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Abstract

Additive manufacturing has experienced significant growth in recent decades. One area of current
interest is 4D printing. Unlike 3D printing, 4D printing allows for shape changes after printing. A
relatively new type of 4D printing is magneto-responsive shape memory polymer, where an alternating
magnetic field is used to heat the material. This magnetic composite material is often produced
mechanically, with the use of an internal mixer, or a double interlocking screw extruder. In this report
a methodology is proposed to chemically produce the magnetic PLA/Fe3O4 composite material.
Additionally, a methodology for making a filament from the prepared material is proposed. This
filament was used with an FDM printer to produce parts with a compliant hinge. These parts
were magnetized and the possibility to actuate the parts with a magnetic field was investigated.
Lastly, the material and printed parts were tested on mechanical and magnetic properties. The
methodology proposed to produce the PLA/Fe3O4 composite material showed good results. The
magnetic filler was mixed sufficiently and batches of 66g of PLA could made at once. With this
material filament has been made, for which the methodology has shown good results as well. This
filament was then used with an FDM printer, which again showed good results. The magnetite was
found to be nearly homogeneously mixed throughout the filament and the SEM analysis showed good
dispersion of the magnetite particles and little agglomerate formation. The mechanical properties of
the printed samples were found to comply with properties found in other literature. Additionally,
the possibility of actuating the prepared material was investigated. It was found that the magnetite
showed significantly lower remanence than expected. As a result the magnetite showed almost no
ability to retain magnetism and due to this the samples were not able to be actuated.
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1 Introduction

In recent decades additive manufacturing, also known as 3D printing, has experienced significant
growth. This technology offers numerous advantages over conventional production methods, includ-
ing efficient use of resources and the ability to create a wide variety of possible shapes and geometries,
which in turn give a lot of different possible functions to the printed products [1].
One of the most common and straightforward additive manufacturing processes is fused deposition
modeling (FDM), also known as fused filament fabrication (FFF). An often used material for FDM
is poly-lactic acid (PLA), which is a biodegradable thermoplastic. One of the biggest drawbacks of
FDM is the limited variety of filament materials that can be used, these include ABS, TPU and PVA.
One possibility for increasing the range of material properties and functionalities available for FDM
printing is the use of composite materials. However, these composite filaments are very rarely com-
mercially available. Composite material printing has been extensively researched with a wide range
of fillers [2]. These fillers include carbon fibers, metal powders, graphene and natural fillers. One
possible additive that can add functionality to the filament is magnetic particles, which will provide
magnetic properties to an otherwise completely nonmagnetic material.
A recent interest in research for magnetic materials has been about 4D printing. 4D printing differs
from 3D printing by having the ability to change shape after they have been printed [3]. The ma-
terials used for 4D printing can change shape with the use of heat, either by directly adding heat,
or by applying a different medium, including light, or vibrations. With this heat the material can
change from a temporary shape to a permanent shape due to the added freedom that the polymer
chains get when the material is heated. [3]. A relatively new type of shape memory polymer is the
magneto-responsive shape memory polymer, where an alternating magnetic field is used to heat the
material [4]. This magnetic composite material is typically produced mechanically, using an internal
mixer or a double interlocking screw extruder. One methodology has been found that produced the
composite material chemically [4]. However, this methodology proved quite wasteful. This research
proposes an improved methodology for chemically producing the magnetic composite material. This
material is extruded to create a filament, which is then used with an FDM printer. In the end,
the possibility to actuate the magnetic material with magnetic fields directly is investigated. The
actuation of the material can extend the possibilities of the shape memory material, or even create
new applications altogether.
There are huge opportunities when it comes to additive manufactured products with designed mag-
netic properties. Fields such as electronics, sensors, soft robots and bio-medicine could all benefit
from such structures [1]. However, 3D printing of magnetic materials remains challenging due to
the fact that there are limited printed materials and most materials with good magnetic properties
cannot be printed. Furthermore, the printing resolution and speed are not yet at a feasible level
[5]. Also filament production is a great challenge when it comes to FDM. Very tight tolerances are
needed for the roundness and diameter to ensure a near constant flow rate during printing. The
filament needs to have enough stiffness so that it can be pushed inside the nozzle but also needs to
have sufficient toughness to prevent breaking the filament during extrusion. Furthermore, the added
material needs to be homogeneously dispersed throughout the filament to ensure uniform properties.
This has proven to be a great challenge [6, 2].

1.1 Research aim

This research aims to develop a chemical production methodology for a magnetic composite material.
The matrix material used is poly-lactic acid and magnetite (Fe3O4) has been chosen as the magnetic
filler. In addition to the methodology for preparing the magnetic composite material a methodology
for creating filament with this material is proposed. This filament will then be used to print a
compliant part with the use of 3D printing. This flexible part will then be magnetized and the
possibility to actuate the material with a magnetic field will be investigated. Lastly, the material and
printed parts will be tested on mechanical and magnetic properties.
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1.2 Research scope

To achieve the aim of this research first relevant literature on 3D printing, PLA, magnetite and
magnetic PLA composite materials will be investigated. The gained insights will be used to construct
methodologies for material preparation and filament making. The methodologies will be tested and
the resulting filament will be used with a 3D printer to evaluate the magnetic properties and the
ability to actuate the material. This research presents a proof of concept for chemically mixing the
material, creating filament, 3D printing and actuation. Subjects including large-scale production of
the material, multi-material printing, other matrix and magnetic materials, mechanical optimization,
multi-stage bending and potential applications of the material are to be done in a continuation of
this research.

1.3 Research questions

To guide the project towards the research aim a research question with sub-questions is used. These
questions will be the guideline for the research and will be answered in the discussion of the report,
found in section 4. The main research question is:

• How can the material preparation, printing and design parameters of a 3D printed magnetic
part be optimized for actuation?

The sub-questions are:

• What is the production process of a magnetic polymer composite material?

• What are the optimal filament extrusion parameters?

• What are the optimal sample design parameters?

• What are the optimal printing parameters?

• What are the material properties of the prepared magnetic composite material?

1.4 Research outline

This thesis consists of seven sections. Section 1 summarizes the research aim and its primary goals.
Section 2 contains the literature research relevant to this report. Section 3 describes the methodologies
used for achieving the goals of this report. These methodologies consist of the steps that are involved
in this research. First, the magnetic composite material is prepared. Then the filament is made
from this material. Subsequently, the sample’s dimensions are calculated and the samples are 3D
printed. These samples are then magnetized and actuated. Afterwards, the material’s mechanical
and magnetic properties are determined. In section 4 the results of the proposed methodologies
are shown and discussed. In section 5 the research is summarized and concluded and in section
6 recommendations are given for future research. The last section consists of the appendix where
additional figures are presented.

2



2 Background and literature

Three-dimensional printing (3D printing) is a manufacturing process where an object is created by
depositing material layer by layer. There are numerous 3D printing processes, where fused deposition
modeling (FDM), also called fused filament fabrication (FFF), is the most common. With FDM
thermoplastic filaments are used as the printing material. These filaments are often made of PLA,
ABS, or TPU, but other materials or combinations of materials are found as well. One of the biggest
drawbacks of FDM is the limited variety of filament materials that can be used. This limits the
range of available functionalities and material properties. The use of composite materials can help
to improve this range. This study aims to create an improved methodology for chemically creating
magnetic PLA composite material. This material is then used to create a filament with this material,
which is used with an FDM printer. In the end, the possibility to actuate the magnetic material with
magnetic fields directly is investigated.

2.1 3D printing

Three-dimensional printing, also called additive manufacturing, has been growing at a significant rate
in the past 20 years [1]. The process has been implemented in numerous sectors, including aerospace,
healthcare, architecture and automotive. Additive manufacturing has significant advantages over
traditional production processes, including low cost, significant design freedom and fast prototyping
[7, 8]. Furthermore, with traditional production processes products are manufactured by removing
material from large blocks, or sheets, which, in many cases, creates significant waste. Additionally
with 3D printing creating highly complex products is a lot more straightforward. Due to the layer-by-
layer composition of 3D printed parts highly complex parts with large cavities, that would otherwise
be hard to reach with a machine can be printed easily, while also reducing waste significantly [8,
9]. However, this great design freedom comes at a cost of generally poor mechanical properties,
anisotropic behavior and limited material variety [7].

2.1.1 Fused Deposition Modeling (FDM)

One of the types of 3D printing is fused deposition modeling (FDM), or fused filament fabrication
(FFF). This additive manufacturing method is categorized as material extrusion. In figure 1 the
printing process of FDM is shown. With FDM a thermoplastic filament is heated to a semi-liquid
state. This filament is then dispensed through a nozzle to produce parts layer by layer onto a build
plate [10]. After the material has been extruded it is cooled with a fan to solidify the material.
FDM is the most used 3D printing process, due to its fast processing times, low cost and wide range
of applications. The drawback of FDM technology is the printing speed. Due to the inertia of the
extruding head the accelerations, and thus the speed of printing, are limited. This makes FDM slower
than other printing processes [8]. Additionally, FDM requires many directional changes due to the
vector-based printing process. This also promotes the anisotropic properties of the parts printed with
FDM. Furthermore, FDM shows low accuracy and high surface roughness and porosity [8, 11].

3



Figure 1: Schematic overview of the fused deposition modeling (FDM) process [11]

Creating a 3D printed part with FDM starts with making a CAD model, which is a digital 3D model
of a part [8]. This part is then converted into a file that can be interpreted by the slicing software.
This is often an STL file which is essentially a representation of the surface of the model defined by
triangles. The slicer loads in the file and gives control over a wide variety of settings. For example, the
printing speed, layer height and bed and hot-end temperature can be set, but also settings including
the nozzle size, infill pattern and density and whether or not to include supports. The slicer then
slices the model into layers of a predefined height and determines the printing sequence for each layer.
This sequence often consists of first printing the walls and then printing the infill. These settings
are then turned into G-code, which contains all of the information that the printer needs, including
the bed and hot-end temperature, the speed, acceleration and jerk and fan speed and it contains the
information about the trajectory for the nozzle and the needed extrusion of the filament. The printer
then interprets the G-code and directs the printhead to build the complete part layer by layer [10].
In figure 2 the steps needed for creating a part with FDM are shown.

Figure 2: The steps needed for a FDM part [12]
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2.2 Polylactic Acid (PLA)

Polylactic acid (PLA) is a widely used material for 3D printing. It is one of the most used materials
in FDM printing [1]. PLA is a thermoplastic polymer, which is produced from renewable resources
and has the potential to replace traditional non-renewable polymers [13]. It is a compostable and
bio-compatible polymer used for biomedical applications, disposable products, in electronic devices
and many other applications [13]. PLA is used for its great material properties. For example, it has
relatively high strength for a polymer and the low melting temperature makes it a great option for
3D printing [13]. PLA has gained a lot of attention for industrial production because it can fulfill the
need of having cost-efficient renewable plastics with numerous advantageous properties [14]. It was
first developed for medical use, with very small production quantities [14]. However, in 1990 Cargill
Inc. examined the possibility of replacing traditional non-renewable plastics with PLA given the
excellent mechanical properties. They were able to produce PLA on a large scale and polymerizing it
to a high molecular weight. Around 2000 the bio-based characteristic of PLA became more important
and its popularity grew significantly [13, 14]. This has led to the state where PLA is nowadays, where
it is one of the most used materials for FDM printing [1].

2.2.1 Production of PLA

There are two major synthesis methods for producing PLA, which are the polymerization of lactic acid
and ring opening polymerization (ROP) of lactide. Both are shown in figure 3a and 3b. Industrial
production of PLA mostly depends on the ROP method [13].

Figure 3: Three PLA synthesis methods: (a) polymerization of lactic acid, (b) ring-opening poly-
merization of lactide, (c) melt/solid-state poly-condensation [13]

To produce poly-lactic acid first the monomer lactic acid needs to be made. Lactic acid can be
produced by bacterial fermentation of carbohydrates [14]. This is the preferred industrial standard
by the major producers of PLA, as chemical synthesis has many limitations. For example, it has
limited production capacity and high costs [15]. With the fermentation method sugars, including
glucose and maltose from corn or potatoes, are turned into lactic acid under conditions of a pH range
from 5.4-6.4, low oxygen and temperature range from 38°C to 42°C [15]. This lactic acid is then
condensed to form low molecular weight PLA. These short PLA chains are then depolymerized into
lactide, which is the cyclic molecule shown in figure 3. With this lactide poly-lactic acid is then
produced with the ring opening method to produce PLA with high molecular weight [15].
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2.2.2 Mechanical properties

PLA is a semi-crystalline polymer, which means that it contains both amorphous regions and crys-
talline regions in the material. The crystalline regions add a lot of strength when compared to an
amorphous polymer because the tightly packed crystalline structure prevents the polymer chains from
moving with respect to each other [16]. Typically the crystallinity of PLA is about 10% [17]. The
mechanical properties of PLA fall between the properties of PS and PET, which makes it suitable for
a wide variety of applications [13]. PLA has a relatively high tensile strength. However, it is quite
brittle. Where most semi-crystalline polymers show strain softening and strain hardening after the
elastic region [18], PLA shows brittle fracture after the elastic region. As a result one of the greatest
causes for failure of PLA is brittle fracture, which at room temperature occurs at an elongation of
around 5% [13].

