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Abstract 
This thesis presents a multiscale investigation and characterization of additive manufactured 
Polyamide material using fused deposition modelling technique. Manufacturing was 
performed using Markforgeds – Mark one 3D printer.  A multiscale investigation dedicated to 
minimizing the effect of shape distortion during 3D printing are presented, focusing on both 
molecular alignment in microstructure and implementing internal structures in 
mesostructure. Characterization on samples investigating microstructure was performed with 
coefficient of linear thermal expansion measurement and 3-point bending experiment. 
Different samples with varying infill patterns are tested and results indicates an isotropic 
behaviour through the manufactured samples and implies no molecular alignment due to 
printing pattern. In meso-structure, an implemented internal pattern is investigated. All 
samples are measured with 3D scanning equipment to localize and measure the magnitude of 
shape distortion. Attempts to find relationships in shape distortion and porosity between the 
samples resulted in no observed trends. Compressive experiments where performed on 
samples in axial- and transverse directions resulting in anisotropic behaviour. The largest 
compressive stiffness is recorded in axial direction reaching 0,33 GPa. The study is done in 
collaboration with Swerea SICOMP and Luleå University of Technology. 
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1 Introduction  
 

1.1 Background 
The Additive manufacturing (AM) industry continuous to increase over the years, looking at 

the wholer report 2017 [1], 97 companies manufactured and sold AM systems in 2016. This is 

a significant increase from 62 companies in 2015 and 49 in 2014. It has in recent years gained 

allot of interest from the industry and has been found to be a good addition to more 

traditional manufacturing methods. This has resulted in highly optimized products which uses 

less raw materials and saves both time and energy during manufacturing. 

 

Additive manufacturing was already introduced during the 1980. It’s a manufacturing process 

based on joining material together making 3D models using layer by layer data. Mainly its 

thermoplastic polymers that are used, but in recent years’ additional materials have been 

developed in the AM such as fibre and polymers, metal and polymers and finally metal. The 

main reasons companies are investing in 3D printers are presented in figure 1 [2]. As illustrated 

the main areas are prototyping and innovation.  

 

An advantage of using a 3D printer are that it uses recyclable material. Thermoplastic 

polymers which represent approximately 50% of the AM market can reshape during heating. 

The AM process also have free complexity and contribute less waste when only the materials 

needed are extruded in the printer [1]. 

 

 

 
Figure 1: The main reasons companies invest in a 3D printer [2] 
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1.2 Motivation 
The work presented in this thesis are in corporation with Swerea SICOMP in Piteå and Luleå 

University of Technology. In recent years, additive manufacturing has gained a lot of interest 

of the industry as a good addition to more traditional manufacturing techniques. The gained 

interest results in highly optimized products using less material, reduction in both printing 

time and energy consumed during printing.  Even if the manufacturing technique where 

introduced in the 1980s, a good tool to predict the final properties of the material is still 

missing. A tool that can compensate the shrinking that takes place in the cooling of the 

material and predict the final mechanical properties of the printed part.  

 

 

1.3 Objective 
To minimize the effect of shape distortion during additive manufacturing, it is very important 

to understand the behaviour of the material when it undergo spatially variable heating. In this 

project, the objective is to investigate if there is a trend in additive manufacturing between 

manufacturing tool path, shrinking of the material and the final mechanical properties. If there 

is, conclusions can be drawn on how to optimize the toolpath of the printed material to obtain 

less shrinkage and higher mechanical properties.  

 

The work in this project is a multiscale investigation focusing on both microstructure and 

mesostructure. In microstructure, an internal pattern is implemented to find anisotropic or 

isotropic behaviour on the thermal and mechanical properties. The result is aimed relate the 

its behaviour to the internal structure on the molecular level to minimize shape distortion. In 

the investigation of mesostructure, an internal structural pattern is implemented inside the 

geometry. Shape distortion will be measured on samples with different infill percentage, 

geometry and infill pattern. The intention is to find trends in shape distortion based on these 

different configurations. Additional mechanical testing is aimed to link the mechanical 

behaviour to the magnitude of shape distortion. 

 

  

1.4 Methodology 
To reach the objectives in this thesis work, the material and its environment are characterized. 

Differential scanning calorimetry and temperature measurements during printing will clarify 

transition temperatures and the temperature of newly extruded material. Due to the 

multiscale investigation, experiments are performed separately on each scale. 

 

In microscale, the thermal properties are measured finding the coefficient of linear thermal 

expansion on the material in different directions while the mechanical properties investigated 

are flexural properties. These are tested with 3-point bending on several configurations of 

internal infill pattern. Anisotropic or isotropic behaviour are in micro-scale, dependent on the 
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molecular chains. Anisotropic behaviour, would due the internal patterns result in probable 

alignment of molecular chains.  

 

In mesoscale, internal patterns are implemented with varying geometry, infill percentage and 

infill pattern. To measure shape distortion each sample is scanned and compared to its CAD 

geometry. Each sample is also measured to confirm the reliably of the input data such as infill 

percentage. Investigating the trends in volume difference on each parameter, optimized 

configurations will be found to minimize shape distortion. Each sample is also compression 

tested to find the compressive properties in both axial and transverse directions.  
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2 Theory 
 

2.1 Additive manufacturing 
Additive manufacturing is the formalized name of rapid prototyping which it was called during 

the middle 1980s when introduced by companies located in the United states, France and 

Japan [3]. The similarities between the patents of the companies were the idea to create a 

three-dimensional structure by successively adding layers on top of each other. The 

motivation that drove the development of rapid prototyping further were the possibilities to 

rapidly create a part representation before final release. Designers would rather like to have 

a physical model than a computer model or line drawing of the new designed part. The 

advantages are visualisation and the possibility to perform real tests on the part if the 

computer model and FEM simulations are adequate.  

 

Since the 1980s several different additive manufacturing systems have been developed. They 

are all able to build the part in one step regardless of its complexity and possess the speed 

advantage by reduction in processing steps or by speeding up the whole product 

development. A summary of the combinations between starting material forms included in 

additive manufacturing, respective RP/AM system, typical materials used for that particular 

system, layer forming process and channel modes are presented in table 1 [3].  

 
Table 1: Additive Manufacturing starting materials, layer forming process and channel mode are summarized [3] 

Starting  
material form 

RP/AM system Typical material types Layer forming  
       process 

Channel mode 

Liquid polymer SL Photopolymer Laser curing Moving point 

 
MPSL Photopolymer Laser curing Layer-wide 

Powders SLS Polymer, metals Laser melting or 
sintering 

Moving point 
    
 

3DP Binder applied to  
polymer powders 

Droplet-based  
printing head 

Moving line    

Molten material FDM Polymers, wax Extruder head Moving point 

 
DDM Polymers, wax, low 

melting point metals 
Droplet based  
printing head 

Moving point or 
moving line 

  

Solid sheet LOM Paper or polymer Laser or knife Moving point 

RP/AM system: SL = stereolithography, MPSL = mask projection stereolithography, SLS = selective laser 
sintering, 3DP = three-dimensional printing, FDM = fused deposition modelling, DDM = droplet deposition 
manufacturing, LOM = laminated object manufacturing 
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 The additive manufacturing process 
The control instructions for rapid prototyping and additive manufacturing most commonly 

involves the following steps [3]: 

 

1. Geometric modelling: Creating a model of the component in a CAD system. Solid 

modelling is preferable due to its complete and explicit mathematical representation 

of the geometry. Solid modelling also manages to distinguish the interior from the 

exterior which is the most important issue during this step. 

2. Tessellation of geometric model: The CAD model is converted into the tessellation 

format STL which is the standard tessellation format today. The surface is the CAD 

model is converted into a surface made of triangles arranged to distinguish the interior 

from the exterior in the model.  

