the parts.

B >
® - ©®
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Figure 20: The top part of the coater seen from top (left) and bottom (right) view

When the chamber starts to fill up, there will be a pressure that forces the
PLA to go through the middle part that has a strainer on top as seen in Figure
21. This is in order to make sure the coating of PLA is equally distributed
around the thread.

Al
{

Figure 21: The strainer seen from top (left) and bottom (right) view

The bottom part is a milled container that ensures the melted PLA to go
around the fiber thread, as seen in Figure 22. The diameter of the hole in the
bottom part is slightly larger than the diameter of the hole in the middle part
in order to make room for the paper thread to be coated with PLA. This part
has threaded holes.
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Figure 22: Middle part of coater from top (left) and bottom (right) view

The nozzle is connected to the bottom part of the coater. Originally the
hole through the nozzle had a .75 mm diameter, however it was drilled to get
a diameter of 1.5 mm to fit the paper thread and PLA. The edges of the
nozzle opening were drilled into a cone shape with a diameter of 3 mm at the
outlet and all edges were rounded to make sure the paper thread would not get
stuck during extrusion. The full process of the extrusion through the coater is
described in Figure 23.

Figure 23: Section view of assembled coater

1. PLA is fed in to the coater though the heat sink

2. The PLA is melted inside the chamber by the two heating cartridges
placed on the sides

3. The PLA is pushed down into the valve by the pressure from the chamber

4. The thread is fed through the coating head. The diameter of the hole is
1.2 mm

5. The PLA embraces the fiber and the coated thread is fed through the
nozzle which has a diameter of 1.5 mm because the thread and plastic has
larger area than the thread alone
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6.4 Heat Management

In order to manage the heat transfer through the different parts of the printer
head mainly five pars are used that either dissipate the heat or does not transfer
it throughout the printer. The mounting plate for the coater is made of a plastic
called PEEK [44], this is a material with low thermal conductivity and the reason
to why this material was chosen was because it will prevent the heat from the
coater to travel across the whole printer. By doing this the coater is heated
much faster and energy is saved. The thermal conductivity of PEEK is 0.25
W/mK [44] which compared to aluminum, that was primarily used for this
part, that has 238 W/mK. On the side of the coater there is a heat sink which
will prevent the incoming plastic from melting before it is inside the coater.
The fan that is mounted right above the heat sink will further increase the heat
dissipation from the heat sink and keep it cold. The second fan mounted in
front of the coater will help the PLA to solidify so that it sticks easier to the
heated build platform and also merge the layers together. There are two 40 W
heat cartridges inside the coater mounted from the top, as well as a thermistor
to measure the current temperature in the coater. The thermistor used is the
same one as in the original MakerGear M2 hot end explained in Section 4.2.

6.5 Electronics

This section will focus on the electronic parts of the printer head and how they
are used. It will cover which stepper motor is used, which stepper driver is used
and how different settings are made and also a in-house made circuit board to
connect these together.

6.5.1 Stepper Motor and Driver

There were mainly two requirements on the stepper motor, firstly it should be
as light weight as possible since it is mounted on the printer head and secondly
it should be powerful enough to feed the paper thread without slipping. The
stepper motor chosen for this project is a light weight compact bi-polar stepper
motor [45]. There are mainly two components needed when driving a stepper
motor, firstly a micro-controller and secondly a driver for the motor. The driver
is needed because the micro-controller, Arduino Nano [46], used in this project
have a current limitation that is less than the stepper motor require to work
properly. This is the main reason why the driver is needed. Another benefit
this driver has is that it can provide fractional steps or micro-stepping which
makes the motor run more smoothly and more exact. The driver chosen in this
project is the Pololu 8825 breakout board [47] that uses the DVR8825 stepper
motor driver. The driver is able to provide a maximum current of 2.5 A and
a maximum voltage of 45 V. This fit the requirements of the stepper motor
used in this project, which has a recommended maximum current of 1.2 A and
maximum voltage of 24 V [45]. Since the maximum current of the driver is
higher than the rated current of the motor adjustments has to be made to
reduce the maximum current going through the motor in order to not damage
it. This can be done with a potentiometer provided on the breakout board of
the driver.

The current through the motor windings is regulated with the H-bridges on the
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driver. The regulation is done by disabling the current when the current reaches
a certain chopping value, Icgop, each PWM cycle. The chopping value can
be set by the user using the potentiometer which regulates a voltage reference
value, Vrepr, a comparator then compares the value of Vrgpr and a current
sense resistor, R2 and R3 seen in Figure 37, which are 0.1 €2, with this equation

VrEF

lenor 5-RseNsE (10)
Since the rated current for the motor is 1.2 A Vrgr was set to 0.6 V' with the
potentiometer. The micro-stepping is performed with the help of an microstep-
per indexer which keep track of which state it is in. The state will tell the
driver how much each motor winding should be energized in terms of percent
of maximum current. What each state represents can be seen in table 2 in [48].
When the current hits the current percent, ITrrp, in each state the windings
will be placed in a decay mode which lets the current decay at different speeds
that are set by the user.