2.2.3 3D printing of PLA

Because of the high usage of PLA, the processing parameters have been investigated extensively.
Parameters including printing speed, infill pattern, infill percentage and layer orientation have all been
analyzed and the most important ones are discussed in this section. Firstly the printing orientation
has been found to have a major contribution to the mechanical properties of the printed part [19].
This is caused by the anisotropic properties of the 3D printed parts, where delamination of the printed
layers is a major cause of failure. The printing orientation has been found to be the parameter with
the highest impact on the mechanical properties [19].
Secondly the layer height has been found to influence the Young’s modulus significantly. A smaller
layer height, up to 0.1mm has been found to increase the modulus considerably [20, 19]. This is
expected to be caused by decreased void formation during the printing. This decreases the porosity
in the parts and thus increases the stiffness [19]. Naturally, the porosity in the parts can also be
decreased by increasing the infill percentage [21]. Another method for decreasing the porosity was
found to be increasing the nozzle diameter [20, 22, 19]. Due to the larger nozzle, fewer passes are
needed to fill the layer, which decreases the amount of locations where the extruded filament needs
to adhere to the part, which is the location where the voids occur. This is shown in figure 4. It
was found that the nozzle size is the third biggest influential parameter, where the Young’s Modulus
increased significantly with the increased nozzle size, from 0.3mm to 0.8mm [20, 22, 19]. Furthermore,
a decreased printing speed has been found to decrease the porosity as well. However, this was only
a small contribution when compared to the layer height, or the nozzle size, while this parameter
impacts the overall printing time negatively.
Lastly, the infill direction, or raster angle, has been shown to influence the mechanical properties
of 3D printed parts [23]. This is caused by the anisotropic behavior of these parts. The material
is strongest in the extrusion direction because the regions where the extrusions are fused are prone
to delamination. It was found that a unidirectional 0° raster angle print had the highest Young’s
modulus [23]. However, often parts are not printed unidirectionally to ensure that the layers and
extruded lines are bonded sufficiently [19]. Of the non-unidirectional infill directions 45°/-45° was
found to have the highest Young’s modulus [23].

Figure 4: Influence of the nozzle size on the overlapping of paths in individual layers [20]
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2.2.4 3D printing of PLA composites

Although PLA is the most used material for extrusion-based 3D printing it has quite some disadvan-
tages. Properties including brittleness, low melt strength, poor thermal stability, narrow processing
window and non-conductivity limit the applications of PLA [13, 14]. Furthermore, PLA has low
mechanical strength compared to ABS and PC. With the use of PLA composites, the mechanical
strength can be improved by incorporating metal, ceramics, or other materials.
There are numerous applications for the added materials, which include improved mechanical prop-
erties, reduced PLA usage and added functionalities. One of the most researched applications for
composite materials is the enhancement of mechanical properties [24]. The limited material variety
with FDM printing results in a small range of available mechanical properties. To increase the range
additives are used. One of the most used additives for improving mechanical properties is fibers.
Fibers show favorable characteristics such as low weight and high strength [24]. WF. HeidariRarani
et al. [25] produced continuous carbon fiber reinforced PLA composites, which showed an increase
in tensile and flexural strength of 36.8% to 109%. Coppola et al. [26] added hemp powder to PLA
which showed an increased Young’s modulus and tensile strength compared to pure PLA.

A common disadvantage of PLA is its low toughness. PLA shows brittle fracture at elongations of
around 5%. The toughness of PLA can be increased with the use of additives. Fekete et al. [27] has
incorporated natural rubber, which improved both the toughness and the ductility of the PLA. Wei
et al. [28] mixed PLA with PCL, which showed an increase of elongation and toughness of 189%.
Another polymer that has been investigated as a composite material with PLA is TPU. TPU (ther-
moplastic polyurethane) is a polymer with high toughness and elasticity when compared to other
filament materials. Jayswal and Adanur [29] incorporated TPU into PLA and found that with in-
creased TPU ratios the tensile strain increased while maintaining adequate strength. Li et al. [30]
found that the addition of TPU to PLA showed an increase of 631% of the impact toughness.

Next to increasing the mechanical properties of PLA composite materials have also been used for
adding functionalities. One of these functionalities is electrical conductivity [24]. PLA is naturally
non-conductive. However, with the addition of conductive fillers the conductive composite mate-
rial can be achieved. These fillers include carbon black, graphene, carbon nanotubes and carbon
nanofibers [24, 31]. These composites are used in a wide variety such as sensors and 3D printed
circuit boards [24]. Flowers et al. [32] showed that with the addition of graphene capacitors, resistors
and inductors could be printed. Leigh et al. [33] found that piezoresistive and capacitive sensors
could be printed with the use of carbon black composite filaments. Zhang et al. [34] demonstrated
that by adding reduced graphene oxide (rGO) to PLA a low resistant material can be made with a
resistance of 0.21Ωcm at a weight percentage of 6%. With this filament flexible 2D and 3D circuits
could be 3D printed. Foster et al. [35] showed that with a filament of 8wt.% graphene disc-shaped
electrodes could be printed which could be used as an anode in a lithium-ion battery.

Another functionality that has been researched recently is the addition of magnetic material to PLA
to achieve a magnetic PLA composite material. Amirov et al. [1] were able to 3D print magnetic
parts with the addition of ferrite to the PLA. With this composite filament actuators, gears and other
robotic parts could be magnetically actuated. Bollig et al. [36] added iron particles to PLA with
a weight percentage of 40%. With this, a toroidal transformer has been printed. E. Palmero et al.
[37] found that with the addition of MnAlC particles to the filament permanent magnets could be
printed. Teck Yang Koh and Alok Sutradhar [38] found that with the addition of iron powder to PLA
the material can be heated with the use of an external magnetic field. Another material that has
been found often in literature for heating the matrix material is magnetite [39]. With the addition
of magnetite to PLA the material can be heated with alternating magnetic fields [40].
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2.3 Magnetism

Magnetism is the attractive force between two magnets, or between a magnet and a magnetizable
material [41]. It can be explained with domain theory [41, 42, 43]. Domain theory describes the
phenomena of magnetism where a magnetic material consists of many small regions, which are all
magnetized to saturation in the direction of the applied magnetic field [41]. This is shown in figure
5.

Figure 5: Visualisation of domain theory [44]

Magnetism originates from the spin, or angular momentum, of electrons. This spin of the electron
makes it so that the electron can be seen as a small magnet itself [43]. Protons and neutrons also
have this property, however, their magnetic field is a lot smaller because the magnetic dipole moment
is inversely proportional to the mass, which is more than 1800 times larger for protons than electrons
[43]. In atoms, electrons are located in shells around the nuclei, which contain the protons and
neutrons. In these shells, electrons come in pairs, where each pair has two electrons with opposite
spin. This spin results in opposite magnetic fields, which results in a net zero magnetic field for
each electron pair [43]. When a shell is not filled single electrons occur. These electrons do have a
net magnetic field and thus can become a magnet. These atoms thus show magnetic properties and
are called paramagnetic [43]. However, when these atoms are examined in bulk they do not show
any magnetization due to the random orientation of the atoms [43]. When paramagnetic atoms are
packed closely together the magnetic dipole moment will align parallel to each other [43]. A magnetic
material contains numerous of these regions and these regions are called the domains shown in figure
5. Without magnetization, the directions of the domains in the material are distributed randomly
[41]. With this, the net resultant magnetization of the part is zero. Thus it does not attract other
magnetic materials. However, with magnetization, these region directions are oriented with the use
of a strong magnetic field. This aligns the regions, which creates the non-zero net field. When the
applied field is then removed a portion of the aligned regions retain their magnetic field direction.
This results in the non-zero net magnetic field in the direction of the applied magnetic field. How
many regions retain their direction is determined by the remanence [42].
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2.3.1 Ferrimagnetism

Most materials that are associated with magnetic materials are ferromagnetic. However, there are
other types of magnetism. One other type of magnetism is ferrimagnetism. Ferrimagnetic materials
differ from ferromagnetic materials, which is shown in figure 6. When the domains of the material
are aligned with a strong external magnetic field they do not all align in the same direction. A part
of the domains align in the opposite direction, which results in a smaller net field as the domains
cancel each other.

Figure 6: Visualisation of the domains of ferromagnetic and ferrimagnetic materials [41]

2.3.2 Remanence

The remanence, also called retentivity or residual flux density, is the ability of a substance to retain
magnetization when the applied field is removed [42]. When the external field is removed a certain
portion of the aligned fields return, to some extent, to their original position. The remanence of a
magnet can be determined with a hysteresis curve. The hysteresis curve is a graph of the response
of a magnetic material to the application of a magnetic field [42]. A typical hysteresis curve is shown
in figure 7. The hysteresis can be simplified as the output lagging of the input [45]. In figure 7
can be seen that the magnetic field of the sample only goes to zero when the applied magnetic field
is negative, instead of being zero, which is meant by the lagging behind. This property is called
coercivity (figure 7c) and it is a measure of how well the material retains the magnetization when
an external force is applied. Another important material property is the residual magnetic field of
the sample when the applied magnetic field is removed which is shown in figure 7b. At this point
the applied field is zero and the magnetic field of the sample is non-zero. This point is called the
remanence, or the residual flux density. The width of the hysteresis curve determines how well the
material can retain the magnetism and the height of the curve determines how strong the field is that
can be retained [42].

Figure 7: A typical magnetic hysteresis curve [46]
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2.4 Magnetite

Magnetite (Fe3O4) is a naturally occurring black ore. It is one of the first discovered magnetic ma-
terials, due to its naturally present magnetism. The use of magnetite dates back to 200 B.C. [47].
Back then magnetic stones were found, which were called lodestones. Magnetite is a combination of
iron(II) and iron(III)oxide, which is why it is also called iron(II,III)oxide. Magnetite is a commonly
found natural ore, which is present in various locations, including volcanic rock, sedimentary and
banded iron formations [48]. With this ore, magnetite can be produced using a multitude of chemical
reactions. These reactions can be simplified to the synthesis from ferrous oxide and ferric oxide [47].
Magnetite is the most commonly used nanofiller in PLA composites [39]. It is one of the most used
magnetic fillers due to its good biocompatibility, low toxicity, high magnetization and superparamag-
netic properties [40]. Furthermore, magnetite has better biocompatibility than other readily available
magnetic particles [49]. Little information about the exact magnetic properties of magnetite could be
found, especially on the residual flux density, or the remanence in Tesla’s. An expert has been con-
tacted about this case and the expert determined that the remanence of magnetite should be around
0.5 T to 1.0 T. Magnetite is used in this research because it has been used by the papers that this
research aims to continue [50, 4, 51]. Furthermore, it is used in this research as the magnetic material
for its great magneto-resistance of 70% [52]. In previous research, magnetite has not yet been used
to actuate a structure. It has mainly been used with conduction to heat the matrix material, often
PLA, to utilize the shape memory behavior of the PLA [50, 4].

2.4.1 3D printing of magnetite/PLA composite material

Fenghau Zhang et al. [50] compared the shape memory behavior of PLA Fe3O4 composite material
of different weight ratios, of 10%, 15% and 20%. The material has been produced by dissolving PLa
in CHCl2 and adding the magnetite particles to the solution. This material was then extruded using
a double-screw extruder. With this method, a filament could be produced with a diameter of 1.75 ±
0.5mm. The parts were printed using an FDM printer with a 0.5mm nozzle, a printing temperature
of 190°C and a printing speed of 2mm/min. The magnetite content was found using a TGA and
turned out to be off by a maximum of 5.3%. The shape recovery was tested in both hot water and
with an alternating magnetic field with a frequency of 27.5kHz. The parts recovered in the hot water
within 5 seconds, with a slight increase in shape recovery ratio with the increased magnetite content.
The parts showed almost the same recovery ratio with the magnetic field. The recovery time was
increased but showed significant improvement with a higher magnetite ratio. The 10% material took
14 seconds to recover, 15% took 10 seconds and the 20% took 8 seconds. Additionally, a composite
structure was prepared for a bone repair tool, which is shown in figure 8. The structure was able
to recover its shape within 100 seconds with the use of an alternating magnetic field. It indicates a
viable option for personalized bone repair.

Figure 8: Shape recovery behavior of a 4D printed PLA/Fe3O4 composite material structure for bone
repairs actuated with a magnetic field [50]
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Han Liu et al. [4] prepared a PLA/TPU/Fe3O4 composite material and compared the shape memory
behavior and tensile properties of different magnetite weight ratios. The mass ratio of PLA/TPU
was fixed at 85/15 and the magnetite ratios were 0, 15, 20, 25 and 30 wt.%. The magnetite particles
had a mean size of 0.5µm. The material was prepared using a co-rotating twin-screw extruder. The
extruded material was then cut into pellets and used in a single screw extruder to make a filament
of 1.75mm. The parts were printed using a 0.4mm nozzle, a printing temperature of 210°C and a
printing speed of 25mm/s. It was found that the addition of magnetite to the PLA/TPU material
slightly decreased the tensile strength, from 59.4 MPa for 0% magnetite to 48 MPa for 30%. Also,
the toughness decreased with higher magnetite content. However, the Young’s modulus increased
slightly with higher magnetite content, from 1.29 GPa to 1.45 GPa. For the shape memory behavior
samples were printed of 50/10/1.2 mm. The recovery time was reduced significantly with the higher
magnetite content, where it was 150 seconds for the 15% sample and 40 seconds for the 30%. To
further demonstrate the capabilities of the composite material a lattice structure and petal model
(figure 9) were prepared and the shape memory behavior was investigated. These structures showed
a shape recovery ratio of up to 96.4% and had a recovery time of 40 seconds for the lattice structure
and 70 seconds for the petal model, which showed sequential shape recovery by utilizing the different
magnetite contents in different petals.