3. Slicing of the model into layers: The STL file is sliced into parallel horizontal layers 

closely packed to each other. In rapid prototyping and additive manufacturing, the 

horizontal layers are formed in the x-y plane while the layering occurs in the z-

direction. Each layer is subsequently added by the additive manufacturing system 

resulting in a physical model.  

 

Additive manufacturing is often compared to Computer numerical control (CNC). CNC is a 

subtractive manufacturing technique starting with a solid block of material. A sharp rotating 

tool or cutter is removing material until it reaches the desired shape. The manufacturing 

method is used in both smaller and larger companies with higher production rate and offers 

good repeatability, high dimensional accuracy and good surface finish [4]. In general CNC 

machines require more input than AM and is more suitable for simple geometric designs. The 

advantages with AM compared to CNC are [3]: 

 

➢ Manufacturing speed 

➢ No need for CNC part programming, because the CAD model is the part program in AM 

➢ Geometry complexity of parts 

 

The CNC machine can remove material at faster speed than AM machine can build. The 

complexity of the geometry is almost unlimited due to that AM machines can use support 

material during the construction. The support material is later removed when the part is 

finished but ensure building quality and reduce dimensional errors.   
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 Fused deposition modelling  
Fused deposition modelling (FDM) are in the category of molten material systems in additive 

manufacturing. It was developed in the 1990s by Stratasys Inc. and are today one of the most 

sold rapid prototyping systems in the world. It’s a manufacturing technique using a work head 

extruding thermoplastic polymer. The work head finish one layer at the time in the x-y plane 

and are moved up in the z-direction by a distance equal to one layer. The starting materials 

are solid filament rolled up on a spool fed through the work head. The work head is heating 

the material up to approximately 0.5°C above its melting point before extruding it. The 

extruded material is solidified and cold welded onto the previous layer in about 0.1 s. More 

complex geometries need support structures to be manufactured. The support structure is 

created by a second work head extruder using another material that can be rapidly separated 

from the intended structure. Advantages and disadvantages of fused deposition modelling are 

listed in table 2 and an illustration of the process are shown in figure 2. 

 
Table 2: Advantages and disadvantages of fused deposition modelling [5] 

Advantages: Disadvantages: 

       Commercially available -        Not suitable for detailed products 

       High recycling -        Not suitable for thin walled products 

       Eco-friendly -        Lower quality at surface 

       Wide range of polymeric material can be used -        Slow for compact products 

       Cheap machines -        Support is needed in some cases 

  
-        Slower for big products 
-         Difficulties creating sharp corners 

 
 
 

 
Figure 2: Illustration of Fused deposition modelling system [5] 
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2.2 Thermoplastic polymers 
Polymers can be divided into two major categories, thermoplastics and network polymers. 

Thermoplastic polymers consist of either chained or branched chain molecules which can be 

reshaped during heating.  Network polymers have a molecular network structure and once 

solidified they cannot be reshaped. Thermoplastic polymers are separated into two major 

categories, Amorphous and semi-crystalline. Amorphous thermoplastics has no long-range 

order in their structure.  Figure 3 illustrates the linear and branched chain molecules together 

with amorphous and semi-crystalline molecular structure of thermoplastic polymers [6]. 

 
Figure 3: Linear and branched chain molecules together with, amorphous and semi-crystalline molecular structure 

The disordered randomly coiled molecular chains in amorphous polymers are frozen in from 

the liquid state. Semi-crystalline polymers on the other hand have partial order in their 

molecular structure. The tightly packed domains in the molecular chain is called crystallites 

and it usually occurs by chain folding. The name semi-crystalline refers to that the crystallinity 

never reaches 100% due to the large length of polymer chains which prevent perfect order. 

Table 3 is listing some of the most common thermoplastic polymers and their mechanical 

properties used in the additive manufacturing industry which were found in the CES Edupack 

2016 polymer database.  

 
Table 3: Material properties of some of the most common thermoplastic polymers used in additive manufacturing 

Matrix Molecular 
structure 

Density 
𝑘𝑔/𝑚3 

Young’s 
Modulus 

GPa 

Tensile 
strength 

MPa 

Tm 
℃ 

Tg 
℃ 

ABS Amorphous 1020 – 1080 2 – 2.9 30 – 50 - 88 – 120 

PC Amorphous 1190 – 1210 2.32 – 2.44 62.7 – 72.4 - 142 - 158 

ASA Amorphous 1050 – 1060 1.51 – 2.34 27.6 – 51.7 - 101 - 116 

Nylon 6 
(Toughened) 

Semi-crystalline 1070 - 1100 0.782 – 0.976 95.4 – 117 44 – 56 89.1 – 90.9 

PLA Semi-crystalline 1240 – 1270 3.3 – 3.6 47 – 70 145 – 175 52 – 60 
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 Polyamides 
Polyamides are either all aliphatic or all aromatic and are produced either by ring opening 

polymerization of lactams or by reaction of a diacid and a diamine. The aromatic polyamide, 

also referred to as “aramids” are more expensive and harder to produce then aliphatic 

polyamide. The aramids possess higher strength, flame and heat resistance, better solvent 

and greater dimensional stability then all the aliphatic amides. The aromatic structure with its 

strong hydrogen bonds between the aramid chains result in good thermal properties with a 

high melting point, usually above the decomposition temperature > 398℃.  

 

The aliphatic polyamides are much more common and manufactured in a much larger scale. 

During injection moulding they are Amorphous or slightly crystalline. The two most common 

and important aliphatic polyamides are polycaprolactam (nylon 6) and poly(hexamethylene 

adipamide) (Nylon 6,6). They both have good mechanical properties such as high flexibility, 

high tensile strength, low creep, high impact strength (toughness) and good resilience. Both 

have good mechanical properties at elevated temperatures due to their high glass transition 

temperature and melting temperature of 260 − 283℃ [7].  

 

The main drawback of Nylon 6 and Nylon 6.6 is that they are sensitive to moisture which 

results in decreasing mechanical properties. The moisture/water act as a plasticizer and can 

reduce the tensile strength by over 50%. An aliphatic polyamide that have better moisture 

resistance is Nylon 6,12. It’s less hydrophilic than Nylon 6 and Nylon 6,6 due to the larger 

number of methylene groups. Unfortunately, properties that comes to expense are degree of 

crystallinity, melting point and mechanical properties. The chemical structure of aliphatic- and 

aromatic polyamides are illustrated in figure 4 [8].  

 

 
Figure 4: Aliphatic- and Aromatic polyamide [8] 

The applications for Nylon fibres are textiles, carpets and fishing lines while Nylon films is used 
in food packaging. Nylon films offering low gas permeability, toughness and temperature 
resistance. Other applications are found in the automotive industry where it is used as 
replacement for metal part. An example is car engine components where the Nylon is 
corrosion resistant, tough, lighter, and cheaper than aluminium. Nylon is also good for high 
load part in electrical applications due to high toughness, corrosion resistance and electrical 
insulation [7]. In figure 5 its illustrated how the glass transition and melting temperature of 
Nylon 6,6 compares to other thermoplastics [9].  
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Figure 5: Comparison of glass transition temperature with melting temperature for several thermoplastics [9] 

 

2.3 Shape distortions 
One of the big drawbacks that is hard to overcome in FDM is shape distortion. It occurs due 

to that during the additive manufacturing, parts undergo spatially variable heating, melting, 

solidification and cooling [10].  

 

During an increase of temperature, the material generally expands which can be measured in 

either length, area or volume. The orientation of the molecular chains, especially crystalline 

polymers, will affect the expansion or contraction and cause anisotropy. Some of the factors 

effecting thermal expansion on thermoplastics are [6]: 

 

➢ Crystallinity: During processing of thermoplastic polymers contraction are of bigger 

importance due to shrinkage which are encountered during plastic production. 