DRV8824/

DRV8825 +
o ~= ] VMOT- 100 4F

Figure 24: connection of the Pololu 8825 breakout board [47]

The stepper driver is connected to the stepper motor, power supply and the
Arduino Nano as shown in figure 24.

6.5.2 Circuit board for thread feeder

A circuit board was created to minimize the amount of cables and also so that
the stepper motor, stepper driver, Arduino Nano and power supply are easily
connected. All these components are used for the controlling and starting of the
fiber thread feeding stepper motor. The circuit board was made in DipTrace
[49] and then milled. The design of the circuit board top and bottom layer can
be seen in figures 35 and 36 in Appendix C. On the circuit board there is a
connector for the signal that tells the stepper motor for the feeding of the paper
thread to start. Two decoupling capacitors were added between the input from
the motor power supply and the breakout board to reduce the risk of voltage
spikes that may cause damage to the breakout board. A DC/DC converter is
mounted on the board to power the Arduino Nano with 5 V. The circuit board
was mounted on the right side of the 3D printer for easy access to the connectors
for the stepper motor and motor power supply.

6.6 Software

The software of the system was updated in order to make it behave as desired.
Since the MakerGear M2 uses open source it was possible to modify the software
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to its intended functions but still keep some features. In this section the G-code
and print settings are presented as well as the slicer program which here was

used as an interface for the printer and as a tool to monitor the self-written
G-codes.

6.6.1 G-codes and print settings

Like most devices used for Computed Aided Manufacturing, the Makergear M2
3D printer operates with G-code commands. G-code are command lines which
for example can tell the machine where to move in a coordinate system, set
which movement speed to use and how much plastic that should be extruded
during the movement. There are plenty of Software available to generate this
automatically from a 3D model.

The typical commercial F'/FF 3D printer has the advantage of being able
to print the plastic filament non continuously which means that the plastic
extrusion from the nozzle can be stopped at one spot, moved to a different
coordinate and restarted without having to consider the movement without
extrusion. However, the 3D printer in this project uses the C'F'F method to
print. This means that all movements in the XYZ-coordinate system has to be
performed while extruding the thread. In other words: no G-code generated
by a standard 3D-printing software will work. Because of this, the machine
command lines that has to be written manually.

A simple example program which prints a 100 mm plastic coated fiber thread
can be seen below:

G90 ; Set to absolute positioning

M82 ; Set extruder to absolute mode

M140 S90 ; Set bed target temperature to 90 degrees
M104 S215 ; Set extruder temperature

M109 S215 ; Wait for extruder to reach 215

M190 S90 ; wait for bed temperature to reach 90

M42 P7 S255 ; Turn on second heater

G28 ; Home all axes

G1 Y50 Z10 F9600 ; Move forward to avoid binder clips
G92 EO ; Zero the extruder

G1 X50 Y100 F18000 ; Move to start position

Gl Z1 F181.2 ; Lower the extruder and set printing speed
M106 PO S255 ; Start the feeding of the thread

G1 X50 Y150 E20.41 ; Move the nozzle

G91 ; Relative mode

Gl Z10 E4.081 ; Lift nozzle 10mm

M106 PO SO ; Stop the thread feeding

G4 ; Check if everything above is executed before continuing
M104 SO ; Turn off extruder

G4

M42 P7 SO ; Turn off second heater

M140 SO ; turn off bed

G90 ; absolute mode

M84 ; disable motors
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The code starts with telling the printer to heat up the coating block to
215 degrees using two heaters which is suitable for the PLA plastic. Since the
printer only has one heater as default, the second heater is activated using the
M42 command which uses a PWM signal to set the voltage over a desired
output on the RAM Bo card. The bed temperature is set to 90 degrees. To
turn on the thread feeder, a 5V signal is sent by M106 PO S255 to the external
Arduino Nano which controls the stepper motor. In order control the stepper
motor a open source Arduino library was used [50]. Together with this library
some additional code was added such as reading the input from the RAM Bo
board and settings such as speed and what type of micro-stepping to be used.
F is the printing speed in millimeters per minute. It needs to be the same as the
speed as which the thread is fed by the stepper motor. This can be calculated
using the diameter of the motor roller D,.,;;., and the motor speed w.

F=w-m+ Droter (11)

The letter F in the code sets how many millimeters of plastic to extrude
during the movement. This is calculated using Equation 9 in Section 6.2.

6.6.2 Slicer Program

To prepare and preview the G-code for the printer we used a slicer program
called Simplify3D. In this program it is possible to preview everything the printer
will do and find out if errors are made in the G-code. Simplify3D was also used
to manually control the printer. It has controls for adjusting the heating and
moving the printer head as well as turning the extrusion on and off. It is also
possible to send single rows of G-code directly to the printer without sending
a whole file which is needed since the new printer head needs a few special
commands.