Figure 9: Sequential shape recovery behaviour of a 4D printed PLA/TPU/Fe3O4 composite material
bionic flower actuated with a magnetic field [4]

Itziar Galarreta-Rodriguez et al. [53] investigated the magnetic properties of PLA/PCL/Fe3O4

nanoparticle composites with a magnetite content of 5 wt% to 60 wt%. The magnetite particles
140 ± 50 nm. The composite material was prepared with a solution casting method. First 10g of
PLA was dissolved in 300 mL of DCM with a mechanical stirrer. Then 90g of PCL was added and
mixed for 2 hours. The magnetite nanoparticles were then added and the mixture was again mixed
for 1 hour. The mixture was then dried at a temperature of around 45 °C. Filaments were then
produced using the prepared composite materials. The produced filaments show a diameter of 1.5 ±
0.2 mm, where a diameter of 1.75 mm was desired. Small cubes were then printed with a 0.4 mm
nozzle, a layer height of 0.3 mm, a printing speed of 12.5 mm/min, a printing temperature of 200
°C and a bed temperature of 40 °C. It was found that with higher magnetite content the filament’s
surface roughness increased, as well as the filament’s porosity. However, the filaments showed good
dispersion of the magnetite nanoparticles, independent of the magnetite content. The composite
material showed significant heating in an alternating magnetic field of 400 Oe and 311 kHz. It was
found that the heating time was significantly decreased with the higher magnetite content.
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Wei Zhao et al. [54] prepared a tracheal scaffold with the use of a PLA/Fe3O4 composite. First, a
masterbatch was made using a solvent. This masterbatch was then used with a sharp-shearing twin-
screw extruder. Where filaments were produced with a magnetite content of 5, 10 and 15%. The
filaments had a mean diameter of 1.75mm. The material showed an increase in the tensile modulus,
from 1.36 GPa for the 0% to 1.59 GPa for the 15%. The tracheal scaffolds were printed using a
0.4mm nozzle, a printing temperature of 210°C and a printing speed of 50 mm/min. The parts were
printed in a vertical orientation with a 50 mm height, 12 mm diameter, wall thickness of 0.8mm and
three external ridges of 0.4mm. The shape memory behavior was investigated using an alternating
magnetic field with a frequency of 30 kHz and a field intensity of 4 kAm-1. The tracheal scaffold’s
recovery time was found to be 35 seconds, which is shown in figure 10.

Figure 10: Shape recovery behaviour of a 4D printed PLA/Fe3O4 composite material tracheal scaffold
actuated with a magnetic field [54]

Complementary to the tracheal scaffold Wei Zhao et al. [51] produced a porous bone tissue concept
with the use of a PLA/Fe3O4 composite. These bone defects could be fixed with minimally invasive
surgery. One of the important characteristics of bone tissue scaffolds is the high needed porosity, for
which 3D printing is an excellent manufacturing process. The material was prepared by dissolving
the PLA in methylene chloride and adding the magnetite particles to the solution with a ratio of 20%.
This mixture was then solidified and cut into pieces. Which was then fed into a twin-screw extruder
and a filament with a diameter of 1.75mm was obtained. The scaffolds were printed using a nozzle
of 0.4mm. With the printed scaffolds porosities of up to 60.73% were achieved. For the scaffolds
with 50% porosity a compressive strength of 29.43 ± 0.33 MPa was found and for the 60% porosity
scaffold a compressive strength of 27.5 ± 0.75 MPa. The shape memory behavior was investigated
using an alternating magnetic field with a frequency of 30kHz. The scaffolds showed a recovery ratio
of 95.5% and a recovery time of as low as 14 seconds, which is shown in figure 11.
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Figure 11: Shape recovery behavior of a 4D printed PLA/Fe3O4 composite material porous bone
tissue scaffold actuated with a magnetic field [51]

In a recent study, Juan Pratama et al. [40] prepared a PLA Fe3O4 composite material with a novel
method of incorporating the magnetite particles. Instead of the traditional technique of combining
the PLA and filler in the filament and printing the composite filament a method for incorporating the
magnetite during printing was presented, which is shown in figure 12. This was done to overcome the
clogging of the nozzle, which is a common problem of composite FDM printing. An external hopper
filled with magnetite powder and the use of pressurized air layers of magnetite powder were deposited
between the printed layers of PLA. The amount of deposited material was fixed for each layer. Thus
to change the filler content the amount of layers that contained the magnetic powder were changed.
The method of incorporating the magnetic powder during printing showed an increase in the tensile
and flexural strengths. It was found that the highest tensile and flexural strengths were obtained
with a weight percentage of 1% of magnetite, where higher powder contents would decrease these
properties. Furthermore, the addition of the magnetite powder showed an increase in brittleness.
The increased strength of the samples was not only attributed to the bonding between the matrix
and the filler. It was found that the voids caused by the printing process were filled by the powder,
which forced the filaments to overlap and resulted in better bonding.
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Figure 12: Production of a 3D printed PLA/Fe3O4 composite material with a magnetite powder
deposition between layers during printing [40]

2.5 Material preparation

For the production of magnetic composite materials for FDM printing two main methods are found
in the literature. The first is a mechanical process, where the polymer and magnetic powder are
mixed mechanically [4, 55]. The second method is done chemically, where the polymer is dissolved
in a solvent, after which the magnetic powder can be mixed in [56, 50].

2.5.1 Mechanical process

With the mechanical process there are two options, which are distinguished by the mixing method.
For the first method an extrusion machine is used with an interlocking twin-screw design. In the
barrel of this machine the material is heated and simultaneously the material is mixed and pushed
towards the nozzle. This machine can then directly be used with a die for extruding the filament [57].
With the second method the material is mixed inside an internal mixer. The material is then heated
and mixed with two interlocking shafts, which produce high shear to disperse the fillers and break
agglomerates. Afterwards, the output is pelletized and put inside a single screw extruder to produce
the filament. This process is shown in figure 13. This method proved to show good results. From the
SEM analysis was found that the magnetic particles were uniformly distributed in the PLA and no
obvious agglomerations were found for magnetic contents up to 25 wt%. However, at 30wt% particle
aggregation appeared [4].
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Figure 13: Mechanical material preparation process for a PLA/TPU/Fe3O4 composite material [4]

2.6 Chemical material preparation process

Abdulkarim Amirov et al. [56] produced a magnetic PLA composite material chemically. With this
process the PLA is dissolved in dichloromethane (DCM) with an ultrasonic bath. The solution had
a PLA/DCM mass ratio of 1:20, resulting in a liquid with low viscosity. After 90 minutes magnetic
particles were added and mixed for another 60 minutes in the ultrasonic bath. This liquid was then
mixed with a vortex mixer, after which the mixture was poured into a container to create a thin film.
This was then dried at 30°C to accelerate the drying and prevent magnetic particle sedimentation.
With this, a film of magnetic PLA composite material was obtained with a thickness of 0.4mm. The
prepared materials had a magnetite content of 5wt% and 10wt%. The chemical process is shown in
figure 14. The resulting material was not analyzed on the dispersion, or the filler content. Also, the
batch sizes were not stated. However, these are expected to be small, as with a film with a thickness
of 0.4mm and a width of 20cm a length of 0.5 meter would be needed for a batch size of 50 grams
of PLA. The chemical process was chosen for this report because the mechanical process was already
being investigated by a collaborative research group.

Figure 14: Chemical material preparation process for a magnetic PLA composite material [56]
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2.7 Solvents used with PLA composites

Dissolving PLA has been of interest in numerous applications. These include solvent casting, fiber
and film production, direct ink writing and preparation of nanoparticles [58, 59, 60]. R. Casasola et
al. [61] examined the solubility of PLA in several solvents to determine which solvent would work
best for electrospun fiber making. The solvents used were acetone, 1,4-dioxane, tetrahydrofuran,
dichloromethane, chloroform, dimethylformamide and dimethylacetamide. PLA was magnetically
stirred into all solvents with a 10% w/v concentration, for 4 hours at room temperature. All solvents
were able to completely dissolve the PLA in 3 to 4 hours.
Tommaso Casalini et al. [60] examined the solubility of PLA for the synthesis of PLA nanoparticles.
It was found that PLA is soluble in dioxane, acetonitrile, chloroform, methylene chloride, 1,1,2-
trichloroethane and dichloroacetic acid. Additionally, PLA was only partially soluble in ethyl benzene,
toluene, acetone and tetrahydrofuran. In table 1 the properties of the solvents found in the literature
for dissolving PLA are shown, together with the NFPA codes. These codes give a quick overview of
the dangers of the chemicals. The first digit shows the health danger, the second the fire danger, the
third the instability and the last the specific hazard. These digits can range from 0, no danger, to 4
high danger.

Table 1: Properties of solvents used for dissolving PLA [61, 62]

Solvent Solubility PLA Boiling point [°C] NFPA
1,1,2-Trichloroethane Good 112 3 1 0 N/A
1,4-Dioxane Good 101 2 3 1 N/A
Acetone Good / partial 56 2 3 0 N/A
Acetonitrile Good 82 2 3 0 N/A
Chloroform Good 61 2 1 0 N/A
Dichloroacetic acid Good 194 4 1 0 N/A
Dichloromethane Good 40 2 1 0 N/A
Dimethylacetamide Good 166 2 2 1 N/A
Dimethylformamide Good 153 2 2 0 N/A
Ethyl benzene Partial 136 3 3 0 N/A
Tetrahydrofuran Good / Partial 66 2 3 1 N/A
Toluene Partial 111 2 3 0 N/A

2.7.1 Dichloromethane (DCM)

Of the solvents shown in table 1 dichloromethane is the best candidate. It has been shown in other
research that it is a good solvent for PLA while having the lowest boiling point and the lowest risks
when looking at the NFPA. Dichloromethane, which used to be called methylene chloride, is a solvent
that is used frequently in chemistry because of its desirable properties. For example, DCM has high
thermal and chemical stability, low boiling point and relatively low-cost [63]. Dichloromethane is
manufactured by reacting hydrogen chloride with methanol, which gives methyl chloride. This is
then mixed with chlorine to produce dichloromethane [64]. Although DCM is found to be the least
dangerous of the solvents shown in 1 it still has a lot of risks [65]. First of all, it causes skin irritation
and serious eye irritation. Additionally, regular nitrile gloves do not provide protection against DCM.
Gloves with type EN374 should be used, which is a high rating. Also inhaling the fumes might cause
dizziness and DCM is suspected to be carcinogenic, while being highly volatile, hence why DCM
should only be handled inside a fume hood. Lastly, DCM is expected to be bad for the environment
[65].
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3 Methods

In this chapter, the methodology will be discussed for the steps that are taken during this research.
It contains the methods for the experimental work for the material preparation, filament making,
3D printing, sample design and the actuation of the PLA/Fe3O4 composite material. The research
questions, stated in section 1.3, will be used as a guideline for this chapter. For this research, several
steps are needed, which are shown in figure 15. First, the material preparation is described, where a
chemical process is used for mixing the magnetite into the PLA. Next, the filament is made of the
prepared material. This filament is used with an FDM printer to create samples. For the dimensions of
the samples calculations are made which determine the needed magnet volume and hinge dimensions.
Lastly, these samples are magnetized and actuated.

Figure 15: The steps performed in this report from material preparation to actuation

3.1 Material preparation

3.1.1 Materials

PLA pellets (commercial grade: Ingeo-4043D) were purchased from 3Devo (Utrecht, NL). Magnetite
particles and dichloromethane were supplied by Sigma-Aldrich (Saint Louis, MO, USA). The impor-
tant properties of these materials are shown in table 2. These properties have been provided by the
material suppliers.