Contraction leads to either the creation of voids inside the part or a decrease of surface 

area. A higher crystallinity is generally related to a lower expansion.  

Comparing crystalline- and glassy amorphous plastics, most crystalline plastics show 

higher expansion.  The crystalline plastics are more sensitive to temperatures than 

glassy amorphous plastics due to that the amorphous region inside the crystalline 

plastics are in its rubbery state. 

 

➢ Orientation: Thermal expansion is restricted by chemical bonds. A thermoplastic 

showing certain orientation of the molecular chains is predicted to have anisotropic 

thermal properties. The thermal expansion is expected to be lower in the orientation 

direction. 

 

As a result, due to shrinking, internal stresses are induced in the manufactured part. The 

addition of several layers will increase the internal stresses and the part will eventually start 

to deform. This is referred to as shape distortion or thermal distortion. A simplified procedure 

of how distortion arise during additive manufacturing is illustrated in figure 6.  
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Figure 6: Simplified procedure of shape distortion during additive manufacturing 

Shape distortion results in dimensional inaccuracy and effect performance of the fabricated 

part. There are several types of distortions such as; longitudinal shrinkage, transverse 

shrinkage, angular distortion, bowing and dishing, buckling and twisting. The printing 

parameters of the FDM system show big impact on the magnitude of shape distortion. 

Optimization of these parameters based on manufacturing technique and material used are 

of big importance to achieve a   printed part with high dimensional accuracy. Illustrated in 

figure 7 are the effect of parameter optimization and possible magnitude of shape distortion 

during printing [11].  

 

 
Figure 7: Left; High shape distortion. Right; Result of parameter optimization [11] 
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 Influencing 3D printing parameters 
 In FDM process there are several parameters influencing the dimensional accuracy of the 

manufactured part. Mahdi Kaveh et al. [12] presented that the parameters that affect the 

dimensional accuracy can be divided into two categories as presented in table 4. In FDM 

process where one layer is placed at the time, the build parameters can be individual for 

each layer. Further short description on the above parameters are presented in the 

following chapters. 

 
Table 4: FDM process parameters that will affect the dimensional accuracy [12]. 

Process parameters Polymer dependent parameters 

Layer thickness Extruded temperature 
Orientation Feed rate 
Air gap Flow rate 
Raster angle Raster width 

 
 

2.3.1.1 Raster width and air gap 
In FDM the part is build up by layers where the cross section of each layer contains rasters and 

contours. The raster is the filament deposited by the extrusion head to fill up the interior, 

whereas the contour extruded filament is ensuring the bound of the layer. The raster width is 

the width of the extruded filament and are dependent on the feeding rate, flow rate and linear 

moving speed of the extrusion head. These parameters are further explained in the following 

chapter. The air gap between rasters are explained as internal cavities in the part which part 

wise can be controlled by the designer. 

 

Depending on the intention of the manufactured part its parameters can be optimised. A part 

which purpose is visualization where the contours and dimensional accuracy is prioritized 

internal cavities are desired. As shown in figure 8a internal cavities are introduced between 

the extruded filament rasters and contours. The rasters are not effecting the contour 

filaments while in figure 8b the rasters and contours are overlapping to reduce the cavities in 

the manufactured part. A reduction of cavities and higher infill density will result in a stronger 

and more rigid part [13]. 

 
Figure 8: 8a illustrating internal pattern when the dimensions accuracy is the priority while 18b shows a reduction of internal 

cavities and overlapping extruded material resulting in dimensional errors [13] 
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2.3.1.2 Raster angle and orientation of fill pattern 
The raster angle or the orientation of infill pattern have been a hot topic of research in the 

FDM area in recent years. The raster angle, which can be explained as the angle between 

raster and x axis are shown in figure 9. The angle and its effect on mechanical properties is the 

focus in research while its influence on shape distortion are a less researched area.   

 

 
Figure 9: Illustration of raster angle [12] 

 
The effect of raster orientation was investigated by O.S. Carneiro [11] testing the mechanical 

properties of polypropylene manufactured through FDM process. The results showed that the 

0° layer which was in the longitudinal direction of the tensile test showed significant higher 

properties then 45°, 90°, 0 − 90° and ± 45° which showed similar results to each other. Any 

research on the raster orientations effect on dimensional accuracy have not been found. 

 
 

2.3.1.3 Feeding rate, flow rate and linear movement speed 
In FDM process the feeding rate and flow rate are dependent on each other. The flow rate is 

the amount of extruded material from the nozzle per unit time while the feed rate can be 

described as the linear moving speed in a certain direction. To be able to keep a constant 

raster width during the manufacturing an increase in feed rate will also need an increase in 

flow rate. An optimization of the path width by changing linear plotting speed and feed rate 

ratio will result in a change of extruded material. A wider raster width will increase the 

bonding between adjacent material and increase the mechanical properties but strongly 

effect the dimensional accuracy of the part. A smaller width on the other hand will ensure 

dimensional accuracy but have an increase in manufacturing time.  The dependence of feeding 

rate and linear plotting speed is simply illustrated in figure 10 [14]. 
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Figure 10: Dependence of feeding rate and linear plotting speed [14] 

 

2.3.1.4 Layer thickness and Temperatures 
As mentioned earlier each additive manufactured part is builder up by layers. The layer 

thickness which is a parameter the designer can change are a parameter that strongly effect 

the dimensional accuracy of the part. A thicker layer will give lower dimensional accuracy but 

also a reduction in printing time. 

 O.S. Carneiro et al. [11] presented research on the impact of layer thickness on mechanical 

properties. The results showed a slightly increase in tensile strength with an increase in layer 

thickness. A possible reason of this behaviour is the lower number of interfaces in the 

manufactured part.  They also stated that the printed material and the bed showed most 

promising results to improve adhesion if they both are of the same material. This ensured 

chemical compatibility and reduced the part from dislocate or warp from the bed.  

 

The temperatures of the extruded material are usually slightly above the materials melting 

temperature due to that the newly extruded material will weld together with the previous 

layer but also to obtain the desired rheological aspects. 
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 Minimization of shape distortion 
During the last decade, the price for a FDM 3d-printer has decreased significantly and have 

made it possible for the home user to purchase it without spending a fortune. With an 

increasing market, it also becomes that more home users are exploring the possibilities to 

decrease the shape distortion during 3D printing. Because of the repeatedly heating and 

cooling during the manufacturing, shape distortion is hard to avoid. Several suggestions to 

minimize its magnitude are found on internet forums and from Markforgeds own blog where 

they are explaining how they are facing this problem. The presented suggestions are manly 

for Markforgeds own 3d printers but some may also apply as general.  

 

On Markforgeds own blog [16] they are presenting 5 commandments for a good print with 

the Markforged – Mark one printer. The 5 commandments are presented below: 

1. Level print bed: This will ensure that the print bed is not in any inclination in the z-

plane and that the distance between the nozzle and the bed is constant over the whole 

bed. There is a built-in levelling routine in the Markforged – Mark one printer. 

2. Wash the bed with warm water and dry it: To wash the bed with warm water will 

increase the temperature on the bed.  

3. Glue stick: To add a small layer of glue on the bed will increase the adhering and act 

as a release agent when the print is finished. 

4. Use brim and supports if needed: Brim is an option in Markforgeds printing software 

Eiger. Brim is an added thin layer around the part to increase the contact surface 

between the part and the bed.  

5. Optimize design for z-axis: Always try to orient the part so the largest flat side is 

placed against the print bed and most the part is printed on the z-axis. This will 

maximize the possibility of a successful print.  