The slicer program was used to prepare the printer by checking that every-
thing worked and preheating the printer head and to confirm when the printer
was ready since the printer communicates with the software and sends feedback
about temperatures and position back to the computer.
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7 Testing

A range of tests, described in this section, were made to evaluate the printer
and the printed material. The outcome of the tests can be found in the Result
section.

7.1 Printing corners

Sharp turns were considered as a major challenge for the printer since a change
of direction would also lead to a sudden change in direction of the force on the
thread. If the thread is not stuck properly on the bed plate when turning this
could lead to a misplaced thread and a decrease in accuracy. To prevent this
from happening, tests were made to examine the corner behavior with different
settings. The tests were carried out by drawing a reference path on the bed
plate, which the printer was programmed to follow. The path can be seen in
Figure 28.

Five test attempts were made. Four speed tests and one test where the
printer made stops of different duration in the corners.

Z

/] /

L

Figure 25: The test path which was used as reference in the tests. All dimensions are in
millimeters.

7.1.1 Printing corners with different speeds

Four speed tests were carried out to determine how increasing the printing speed
would affect the quality of the print. The different feeding speeds w tested were
2, 4, 6 and 8 rpm. The corresponding printing speed F' to each feeding speed
was calculated from Equation 11 and can be seen in Table 5

‘ w [rpm] ‘ F [mm/min] ‘
2 90.6
4 181.2
6 271.8
8 362.4

Table 5: Motor speed for the thread feeder and corresponding printing speeds
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A test was carried out for each printing speed where the printer followed the
reference path from Figure 28 in order to evaluate how much the it would differ
from the reference path.

7.1.2 Printing corners with pauses

For this test, the printer was programmed to make stops in the corners to
evaluate if this would improve the quality of the print. During the stops the
thread feeding, the plastic feeding and the XYZ-movement were stopped. As a
reference, the path from Figure 28 was used. The test was printed from left to
right and the stop time for each corner can be seen in Table 6.

| Corner | Pause time [s] |

1-4 0.0
5-8 1.0
9-12 2.0

Table 6: Duration of the stop for the different corners

7.2 Tensile stress test

To be able to compare the material properties of the composite material devel-
oped in this project to existing materials, tensile strain tests were made. Three
different materials were compared: the TreeD composite, PLA and the WoodFill
material described in Section 2.2.2.

Figure 26: Tensile test specimens. From left to right: WoodFill, TreeD, PLA.

Tensile test specimens were printed for each material. However the TreeD
composite specimen was printed in a rectangular shape and then cut to obtain
the right dimensions. The specimens can be seen in Figure 26.

TreeD Composite | PLA | WoodFill
Waist width [mm)] 10.05 10.15 10.30
Waist thickness [mm] 3.55 3.71 3.70
Waist length [mm] 33 35 33
Total length [mm] 65 65 65
Weight [g] 3.209 3.868 3.769

Table 7: The sizes and weights of the different tensile specimens

37




Figure 27: The setup for the tensile stress test

As Figure 27 shows, the tensile test piece is attached in both ends. Two
extensiometers measure how the material extends when a force is applied. This
makes it possible to obtain a strain/stress graph from which the Young’s mod-
ulus for the material can be found. The test ends when the specimen breaks.

7.3 Test of fiber/PLA ratio

Both calculations and visual inspection were used in order to determine the
fiber/PLA ratio of the coated thread. Assuming equation 9 is used for the
extrusion of plastic, the ratio of fiber Ry, of the coated thread is

Aafter - Athread
Aafter

Rfiber =1- (12)
Where Aipreqa and Agfier, respectively, is the area of the paper thread and the
area of the thread with plastic.

For the visual inspection a Dino-Lite Premier 5 Mega pixel microscope was
used. An unused tensile specimen of the TreeD Composite material was in-
spected. The tensile specimen was secured in a bench vice during the mea-
surements. Only a small area of the cross section of the tensile specimen was
examined, which is marked in red in Figure 28.

Figure 28: The end of a tensile specimen. The red area indicate the area that was used to
visually determine the fiber ratio.
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The Dino-Lite microscope software DinoCapture features the ability to cal-
culate the area of drawn polygons in an image. Polygons were drawn around all
the fiber threads appearing in a defined rectangular area of the cross section.
Both the sum of the each area of the fiber threads and the area of the rectangle
were calculated. Thus the ratio of wood fiber in the TreeD composite sample
could be estimated.
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8 Results

This section will present the results obtained from the tests performed, including
the optimal printer settings, tensile test results and ratio of wood fibers and the
assembled 3D printer.

Figure 29: The assembled 3D printer.

The final design of the printer head had a mass of 0.527kg and the final
design of the printer is presented in Figure 29.

8.1 Corner tests

This section will present the results obtained from the testing of different speed
and stopping in corners.