Table 2: Material properties of PLA, magnetite and DCM [65, 66, 67]

PLA
Density [g/cm3] 1.24
Tensile strength [MPa] 60.0
Young’s Modulus [GPa] 3.6
Melting temperature [°C] 145 to 160
Glass transition temperature (Tg) [°C] 55 to 60

Magnetite
Particle size [µm] < 5
Residual flux density [T ] 0.5 - 1.0

DCM
Density [g/cm3] 1.325
Boiling point [°C] 40.0

As stated in section 2.6 the chemical process has been chosen for the material preparation. For the
preparation of the PLA/Fe3O4 composite material PLA is dissolved in a solvent to a viscous liquid.
Magnetite microparticles are then added to the solution and are mixed in, after which the solvent is
evaporated to obtain the solidified PLA/Fe3O4 composite material. DCM is used as the solvent in
this research as it is a widely used solvent and has been used in the reference papers [56, 50]. The
benefits of using DCM are the excellent solubility of PLA in DCM, the low boiling point and the
low risk of combustion, as has been shown in table 1 [65]. Most other solvents that can be used for
dissolving PLA have a much higher boiling point and a significantly increased risk of combustion,
especially at these elevated temperatures that are needed for evaporating these solvents [68].
For the chemical material preparation the method that is found in other literature involves creating a
low viscosity mixture of DCM, PLA and Fe3O4, which is poured onto a sheet to create a film. Mass
fractions of as low as 5% have been used to obtain this viscosity [56]. Using this methodology results
in high solvent usage and a thin film. The producer of the filament maker recommends a pellet size
of around 4mm, thus a thin film does not fulfill these recommendations [69]. Furthermore, DCM has
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been proven to be harmful to the environment, thus usage of this solvent is to be kept at a minimum
[65]. An additional disadvantage of this methodology is the material that is left in the mixing vessel
after pouring the mixture out. Firstly this decreases the yield of the process as a part of the material
is lost. Also, this material sticks to the vessel, so it either has to be dissolved again with more DCM
or has to be burned off, which makes the overall material preparation process more time-consuming
and resource-demanding. For these reasons a new methodology is designed, where the solvent use is
minimized, no material is wasted by pouring the material out of the vessel and the resulting material
at least has a thickness of 4mm to achieve the recommended pellet size of 4mm.
First, for the amount of DCM, it was found that previous research successfully dissolved 20wt.% of
PLA in DCM [70, 71]. This weight percentage has been used in this methodology. To ensure the
thickness of the produce and to remove the need to pour the material out of the mixing vessel the
mixture is dried in the mixing vessel. A drawback of this is it slows down the drying process, as there
is less surface area where the solvent can evaporate. To maintain feasible drying times the mixture
is heated to the boiling point of the DCM.

3.1.2 Material preparation process

First, the PLA needs to be weighed, which needs to be determined with the amount of DCM that
will be used. It can be calculated by dividing the weight of the DCM by the weight percentage and
multiplying it by the weight percentage of the PLA, as is shown in equation 1. Where mpla is the
needed weight of PLA (in grams), Vdcm is the volume of DCM (in ml), ρdcm is the density of DCM
(in g/cm3) and wt.%pla is the desired weight percentage of PLA, which in this case is 20wt.%.

mpla = Vdcm ρdcm
wt.%pla

1 − wt.%pla
(1)

Then inside the fume hood the DCM can be measured with a beaker. This beaker needs to be
clamped and put on top of the heating plate because the mixing could otherwise throw the beaker
off of the heating plate. Then the mechanical mixer can be installed with a cap attached to the
mixing shaft. The mixer needs to be set to a speed at which a vortex is just created. Then half of
the PLA is added slowly while making sure the pellets do not agglomerate. If agglomeration occurs
the RPM needs to be adjusted to prevent the pellets from sticking to each other. If the pellets stick
then dissolving the PLA will take longer as there is less PLA directly in contact with the solvent.
The dissolving of the first half of PLA takes around 3 hours. The beaker should be capped off at all
times to decrease the evaporation of the solvent as much as possible.
If all PLA has dissolved the RPM of the mechanical mixer can be increased to again create a vortex.
Then the second half of the PLA can be added slowly while taking care to avoid agglomeration. After
around 3 hours the PLA should be completely dissolved. At this stage, the amount of magnetite can
be measured. The needed amount can be calculated by dividing the weight of the PLA by 1 minus
the magnetite weight percentage and multiplying it by the weight percentage of the magnetite, this
is shown in equation 2. In this equation mmag is the needed weight of magnetite (in grams), mpla is
the weight of PLA (in grams) and wt.% is the desired weight percentage of magnetite, which in this
case is 10wt.%.

mmag = mpla
wt.%mag

1 − wt.%mag
(2)

When the magnetite is weighed it can be very slowly added to the PLA mixture. This can then be
mixed a final time for around 1 hour to distribute the magnetite. The mixing should not be done too
long as that promotes magnetite agglomeration [72].
After the mixing is finished the beaker can be uncovered and the mixing shaft can be pulled out of the
mixer and can be fastened above the beaker with the mechanical mixer to let the mixed material drip
back into the beaker. The heating plate can then be turned on and set to 60°C to heat the mixture
and evaporate the solvent. During the evaporation, the mixture shrinks and is released from the
beaker. The heating takes around 48 hours. After this, the PLA/Fe3O4 composite can be removed
from the beaker and put inside a (vacuum) oven set to 60°C for 8 hours to ensure that all of the DCM
has evaporated. This oven should have forced ventilation that exhausts to the outside. A schematic
representation of the material preparation methodology is shown in figure 16 and a detailed flowchart
of the material preparation methodology is added to the appendix in section A.1.
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Figure 16: A schematic overview of the chemical PLA/Fe3O4 composite material preparation method-
ology

3.2 Pelletizing

Before the composite material can be used with the filament maker it has to be cut to the recom-
mended size of the extruder, which is around 4mm in all directions [69]. This is accomplished with a
shredder from 3Devo, which is the same company that supplies the filament extruder. The shredder
is shown in figure 17. Pieces of materials with sizes up to 10 cm in all directions can be put in the
hopper. These pieces are then shredded in a shredding chamber (figure 17A). The pieces that come
out of the shredding chamber fall into the granulator (figure 17B), which is a chamber with a rotary
cutter in the middle and two stationary cutters on the side. Underneath the rotary cutter is a sieve
with holes of the desired size of pellets. Material is cut in the granulator chamber and when it is
small enough it falls through the sieve into the collection bucket (figure 17C). This material can then
be used with the filament maker to produce the filament.

Figure 17: The 3Devo shredder hybrid with its components: (A) shredding chamber, (B) granulator
and (C) collection bucket.
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3.3 Filament making

3.3.1 3Devo filament maker

In figure 18 the 3Devo Composer 450 filament maker is shown. This is the machine used in this
research for making the filament. There are a lot of components that all work together to create the
filament, which are explained in this section.

Figure 18: The 3Devo filament maker [73]

The extrusion system of the filament maker consists of several parts that are needed for extruding
the material. In figure 19 all of these parts are shown. First, the material is put inside the hopper,
which should be filled to the top to ensure enough pressure is put on the pellets. From the hopper the
material enters the extrusion screw, which pushes the material inside the barrel. The screw’s inner
diameter increases towards the nozzle end, which decreases the cross-sectional area and thus increases
the pressure inside the barrel. Inside the barrel are four heaters which can all be set individually.
With the heaters the material melts inside the barrel and is then pushed out of the nozzle due to the
build up pressure. The nozzle has a diameter of 4mm.

Figure 19: The extrusion elements of the filament maker [73]

After the material is extruded from the nozzle it needs to be stretched into the right size. The
elements needed to create the desired diameter are shown in figure 20. When the molten material has
left the nozzle it is around 4mm in diameter. Right after the nozzle are two fans that blow air on the
filament to increase the cooling rate. This solidifies the material, which locks in the diameter. After
the fans two puller wheels grab the filament. These wheels function both as the filament thickness
sensor and the stretching mechanism. The deflection of one of the wheels is measured and is sent to
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a PID controller. In the machine, the desired diameter can be set and this controller then increases
the RPM of the wheels when the filament diameter is too large. Likewise, the rotational speed is
decreased when the filament is too thin. Usually, the desired filament diameter is 1.75mm, but some
brands of FDM printers utilize a different diameter. The industry standard for the tolerance on
the filament is ±0.05mm [74]. However, as mentioned by 3Devo a tolerance of ±0.10mm should be
sufficient for most FDM printers [75].
When the filament has the desired diameter it can be spooled. First, the filament needs to be pulled
through the positioner. This positioner moves the filament to the right location on the spool. After
that, the filament can be attached to the spool and the spool can be wound.

Figure 20: The 3Devo extruding side [73]

3.3.2 Parameters

The filament extruder features a lot of settings that influence the filament. Firstly the temperature
of the heaters can be set. These are often set to a ramp with the last heater set lower to increase the
viscosity. The material inside the machine should not melt too fast, as then molten material would
be pushing against other molten material, which makes the extrusion less stable. Furthermore, if the
heaters are set too high, then the extruded material does not have sufficient viscosity. This material
could then be stretched by its weight, or the low viscosity makes it impossible to uniformly stretch
the material. Also, the material should not be too cold, as that could lead to clogging, or partly
solidified material in the extrusion, which decreases the quality.
After the heaters the extrusion speed can be set. This changes the screw RPM, which affects the rate
that the material gets in the barrel, goes through the heaters and the extrusion. Thus with a higher
extrusion speed the material is heated for a shorter amount of time and also is cooled for a shorter
amount of time. Thus when increasing the RPM the heaters and cooling need to be increased slightly
as well.
Lastly, the filament fan speed determines how hard the fans blow. When the fans blow too much
then the filament solidifies too fast and the material cannot be stretched properly. This leads to an
unstable filament. When the fans blow too little then the filament is not cooled sufficiently and the
material can be deformed by the puller wheels. This both gives a wrong measurement and results in
an ovalized filament.
There are other settings that can be adjusted with the filament extruder, however, these include the
filament diameter and the spool dimensions, which do not affect the extruded material.

To achieve a good filament it is important that all of the variables are as stable as possible. If the
variables are stable the filament will be stable as well, assuming that the parameters are set correctly.
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Likewise, if there are a lot of fluctuations during the filament making process then the controller will
have a hard time stabilizing the output of the material and the filament quality will be decreased or
even unusable. To achieve a stable input the material needs to enter the barrel at a constant rate.
In the barrel all of the material should be melted, but only to the point where the material still
has sufficient viscosity. Furthermore, the cooling of the material should be stable, which means that
external factors including wind should be minimized as much as possible.
Another important factor for achieving a stable output is that there should not be any unwanted
material left in the machine. Materials that have a high viscosity when melted can be hard to purge
completely. Small amounts of material can get stuck on locations including the bend before the nozzle,
or at the nozzle. When the machine is contaminated small amounts of material will be extruded while
making filament and these contaminations will decrease the filament quality.

3.3.3 Filament making process

Before the materials can be used in the extruder they need to be dried and afterwards cooled down.
The drying is needed to ensure no water will enter the barrel, as this will turn into water vapor
and will result in bubbles in the filament, which can impact the filament quality. It is important to
let the material cool down to room temperature to ensure a baseline for the setting of the heaters.
Otherwise, the material might heat up too much and then the viscosity of the output will be too low.
When the pellets are ready the machine can be heated. The machine comes with presets for regular
filament materials including PLA and ABS, which have been extensively tested by 3Devo. These
settings have been checked and indeed showed the best results. With these settings heaters 1 to 4
are set to 170°C, 190°C, 185°C and 170°C, the RPM is set to 3.5 and the fan speed to 70%. First
regular PLA is used until the output is stable. When the hopper is completely empty the PLA/Fe3O4

composite material shreds are added to the hopper. Every few minutes the shreds need to be stirred
with a stick, or something else to prevent bridging of the pellets. Bridging is the occurrence of
cohesive structures that prevent material from entering the barrel [73]. If the shreds do not enter the
barrel they need to be forced in with a stick that is a little bit smaller than the barrel opening. When
the output is stable the spooling can start and the spool of filament can be made. It is important
to check whether the first 5 winds are aligned correctly and whether the first 2 layers are correctly
spooled. After that, the machine should work as intended for the rest of the material.

3.4 Sample design

In this section, the calculations and the variables are explained to determine the needed dimensions
of the samples that will be 3D printed and used for the actuation. First, the choice for the setup is
justified, then the calculations are stated, after which the variables are evaluated and the impact of
these variables is investigated. Lastly, the determined dimensions for the samples are given.

3.4.1 Calculations

As for this thesis, the actuation part is merely an investigation of the possibility of direct actuation
a simple part is sufficient. A straightforward concept for the actuation is used as a proof of concept.
Namely a single compliant hinge with a rotation in a single plane. This simplifies the calculations to
a 2D situation. In figure 22 the free body diagram can be seen.

Figure 21: Simplified overview of the actua-
tion setup

Figure 22: FBD of the actuation setup
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As the actuated piece is static the forces inside the piece are in equilibrium. This means that the
resulting moment of the magnetic field has to be equal to the bending moment. This equilibrium can
be seen in equation 3.

τf = τB (3)

Where τf is the internal bending moment and τB is the resulting moment of the magnetic field (both
in Nm). These can be written as the equations shown in equation 4 and 6.

τf = Kθ (4)

Where K is the bending stiffness (in N/m), which can be written as the force divided by displacement:
K = T

θ . This displacement θ (in rad) can be derived with the following formula θ = Tℓ
EI , where T is

the moment (in N/m), ℓ is the the length of the hinge (in m), E is the young’s modulus (in Pa) and
I is the moment of inertia (in kg/m2). For a solid rectangular cross-section, the moment of inertia

can be calculated with I = wt3

12 , where w is the width of the hinge and t is the thickness of the hinge
(both in m). When combining these equations the equation for the bending stiffness can be derived,
which can be seen in in equation 5.

K =
T

θ
= T

EI

Tℓ
=

EI

ℓ
=

Ewt3

12ℓ
(5)

τB = −→µ ×
−→
B = µBcos(θ) (6)

µ =
VmBr

µ0
(7)

For equation 6 µ is the magnetic dipole moment (in J/T ), which can be calculated with equation 7.
The variable Vm is the volume of the magnetic material (in m3), Br is the residual flux density (in T )
and µ0 is the permeability of a vacuum, which is a constant with value 4π · 10−7H/m. The volume
of the magnet can be written out as Vm = wmtmℓmφ, where w, t and ℓ are the width, thickness and
length (all in m)and φ is the volume percentage of the magnetic material. The calculations of this
percentage are explained in section 3.4.2. Rewriting all of the equations gives the equation for the
bending moment, shown in equation 8 and the resulting moment of the magnetic field is shown in
equation 9.