 

Applying these mentioned suggestions will according to the manufacturer improve the 

dimensional accuracy of the 3D printed parts. 
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3 Manufacturing 
 

3.1 Materials 
The material used in this project is Nylon (Polyamide) provided by Markforged which is the 

same manufacture as the 3D printer. The material is by the manufacturer suitable specific for 

the Markforged 3d-printer and the provided material data is presented in table 5 [15]. 

Material properties of interest not defined by the manufacturer are transition temperatures 

and linear thermal expansion. The material is in a wire form having a diameter of 1.75 mm. 

 
Table 5: Provided Material data of Nylon from Markforged [15] 

Property Test Standard Nylon 

Tensile Strength [MPa] ASTM D638 54 

Tensile Modulus [GPa] ASTM D638 0.94 

Tensile strain at break [%] ASTM D638 260 

Flexural Strength [MPa] ASTM D790* 32 

Flexural Modulus [GPa] ASTM D790* 0.84 

Flexural strain at Break [%] ASTM D790* N/A** 

Heat Deflection Temperature [°C] ASTM D648 Method B 44-50 

Density [g/cm^3] N/A 1.10 

*Measured by method similar to ASTM D790. 
**Flexural strain at break is not available because Nylon does not break before the test ends. 

 

Some previous research has been done on the same material and 3d printer from Markforged 

by Swerea SICOMP [17]. The experiments are tensile test on both nylon and the fibre material 

compatible with this printer, DMA of nylon samples and burn test of nylon and fibres to 

determine fibre and nylon fraction. The tensile stiffness and strength where measured to 0.89 

GPa and 29.54 MPa respectively. 

 

The exact specification of Polyamide used in Markforgeds nylon material is not provided. The 

most traditional Polyamides are presented in table 6 together with melting points and 

enthalpy of melting. This table will be used as a reference to determine the material and 

during calculations of the crystallinity before and after extrusion in the FDM process.  

 
Table 6: Melting points and enthalpy of melting of different Polyamide polymers determined by DSC [18] 

Polymer 𝑇𝑚  [℃] ∆𝐻 [𝐽 𝑔⁄ ] ∆𝐻 100% Cryst. [𝐽 𝑔⁄ ] 

Polyamide 12 PA 12 176.93 50.78 245 

Polyamide 6 PA 6 219.1 82.8 213 

Polyamide 66 PA66 261.79 79.36 226 
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3.2 3D - printer 
The 3D-printer used in this report are a Markforged – Mark One 3D printer. The printer type 

is Fused deposition modelling (FDM) and Composite filament fabrication (CFF) which means 

that it can print with both thermoplastic material and continuous fibres such as Kevlar- 

carbon- and fibreglass. The printer has two extruder heads, one to plastic material and one to 

fibre material. This enables mixing the fibres and plastic material in the structure to improve 

the mechanical properties. The dimensions of the 3D printer are 575x322x360 millimetre and 

the maximum building volume are 320x132x160 millimetre with a minimum height of 100 

microns. The Markforged – Mark one printer is shown in figure 11 . 

 

 
Figure 11: Markforged -Mark One 3D printer 

The Markforged – Mark One 3d-printer is not open source and limited to the 3d-printing 

software Eiger [19]. Eiger is Markforgeds own 3-printing software and have limitations of 

changing several printing parameters. The printing parameters that can be changed are 

structural parameters such as infill pattern, infill densities, layer height, amount of wall, roof 

and bottom layers.  The nozzle temperature used to extrude the nylon material have a 

temperature of 266 degrees.  

 

Before starting to print the samples, some 3D printer configurations are done to obtain the 

best results. The printer bed is first levelled to the correct distance from the extruder. The bed 

is later slightly heated with water to clean the surface. Before mounting the bed in the printer, 

a glue is placed on the area where the part will be printed on the bed. The glue will increase 

the adhesion between the bed and material to avoid warping and that the part finally   

dislocate.  
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3.3 Infill patterns 
Markforgeds printing software Eiger have some built in infill patterns such as rectangular-, 

hexagonal- and triangular pattern. The work in this project is limited to the rectangular and 

triangular patterns. With the rectangular pattern, it was possible to print in a [0°], [90°] and 

[−45°, +45°] layup as illustrated in figure 12. These types of pattern allow an infill density 

reaching 100% because it doesn’t self-intersect inside the layer.  

 
 

 
Figure 12: Rectangular infill patterns; a) Unidirectional, b) -45, +45 cross ply 

 
Another infill pattern that are analysed in this project are triangular pattern as shown in figure 

13. This is an infill pattern that increase speed while still making a strong part. 

Recommendations from Markforged states that the infill percentage should be below 80% to 

avoid warping of the printed parts [23].    

 

 
Figure 13: Triangular infill pattern 
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4 Investigation of thermal history and 3D printing environment 
The thermal history of polymers includes previous treatment and storage condition such as 

humidity and temperature which strongly effect the arrangement of polymer chains. The 

thermal history of polymers is crucial to understanding the relation between the processing 

conditions and internal structure. In this chapter three experiment are performed; Differential 

scanning calorimetry, investigation of temperature inside the 3D printer environment. 

 

 

4.1 Experiments 
 

 Differential scanning calorimetry 
The crystallinity of the Nylon material where studied with differential scanning calorimetry 

(DSC).  The sample is placed in a sealed aluminum crucible of 40𝜇𝑔 and needs to be in the 

weight intevall of 2 − 20 mg. During a temperature profile/program, the temperature for 

each sample is measured and the heat flow is calculated inside the crucible. If both samples 

would be identical there would be no difference in heat flow. Since the reference crucible is 

empty, the heat flow difference will always be measured. Phase transformations will be 

registered on the obtained curves as peaks in exo- and endothermic direction. The experiment 

is conducted in a 𝑁2 atmosphere with the following method/temperature program: 

 

1. Starting from 25℃ and heated to 330℃ with a heating rate of 10℃/𝑚𝑖𝑛. 

2. Hold at 330℃ for 10min. 

3. Cooling down from 330℃ to 25℃ with a rate of −10℃/𝑚𝑖𝑛. 

 

The DSC machine used are a METTLER TOLEDO – DSC 3 as shown in figure 14.  The degree of 

crystallinity is calculated as shown in equation 1. The ratio between the enthalpy of melting 

(∆𝐻𝑚) and the enthalpy of crystallization (∆𝐻𝑐) divided by the enthalpy of melting for fully 

crystalline polymer(∆𝐻𝑚
° ).  The enthalpy for fully crystalline polymer (∆𝐻𝑚

° ) are determined 

based on previous research done by Swerea SICOMP [17] and the result of melting 

temperatures from the experiment.  

 

𝑋𝑐 =
∆𝐻𝑚−∆𝐻𝑐

∆𝐻𝑚
° (1−𝑤𝑓)

×100                                                                                                                          (1) 
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Figure 14: METTLER TOLEDO 

 
 

 Investigation of temperatures inside the 3D printing environment 
The temperature of the nozzle and material before extrusion are parameters controlled by 

the 3D printer. The Markforgeds - Mark One 3D printer is heating the plastic nozzle to a 

temperature of 270℃. To measure the temperature of newly extruded filament, Intab AAC -

2 are used. By printing directly on the sensors, the temperature of the filament is registered. 

This is investigated to give information about which temperature the previous layer is exposed 

to during the addition of a new. This where tested on up to six layers to register the 

temperature exposure through several layers. The surrounding temperature are measured 

during the printing with the thermal camera Testo 875. 