8.1.1 Printing corners with different speeds

The results from the corner tests can be seen in Figure 30 and in Figure 31.
The performance is evaluated by comparing the distance from the reference path
(Figure 28), which is represented as the drawn black line, to the printed path.
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Figure 30: To the left: the thread is fed 90.6 mm/min. To the right: the thread is fed 181.2
mm,/min.

As can be seen in Figure 30, the radius of the corners increases as the printing
speed increases from 90.6 mm/min to 181.2 mm/min. However, the difference
is not very big and not proportional to the duplication in speed.

Figure 31: To the left: the thread is fed at 271.8 mm/min. To the right: the thread is fed at
362.4 mm/min

When increasing the speed to 271.8 mm/min, as can be seen in 31 the
radius of the corners increases significantly compared to what can be seen at
lower speeds. The fiber thread does not have time to stick to the heated bed
which decreases the sharpness of the corners. This is even more obvious when
printing at 362.4 mm/min.

8.1.2 Printing corners with pauses

As in the speed test, a printed path with sharp corners as similar to the reference
path as possible, was desired.
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Figure 32: Pause test where corner 1-4 (from left to right) is printed without pausing, corner
5-8 is printed using pauses of 1 second in each corner, and corner 9-12 is printed with pauses
of 2 seconds in each corner.

Figure 32 shows how pausing the print in the corners, has a positive effect
on the quality of the print. When looking from left to right, the pause time
increases every fourth corner which reduces the radius.

8.2 Tensile stress test

The stress strain curves for the materials can be seen in Figure 33. The data
obtained from the tests are presented in Table 8.
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Figure 33: Stress strain curves for the three materials tested

The TreeD Composite and the binding PLA had the same yield strength of
27 M Pa, although the PLA having a slightly higher ultimate tensile strength
of 40 M Pa compared to the composites 37 M Pa. The WoodFill material, as
seen in the stress strain curve, had a lower yield and ultimate tensile strength
of 19 M Pa respectively 24 M Pa,
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‘ ‘ TreeD Composite ‘ PLA ‘ WoodFill ‘

Yield strength [MPal 27 27 19
Ultimate tensile strength [MPa] 37 40 24
Young’s modulus [GPa] 2.97 3.27 2.32

Table 8: The tested settings for the printer

8.3 Ratio of wood fiber in the composite material

According to Equation 12 the fiber ratio in the TreeD material is 44.4 %. How-
ever the visual measurements showed a 50 % content of wood fibers. Figure 34
shows the image of the cross section used in the visual inspection of the fiber
ratio.

Figure 34: Visual measurement of the fiber ratio.The blue line indicates the measured area
and the yellow polygons marks the boundary of the fiber threads.
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9 Discussion and Conclusions

This section discusses the obtained results and also which conclusions that can
be drawn from these. The discussion will mainly cover the the ratio of wood
fibers in the composite material, which factors that limit the printing speed and
the simulation of the printer head.

9.1 Discussion

As stated in the results the composite has a ratio of 44.4 % wood fibers. This
is an result of the design of the coater and the speed of the printer and paper
thread. The coater has an opening with the size of 1.5 mm whereas the paper
thread is about 1 mm. To further increase the ratio of wood fibers a redesign of
the coater has to be made with a smaller opening. However, since the plastic is
the binding material in the composite, this may result in that the coated paper
thread then will have problems sticking to the build plate and also merging the
layers together as a result of the smaller amount of plastic. This has yet to
be tested because of the time taken to create a new coater is too much for the
limited project time.

The visual measurements showed another result than the theoretical approx-
imation of the ratio of wood fibers in the composite. There are several reasons
to why this is, firstly it is dependent of where in the sample this is calculated and
secondly, it is dependent on which sample is used since they may vary from print
to print. Speculations concluded that the ratio does not vary more than around
than + 10 %. This shows that the theoretical approximation is satisfactory.

The resolution of the 3D printed part is dependent on the thickness of the
paper thread but also the amount of plastic in between the layers. In order to
achieve a higher resolution but still keep the same ratio of wood fibers a thinner
thread has to be used but also a redesign of the coater with a smaller opening
so that the ratio of plastic and wood fibers are kept the same.

The speed of the printer is 180 mm/min and compared to ”regular” 3D
printers, which prints at a speed of around 1200 mm/min, it is quite slow. The
reason to why the 3D printer is that slow is because of several reasons, firstly
the plastic has to go through several steps in the coater, such as pressurize the
chamber on top of the coater, get through the strain and ultimately through the
cone. This process can not be to fast due to the viscosity of the melted plastic
which make the plastic go through these steps quite slowly. Another reason is
that it take some time for the coated paper thread to stick to the building plate
as it has to solidify to some extent before it gets a good grip on the building
plate and also the merging of the layers. This is clearly visible in Figures 30
to 32 where a higher speed results in that the corners do not stick to the build
plate and are dragged along. When the printer head is stopped in each corner
this even further increase the sticking and gives a much better result as seen in
Figure 32.