τf =
Ewt3

12ℓ
θ (8)

τB =
wmtmℓmφBr

µ0
Bcos(θ) (9)

As stated in equation 3 τf = τB . Combining equation 8 and 9 and solving for the magnetic field B
gives equation 10.

τf = τB

Ewht
3
h

12ℓh
θ =

wmtmℓmφBr

µ0
Bcos(θ)

B =
wht

3
h

ℓhwmtmℓmφ

Eµ0θ

12Brcos(θ)
(10)

The first fraction of equation 10 shows the variables of the setup and the second fraction shows the
constants. From this can be noted that the thickness of the hinge has the biggest impact on the
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actuation, as a change in the thickness of the hinge is raised to a power of three. All other variables
have a linear impact on the actuation. Also, it can be seen that if the hinge and rigid part are
designed to have the same width then the width has no impact on the actuation.

3.4.2 Volume percentage

The volume percentage is needed to determine the volume of the magnetic material in the PLA. This
is used for the calculations of the actuation. For the calculations of the volume fraction, the weight
percentage is needed. With this percentage and the density of the materials, the total volume can
be calculated and with that, the volume percentage of the magnetic material can be found. The
equation for the volume fraction can be seen in equation 11. The results from the calculations can
be found in table 3

vol% =

mmag

ρmag

mPLA

ρPLA
+

mmag

ρmag

(11)

Table 3: The volume percentages for the weight percentages

wt% 10.00 20.00 30.00
vol% 2.73 5.94 9.77

3.4.3 Sample dimensions

With equation 10 the test pieces can be designed. The desired displacement was set to 30° to make
the actuation more visible. The maximum magnetic field strength that the actuation setup can
provide is 50mT . Furthermore, it was assumed that the hinge thickness should at least be 0.3mm as
with the smallest layer height of 0.1mm this would still result in a three layer thick hinge, which is
expected to make the hinge less fragile compared to a hinge that consists of one thicker layer, due to
the anisotropic properties of the printed material and the gaps that are created during the printing
process.
From equation 10 it was found that there was a linear influence of all variables apart from the hinge
thickness, which is raised to a power 3. The volume percentages in table 3 show that the volume
from a wt% of 10 to a wt% of 30 increases by more than 3.5, which means that the volume of the
magnetic part can be decreased by 3.5, or that the thickness of the hinge can be increased by 50%(

3
√

9.77
2.73 = 1.52

)
. From these findings the test pieces have been designed, which can be seen in figure

23.

Figure 23: The designed test pieces left to right: 10wt%, 20wt% and 30wt%. All with a 0.3mm hinge.
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3.5 3D printing process

3.5.1 3D printer

In this research a Creality CR-10 V3 is used, which is shown in figure 24. This is a Cartesian printer,
which means that it moves in the x, y and x directions. The x and z directions are accomplished with
the printhead, whereas the y direction is controlled with the bed. The printer has a build volume of
300mm*300mm*400m. It has a single hot end with a direct drive, which gives better control over
the extrusion and retraction, as there is less flexibility between the hot end and the extruder. This
has great benefits for flexible filaments, but could also improve the print quality of the prints in this
research.

Figure 24: The Creality CR-10 V3

3.5.2 Nozzle size

The addition of the magnetic particles in the filament is expected to create agglomerates, which can
cause clogging of the nozzle. To prevent clogging a larger nozzle is used, which is harder to clog due
to the larger area [6]. Changing the nozzle size also increases the printing speed, as more material is
extruded, while the mechanical properties stay the same, or are improved [20, 19]. Lastly, a larger
nozzle size decreases the voids between the deposited material, which lowers the porosity of the prints
and thus increases the mechanical properties [22]. The main disadvantage of a larger nozzle size is
the decreased detailing that can be printed. However for these samples that is not a problem as the
sample’s shape has very few details.

3.5.3 Layer height

From the samples shown in figure 23 it can be seen that the samples have a very thin hinge section
compared to the thickness of the rigid piece. This creates two regions, where for the first layers, which
include the hinge, a smaller layer height is beneficial as a smaller layer height increases the strength
of the print [76, 77]. Also, this would allow the hinge to consist of multiple layers, which is expected
to increase the durability of the hinge. Because the weaker parts, where the molten extrusion touches
the previously extruded material, of the layers will be overlapped by the other layers, due to the
alternating infill angle. This has also been concluded by previous research, where a 45°/-45° degree
infill has increased the tensile and flexural strengths due to the interlocking mechanism of the crossing
pattern [40]. For the hinge a layer height of 0.1mm has been chosen as this is often found to be the
strongest, due to the decreased porosity [76, 77].
On each side of the hinge are rigid sections. For these sections the only requirements are the rigidity
and the volume. For both of these requirements the layer height has no significant impact, thus the
layer height can be increased to speed up the printing. A layer height of 0.3mm has been chosen
as this is the maximum layer height in both PrusaSlicer and Cura. Unfortunately, PrusaSlicer and
Cura do not allow setting specific layer heights for different layers. Cura does support dynamic layer
heights where the slicer determines the optimal layer height based on the needed details and overhang
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in the layer, but this gives no advantage to these samples. The solution to achieve a layer height of
0.1 mm for the hinge section and 0.3 mm for the rigid section is to combine two G-codes, one for the
first layers with a 0.1mm layer height and one for the other layers with a 0.3mm layer height. Care
has to be taken to ensure that the same amount of material is extruded at the moment that the layer
height is changed. This can be done by removing the build plate adhesion, or when a skirt is chosen
setting the skirt line count to 1 for the 0.3 mm version and to 3 for the 0.1 mm version. First, the 0.1
mm version can be used for layers 0 to 2. After that, the code for the 0.3 mm version can be used
from layer 1.

3.5.4 Heating bed temperature

Because of the very thin hinge the printed parts must remove easily from the build plate, as with
the fragility of the hinge the chance of breaking it is significant during removal. For this, the heating
bed temperature is decreased. After printing the heating bed should be cooled completely to ensure
the best removal. Decreasing the bed temperature could result in insufficient bed adhesion, which
can cause mid-print releasing of the part. It was found that decreasing the conventional heating bed
temperature of 60°C to 50°C gave adequate results with no unwanted releasing of the prints.

3.5.5 Infill direction

For the infill direction the default direction of 45°/-45° is used. In previous research a unidirectional
infill was found to result in stronger parts [78]. However, the advantage of the 45°/-45° infill is that
the alternation of the printing direction prevents the added weakness if the extruded material does
not bond to the printed part correctly, which could happen if under extrusion occurs due to nozzle
clogging, or a filament diameter that is too small. Also, it has been found that the 45°/-45° gives
similar results to a unidirectional infill aligned with the hinge [78].

For the settings that have not been handled in this section the default settings from UltiMaker Cura
for printing PLA with the Creality CR-10 V3 are used. These include the nozzle temperature of
200°C, printing speed of 50 mm/s and a fan speed of 100%.

3.6 Magnetization

The magnetization in this research is performed by a research group from the University of Groningen.
The machine that is used for magnetizing the samples is the ASC IM-10-30. It makes use of the nearly
uniform magnetic field in coils when a current runs through it. The current is generated by discharging
capacitors, which makes it possible to create high current. The machine has four different coils for
different field ranges, which go from 3mT to 5T. The magnetic field in the coil can be calculated with
equation 12, where B is the magnetic field (in T), µ0 is the magnetic constant, N is the number of
turns, I is the current and l is the length of the coil.

B = µ0NI/l (12)

From equation 12 can be derived that the magnetic field can be increased by increasing the current,
or the amount of turns while maintaining the same length. Thus the difference between the coils of
the machine is mainly the amount of turns.
The samples are magnetized in a magnetic field of 1.5T along the length of the samples, which can
be seen in figure 25. It has been found in the literature that the magnetite reaches saturation within
1 T and with this coil the sample can be magnetized completely [79]. The coil has a cavity with a
diameter of 30mm and is 60mm in length. Thus the samples fit easily in the coil.
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Figure 25: The magnetization direction

3.7 Actuation

With magnetic actuation a force, or torque, is imparted on a magnetic object with the use of a
magnetic field [80]. When the net magnetic field of the object does not align with the orientation of
the applied magnetic field then a magnetic torque occurs [80, 81]. When the parts are aligned, or the
forces in the system are in equilibrium the object will not rotate further [81].
The actuation setup consists of 3 pairs of coils. Each pair of coils is placed parallel to each other and
accommodates one of the x,y, and z directions, which is shown in figure 26. When two coils are placed
next to each other a nearly uniform magnetic field is created between the coils [82]. This principle is
called a Helmholtz coil and is used for actuating the samples. The magnetic field of a Helmholtz coil
is shown in figure 27

Figure 26: A schematic overview of the tri-
axial Helmholtz coil actuation setup [83]

Figure 27: The magnetic field in a Helmholtz
coil [84]

For the actuation, the samples will be clamped on the small rigid end along the x-axis, with the
hinge aligned with the x-z plane. Then the applied magnetic field will be along the y-axis, which
creates the field shown in the free body diagram in figure 22. As the samples have been optimized
to have the minimum size possible they have been designed for the maximum magnetic field. The
maximum magnetic field strength that the setup can produce is used, which is 50 mT. A deflection
of 30° is expected. However, it can be between 22.5° to 37.5° depending on the residual flux density,
as this has not been measured yet. The expert stated that the residual flux density could be between
0.5T-1.0T and for the calculations the mean has been taken, thus 0.75T.

3.8 Characterization

For the characterization of the magnetic material various methods are used. With these methods
the quality of the material can be evaluated, as well as the material strength and the magnetic
properties. The characterization methods that have been chosen for this report are tensile testing,
scanning electron microscopy (SEM), thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). The workings, parameters and justification for these methods will be explained
in this section.
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3.8.1 Tensile test

Tensile tests are used to determine the tensile properties of materials, such as the Young’s Modulus
and the yield strength. These properties can be used to determine the allowable stress or forces in
a system, or to predict the deformation, either analytically or with the use of FEM [85]. Often the
strength of a material is of interest to determine the needed shape, or thickness of the structure
elements and to determine the safety factors. Also with the tensile test the toughness of a material
can be determined.
A tensile test is executed by pulling on a specimen until failure. The specimen can either be round or
flat with a long narrow section in the middle, which is the location of failure. The specimen is held,
or threaded, inside two grippers. Then the machine pulls on the specimen, often with a screw that
pushes the top gripper upwards, or this pushing can be done hydraulically [85]. With most tensile
tests the strain rate, thus the amount of strain per time interval, is set. Then a feedback controller
determines the needed force to achieve this strain rate, which is often set to 10−5 to 10−2/s [85]. The
specimen is then strained to failure. With the result of the test a stress-strain curve can be made. A
typical stress-strain curve for a polymer can be seen in figure 28.

Figure 28: A typical stress-strain curve of a polymer [86]

The stress-strain curve graphs the stress over the strain, where the stress can be determined with
equation 13. Where σ is the stress (in Pa), F is the pulling force (in N) and A is the starting
cross-sectional area of the specimen (in m2).

σ = F/A0 (13)

The strain can be determined with equation 14, where ε is the strain (dimensionless), L is the current
length of the specimen (in m) and L0 is the starting length of the specimen (in m).

ε =
L− L0

L0
(14)

From the stress-strain curve a lot of properties can be determined. Often the elastic region is most
important as deformation should usually be prevented. The elastic region is shown in figure 28. It
is depicted by the initial linear section of the graph. From this region the Young’s modulus can be
determined by the slope and the yield strength can be determined by offsetting the slope by 0.2 strain
and determining where it intersects the stress-strain curve, or it can be determined by the top of the
first local maximum [85].

28



For the calculations of the sample dimensions the Young’s modulus is needed, which is why the tensile
test is executed in this research. For the analysis samples have been printed according to ISO527-
2 5A, which is the standard testing sample for test conditions for molding and extrusion plastics
[4]. The dimensions for these samples are shown in figure 29. These samples are used for extruded
materials and are a lot smaller compared to traditional samples, which is beneficial as material usage
should be kept at a minimum. The samples are printed with the same printer settings as the hinge
section of the samples that have been designed for actuation, as the Young’s modulus of that section
is of interest for the calculations of the deflection. Thus the samples will be printed with a nozzle size
of 0.8mm and a printing temperature of 200°C. The infill percentage is set to 100% and the direction
will be 45°/-45°. However due to the small section of 4mm of the dog bone shape only 5 passes are
possible with a nozzle of 0.8mm, which makes the infill direction at the point of failure effectively
a unidirectional 0° infill. The bed temperature will be set to 50°C and the printing speed will be
50mm/s.