 

 

 

4.2 Result and discussion 
 

 Degree of crystallinity 
It’s well known that the crystallinity and morphology of plastics in the solid state influences 

the mechanical- and physical properties of the material. A DSC experiment would provide 

further information to characterize what type of nylon material used in Markforgeds 3D 

printer. Physical properties such as glass- and melting transition temperatures are used to 

determine what type of nylon material used. The obtained data are later compared to 

different Nylon materials presented in table 6. The crystallinity where measured on two 

different samples. The first are the virgin Nylon material received on a spool from Markforged. 

The second are nylon material extruded from the Markforged 3D printer. Observations show 

that the material are not showing any signs of crystallinity due to transparency before entering 

the FDM process while extruded material does. During the DSC test both samples are heated 
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and cooled up to 330℃ with a rate of 10 ℃/𝑚𝑖𝑛. The result from the DSC are shown in figure 

17 and 18 where both the heating- and cooling curves are illustrated.  

 

The virgin nylon sample are shown in figure 15 showing the recorded DSC curves. The black 

curve represents the heating part of the temperature program while the red curve the cooling. 

Due to the heating, an endothermic peak is found on the black curve at 198.05℃. This is the 

melting peak and have normalized melting energy of 54 𝐽 𝑔⁄ . The glass transition temperature 

is not found on the DSC curve. Earlier studies by Swerea SICOMP [17] performing a DMA 

experiment on the same Nylon material showing a glass transition temperature of 49,4℃ with 

a standard deviation of 0,17. On the red curve, an exothermic curve is found and are the 

crystallization peak. The peak is at 153.28 ℃ and show a normalized crystallization energy of 

−46.28 𝐽 𝑔⁄ . Knowing the normalized melting- and crystallization energy, equation 1 are used 

to calculate the crystallinity of the samples.   The result from the calculations are presented in 

table 9. 

 

 
Figure 15: DSC curves of virgin nylon sample from the FDM filament 

 
 
The DSC results from the extruded sample are shown in figure 15. It shows similar behaviour 

as previous mentioned with an endothermic peak at 175,22℃ locating the melting peak. It 

has a normalized melting energy of 45,99 𝐽 𝑔⁄ . During cooling the exothermic crystallization 

peak is located at 152,93℃ with a normalized melting energy of -36,78  𝐽 𝑔⁄ . 
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Figure 15: DSC curves for 3D printed sample 

Comparing the results obtained through DSC experiment with different Nylon materials 

presented in table 7, the nylon polymer provided by Markforged are most likely polyamide 6.  
Table 7: Results from DSC experiment 

Status 
Annealing 

Weight [mg] 𝑇𝑐𝑐  
[℃] 

∆𝐻𝑐  

[
𝐽

𝑔⁄ ] 

𝑇𝑚  
[℃] 

∆𝐻𝑚  

[
𝐽

𝑔⁄ ] 

𝑋𝑐  
[%] 

Before  2.3 153.28 -46.14 198.05 54 47.01 

After 6.52 152.93 -36.78 202.26 45.99 38.86 

 
The Degree of crystallinity before use in the FDM 3D printer where 47,01% while the 3D 

printed material measured showed a crystallinity value of 38,86%. Comparing them both, 

there is a decrease of crystallinity of 8,15% due to the FDM process. Typically, Polyamide have 

a generally high degree of crystallinity of 35-45% due to the aliphatic backbone and polar 

amide groups [6].  Comparing this with the measured crystallinity values, the result from DSC 

are in the same region as Polyamide. 

The degree of crystallization depends on the rate of cooling during solidification and chain 

configuration. When cooling through the melting temperature, the polymer goes from highly 

random and go to ordered configuration. The cooling rate, which were -10 ℃/𝑚𝑖𝑛 are a 

relatively slow cooling process compared to environmental cooling. A slower cooling rate 

would likely increase the degree of crystallinity. Comparing the results before and after 3D 

printing, the degree of crystallinity is lower on the 3D printed sample. During 3D printing the 

material are heated to a viscous state and cooled down to solid state. The induced thermal 

history of the process may affect the degree of crystallinity values in a decreasing way.   
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 Material temperatures during FDM process 
During additive manufacturing, new extruded material is placed on top of the previous 

extruded layers. The extruded material is placed on the previous layer in a molten state and 

directly initiate heat transfer. Heat are a parameter that strongly contribute to internal 

stresses which are related to thermal distortions. The temperature magnitude that reach the 

previous layer is examined during the manufacturing process. A thermal recorder is imbedded 

into a manufactured layer to record the thermal magnitude when several layers are added on 

top of each other. In total six layers are recorded, the maximum temperature together with 

the surrounding temperature are presented in table 8.    

 
Table 8: Maximum temperatures in each layer  

Layer Number 1 2 3 4 5 6 

Max. Temp [°C] 68,2 58,3 54,8 48,6 49,3 44,6 

Surrounding Temp [°C] 24,5 24,2 25,3 25,1 25,6 25,4 

 
The cooling process is illustrated in figure 16 where the maximum temperatures are the initial 

temperatures in the cooling process. As shown Layer 1 has the highest recorded temperature 

due to that the extruded polymer is placed directly on it. The following layers are successively 

degreasing in maximum recorded temperature during the manufacturing process. Its also 

shown that they are all showing a exponential behaviour fading out to the surrounding 

temperature. With a surrounding temperature increase during the manufacturing process its 

illustrated that layer 6 has the highest temperature after 20 seconds.  

 

 

 
Figure 15: Cooling down process of layers placed above the thermoelement sensor. 
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5 Investigation of microstructure 
The investigation of microstructure is dedicated to confirm if there is anisotropic or isotropic 
thermal- and mechanical properties due to the extruded tool path during additive 
manufacturing. Anisotropic behaviour would indicate possible alignment of the molecular 
chains which can be linked to minimize shape distortion. 
 
 

5.1 Experiments 
 

 Three-point bending  
The three-point bending are performed following the ASTM standard D 790 [20]. The flexural 

strength and stiffness are measured with test method 1 where the specimen is loaded in the 

centre while resting on two supports as shown in figure 17. According to the ASTM standard 

specimens that is less than 1.5mm or greater in thickness but below 3 millimetres shall have 

a width of 10 millimetres and a span length of 16 times the specimen thickness. The length of 

the specimen is approximately 55 mm with 10% overlap on each end of the support span. The 

support span is 40-mm between the supports. The machine used was a Instron 4411 with a 

load cell of 500N. 

 

The rate of the crosshead was calculated by equations presented in ASTM standard D 790 [20] 

and are dependent on the specimen dimensions as shown in equation 2. 

 

𝑅 = 𝑍𝐿2 6𝑑⁄  [𝑚𝑚
𝑚𝑖𝑛⁄ ]              (2) 

 

 
Figure 17: Three-point bending 

 

Where d is the depth of the beam, L is the support span, R is the crosshead motion and Z is 

the rate of straining which is set to 0.02 𝑚𝑚 𝑚𝑚 ∙ 𝑚𝑖𝑛⁄ . The output from the testing machine 

are force and elongation. To find the flexural stiffness and maximum strength the data need 
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to be converted to a stress-strain diagram. The maximum stress at the outer surface at the 

midpoint between the supports. This stress can be calculated using equation 3. The maximum 

strain is on the outer surface in the middle between the two supports. The maximum strain is 

calculated using equation 4. 

 

𝜎 =
3𝑃𝐿

2𝑏𝑑2 [𝑁
𝑚2⁄ ]                 (3) 

 

𝜀 =
6𝐷𝑑

𝐿2
 [−]                             (4) 

 

Where P is the force, L is the support span, b is the width of the beam, d is the depth and D 

is the extension. 

 

 

 Thermal expansion 

The thermal expansion of the additive manufactured material where measured using Aramis 

3D motion and deformation sensors [21]. The Aramis 3D camera is a stereo camera system. 

