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ABSTRACT 

 

MECHANICAL BEHAVIOUR OF POLYMERIC LATTICE STRUCTURES 

PRODUCED BY ADDITIVE MANUFACTURING 

 

 

Kalaycıoğlu, Şükrü Güray 

Master of Science, Mechanical Engineering 

Supervisor: Assoc. Prof. Dr. Sezer Özerinç 

 

 

November 2022, 50 pages 

 

 

Additive manufacturing (AM) is a manufacturing method based on the layer-by-

layer deposition of the desired geometry. Polymer AM provides means to produce 

compliant polymeric structures for impact-absorbing applications. The recent 

introduction of foaming elastomeric filaments opened a new design space for 

achieving optimized impact absorbance performance. This thesis investigates this 

route through the mechanical testing of solid and cellular polymer foam structures 

produced by additive manufacturing.  

The experimental work in this thesis employs Fused Filament Fabrication (FFF), 

which is a cost-effective AM technique for the rapid manufacturing of complicated 

geometries in low quantities. Recent advances in filament technology have enabled 

the production of foaming thermoplastic polyurethane (TPU) filaments, which 

makes the printing of microporous polymeric structures possible through the FFF 

method. 

The first part of the thesis investigates the mechanical properties of the TPU foam 

produced by FFF. The systematic experiments show that the nozzle temperature 

directly influences the foaming behavior. With increasing temperature, the extent of 

foaming increases, which results in a decrease in the elastic modulus and strength. 
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The second part of the thesis investigates the impact-absorbing performance of 

honeycomb lattice structures produced by the same foaming TPU. The experiments 

show that as the nozzle temperature increases, the energy absorption capacity and 

the peak stress of the lattice structure increase. 

Overall, the results demonstrate the great potential of foaming filaments in achieving 

unique impact-absorbing behavior. Future work will focus on understanding the 

behavior of different cellular structures and lattice geometries made of TPU foams 

under load. 

Keywords: Additive Manufacturing, Fused Filament Fabrication, 3D Printing, 

Thermoplastic Polyurethane, Mechanical Properties, Foaming Polymers, Lattice 

Structures, Energy Absorption
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ÖZ 

 

 

EKLEMELİ İMALAT İLE ÜRETİLEN POLİMER KAFES YAPILARIN 

MEKANİK DAVRANIŞI 

 

 

Kalaycıoğlu, Şükrü Güray 

Yüksek Lisans, Makina Mühendisliği 

Tez Yöneticisi: Doç. Dr. Sezer Özerinç 

 

 

Kasım 2022, 50 sayfa 

Eklemeli imalat, istenen geometrinin katman katman biriktirilmesine dayalı bir 

üretim yöntemidir. Polimer eklemeli imalatı, darbe emici uygulamalar için uyumlu 

polimerik yapılar üretmek için yapılar sağlar. Son zamanlarda köpüren elastomerik 

filamanların piyasaya sürülmesi, optimize edilmiş darbe emme performansı elde 

etmek için yeni bir tasarım alanı açtı. Bu tez, eklemeli imalatla üretilen katı ve 

hücresel polimer köpük yapılarının mekanik testi yoluyla bu yolu araştırıyor. 

Bu tezdeki deneysel çalışmada, düşük miktarlarda karmaşık geometrilerin hızlı 

üretimi için uygun maliyetli bir eklemeli imalat tekniği olan Eriyik Yığma 

Modellemesi (FFF) kullanılmıştır. Filament teknolojisindeki son gelişmeler, FFF 

yöntemiyle mikro gözenekli polimerik yapıların basılmasını mümkün kılan köpüren 

termoplastik poliüretan (TPU) filamentlerin üretimini mümkün kılmıştır. 

Tezin ilk bölümünde FFF tarafından üretilen TPU köpüğün mekanik özellikleri 

incelenmiştir. Sistematik deneyler, nozül sıcaklığının, köpürme davranışını 

doğrudan etkilediğini göstermektedir. Artan sıcaklıkla birlikte, köpürme derecesi 

artar, bu da elastik modül ve mukavemette bir azalma ile sonuçlanır. 