Figure 29: The ISO527-2 5A sample dimensions

For the test a Zwick Z5.0 5kN mechanical tester is used with BL-GRW005K wedge clamps. The
strain rate has been set to 2%/min. For the analysis there is relatively high play in the clamps and
other components of the machine. Thus a reference piece of carbon fiber, that is much more rigid
than PLA, is used to determine the play of the machine for the force range that is tested. This graph
then shows how much displacement needs to be subtracted from the tests of the samples for the
force. Thus if the rigid bar shows a displacement of 0.3mm at a certain force then this displacement
needs to be subtracted at that force for the samples. When the tests are done and the play has been
compensated the stress-strain curve can be derived from the force-displacement graph by dividing
the stress by the cross-sectional area of the thin part of the dumbbell, which is in this case 8mm2 and
the strain can be calculated by dividing the displacement by the original length, which is in this case
20mm. After the stress-strain curve has been calculated the Young’s modulus can be determined
with the slope of the linear elastic phase of the curve.
The tensile test will be carried out with 3 samples to ensure that the results are accurate.

3.8.2 Vibrating sample magnetometer (VSM)

A vibrating sample magnetometer (VSM) can be used to determine the magnetic hysteresis loop of
a magnetic material, which is shown in figure 7. It works by vibrating a magnetic material in a coil,
which creates a current [87, 88]. This current follows from Faraday’s law, which describes that a
force occurs when the magnetic flux changes in the coil [87]. Next to the coil and vibrating sample
there is an electromagnet. With this magnet a magnetic field can be implied on the sample, which
magnetizes the sample and therefore increases the magnetic field generated by the sample. With the
known applied magnetic field and velocity of the sample, the magnetic field of the sample can be
determined by measuring the generated voltage. This process is shown in figure 30.
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Figure 30: Schematic overview of a vibrating sample magnetometer [89]

To evaluate the magnetic properties of the material of this research and, most importantly, to de-
termine the remanence the vibrating sample magnetometer is used. For this analysis the quantum
design PPMS dynacool is used. A brass half-tube sample holder is used to clamp the samples. These
samples are 3D-printed cylinders with a diameter of 2.9mm and a length of 3.5mm. The test is per-
formed at room temperature, as this is the most general temperature, which is desired at this stage
of research. When specific use cases of this material are designed then the working temperatures are
to be investigated. The maximum applied field has been set to 1T (10.000 Oe) as this has been found
to saturate the material sufficiently [79, 90]. Likewise, the minimum applied field has been set to
-1T. The sample rate has been set to every 100 Oe, thus 400 samples are taken in total. When the
analysis is finished the results are in magnetic moment, instead of Tesla’s. To determine the residual
flux density the results need to be converted to Tesla’s, which can be done with equation 15, which
follows from equation 7. In equation 15 Br is the residual flux density (in T ), µ is the magnetic
moment (in Am2), µ0 is the permeability of a vacuum, which is a constant with value 4π · 10−7H/m
and Vm is the volume of the magnetic material, which can be calculated with the result of the TGA
analysis divided by the density. When the results are converted to Tesla’s the residual flux density
can be derived by determining the sample field when the applied field is zero.
The VSM will be carried out with 2 samples to ensure that the results are accurate.

Br =
µ µ0

Vm
(15)

3.8.3 Scanning electron microscopy (SEM)

Scanning electron microscopy (SEM) is a form of microscopy that makes use of electrons for imaging.
It works by locally emitting electrons and scanning across the entire specimen. These electrons
interact with the specimen and produce two outgoing electron products. First, a portion of the
electrons from the electron beam are scattered and deflected backward. The second electron product
is the electrons that are ejected from the atoms of the specimen caused by the electron beam [91].
These electrons are detected and can be processed to obtain the images [92]. Every location of the
electron beam will form one pixel of the final image [91]. The resolution is determined by the diameter
of the focal point of the electron beam [92]. Because the wavelength of electrons is smaller than that
of visible light much higher magnification is possible. Due to the smaller wavelength details smaller
than 1nm can be visualized with SEM.
SEM needs to be operated under a vacuum to minimize noise from electrons that would otherwise
be scattered by the gasses inside the chamber [91]. Next to imaging, SEM can also be used for
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determining the specimen material composition, which is called EDX. The electron beam interacts
with the specimen and produces X-rays that have specific energy levels for every element except for
hydrogen and helium which do not emit X-rays. With these energy levels the material composition
of a sample can be determined [91].

SEM can be utilized for a multitude of applications, including the analysis of micro- and nanoparticles
[92]. In this report SEM is used to determine the the dispersion and agglomerate size of the prepared
material. With these properties the quality of the filament and printed products can be determined.
For the SEM analysis the JEOL JSM 7200-F is used. Before the analysis can start the samples
need to be prepared. A thin gold coating is applied with plasma vapor deposition to prevent electric
charge buildup as much as possible. This occurs when the electrons from the electron beam cannot
dissipate sufficiently in the material, which results in the electric charge building in the material and
emitting a lot of electrons. This makes the analysis unusable because nothing can be visualized and
the analysis shows a completely white image. After the gold plating the analysis can start with the
lowest electron power as possible. This is achieved by setting the mapping and beam intensity as
low as possible, together with decreasing the vacuum. Usually, the vacuum should be increased to
reduce the scattering of the molecules in the air. However, in this situation, the scattering is used to
reduce the amount of electrons reaching the sample. If no electric charge buildup occurs the settings
can be changed to improve the images of the SEM. When good images are made the dispersion and
the agglomerate size can be found by determining the locations of the agglomerates by finding the
particle clusters, or the holes where the agglomerates used to be. The size of the agglomerates can
be found with the size of these particle clusters or holes.

3.8.4 Thermogravimetric analysis (TGA)

Thermogravimetric analysis (TGA) is a thermal analysis where a sample is heated in a large tem-
perature range. During the analysis the sample changes, both physically and chemically [93]. These
changes result in a gain, or loss of weight, which is measured with the TGA. The TGA works by
hanging a pan, typically made of platinum, or ceramic material, on a wire that is connected to a
balance. To the other end of the balance a sample pan is located which has almost the same weight.
An electromagnetic force is used to keep the balance horizontal. The needed force is measured and
with that the weight can be determined [94]. In advance of the analysis, the weight of the pans that
are used are measured. Then the samples can be placed in the pans and the pans are automatically
loaded by the machine. The machine hangs the pans in the furnace. Inside the furnace a gas with
a predetermined fixed flow is used. This gas can be inert, or oxidizing depending on the needs of
the analysis. With the measured electromagnetic force the weight, typically in wt.%, can be graphed
over the temperature range that is used in the analysis.

The thermogravimetric analysis is used to determine the magnetite content in the prepared material.
This is both needed to convert the VSM results to Tesla’s and to evaluate the magnetite dispersion
throughout the filament. The machine that is used is the TGA 550 from TA instruments. For de-
termining the magnetite content in the samples first the thermal behavior of the materials needs to
be analyzed separately. If, for example, the PLA does not burn off completely, or if the magnetite
oxidizes then the results cannot be used if these things are unknown.
Before the analysis can begin the pans that will be used need to be cleaned. These can be put
inside a flame of a blowtorch until it starts to glow bright yellow, which is around 1000°C and any
remaining materials on the pan should be burned off at this temperature. If the residue does not
burn then it will have no impact on the analysis as during the test the temperatures will not exceed
1000°C. For the test sequence first the temperature is equilibrated at 40°C to have a steady starting
point. Then the temperature is increased with 20°C/min to 800°C. It was found that around 500°C
the PLA is burned off [95]. However, it is decided to go to 800°C to make sure that everything is
burned off completely during the analysis. With the TGA the weight percentage of the magnetite
can be determined, which can be used for determining how well the magnetite has been dispersed
throughout the material. Also, the weight percentage is used in the VSM analysis to convert the
results from the magnetic moment to Tesla’s.
The TGA will be carried out with 5 samples, two for the VSM and three which will be taken from
different locations of the filament spool to evaluate the dispersion of the magnetite over the filament.
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3.8.5 Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) is used for measuring thermal material properties. The prop-
erties that can be measured include the glass transition temperature (Tg), the melting temperature
(Tm) and the crystallinity [96]. There are several types of DSC. In this report heat flux DSC is used,
which works by measuring the heat flux over time and temperature. This is done by enclosing the
sample material in a pan and comparing it to an empty reference pan. Both pans are heated linearly
which causes a temperature difference between the pans due to the changed heat capacity (Cp) caused
by the added material. This difference is measured by thermocouples in the machine and is used to
determine the heat flow. This heat flow is then graphed over temperature. A typical DSC graph for
a polymer can be seen in figure 31

Figure 31: A DSC curve of a polymer that undergoes a glass transition, crystallization and melting
[97]

As can be seen in figure 31 the heat flow of the material changes for different temperatures. This
is caused by endothermic and exothermic events, which generate, or absorb heat when they occur.
These events show in the graph because more, or less, energy is needed for the same temperature
rate. These show in the graph as upward peaks for exothermic events, including crystallization, and
downward peaks for melting of the material. The glass transition can be seen on the graph by the
baseline shift due to the change of the heat capacity, which is caused by the changing elastic and
vibrational properties [96].

With the differential scanning calorimetry the glass transition temperature and the melting temper-
ature are determined for the prepared composite material. The glass transition temperature is an
important material property when the material is used for shape memory. The melting temperature
is an important property for processing the material, for example with the 3D printer, where the
temperature of the extruder is dependent on the melting temperature of the filament material.
For the analysis the DSC 250 from TA instruments is used. In advance of the analysis samples need to
be prepared. The pans and lids need to be measured together with the samples. These samples that
are added to the pans should weigh between 4mg and 7mg. Also, an empty reference pan needs to be
prepared with the same pan and lid as the test samples. For the test sequence the temperature range
and heating rate need to be determined. The glass transition temperature of the PLA that is used for
this report is around 60°C and the melting temperature is around 160°C. To make sure that the glass
transition temperature and the melting temperature are included in the analysis the temperature
range has been set to 40°C to 200°C. First, the material is equilibrated at 40°C to ensure a steady
starting point. Then the temperature is increased by 10°C/min to 200°C, where that temperature is
maintained for 2 minutes, after which it is cooled down to 40°C at a rate of 10°C/min.
The DSC will be carried out with 3 samples to ensure that the results are accurate.
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4 Results and discussion

4.1 Material preparation

In this research PLA/Fe3O4 composite material has been prepared chemically. PLA has been dis-
solved in DCM at a weight ratio of 1:4 with the use of a mechanical mixer. Magnetite powder was
then mixed into the PLA solution with the same mechanical mixer. This mixture was then dried at
a temperature of 60°C using a heating plate and later dried in a vacuum oven.
In figure 32 the result from the methodology can be seen for 100ml of DCM, 33g of PLA and 14.25g of
Fe3O4. The resulting prepared material shows a completely black disk of material with high porosity,
which is caused by the boiling of the solvent. The material separated from the beaker during the
drying process due to the shrinkage caused by the drying of the material. The prepared material
could be easily removed from the beaker. However, as can be seen in figure 32 only a small amount
of material was made.

Figure 32: The prepared PLA/Fe3O4 composite material with 100ml DCM, 33g PLA and 14.25g
Fe3O4.

In figure 33 the result of the material preparation for a larger amount of material can be seen. For
this iteration 500ml of DCM, 166g of PLA and 18.5g of Fe3O4 were used. As can be seen the material
separated from the bottom of the beaker, however, it did not separate from the sides of the beaker.
This is expected to be caused by the heating method because the heating plate is only able to heat
the beaker from underneath. Due to this the material did not shrink on the sides. Also, the material
is not heated uniformly, which caused the bubble between the bottom of the beaker and the material.
This bubble also significantly decreases the heat flow from the heating plate to the material, as the
bubble insulates the material. Due to the heating from underneath the material did not dry on the
top, as can be seen in figure 33. To ensure adequate heating of the material and thus ensure sufficient
shrinkage the height of the material inside the beaker should not be too high. This way the heat of
the heating plate can reach sufficiently throughout the material.
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Figure 33: The prepared PLA/Fe3O4 composite material with 500ml DCM, 166g PLA and 18.5g
Fe3O4.

In a third batch of prepared material, 200ml DCM has been used with 67 g of PLA and 28.5 g of
magnetite. The results of this amount can be seen in figure 34. The beaker that was used had a
diameter of 9 cm. With the amount of PLA and DCM used the beaker was filled for about 4cm.
The resulting material shows a completely black disc that has shrunk from all sides. The material
released easily from the beaker.

Figure 34: The prepared PLA/Fe3O4 composite material with 200ml DCM, 67g PLA and 28.5g
Fe3O4.

4.1.1 DSC

The results of the differential scanning calorimetry are shown in figure 35 and are stated in table 4.
Three samples have been used for the DSC to ensure that the results are accurate. It can be seen
that the DSC curves show a baseline shift around 60°C. Also, it can be seen that the curves show a
double melting peak. This is expected to be caused by the presence of two different crystallization
structures [98, 99]. The presence of the different crystallinities is likely caused by the dissolving of
PLA, which induces β-form crystals [100]. The first melting peak corresponds to the melting of the
spherulites inside the material, whereas the second melting peak corresponds to the melting of the
hexagonal crystals [99]. From the results of the DSC it is found that the glass transition temperature
is around 57°C and the melting temperature is around 154°C. These results comply with the results
found in other literature and the specifications of the PLA supplier [99, 66].