By using stochastic patterns or reference point markers it delivers precise 3D coordinates 

based on triangulations. Adding a dotted layer above a white surface on the parts. The 3D 

motion and deformation sensors register the movement of the small dots during the 

temperature change. This measuring technique enables several measurements on the same 

sample to detect anisotropy.  Most material solids expand when heated and contract when 

cooled. These phenomena are called thermal expansion. The following equation are general 

for solid materials and express the change in length with temperature. 

 
𝑙𝑓−𝑙0

𝑙0
= 𝛼𝑙(𝑇𝑓 − 𝑇0)   𝑜𝑟   

∆𝑙

𝑙0
= 𝛼𝑙∆𝑇                                                                                                (5) 

 

Where 𝑙0 and 𝑙𝑓 represent the initial and final length during the temperature 𝑇0 and 

𝑇𝑓 respectively. The final parameter 𝛼𝑙  is the linear coefficient of thermal expansion.  

 

During heating, some polymeric materials can experience very large thermal expansion and 

are in the range of approximately 50 × 10−6 to 400 × 10−6. Polymers containing linear and 

branched molecular chains have the highest coefficient of thermal expansion because the 

secondary intermolecular bonds are weak and containing a minimum of crosslinking [22].  
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5.2 Results and discussion 

 

5.3 Flexural properties 

The flexural properties were investigated on the nylon material manufactured with three 

different configurations. They all have a rectangular infill pattern with an infill density of 100%. 

The difference between them are the tool path which determines the angle of the rectangular 

pattern in each layer as illustrated in figure 18. Two different types of plates were 

manufactured, two with the same tool path angle in each layer and one with shifting 90° 

between each layer. The two plates with the same tool path angle will have unidirectional 

pattern of extruded nylon material through the whole plate and are tested in both the 

longitudinal and transverse direction as illustrated in figure 18a and 18b. The manufactured 

plate was cut into specimens with the approximate dimensions of 55x10x2.5 mm using the 

ASTM standard D790-15 [20] as guidelines. Exact dimensions is found in appendix A. 

 

 
Figure 18: Tool path of extruded nylon material 

The results from the 3-point bending experiment are shown in figure 19 illustrating 

representative curves of 4 samples in each layup configuration. Due to the ductile behaviour 

of the Nylon material, the 3-point bending experiment where stopped after reaching a strain 

of approximately 12%. In the interval of 0-12% of strain all samples reached their load – 

extension peak and started to decrease. The flexural stiffness and strength obtained through 

the different configurations, longitudinal, transverse and -45, +45 are summarised in table 9. 

The flexural stiffness where calculated in the interval of 1-3% of strain on all samples. As 

shown in table 9, the -45, +45 samples displayed the highest flexural stiffness of approximately 

0,53 GPa. The flexural stiffness for Longitudinal and Transverse were approximately 0,48 GPa 

and 0,45 GPa respectively. Comparing these, the -45, +45 showed an increase of 10,4% 

compared to the longitudinal while transverse showed a decrease of 6,3%. 
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Figure 19: Stress strain curves 

 
The highest flexural strength displayed in table 9 are Longitudinal of approximately 26,42 MPa 

while transverse samples show lowest values of approximately 24,22 MPa. The -45, +45 

samples show an approximate value of 25,8 MPa. This is an increase of 6,5% compared to 

transverse samples and a decrease of 2,3% compared to Longitudinal samples.  

 
Table 9: Flexural properties of different specimens 

 
 

Accordance with results reported in literature, the flexural properties of Nylon 6 are 

approximetly 2,3 GPa in flexural stiffness and 85 MPa in flexural strength [24]. Comparing the 

result from 3-point bending experiment with the flexural properties in literature of Nylon 6, 

the 3D printed material show significant lower flexural properties. The main reason that the 

flexural properties are so much lower are that during 3D printing the printing layer height is 

normally in the range of a few hundred micrometres. This results in that when the material is 

extruded and warm, a large surface area is exposed to air. During this process, the polymer 

surface in each layer are predicted to degrade which may influence the mechanical properties 

of the polymer.  

 

Comparing the results with the flexural properties reported by Markforged [16], the result 

from 3-point bending experiment show slightly decrease in flexural strength of 18-20% and a 

significant much lower flexural stiffness of 37-46%. Figure 20 and 21 show staple diagrams 
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illustrating the flexural stiffness and strength separately for the samples with different raster 

orientation. Its shown that even if the standard deviation in some cases reaching higher 

values, the conclusion regarding increase/decrease in flexural strength and stiffness between 

the different samples remain unchanged.  

 

The measured manufactured samples showed a varying difference in thickness. The 

longitudinal and transverse samples had a measured thickness in the interval of 2,7-3,0mm 

while the -45, +45 samples had an interval of 0,45-2,56mm. With the same number of layers 

in all samples, the -45, +45 with a lower thickness show the highest flexural stiffness. With the 

plastic material more closely packed against each other, the bonding and decreasing number 

of voids increase the mechanical properties. The increased thickness in longitudinal and 

transverse samples implies an addition of internal cavities into the structure which have a 

negative impact on the mechanical properties. As a result, the different configurations of the 

raster orientation didn’t show any larger difference between each other.  

 

 
Figure 20: Flexural stiffness 

 

 
Figure 21: Flexural strength 
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 Thermal expansion 
The thermal expansion was measured on a FDM manufactured plate of Markforgeds Nylon 

material. The intention is to determine if there is an isotropic behaviour of thermal expansion 

through a plate that have been manufactured. The dimensions of the plate were 140x110x2,5 

millimetre to fit several measurements. The 3D printing parameters set were a 100% infill with 

rectangular pattern resulting in a solid part. Before measuring the thermal expansion, the 

plate where painted in white with small black dots sprayed on it. The black dots are used as 

reference points during the test. The plate is placed inside the oven where it was heated up 

until 90℃ and kept at a constant temperature. The heating rate were 8,181 ℃ ℎ⁄  starting 

from 22,1℃. During the ramped heating, Atos cameras were recording the thermal expansion 

using the reference points sprayed on the plate.  Eleven measurements are done in the vertical 

and horizontal direction on the plate. An average value of coefficient of thermal expansion 

were taken on the stable temperature of 90℃ . Each measurement where done over a length 

of 50 millimetres and are illustrated in figure 22. 

 

 
Figure 22: Thermal expansion measurements on additive manufactured plate 

The measurements that are distributed around the whole plate show a similar coefficient of 

thermal expansion with a maximum difference of 8.7 10−6  𝑚 𝑚 ∙ ℃⁄ . They are all presented 

in table 10. Each measurement is an average taken over the region with constant 

temperature. The maximum expansion is found on Ext. 1 with a thermal expansion coefficient 

of 147.1 10−6  𝑚 𝑚 ∙ ℃⁄  while the lowest is located at Ext. 9 with 138.8 10−6  𝑚 𝑚 ∙ ℃⁄ . All 

measurements have a standard deviation below 1% indicating a very low change during the 

interval. During the measurement, the plate is fixed in the upper middle. This will affect the 

expansion in that region which also is clearly shown in figure 23 illustrating the expansion 

through the plate. The bottom part of the plate fading into a blue colour have the highest 
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deflection reaching almost -6 millimetres.  The green region is the zero value with no 

deflection while yellow is a deflection of 2 millimetres. 