Tezin ikinci kısmı, aynı köpüren TPU'dan üretilen petek kafes yapıların darbe 

sönümleme performansını araştırmaktadır. Deneyler, nozül  sıcaklığı arttıkça, enerji 

emme kapasitesinin ve kafes yapısının tepe geriliminin arttığını göstermektedir. 
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Genel olarak sonuçlar, benzersiz darbe emici davranış elde etmede, filamanların 

köpürmesinin büyük potansiyelini göstermektedir. Gelecekteki çalışmalar, yük 

altında TPU köpüklerinden yapılmış farklı hücresel yapıların ve kafes 

geometrilerinin davranışını anlamaya odaklanacaktır. 

Anahtar Kelimeler: Eklemeli İmalat, Eriyik Yığma Modellemesi, Termoplastik 

Poliüretan, 3 Boyutlu Baskı, Mekanik Özellikler, Köpüren Polimerler, Kafes 

Yapılar, Enerji Emicilik
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CHAPTER 1  

1 INTRODUCTION 

1.1 Overview 

Additive manufacturing (AM) is creating a three-dimensional object from a CAD 

model by arranging manufacturing parameters as desired and by laying down layers 

upon each other [1]. This technology was born in the 1980s due to the necessity of 

creating models before the final product and prototyping [2]. AM allows to creation 

desired part in a limited time. Also, before finalizing the geometry, it is possible to 

see the usefulness of the part. So, it is beneficial to reduce manufacturing costs and 

improve the product cycle. Besides, AM enables the creation of complex geometries 

which is not possible with traditional manufacturing (TM). This brings the design 

for manufacturing and assembly (DFM/DFA). Considering the capabilities of AM, 

more advanced final products are becoming easier to create such as optimized 

geometries or one-piece geometries without assembly needed. This situation also 

reduced material and energy waste. Compared to AM, TM wastes more material and 

needs a product-specific assembly line [3].  

AM meets environmental and economical concerns. This approach shows that AM 

has an obvious supremacy over TM. However, it is not. Both manufacturing 

techniques have advantages and disadvantages. The main idea is to define a trade-

off between the AM and the TM and replace TM when it is possible [4]. Thus, the 

negative effects of TM on the environment and the cost can be reduced. 

AM includes a wide range of techniques. Mahamood et al. [5] classified these 

techniques into two main parts, first laser additive manufacturing such as 

stereolithography (SLA), selective laser sintering (SLS), laser binging, and laser 

material deposition (LMD), second non-laser based additive manufacturing such as 
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ink-jet printing, fused deposition modeling (FDM) and infrared and masking 

systems. 

FDM is one of the most popular AM techniques, also known as fused filament 

fabrication (FFF). The reason is that it is easy to achieve, easy to use, and does not 

contain any chemical process compared to other AM methods. The feed material has 

considerably cheap prices and it is small in size. It uses a filament that is wrapped 

into a spool. This spool feeds the FDM machine that has a heated nozzle. The nozzle 

melts the material and then extrudes it on a preheated plate. Material is fused layer 

by layer while following a predefined path. This path is generated from a 

stereolithography file (STL) [6].  

Common properties of FFF materials are making strong bonding between layers at 

their melting points and when the temperature of the melted material turns back to 

room temperature, layers are solidified and should not have insufficient residual 

stress [7]. Polylactic acid (PLA) and acrylonitrile butadiene styrene (ABS) are 

common materials for the FFF. However, the thermoplastic material is also used as 

material for the FFF. PLA and ABS are more user-friendly materials and easy to 

print.  

In this thesis study, foamed TPU was used in changing extrusion temperature. First, 

the tensile and the compression specimens were printed, and tests were performed to 

obtain the mechanical properties of foamed TPU at different printing temperatures. 