34



Figure 35: DSC curve of PLA/Fe3O4 composite

Table 4: Results DSC for PLA/Fe3O4 composite samples

Glass transition Temperature (Tg) [°C] Melting temperature [°C]
Sample 1 57.48 154.21
Sample 2 57.24 154.22
Sample 3 57.50 153.79

From the results of the material preparation can be stated that a successful methodology has been
found. A successful methodology has been proposed where a batch of 66g of PLA can be mixed at
once. For that amount the material was easy to remove due to sufficient shrinkage. One drawback
that has been found from the chemical material preparation is the resulting high porosity in the
solidified material. The material appears to have mixed well, as it is completely black.

4.2 Filament making process

After the material was shredded the shreds were added to the hopper directly. However, these shreds
did not enter the barrel. Before the material had the chance to enter the barrel they were pushed
out by the screw. This phenomenon has also been found in another thesis [101]. It is expected to be
caused by the porosity of the prepared material, as this porosity decreases the weight of the shreds
significantly for the same volume. This decreases the pressure exerted on the lower particles, which
results in too little force to push the shreds into the screw. To counteract the shreds getting pushed
out of the screw the material was forced into the machine with a bar that was a little bit smaller
than the barrel opening. With this added force the material entered the barrel and the filament could
be extruded. However, the output was very unstable, as can be seen in figure 36. This is caused
by the changing rate of material that entered the barrel, which resulted in the unstable extrusion.
The graph in figure 36 shows the average measured filament diameter for the past 20 measurements.
The diameter is measured every second. As can be seen in figure 36 the filament diameter fluctuates
significantly. Also, the diameter often exceeds the tolerance of 0.1mm for extended periods. The
extruded material showed no signs of stabilizing and no usable filament could be produced.
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Figure 36: The measured filament diameter for the first filament making attempt

After the first attempt the filament has been cut into pieces of roughly 4 mm long, which is shown
in figure 37. These cut pellets were then used with the extrusion machine again and they worked
significantly better. The pellets entered the barrel without any help and the output was a lot more
stable. In figure 39 the results from the second filament making process are shown. It can be seen that
the filament diameter shows a lot more stability. The diameter stays within the 0.05 mm tolerance
most of the time and only rarely gets to the 0.10 mm tolerance line. Some peaks exceed the 0.10
mm tolerance line, but these peaks are very brief and do not deviate too much from the 0.10 mm
tolerance. In figure 38 the resulting filament is shown in figure 38. It can be seen that the filament
shows a stable diameter and the filament is spooled neatly.

Figure 37: The cut filament prepared for the
second filament extrusion

Figure 38: The prepared filament after the
second filament extrusion
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Figure 39: The measured filament diameter for the second filament making attempt

Although the result was a lot better than the previous attempt it still sometimes overshoots the
tolerance of 0.10mm that is given by 3Devo [75], as can be seen by the peaks that exceed the red lines.
However, these abrupt high peaks are not caused by the prepared composite material. These peaks
are caused by the cleaning material that still was inside the machine when the composite material
was extruded. This material was harder to remove completely from the barrel than expected and
during extrusion small particles would come out with the filament resulting in an unstable output,
which is shown in the appendix in figure 57. Unfortunately, the filament was already contaminated
with the cleaning material, as can be seen in the appendix in figure 58 and there was no time to make
a new filament. However, the new methodology of cleaning the machine and creating the filament
has been tested with PLA, of which the result can be seen in figure 40. From the results of the
new methodology with PLA can be seen that the 0.10 mm tolerance is reached. Most of the time
the material is within the 0.05 mm lines, with some short peaks between the 0.05 mm and 0.10 mm
range, which shows that the filament output is stable and adequate for a usable filament throughout
the entire length of extrusion.

Figure 40: The measured filament diameter for the new methodology with PLA

For the 10wt% the optimal filament extrusion parameters are the settings found by 3Devo for regular
PLA, which are heaters 1 to 4 are set to 170 °C, 190 °C, 185 °C and 170 °C, the RPM is set to 3.5 and
the fan speed to 70 %. However, it was found that external influences had a more significant impact
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on the filament quality. Factors including the pellet size and density, cleanliness of the machine and
temperature of the pellets have shown to have a significant impact on the filament quality. This can
result in a situation where no usable filament can be created, even if the machine is set to the best
settings. Only when these factors have been addressed properly can be ensured that a good filament
can be made with the right machine settings.
For higher weight ratios of the magnetic material the filament extrusion parameters are not expected
to change as it has been found in previous research that with a wt.% of more than 40% the same
extrusion parameters are adequate [102].

4.3 3D printing process

The results of the prints can be seen in figure 41. It can be seen that the walls of the print are straight
and show no imperfections, such as elephant footing. Also, the pieces stuck well to the printing bed
and were very straightforward to remove due to the reduced bed temperature of 50°C. Furthermore,
the difference in layer height can be seen as the surface roughness of the bottom 3 layers is much
lower than that of the layers above. For the dimensional accuracy, the prints showed a difference
of 0.13±0.12 mm in the length, 0.27±0.09 mm in the width and 0.00±0.10 mm in the height. The
samples were able to be printed in less than 20 minutes. In the end, the 3D printing of the samples
worked as expected.

Figure 41: The printed samples

4.3.1 TGA

With the results from the TGA the quality of the prepared material can be evaluated. Furthermore,
the results from the TGA are needed for determining the residual flux density of the material in
Teslas. First, the TGA of the raw materials is evaluated. These results are shown in figure 42. As
can be seen, the PLA burns off almost completely, whereas the remaining 0.08mg can be explained
by impurities in the PLA, or impurities left on the measuring baskets, or it could be an error of
the machine due to the hanging wire rubbing against the machine. For the magnetite, it can be
seen that the weight increases by about 2%. This is caused by the oxidation of the iron(II)oxide to
iron(III)oxide, which increases the weight.
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Figure 42: TGA curve of PLA and Fe3O4 separately

With these analyses, the samples that have been used for the VSM can be analyzed. For the TGA
five samples are analyzed. The first two are the two samples that have been used for the VSM. The
other three samples are a piece of a tensile test sample, a piece of the actuation sample and a piece of
filament. These have been chosen to be widely spread along the prepared spool of filament to get a
good understanding of the magnetite dispersion along the spool. The result of the thermogravimetric
analysis of these samples is shown in figure 43. From the thermogravimetric analysis, it can be seen
that the measured weight percentage at 780°C is around 8.65%. Thus the actual weight percentage
of the magnetite in the samples is 8.65/1.02 = 8.48%, which is 15.2% lower than the expected 10%
weight percentage. This is most likely caused by a weighing error during the material preparation.
However, as can be seen from the results in table 5 the magnetite content shows very little deviation.
The difference between the lowest and the highest magnetite content found from the TGA is 0.026 %.
This shows that the magnetite has been mixed very well during the production processes. It should
be noted that this result does not only follow from the mixing during the material preparation. After
the material had been shredded it was mixed as well and the cut up filament after the first filament
making attempt was mixed again.
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Figure 43: TGA curve of PLA/Fe3O4 composite

Table 5: Results TGA PLA/Fe3O4 composite material

Magnetite content
(at 780°C) [wt%]

VSM 1 8.649
VSM 2 8.647
Sample 1 8.673
Sample 2 8.651
Sample 3 8.648

4.3.2 Tensile test

After the tensile tests the samples have been investigated. Three samples were used for the tensile
test to ensure that the results were accurate. One of these samples is shown in figure 44. As can be
seen in figure 44 the fracture shows a very abrupt break. No signs of ductility, or stretching of the
material can be seen. Thus the composite PLA material shows high brittleness, or poor toughness of
the PLA, which has also been found in previous research [19].

Figure 44: Fractured PLA/Fe3O4 tensile test sample

In figure 45 the stress-strain curve can be seen, which resulted from the tensile test. As stated in
section 3.8.1 the play in the machine needs to be compensated, as otherwise the results would show
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too much strain for the given stress. This would result in an incorrect tensile modulus. As can be
seen in figure 45 the rigid bar shows significant displacement. This displacement is caused by the
play in the machine, rather than the stretching of the material. This play needs to be compensated.
This has been done by subtracting the displacement at a certain force from the sample displacement
at the same force.

Figure 45: Tensile data of Fe3O4/PLA com-
posite samples and the rigid sample , compen-
sated for the play

Figure 46: Stress-strain curve for the compos-
ite samples, compensated for the play in the
testing machine

Table 6: Results stress-strain curve for compensated PLA/Fe3O4 composite samples

Yield strength [MPa] Elongation at break [%] Young’s Modulus [GPa]
Sample 1 60.29 6.38 2.04
Sample 2 58.94 4.13 1.98
Sample 3 59.53 5.36 2.02

The resulting stress-strain curve for the PLA/Fe3O4 composite material is shown in figure 46. In
table 6 these results are written out. From the tensile results can be found that the tensile strength
is 59.59±0.68 MPa, which corresponds with the data from table 2. The Young’s modulus is found by
determining the slope of the linear elastic section, which was determined to be 2.01±0.03 GPa, which
corresponds with the data of previous research about the mechanical properties of FDM printed PLA
[95]. As expected the mechanical properties of the printed parts are decreased from the mechanical
properties of regular non-printed PLA, as with the printing process the extruded material does not
completely bond to the previously printed material, which makes the printed parts weaker than
completely solid parts [19]. These defects can also be seen in the SEM images of the complete cross
sections of the tensile samples in the appendix in figure 59, by the triangles shown in the images.

4.3.3 SEM

In figure 47 the SEM images can be seen that have been made from the fracture surface of the tensile
test samples. These images are shown in more detail in the appendix in section C.2. Before the
SEM analysis the samples have been gold plated with the use of plasma-enhanced chemical vapor
deposition. On the SEM images in figure 47 can be seen that the white particles, which are the
magnetite particles, are dispersed throughout the darker PLA material. Also, it can be seen that the
particle size differs significantly. Furthermore, the size of the particles is a lot smaller than expected.
The supplier specification states that the particles are smaller than 5µm. In the SEM images no
particles were found to be close to 5 mum. Also, no large agglomerates were found. Figure 47a and d
show some agglomerates but it is hard to determine how many particles this agglomerate consists of,
due to the large size variation of the magnetite particles. However, the images show good magnetite
distribution throughout the material. Some regions in figure 47b and d show very few white particles,
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however on closer inspection it can be seen that on these regions the magnetite particles have been
pulled out and small craters are left where these particles used to be.

Figure 47: SEM images of PLA/Fe3O4 composite material fractured with tensile test

In figure 48 the EDX analysis is shown. First, in figure 48a the original SEM image is shown. Then
for figure 48b to d the EDX images are shown. The first one shows the EDX image for gold, which
corresponds to the entire image due to the gold plating of the samples. The second image shows the
locations where carbon has been measured. Carbon is found in the PLA and it can be seen that the
matrix material corresponds with figure 48c and the particles are shown in black. In figure 48d the
EDX image for iron is shown. Iron does not occur in PLA and thus the matrix material does not
show color. It can be seen that the magnetite particles correspond to the image. Lastly, the EDX
image for oxygen is shown. Although both PLA and magnetite contain oxygen atoms the magnetite
shows more than the PLA. This is due to the higher oxygen content of magnetite than PLA. As can
be seen, the particles in the SEM image correspond to the EDX image of oxygen. With the EDX is
shown that the particles shown with the SEM images are indeed magnetite.
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Figure 48: EDX images of fracture surface of PLA/Fe3O4 composite material: (a) original SEM
image, (b) EDX image for gold, (c) EDX image for carbon, (d) EDX image for iron and (e) EDX
image for oxygen.
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From the results of the 3D printing can be stated that the optimal printing parameters have been
found, where the nozzle has been changed to 0.8 mm to speed up the printing time, avoid nozzle
clogging and decrease the porosity. The layer height has been optimized to be smaller in the hinge
region with a layer height of 0.10mm to make the hinge stronger by consisting of three layers, instead
of one layer. The layer height of the rigid parts of the sample has been set to 0.30 mm to speed up
the printing time. Lastly, the heated bed temperature has been optimized to make the removal of the
prints better, as it was found that the standard heating temperature of 60°C made the prints stick
to the bed, which made the removal complicated, or sometimes impossible due to the fragile hinge.
The bed temperature has been set to 50°C.
With these improvements the prints were able to be printed in 20 minutes, whereas the same sample
with a 0.4mm nozzle and 0.1 mm layer height would take 85 minutes and a 0.8 mm nozzle with
0.1 mm layer height would take 53 minutes. Thus the printing time has been improved significantly
without compromising the strength, or function of the samples.
For higher wt.% the nozzle temperature is expected to decrease as with a wt.% of more than 40% a
nozzle temperature of 170°C has been found to be sufficient [102]. This is expected to be caused by
the increased heat transfer in the filament due to the addition of the metallic particles [102].
Furthermore, the TGA and SEM proved that the material has been mixed very well. The magnetite
content has been tested over several locations on the filament and has shown to be very close, which
indicates that the magnetite has been dispersed nearly homogeneously. In addition, the SEM images
show good dispersion and show adequate agglomeration forming.