 
Table 10: Average coefficient of thermal expansion  

Name ID 𝛼 [10−6  𝑚 𝑚 ∙ ℃⁄ ] Standard deviation [%] Direction 

Ext.1 147.1 0,83 Vertical 

Ext.2 146.6 0,58 Vertical 

Ext.3 145.0 0,93 Vertical 

Ext.4 140.4 0,85 Horizontal 

Ext.5 140.6 0,95 Horizontal 

Ext.6 141.4 0,95 Vertical 

Ext.7 143.7 0,99 Vertical 

Ext.8 142.5 0,73 Vertical 

Ext.9 138.8 0,5 Horizontal 

Ext.10 139.7 0,55 Horizontal 

Ext.11 138.4 0,49 Horizontal 

 
Comparing the results with other Nylon materials used in additive manufacturing, the 

reported literature value is approximately 150 10−6  𝑚 𝑚 ∙ ℃⁄  []. The experimental results 

show a slightly lower value of approximately 2-7,5%. The low difference between 

experimental- and literature values indicates that the results are reliable. The experiment 

didn’t show any trends in thermal behaviour due to the orientation path during 

manufacturing. This indicates that the coefficient of linear thermal expansion have a isotropic 

behaviour through the additive manufactured plate and that the orientation path of 

manufacturing didn’t affect the thermal properties in form of aligning molecular chains. 

 
Figure 23: Deflection through the plate 
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6 Investigation of mesostructured 
Investigation of mesostructured is dedicated to the effect on shape distortion by 
implementing different internal patterns into the manufactured part. Structural parameters 
such as infill patterns and infill densities are investigated to link anisotropic or isotropic 
behaviour with respect to different directions. Similar as for investigation of microstructure, 
the aim is to link the behaviour of the material to minimize shape distortion. 
 
 

6.1 Experiments 
 

 3D - scanning 
To measure shape distortion on the 3D printed samples Atos scanning equipment are used. 
Atos have a series of optical 3D scanners which delivers three-dimensional measurement data 
and analysis.  Atos scanning technology are capturing the objects full surface geometry with 
high precision in a polygon mesh or point cloud instead of measuring with laser or single 
points. Some of the main advantages using Atos scanning technology are [26]: 
 

• Highly accurate 3D measurements 

• Detailed, high-resolution scans 

• Quick data collection 

• Advanced inspection functionality 

• Complete dimensional functionality 

• Complete dimensional analysis 

• Comprehensive reporting 
 
The scanned geometry is later compared to the original CAD file to determine the magnitude 
of shape distortion. The scanning equipment setup is shown in figure 24. 
 
 

 
Figure 24: Atos 3D scanning equipment 
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 Compression test 
The compression stiffness where investigated on all configurations measured with the Atos 

3D scanning system. The compression stiffness was measured with the ASTM standard 695 as 

guidelines [27]. All configurations are tested in both axial and transverse direction as shown 

in figure 25. The compression machine used were Instron 3366 with a load cell of 500N with 

a loading rate of 1,5mm/min. Focusing on compression stiffness and not compression 

strength, the compression test where ending reaching approximate 2% of strain. During that 

interval, the specimen stabilizes and starts elastic deformation. A linear region is found and 

compression stiffness is calculated. 

 

 
Figure 25: Axial and transverse direction on manufactured parts 

 
 

6.2 Results and discussion 
 

6.3 3D scanning measurements 
Some of the changeable parameters in Markforgeds software Eiger are infill pattern and infill 

density. They do both influence the mechanical properties of the manufactured part and an 

investigation to map shape distortion depending on these parameters are done. To determine 

the magnitude of shape distortion, several measurements are compared. External dimension 

of the printed part, min-and maximum distance and final volume together with volume 

difference are all measured. The infill density will determine the percentage of cavities inside 

each sample. Its proven that Internal cavities have a big influence on the bending and 

compression properties and the final percentage of internal cavities are calculated by 

weighting each sample. The volume is obtained through 3D scanning and the density for solid 

nylon material are found in table 5. On all samples, 4 bottom and roof layers are applied which 

have a 100% infill density to create a nice surface finish. The configurations of infill pattern 

and infill densities therefor only applies to 12 of the middle layers. Another factor influencing 

are the wall layers which is set to two. The two layers are measured to approximate 1 

millimetre thickness along the outer circuit. The infill patterns investigated are rectangular 

pattern (R) and triangular pattern (T) as shown in figure 12 and 13. The tested infill densities 
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are 30, 50, 70 and 100%. The triangular pattern is not tested at a 100% infill density because 

it’s not possible to obtain with that infill pattern. The naming system of different 

configurations are shown in figure 26. The geometries investigated are squares and cylinders 

with dimensions of 20 and 40 millimetres and do all have a thickness of 20 millimetres. All 

sample where manufactured and 3D scanned using Atos scanning equipment and software.  

 
Figure 26: Naming system of different configurations 

The volume difference between the CAD part and the scanned sample give a good 

approximation of the overall magnitude of shape distortion. The samples that show highest 

difference in percentage is the R100 configuration in all samples with a difference between 

4,31 - 5,29%. A trend can be found between the different geometries showing that the 

cylindrical shaped samples only has distortion in the form of shrinkage with a larger 

magnitude. The rectangular shape show a lower magnitude on the distortion but are both 

smaller and bigger than the original CAD file. The larger geometries show a slightly higher 

magnitude of distortion reaching a maximum of 0,33 millimetres on R100 rectangle 40x40 

millimetres. A mean value is calculated on all samples confirming that all samples have an 

average distortion in form of shrinkage. All the measured data from 3D scanning are presented 

in appendix B. The magnitude of distortion on rectangular- and cylindrical geometry is 

illustrated in figure 27. 

 

 
Figure 27: CAD comparison on sample 
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6.4 Validity of input parameters 
To ensure the reliability of the results, control calculations where done on the infill densities. 
From 3D scanning measurements, the volume of each sample is measured based on the CAD 
geometry. By weighting each sample, density calculations are done to confirm the correct infill 
densities. The calculated density for each sample is presented in table 11. 
 
Table 11: Calculations of porosity and internal void content in each sample 

 
 
As shown in the results, the rectangular infill pattern corresponds well with a maximum 
difference of 16,18% measured on 30 % infill density. A trend is found on rectangular pattern 
calculations where the dispersion interval is increasing with a decrease in infill density. The 
lowest interval with rectangular pattern is found on R100 configuration which all have a 
maximum difference of 2,73%. 
 
The triangular pattern with an infill density in the interval of 30-70% are not corresponding to 
the measured densities of the samples. The measured samples are in the interval of 46-59% 
and are only changed with a few percentage between the different infill configurations.  
 
 

6.5 Trends in shape distortion 
Investigating the data of volume difference found through 3D scanning and the calculated infill 
densities, no trend could be found between shrinkage and porosity on the investigated 
samples. The rectangular pattern with an 100% infill density all started at high volume 
difference. The rectangular pattern, having its extruded lines in a [−45°, +45°] layup is 
starting in one corner and continuously extruding material next to the previous one. 
Continuously welding material together while the material is cooling down, the shrinkage will 
increase the warping which is confirmed on the 100% infill percentage. The 30-,50- and 70% 
infill densities all showed lower volume difference with an increasing dispersion in measured 
data. With an increasing interval of data between different configurations, no trends where 
found with rectangular pattern.  
 
The triangular pattern, with an infill density in the region of 41-54%, have all measured data 
in the interval of 2,1-3,6% of volume difference. All measured samples show different 
behaviour from each other and no trends in volume difference behaviour over porosity 
percentage could be found. The graph is illustrated in appendix C.  
 
With no trend or similar behaviour between the volume difference and porosity found, no 
solution could be stated in hope to minimize shape distortion based on these parameters.   