The simulation in Section 5 gives an approximative value of the possible
maximum weight of the printer head. However, some parameters are heavily
estimated and therefore the result needs discussion. Stepper motors are known
for their precision and good holding torque and compared to other motors they
do not need any controlling. However, the simulation shows clearly that with
increasing mass we loose some of the good precision and there is an evident
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overshoot when the printer head beaks from constant speed.

To improve the simulation more accurate parameters would be needed. The
friction is measured experimentally and can be considered a good estimation
for small masses, but since it is set constant to all experimental masses in the
simulation it would need further work.

The maximum flux linkage ¥ is estimated from other Kysan Stepper motors
and should also be better estimated.

In all, the simulation gives us the result that the printer head can weigh up
to 70 kg, a mass that we will not even be close to. The real mass of the finished
printer head was 0.527kg. Therefore it can also be discussed if the simulation
was necessary at all, and if there was something more interesting to investigate
in the Simulink model.

9.2 Conclusions

The prototype developed proves that the concept of printing with a composite
material consisting of a fiber thread and binding material is possible as seen in
Figure 38 in Appendix F.

The result of the tensile testing determined that the yield strength threshold
was the same for our own composite and the PLA. The reasons to why they
are equally strong even though the composite is lighter can be because it has
the fibers in the same direction as the pulling force even though the binding
between the layers may be weaker. With this result we can conclude that our
composite is indeed stronger in terms of M Pa/kg. This also proves that this
concept of a 3D printer using natural materials is able to print without making
the material properties in terms of strength worse, in fact it is better than just
PLA in a sense.

One of the requirements, seen in Section 3.1.1, was to increase the ratio of
wood fibers, this is clearly proven to be successful as the composite material has
44.4 % wood fibers and this is also a huge improvement to existing composites
that have been 3D printed on the market today. As a comparison, the printed
composite material presented in reference [33] only has a ratio of 6.1 % wood
fibers. The requirement to be able to print in the x and y direction was also
fulfilled and as an addition the printer is also able to print the in z direction.

Most of the requirements were fulfilled with exception to a few. The printer
is not able to print a tensile specimen by itself due to the sharp edges it requires
and the resolution for the printed object are near the requirement of 1 mm but
they vary since the printer is imprecise.

To conclude the printer fulfills its most important features since it is able to
print 3D object with a high ratio of natural fibers which was the main goal of
the project.
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10 Recommendations and Future Work

The printer head prototype developed in this project is to this point only a
proof of concept. This section presents recommendations and future work that
is encouraged to proceed with in order to take 3D printing of wood fibers further
into the innovation process and eventually even using it industrially.

10.1 Material

The paper thread used for this prototype is one of the main limiting factors for
making this a viable concept ready to use in industry. Innventia is developing
wood based threads which in the future might be more well suited for this
type of product. Using a more suitable thread could increase the print result
tremendously.

To fully be able to create an environmentally beneficial end product using
3D printing the binding substance in the material could with further research be
derived from local raw materials, such as bio based plastics from wood, instead.

10.2 Prototype

The main problem with the implemented prototype is that it can only print
continuously, which limits the possibility of more complex shapes to be printed.
Implementing of a cutting mechanism would make the printer a lot more versa-
tile, and this was initially something that was considered for the prototype but
had to be deprioritized as there simply was not enough time to implement it
in the final design. The developed prototype for the cutting mechanism can be
seen in Appendix L.

In order to make the printer more energy efficient, a reduction of heated
material in the coating mechanism would be preferable, since reducing energy
consumption and creating a more environmental solution is one of the main
reasons for using wood in 3D printing.

There was some problems with the parts printed not maintaining their in-
tended shape. In order to receive a better print result as well as allowing a
higher print speed more fans could be implemented in the prototype, this for
making sure the material cools down quicker, hence remaining the shape.

During this project a slicer program was used in order to generate initial
G-code as well as illustrating the 3D shapes created by the G-code. The G-code
had to be manually modified because of the continuous printing, the speeds
for extrusion of plastic and paper thread not being according to standard as
well as the various settings that was tested to create the best possible print.
Preferably all of this would be handled automatically by the slicing program or
an equivalent program, i.e. with the aim of the program being able to directly
translate CAD-models into operational G-code, since writing G-code is a rather
time consuming activity and human errors could affect the result. To receive
an optimal print result there would also be a need to dynamically change the
speed during run time depending on situation, i.e. increasing the speed when
moving straight and decreasing through corners. This could also be handled
by the program creating the G-code. Therefore a recommendation for creating
such a solution is highly encouraged.
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Appendices

A Results of analysis of paper thread

\‘,/ REPORT

1(3)

INNVENTIA
Commission: 2016-0533 Innventia AB
Arrived: 2016-11-08 Biorefining & Biobased Material
Your order no.: Material Design

No of samples: 1
Your ref: Mikael Lindstrom

Analysis of chemical composition of rope made of paper

Type of sample

The sample is a rope made of paper. Two pieces of ropes were enclosed (one about 1
mm in diameter and one about 0.5 mm in diameter. Both samples are treated as one type
of paper.