Then, honeycomb structures were printed with the same procedure and different 

nozzle temperatures. Compression tests were performed to obtain the energy 

absorption levels of honeycomb structures.  

1.2 Fused Filament Fabrication 

Fused filament fabrication (FFF) is one of the most widely used AM techniques. It 

is also known as fused deposition modeling (FDM). Steven Scott Crump from 

Stratasys is the pioneer of this technology. He developed FFF in 1989 [8]. FFF 
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started as research purposes manufacturing device; however, it is not limited to only 

research purposes. The FFF is used in engineering, science, prototyping, and 

industrial purposes [9]. FFF allows changing various manufacturing parameters and 

is available to create custom-shaped products. These specialties make FFF 

irreplaceable among other AM techniques. FFF covers %69 of all AM techniques. 

Even if FFF does not have the best finalized material properties, in many 

applications, FFF is preferred to apply desired parameters [10].  

There are different types of FFF in the industry. However, their working principle is 

the same. The working principle can be generalized as extruding the material to a 

repeated layer and making one finalized geometry on a print bed [10], [13].  

The printing process starts with preparing of CAD model of the necessary product. 

Then, the CAD file should be converted into printer-readable form and sliced. After 

slicing, printing layers are built up for FFF. The path of creating layer sequences is 

introduced with G-code to a machine. G-code has information on the movement of 

a nozzle in the XY plane. After creating one layer, the print bed moves in the Z 

direction to create the next layer over the previous one geometry is finalized [12].  

During the manufacturing process, the printing mechanism showed in Figure 1.1. 

The FFF process can be divided into three main parts extrusion, fusion, and 

solidification. [11]. The first material filament is loaded to FFF and then will enter 

the extrusion chamber, which should be heated first to make liquid the filament. The 

molten filament can extrude to the print bed through a nozzle. The nozzle diameter 

directly affects the print quality. The second phase is material interaction between 

the print bed and the layers. The material should not have residual stress to cause any 

delamination. The final phase is the solidification. During the solidification, the 

product layers should protect the shape and size of the geometry. Gravity and the 

surface tension, the cooling rate, and the temperature gradient affect the 

solidification. So, it should be careful to prevent unwanted effects [13], [15], [16].  
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Figure 1.1 Schematic of FFF printing machine [15]. 

1.3 FFF Materials 

Nowadays, FFF has a large variety of filament materials. As the usage of the FFF 

area increases, different materials are beginning to integrate into FFF printers. The 

most common printing materials are acrylonitrile butadiene styrene (ABS) and 

polylactic acid (PLA) for FFF [16].  Materials in FFF are required to be softened and 

show low viscosity by heating up. Therefore, thermoplastics are also suitable 

materials for the FFF technique. There are lots of thermoplastics available as 

filament materials used in engineering applications; they are PA, TPU, PEEk, and 

PEI. PLA and ABS are more user-friendly materials. They are easy to print and 

reachable to any user. However, to print engineering materials, users should deal 

with lots of problems. Table 1.1 shows the average mechanical properties of 

commercially available filament materials [15]. 
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Table 1.1 Bulk mechanical properties of conventional thermoplastic filaments [15]. 

Polymer 

Yield 

Strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elastic 

Modulus 

(GPa) 

Elongation at 

Break (%) 

ABS 35–58 25–65 1.9–2.7 8–20 

Nylon (PA6) 36–95 74–106 0.78–3.8 10–160 

PEEK 65–95 75–100 3.5–4.4 20–50 

PET 36–63 24–41 2.3 100–250 

PLA 66–77 52–72 2.7–16 4–6 

TPU 39–54 17–66 0.12–0.33 300–1500 

1.4 Elastomers 

Elastomers are distinctive materials that have elastic and viscous properties at the 

same time. Therefore, it is classified as a viscoelastic material. Elastomers have low 

elastic modulus and high elasticity. It allows elastomers to reach high deflection 

levels; after the load application is removed, it can save the initial geometry. 