4.4 Magnetization

The results of the magnetization can be seen in the in figure 49 and 50. Figure 49 shows the
measured magnetic field along the sample before the magnetization process. A magnetic probe is
used to measure the magnetic field. It is held in the direction of the red arrow and moved along the
sample in the direction of the green arrow. In figure 50 the measured magnetic field is shown after
magnetization. The measured sample’s magnetic field before magnetization was at most 0.23 mT,
whereas the measured magnetic field after magnetization was at most 0.06 mT. As can be seen from
figure 49 and 50 no significant change in magnetic field is found from the analysis. It was expected
that with the assumed residual flux density a magnetic field of around 500 mT to 1000 mT could
be measured. However, from the measurements can be stated that the magnetized material shows
no ability to retain the magnetism, which indicates that the residual flux density of the material is
significantly lower than assumed.
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Figure 49: Measured magnetic field of PLA/Fe3O4 composite prior to magnetization
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Figure 50: Measured magnetic field of PLA/Fe3O4 composite after magnetization

4.4.1 VSM

To evaluate the magnetic properties and to determine why the material showed significantly less
magnetism than expected the VSM is used. With the VSM a hysteresis curve is generated, which
shows the sample’s magnetic field strength over the applied magnetic field. The results of the VSM
are in magnetic moment (Am2), which is volume dependent. Furthermore, for the calculations of the
sample deflection the residual flux density in Teslas is needed. Thus the results are converted from
magnetic moment to Tesla using equation 15 with the found magnetite content of 8.65 wt%. The
converted results of the VSM can be seen in figure 51 together with the zoomed-in graph to better
show the curve around the origin. The original results of the VSM in magnetic moments are shown
in the appendix in figure 64. For the VSM two samples have been tested, to ensure that the results
are accurate. These samples were two 3D printed cylinders with a 3.5 mm length and a diameter of
2.9 mm.
From figure 51 it can be seen that the samples have been saturated, as the sample magnetic field
stopped increasing with the increased applied magnetic field. The sample field at saturation was
found to be 0.55T. Also, it can be seen that the samples show very little hysteresis, as the sample
field decreases significantly when the applied field is removed. Additionally, the hysteresis loop is
very thin at y = 0, thus the material shows very little coercivity. From figure 51 can be seen that
the residual flux density of the sample is 0.029 T, where 0.5 T was expected. This shows that the
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material is unable to retain much magnetism, as the material was saturated to 0.55 T and thus was
only able to retain around 5 %. Also, it can be seen that the coercivity or the horizontal distance
between the two points at y = 0 is very small. The coercivity is found to be -6 mT. This shows
that a very small amount of magnetic field is capable of completely removing the magnetism of the
material. The results from the VSM justify the results from the magnetization in figure 50.

Figure 51: VSM curve for 3D printed cylinder of PLA/Fe3O4 composite material

Table 7: Results VSM for 3D printed cylinder of PLA/Fe3O4 composite material

Magnetic moment [Am2] Remanence [mT] Coercivity [mT]
Sample 1 1.087 · 10−5 29.0 -6.10
Sample 2 1.114 · 10−5 28.4 -6.26

4.5 Remanence for different volume fractions

One possible hypothesis for the low magnetic properties could be that they are caused by the low
magnetite content in the samples. However, in previous research the remanence was found to be
almost constant for different volume fractions, where the remanence even increased for volume frac-
tions lower than 10% [103]. The results from this research can be seen in figure 52 and 53. As
can be seen in figure 52 the magnetic moment at the saturation field and when the field is removed
increase almost linearly for the increase in volume fraction. This magnetic moment can converted to
Tesla’s with equation 15. When the volume fraction is multiplied by two, for example from 5vol.% to
10vol.%, then the magnetic moment (µ) is also multiplied by two. However, for calculating the Tesla
the magnetic moment is divided by the volume of the magnetic material, thus if the magnetic moment
increases with the same amount that the volume is increased then the resulting Tesla remains the
same. This result can be seen in figure 53, where on the y-axis the remanent magnetization in Tesla’s
is shown with the blue triangles. Also from figure 52 it can be determined that the coercivity does
not change with the increased volume fraction.
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Figure 52: The VSM results for barium ferrite with different volume fractions [103]

Figure 53: The VSM results for barium ferrite with different volume fractions in Tesla’s [103]

In another research the magnetic properties of PCL/PLA/Fe3O4 nanoparticles were investigated for
magnetite contents of 5 wt% to 60 wt% [53]. The results of this paper can be seen in figure 54.
The results show a similar trend to the results in figure 52 and 53, where the VSM curve shows a
linear relation with the magnetic material content and the saturation magnetization. Furthermore,
the normalized magnetization shows that the magnetization of the samples is the same for every
magnetite content when normalized to the weight. Upon closer inspection, it can be seen that the
same trend is seen as in figure 53, where the lowest magnetite content shows the highest magnetization
when it is normalized. Again it can be seen that the coercivity is not affected by the magnetite content.
This shows that even if enough magnetic material were to be added to achieve a sufficient magnetic
moment the applied magnetic field would be enough to remove the magnetism, thus it would still not
be usable for actuation.
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Figure 54: VSM curves for PCL/PLA/Fe3O4 nanoparticles for magnetite contents of 5 wt% to 60
wt%: (a) original VSM values and (b) normalized VSM values for the mass at 10 K [53]

4.5.1 Magnetic properties

With the results found from the magnetic characterization it can be stated that the magnetic prop-
erties of the PLA/Fe3O4 composite material are insufficient for the expected use. Instead of the
expected 0.5 T to 1.0 T the material showed a residual flux density of 0.029 T. Also, the coerciv-
ity is very low thus the material is not resistant to applied magnetic fields. Furthermore, with the
calculations of section 3.4.1 and the residual flux density found with the magnetic characterization
in section 4.4 of 0.029 T a deflection of 1.37° can be calculated. From these results follows that the
samples cannot be actuated. Also, the coercivity shows that even if the material showed sufficient
remanence then the magnetism of the samples would be removed by the actuation field of 50 mT.
Thus no results can be shown for the actuation.
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5 Conclusion

This study aimed to develop a chemical production methodology for a PLA/Fe3O4 composite mate-
rial. Additionally, a methodology for making a filament from the prepared material is proposed. The
filament was used with an FDM printer to produce parts featuring a compliant hinge. These parts
were magnetized and the possibility of actuating the parts with a magnetic field was investigated.
Lastly, the material and printed parts were characterized on mechanical and magnetic properties.
The prepared material showed good results, with batches of up to 66 grams of PLA being produced
at once. Also, the magnetite particles showed sufficient mixing. The DSC results showed that the
glass transition temperature and melting temperature fell within the expected range given by the
supplier. The proposed methodology was found to be successful.
For the filament making the shreds were pushed out by the screw due to the low density. The shreds
had to be forced into the barrel, which made the extrusion very unstable. The resulting filament was
then cut up into pieces of about 4 mm in length and was extruded again, which proved to be success-
ful. The preset of PLA was used and these were found to be the optimal settings. It was found that
adequate preparation of the materials and machine had much more impact on the filament. Factors
such as the pellet size and density, cleanliness of the machine and temperature of the pellets have
shown to have a big impact on the filament output. In the end, an adequate filament was produced
and the proposed filament making methodology was found to be successful.
For the sample design the dimensions have been optimized for a deflection of 30 °, with a maximum
magnetic field of 50 mT, a weight percentage of 10 % for the magnetite and a residual flux density of
0.75 T. Also the hinge thickness has been set to be at minimal 0.3 mm, as with this the hinge could
still consist of 3 layers of 0.1 mm. With these parameters the optimized sample dimensions have been
found, which are a hinge of 20 /10 /0.3 mm and a rigid part of 40 /10 /7.5 mm.
With the filament and the sample dimensions the parts could be printed. The prints showed good
results with a good dimensional accuracy of at most 0.27±0.09 mm. The printing has been optimized
by using a 0.8 mm nozzle. This avoids clogging, speeds up the printing and decreases the porosity,
which makes the parts stronger. Also, the layer height has been optimized by combining the G-code
of the first 3 layers for a 0.1 mm layer height and the other layers with a G-code of a 0.3 mm layer
height. Lastly, the bed temperature was set to 50 °C to make the print easier to remove. All in
all, this resulted in a print time of 20 minutes, which is an improvement of more than 4 times when
compared to the unoptimized printing sequence.
From the TGA and SEM was found that the magnetite content was about 15 % less than expected,
which is likely caused by a weighting error. However, the magnetite content showed very little
deviation. This shows that the magnetite has been dispersed throughout the material very well.
Additionally, the SEM images showed good dispersion. Also, no significant agglomerate forming was
found. The SEM images also showed that the particle size differed significantly. This made it harder
to determine the amount of particles present in the agglomerates. With the samples printed the mag-
netic properties of the samples could be found. It was found that the samples showed no significant
magnetic properties after magnetization. The result from the VSM showed that the material had a
residual flux density of 0.029 T, instead of the expected residual flux density of at least 0.5 T. Also
it has been found that increasing the ratio of magnetite would be unlikely to change the results as
in other papers has been stated that the remanence of the magnetic material slightly increased with
low volume fractions. Additionally, it was found that the coercivity is too low to use this material
for actuation, as the magnetite would lose its magnetism as soon as an external force of more than 6
mT is applied.
The mechanical properties of the material were characterised using a tensile test. The results were
found to be similar to the results found in other literature. The samples showed a brittle fracture at
around 60 MPa. The Young’s Modulus has been found to be 2 GPa.
In the end, this research proposed a successful methodology for making the PLA/Fe3O4 composite
material where batches of 66g of PLA could be made at once. With this material filament has been
made, for which the methodology has shown good results. This filament was then used with an FDM
printer, which again showed good results. The magnetite was found to be nearly homogeneously
mixed throughout the filament. Additionally, the possibility of actuating the prepared material was
investigated. The magnetite showed almost no ability to retain magnetism and due to this the sam-
ples were not able to be actuated. However, the methodologies that have been found during this
research can be used with a different magnetic powder to achieve samples that can be actuated. This
will be explained in more detail in the recommendations in section 5.1.
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5.1 Recommendations

During this research some aspects have been found that can be improved for future research. These
aspects are explained in this section. For the material preparation the heating plate showed to be
the biggest bottleneck for scaling up the process, as due to the heating that only takes place at the
bottom of the beaker the amount of material cannot be too far from the heating location. Further
research could be done to find the maximum height of material that can still be sufficiently heated.
Or a better, but more costly and time-consuming process would be to avoid the heating plate entirely
and make a mould that could be heated. The prepared material could then be dried inside the mould.
Where it could be removed afterwards. This removal could be improved by making the mould out
of more than one part. Another improvement that could be made is the porosity of the shreds.
This promoted the shreds from getting pushed out of the barrel during extrusion. In this research
a different methodology for chemically producing the PLA/Fe3O4 composite material has evaluated
because the method in the reference papers resulted in a thin film, had quite some waste material
and used significant amounts of solvent. However, the thin film showed very little porosity, which
could improve the filament making process.

For the filament making the process had to be executed twice, because the first filament showed
a very unstable diameter. This filament was cut into pieces of 4mm and was used for creating a
good filament. However, methods could be found to make the shreds enter the machine in a stable
rate directly, which would make it possible to avoid the second filament extrusion. One possibility
has been proposed in a different thesis where a stopper has been designed, which is inserted in the
hopper of the filament extruder. It was found that the stopper improved the material flow [101].
Furthermore, methods for applying even pressure on the pellets could be investigated. For example,
a heavy object could be placed on top of the shreds to make the shreds enter the barrel more easily.

To achieve a magnetic composite material that can be actuated a different magnetic filler should
be used. Possible materials include, but are not limited to, ferrite and neodymium. Ferrite has
a residual flux density of around 0.4T [104], which is similar to the residual flux density that was
used for the calculations. Neodymium has a residual flux density of more than 0.9T [105], thus that
material has a stronger magnetic field than what was used for the calculations for this research. These
proposed materials also have better coercivity of 300mT for the ferrite and more than 1000mT for
the neodymium magnets [104, 105].

Lastly, multi-material printing could be investigated to improve the properties and functionality of
the printed products. In this research the samples consisted of one material to keep the design more
simple and decrease the ambiguity as much as possible. However, the material properties of PLA
make it a bad candidate for the hinge material, due to its high tensile strength and low ductility.
Instead of only using PLA for the samples a mixture of PLA and, for example, TPU could be used.
Also the hinge could be printed from a different material than the rigid magnetic material. If the
hinge were to be printed from TPU the hinge could be more than 5 times thicker due to the lower
tensile modulus.
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A Material preparation

A.1 Flowchart

Figure 55: The first half of the flowchart for the chemical material preparation method of PLA/Fe3O4

composite material
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Figure 56: The second half of the flowchart for the chemical material preparation method of
PLA/Fe3O4 composite material
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B Filament making

B.1 Contamination of filament with cleaning material

Figure 57: The cleaning material in PLA re-
sulting in unstable diameter

Figure 58: The contaminated magnetic mate-
rial
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C 3D printing

C.1 SEM images of full sample

Figure 59: SEM images of complete fracture surface of PLA/Fe3O4 composite material fractured
with a tensile test
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C.2 Larger SEM images

Figure 60: SEM image of PLA/Fe3O4 composite material fractured with a tensile test (figure 47a)
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Figure 61: SEM image of PLA/Fe3O4 composite material fractured with a tensile test (figure 47b)
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Figure 62: SEM image of PLA/Fe3O4 composite material fractured with a tensile test (figure 47c)
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Figure 63: SEM image of PLA/Fe3O4 composite material fractured with a tensile test (figure 47d)

C.3 VSM before conversion

Figure 64: VSM curve for 3D printed cylinder of PLA/Fe3O4 composite material in magnetic moment
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