Methods

The characterization of the organic content was performed using pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS). The result is obtained as a so-called
pyrogram, with the intensity of the pyrolysis products (total ion current, TIC) set against
the retention time. Mass spectra are recorded, which enables an identification of
structural types of the products. Polar compounds, especially acids and alcohols are
derivatized by methylation of the sample using tetramethyl-ammonium hydroxide
(TMAH).

Fibers were observed using a Zeiss light microscope Axioplan.

Electron scanning microscopy (SEM) was carried out using a Hitachi SU3500.

Objective and background

What is the paper rope made of? Type of wood? Additives? Paper thickness?

Stockholm, 05 December 2016
Innventia AB/ Chemical Analysis

Phone: +46 8 6767 445
Anders Reimann Fax: +46 8 10 83 40
Research Engineer E-mail: anders.reimann@innventia.com

This report may not be reproduced other than in full, except with the prior written approval of INNVENTIA AB.
INNVENTIA AB, Box 5604, SE-114 86 Stockholm, Sweden, VAT nr SE5566031110901. www.innventia.com
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REPORT 2016-0533

Conclusion

e The paper rope consists of 100 % unbleached softwood (pine and spruce) Kraft
pulp.

e The additive paraffin (wax) was found in the rope. Paraffin is commonly used to
improve water resistance of papers. No other additive could be identified in
relevant amount in the rope.

e The thicker rope has a diameter of about 1 mm, whereas the thinner rope has a
diameter of about 350 um. The paper thickness is about 40 pm.

Results

Light microscopy

The light microscopy investigation showed that the rope consists of 100 % unbleached
softwood (pine and spruce) Kraft pulp. Some traces (< 1 %) of bleached hardwood
Kraft pulp was also found in the sample.

Electron microscopy

In figure 1, electron micrographs of the paper ropes are shown. The picture to the left
shows the thickness of the ropes. The thicker rope has a diameter of about 1 mm,
whereas the thinner rope has a diameter of about 350 pum. The picture to the right shows
a cross-section of the paper (from thicker rope). The thickness of the paper is about 40

um.

SU3500 15.0kV 4.6mm BSE-3D 70Pa

@ b

Figure 1: Scanning Electron Micrographs of the two paper ropes beside each other (a).
Scanning Electron Micrographs of Cross-Sections of paper (b).
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Organic analysis by pyrolysis

The paper rope was analysed by analytical pyrolysis. The sample was analysed directly
as it is, but also acetone extract of the rope was analysed. The analyses were performed
with methylation (TMAH) for identification of both polar and non-polar compounds. In
figure 2, pyrograms of the sample and acetone extract are shown. The pyrograms show
the organic composition and illustrate the relative amounts.

Paper rope
ik Scan El+
884 TIC
100 1402 9.47e8

Carbohydrates and lignin
from wood fibres

T T T T T T T T T T T T T T T T T T T T T T T
60O 7.00 800 .00 10,00 11.00 12.00 13.00 14.00 15.00 18.00 17.00

Mitid 1116?2 1841 Wax Scan El+

10 Acetone extract of | 125?1235:70 e o
aper rope u

PP P copi  Fatty acids ' e N

87 (wood extractives)

T T T T T T T T T T T T T T T T T Time

B.O0 7.00 8.00 8.00 10.00 11.00 12.00 13.00 14.00 15.00 16.00 17.00
Figure 1: Pyrograms of the paper rope and acetone extract. The pyrograms show the
presence of the organic components in the rope.

The upper pyrogram in figure 2 shows the organic composition of the rope when
pyrolysed directly as it is (without pre-treatment). All major compounds identified are
related to carbohydrates and lignin from the wood fibres. No additives could be
identified in the sample.

In order to detect additives in low amount, the rope was extracted by acidified acetone.
The obtained extract were then partly evaporated and analysed by pyrolysis. The
obtained results are shown in the lower pyrogram. As can be seen from the figure, the
extract contains various fatty acids and wax (paraffin). All fatty acids probably derive
from wood extractives. Paraffin (wax) is commonly used to improve water resistance of
papers. No other additive than wax could be identified in relevant amount in the paper
rope.
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C Circuit board Design
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D Pololu 8825 breakout board
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Figure 37: Schematic of the Pololu 8825 breakout board [51]
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E Decision Matrix 3D Printer

Aleph Objects Aleph Objects

Open Source

Build Volume (mm)
Movement

Top Print Speed

Max. Tool Head Temperature
Max. Heated Bed Temperature
Self Leveling

Dual Extruder Compatible
Construction

Assembled

Yes

250 x 210 x 200

Head: x, z Bed: y

Not specified

300°C

Not specified

Yes

No

Open construction

Both assembled and DIY

Yes

152 x 152 x 158
Head: x, z Bed: y
275 mm/s

300°C

120°C

Yes

No

Open construction
Yes

Yes

280 x 280 x 250
Head: x, zBed: y
200 mm/s

300 °C

120°C

Yes

Yes

Open construction
Yes

Delivery DIY quick delivery, Assebled 3 weeks Quick delivery. Amazon Quick delivery. Amazon
Pros Low price, advanced calibrating of printer | Low price. Has good ratings from "Tom's
bed, Quality components, Good firmware Guide"
Cons Might be a bit weak if head is heavy Seems to be more of a "hobby" Might be a bit weak if head is
printer heavy