R30 R50 R70 R100 T30 T50 T70

Input Porosity [%] 70 50 30 0 70 50 30

Cylinder - 20Ø [%] 56,14 41,19 25,14 2,73 55,19 52,96 50,54

Cylinder - 40Ø [%] 60,08 42,09 24,83 1,43 59,09 52,64 49,55

Rectangle - 20x20 [%] 53,82 38,88 22,11 0,31 54,31 51,56 46,51

Rectangle - 40x40 [%] 60,07 42,50 24,33 0,09 58,17 56,53 49,71

Configuration
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6.6 Compression properties 
The samples are tested in both axial- and transverse direction on a rectangular geometry. The 

results are shown in figure 28, illustrating both the axial- and transverse stiffness together 

with the measured porosity of each configuration. The highest axial compression stiffness is 

found on configuration T70 showing a value of 0,33 GPa closely followed by T50 of 0,32 GPa. 

The lowest value is found on R30 with a value of 0,23 GPa. The highest transverse compression 

stiffness is found on configuration R70 and T70 which both have a value of 0,21 GPa while the 

lowest value is found on R30 only reaching 0,08 GPa. The infill density of each sample is 

illustrated in the graph. 

 

 
Figure 28: Compressive axial- and transverse stiffness 

 
The results show that the higher infill density the samples have, the higher are the 

compression stiffness in each direction. It’s also illustrated that the porosity influences the 

compressive properties in a negative way. Focusing on the infill densities of 70% of each infill 

pattern, its shown that the measured porosities are totally different. The triangular pattern, 

having a porosity of 48% show similar transverse compression stiffness as the rectangular 

pattern of 23% porosity. An increase of porosity means that it contains more voids inside the 

structure. When stresses are applied on the part, Voids prevent the stresses to be transferred 

effectively resulting in that the part will lose its integrity at a lower stress level. The results 

indicate that the triangular pattern is more suitable to applications including compressive 

forces in the transverse direction considering the material reduction and print time.  

 

As shown in figure 28, the axial- and transverse stiffness show an anisotropic behaviour. This 

make sense due when the axial direction has continuous material in its internal structure in 

the direction of compressive forces.  
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7 Conclusions 
The investigated material where produced with additive manufacturing using the Fused 
deposition modelling technique according to the guidelines of the 3D printer manufacturer. 
Different samples, with different configurations such as infill patterns and infill densities, 
where investigated to find trends linked to shape distortions.  
 
On micro-scale, the material where investigated in both thermal and mechanical properties 
to link the behaviour to the different infill patterns. No anisotropic behaviour where observed 
on the linear thermal expansion test which implies that no specific alignment of the molecular 
chains where implemented in the samples due to orientation of infill pattern. Alignment of 
the molecular chains would create anisotropic thermal- and mechanical properties in the 
samples and affect the shrinking during the manufacturing process. The mechanical 
properties, compared in 3-point bending experiment, illustrated lower flexural properties 
than literature values. Probable cause is degradation due to that Polyamide are very sensitive 
to moisture which are absorbed from the environment. The difference between the different 
infill pattern configurations didn’t result in any remarkable difference considering the 
standard deviation and implies isotropic flexural behaviour in the manufactured samples. The 
conclusion could be drawn that the infill pattern doesn’t affect the molecular alignment on 
microstructure.  
 
In meso-structure, the 3D scanning of shape distortion, most samples illustrated volume 
difference in form of shrinkage in the interval of 1-4%. Further investigation of the samples 
resulted in adjustments of the input data due to the large variance of input densities regarding 
triangular pattern. Measured input densities where in the region of 41-54% instead of 30-70%. 
Compressive experiment resulted in anisotropic behaviour in axial- and transverse direction 
which were expected due to the continuous material in axial direction. Maximum compressive 
stiffness of 0.33 GPa where found on triangular pattern with 54% infill density.  
No trends where observed between volume difference and porosity between the different 
configurations. Implementing patterns into the internal structure resulted in no observed 
trends and no techniques to predict or minimize shape distortion could be stated. 
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8 Future work 
The result from this project focused on characterization of material parameters and 

investigation if the Nylon material showed any trends in thermal- and mechanical behaviour 

due to the printing pattern in the micro- and mesostructured. Future work in the project are 

the following:  

 

• Investigate if there are any trends in thermal-and mechanical behaviour in the micro-

and mesostructured on Markforgeds fibre material. 

 

• Create a FEM model based on the measurements from the 3D printing environment 

experiment and material parameters such as linear thermal expansion. 
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10 Appendix A 
The dimensions of all specimens used in 3-point bending. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

W1 W2 W3

Longitudinal:

L1 10,03 10,04 10,07 60,85 2,86

L2 9,72 9,71 9,77 60,77 2,94

L3 10,03 10,09 10 60,67 2,85

L4 10,08 10,05 10,07 61,04 2,74

Transverse:

T1 10,03 10,06 10,07 57,2 2,82

T2 10,01 10,06 10,01 57,17 2,77

T3 10,01 10,04 10 57,69 2,85

T4 10,05 10,01 10,03 58,35 2,7

-45 +45

N1 10,06 10,08 10,07 40,11 2,56

N2 10,04 10,03 10,04 40,07 2,53

N3 10,05 10,06 10,05 40,15 2,54

N4 10,06 10,07 10,07 40,03 2,53

Sample
Width [mm]

Length [mm] Thickness [mm]
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11 Appendix B 
All measured data from 3D scanning. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Configuration R30 R50 R70 R100 T30 T50 T70 R30 R50 R70 R100 T30 T50 T70

CAD comparison: 

Volume difference [%] 2,77 3,14 6,61 4,89 2,26 2,55 2,56 3,37 3,16 2,87 5,29 3,14 2,37 3,29

Dimensions: [%] 0,88 0,75 0,75 1,00 0,75 0,72 0,50 0,65 -0,02 0,18 -0,10 -0,35 0,08 0,52

Max. Distance [mm] 0,15 0,28 0,26 0,28 0,05 0,21 0,28 0,08 0,17 1,14 0,33 0,24 0,08 0,35

Min. Distance [mm] -0,75 -1,11 -2,32 -1,31 -0,45 -1,24 -0,73 -0,61 -1,05 -0,97 -2,37 -1,04 -1,10 -1,02

Mean distance [mm] -0,15 -0,17 -0,31 -0,25 -0,13 -0,15 -0,11 -0,16 -0,19 0,18 -0,28 -0,16 -0,15 0,13

Distance std deviation [-] 0,10 0,14 0,37 0,22 0,06 0,14 0,14 0,11 0,16 0,14 0,29 0,15 0,14 0,18

Configuration R30 R50 R70 R100 T30 T50 T70 R30 R50 R70 R100 T30 T50 T70

CAD comparison:

Volume difference [%] 2,64 1,79 1,57 4,31 2,12 3,07 -1,26 2,81 2,58 3,42 4,50 2,75 3,58 2,07

Dimensions [%] 1,00 0,70 0,75 0,60 0,70 1,25 0,45 -0,40 0,50 0,30 1,10 0,15 -0,30 0,30

Max. Distance [mm] 0,09 0,07 0,11 0,14 0,17 0,08 0,12 0,17 0,14 0,12 0,11 0,04 0,19 0,10

Min. Distance [mm] -0,43 -0,60 -0,70 -1,38 -0,46 -0,48 -0,71 -0,64 -0,74 -0,99 -1,00 -0,69 -0,79 -0,58

Mean distance [mm] -0,10 -0,07 -0,07 -0,14 -0,08 -0,11 -0,05 -0,11 -0,12 -0,14 -0,16 -0,12 -0,16 -0,09

Distance std deviation [-] 0,08 0,07 0,10 0,19 0,07 0,08 0,09 0,09 0,11 0,14 0,15 0,08 0,15 0,08

Cylinder D20x20 [mm] Rectangle 20x20x20 [mm]

Cylinder D40x20 [mm] Rectangle 40x40x20 [mm]
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12 Appendix C 
Volume difference vs porosity of rectangular infill pattern 
 
 

 
 
 
Volume difference vs porosity of triangular infill pattern 
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