Velleman

Yes

200 x 200 x 200
Head: z, Bed: x,y
200 mm/s

Not specified

No heated bed plate
No

No

Open construction
DIY kit

Yes

254 x 203 x 203
Head: x Bed: z, y
400 mm/s

300 °C

110°C

Yes

Yes

Open construction
Yes

Yes

265x 225 x 195
Head, x, y Bed: z
200 mm/s

265 °C

Not specified

Yes

No

Closed construction
Yes

_Ultima ker

Yes

210x210x 205
Head: x, y Bed: z
300 mm/s

260 °C

100 °C

No

No

Closed construction

DIY kit

4500 SEK $1,825 14 232 SEK 11 700 SEK
Quick delivery. ELFA. Quick delivery. MakerGear. Quick delivery. Creative Tools. Quick delivery.

Low price. Only one axis movement of
head. Easy to modify and buy spare
parts

Robust construction. Only one

axis movement of head.

Low price. Robust design.

Low price.

Low quality components.

Only american supplier.

Closed construction.

Closed construction.




F Printed Parts

Figure 38: Picture of printed parts
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G Requirements

TreeD — Mechatronics Advanced Course
Royal Institute of Technology
2016-09-29

Requirements

Functional requirements

VYVYY

\

>

The product should use additive manufacturing creating a 3D object

The product shall produce an object using wood fibers

The product shall be able to place the fibers in the XY-plane

The direction of the fibers should be the same as the direction of the moving printer
head

The manufactured object of standard dimensions shall have (+/- 10%) of the tensile
stress' asa piece of the matrix material used in the composite material

The manufactured object standard dimensions shall have (+/- 10%) of the yield
strength2 as a piece of the matrix material used in the composite material

The product shall be able to manufacture a tensile specimen with standard
dimensions

The machine should get the data from the computer or from a SD-card

Non-functional requirements

1 - preferably higher Prio 1 = high

| - preferably lower Prio 2 = middle

* - sharp value Prio 3 = low
Requirement for printer Value Prio
Extrusion speed of printer 100 mm/min 1 | Prio2
Print head travel speed T | Prio2
The resolution of the printed object 1 mm ! Prio 2
The temperature of the extruder 200°C T | Priol
The temperature of the building plate | 100°C . Prio 1
Ambient temperature 15°Cto32°C . Prio 2
Build dimensions 200 mm x 250 mm x 200 mm . Prio 3
Machine weight Max 12kg |l | Prio3
Power requirements 24V 1 Prio 2

1 Tensile stress = brottgrans

2 Yield strength = strackgrans

3 Melting temperature of PLA is 180°C but is preferably around 200°C during 3D-printing. The
cellulose fibers can handle a temperature up to 200°C.
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Material requirements
The ratio of Swedish wood in the printing material 90% ) Prio 1
The ratio of wood fibers in the printed object 40% T Prio1
Amount of waste during manufacturing 5% ! Prio1

Stakeholder Requirements

> The product shall not exceed 50 000 kr to manufacture

Test case

> Tensile stress test — print a tensile specimen with standard dimensions and test it to

other materials



H Project costs

Cost of parts Cost of Postage and ad trative fees

Part Quantity Company Price

LayFilaments Laywood-Flex - 2.85mm - 0,25 kg 1 3d-Prima 249,00 kr Freight 3d-Prima 100,00 kr
LayWoo-d3 Filament - 3mm - 0,25kg 1 3d-Prima 219,00 kr invoice fee 3d-Prima 50,00 kr
bioFila linen Filament - 2.85mm - 750g spool 1 3d-Prima 499,00 kr Freight kullager.se 130,00 kr
SPARKULLAGER $688 ZZ RFR 2 kullager.se 76,00 kr invoice fee Creative tools 36,00 kr
OLJEBRONSB. FLANS 4/8x6-10 6 kullager.se 96,00 kr Freight Bondtech 306,00 kr
LASRING SGA 4 10 kullager.se 20,00 kr Freight Electrokit 99,00 kr
Simplify3D 1 Creative tools 1615,00 kr Avhasplingsavgit Nordbergstekniska 63,00 kr
Knife Blades 1 Clas Ohlson 60,00 kr Avhasplingsavgif Nordbergstekniska 63,00 kr
Bondtech QR 1.75 Universal 1 Bondtech 1604,00 kr Avhasplingsavgit Nordbergstekniska 63,00 kr
Adapter direct - Bowden 1.75 1 Bondtech 81,00 kr Avhasplingsavgit Nordbergstekniska 63,00 kr
Kiselfett 10 gram i spruta 1 Electrokit 39,00 kr invoice fee 3d-grottan 30,00 kr
Sjalvhaftande varmefolie 3M 8810 80x80mm 1 Electrokit 59,00 kr Freight 3d-grottan 118,00 kr
Rundrem 03.175mm 76mm 8 Electrokit 72,00 kr Freight 3d-grottan 118,00 kr
PTFE slang natur @i 1,07 x 0,30 mm AWG 18T 2m Nordbergstekniska 83,00 kr invoice fee 3d-grottan 30,00 kr
PTFE slang natur @i 1,19x 0,30 mm AWG 17T 2m Nordbergstekniska 90,00 kr Freight Elfa Distralec 150,00 kr
PTFE slang natur @i 1,35 x 0,30 mm AWG 16 T 2m Nordbergstekniska 90,00 kr Freight Elfa Distralec 150,00 kr
PTFE slang natur @i 0,56 x 0,25 mm AWG 24T 2m Nordbergstekniska 45,00 kr Freight Elfa Distralec 150,00 kr
PEEK platta natur tjl 6 mm remsa: 500 x105mm 500 x105 mm  Nordbergstekniska 858,00 kr Freight Lankava 200,00 kr
DRV8825 Stegmotordrivare 1 3d-grottan 94,00 kr Freight Lankava 200,00 kr
Vérmetaligt isolerande pappersark Adx1mm 4 3d-grottan 125,00 kr Freight Makergear 4000,00 kr
Vérmepatron 24V - 40W - 6x20mm 2 3d-grottan 113,00 kr Freight Ultimachine 263,00 kr
E3D Thermistor Replacement kit 1 3d-grottan 90,00 kr Freight Electrokit 99,00 kr
Thermistor 100k with Cable 1 3d-grottan 75,00 kr Total 6481,00 kr
Vérmetaligt isolerande pappersark Adx1mm 1 3d-grottan 32,00 kr

Virmepatron 24V - 40W - 6x20mm 2 3d-grottan 113,00 kr

Pneumatisk koppling 4mm M6 2 3d-grottan 38,00 kr

Teflonslang 2x4mm 1dm+ 20 3d-grottan 119,00 kr

M6*26 Teflon printer varmebarriar 1.75mm plasttrad 1 3d-grottan 57,00 kr Sum total of project costs 35 917,00 kr
E3D v6 HeatSink - 1.75mm Universal (With Bowden 1 3d-grottan 218,00 kr

Printer Nozzle Throat V6 1.75mm filament 2 3d-grottan 50,00 kr

Axiell Flakt 25x25x10mm 24V 1 3d-grottan 38,00 kr

M6*26 printer varmebarriar 1.75mm plasttrad 1 3d-grottan 38,00 kr

Stiftlst Raster 5mm 8P 2 Elfa Distralec 12,00 kr

Honkontakt Raster 5mm 8P 2 Elfa Distralec 21,00 kr

Honkontakt Raster 5mm 4P 2 Elfa Distralec 12,00 kr

Stiftlst Raster 5mm 4P 2 Elfa Distralec 7,00 kr

Crimp kontakthus Poler 5 3 Elfa Distralec 23,00 kr

Crimphylsa 3A Hona 20 Elfa Distralec 35,00 kr

Stiftlist 1x8P 2 Elfa Distralec 6,00 kr

Crimpholje 5 Elfa Distralec 8,00 kr

Crimphblje 5 Elfa Distralec 12,00 kr

Crimpholje 5 Elfa Distralec 14,00 kr

Crimp-kontakt Hona 35 Elfa Distralec 57,00 kr

litlefuse 5 Elfa Distralec 35,00 kr

Tvinnat pappersgam 2kg kon 1 Lankava 300,00 kr

pappersgam,0.8 Nm,200g 1 Lankava 50,00 kr

Platt pappersband,100g 1 Lankava 45,00 kr

Tunt pappersgar 1.65 Nm,100g 1 Lankava 50,00 kr

Raffia pappersgarn-Fibra Natura 1 Lankava 35,00 kr

Tunt pappersgar 1.65 Nm,100g 3 Lankava 150,00 kr

Makergear M2+ spare parts 1 Makergear 21.000,00 kr

Wire harness 3 ultimachine 94,00 kr

Sjélvhaftande varmefolie 3M 8810 80x80mm 1 Electrokit 59,00 kr

Servo - micro 2 Electrokit 238,00 kr

Servonav Futaba standard 2 Electrokit 118,00 kr

Total 29 436,00 kr



I Cutting Mechanism

< ®E

Figure 39: Back view of the mechanism Figure 40: Front view of the mechanism
Figure 41: Top view of the mechanism Figure 42: Top view of the mechanism

The blue part is the servo and the read gear-arms are printed in PLA and
mounted to the motor with an aluminium nave.
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