Elastomers give good results under dynamic loading, they can resist environmental 

effects and have low compressibility. These properties of elastomers make them a 

good choice for vibration and impact isolation applications [17], [18]. However, the 

prediction of the vibration response of elastomeric material is only possible with the 

identification of the system accurately.  The theory of viscoelasticity shows that at 

least two parameters should be known to identify the mechanical properties of 

elastomers. These two parameters are generally the Poisson's ratio and one of the 

moduli of the elastomer [19], [20].  

As mentioned before, elastomers have low compressibility which means they are 

incompressible materials. They change geometric shapes while their volume stays 

constant. Their Poisson’s ratio is approximately 0.5. Hooke’s law is applicable for 

low strain values, and the stress-strain curve goes proportional at low strain levels 

for tension or compression. However, the proportionality breaks at some point when 
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strain values become relatively high. At this state, the material becomes viscoelastic 

and Hooke's law is no longer valid [17], [21]. 

 

Figure 1.2 Stress-strain behavior of an elastomeric specimen under tension [22]. 

Figure 1.2 shows the stress-strain behavior of an elastomeric specimen under tension 

loading. The stress-strain graph shows nonlinear behavior. The graph follows an 

elastic path initially at small strain levels. This region is valid for Hooke's Law. The 

tangent line can be drawn to obtain elastic modulus. After proportionality breaks, the 

curve follows viscoelastic behavior, and there is a smooth transition from elastic 

behavior to plastic behavior.  

Different kinds of elastomeric material show similar mechanical behavior in various 

application areas. The elastomer can be divided into two groups: first, the 

conventional or thermoset elastomers, and second, the thermoplastic elastomers [23]. 

Thermoset elastomers can be defined as cured and shaped polymers. After curing, 

polymers are crosslinked with chemical bonds. Because of chemical reactions, it is 

not possible to break bonds. Through crosslinking, thermosets show elastomeric 

recoverability [24]. Thermoplastic elastomers can be defined as a composition of 

thermoplastics and elastomers. The structure consists of copolymer blocks which are 
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ordered as A-B-A. A represents thermoplastic and B represents elastomer [25]. A 

and B’s contribution amount affects the mechanical properties of TPEs.  

TPEs are new material and have recently taken place in research areas. It is a unique 

material because they have a significant deflection level and processing is relatively 

easy, thanks to microphase separation between copolymer blocks [26]. TPEs' 

physical crosslink networks can be ripped during the thermal treatments and this 

allows for physical foaming of TPEs [26].  

There are various types of TPE materials which are produced by mixing of two 

polymer types and produced by block copolymerization of two or more segments of 

molecularly different polymers. One of the most popular TPE used in daily life and 

produced by block copolymerization material is TPU [27]. It contains hard and soft 

segments in the microstructure. Hard segments connected with hydrogen link to each 

other, and the foaming structure highly depend on to melting of hard and soft 

segments' architecture [26], [28]. This bonding helps TPU to display high flexibility, 

elasticity, and shock absorbance characteristics [29]. The material properties can be 

customized by controlling the ratio of soft and hard segments and structural 

morphologies [30].  

1.5 Foaming Elastomers 

The conventional foaming method creates space inside the material and allows it to 

fill with a gas such as carbon dioxide or nitrogen during the melting process in a 

controlled pressure medium. Foaming may also be produced by mixing a chemical 

foaming agent with melted polymer. The main idea is to create bubbles in the 

polymer structure, then stabilize them to create cellular structure [28], [31], [32]. The 

porous structure provides space for cell walls to bend and buckle to improve 

deformability [33]. They were invented to reduce polymer consumption in processes, 

improve damage tolerance, and increase product’s energy absorption and hardness. 

They are widely used in the aerospace industry, automotive industry, marine and 
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civil engineering applications due to their market availability, ease of processibility, 

and strength-to-weight ratio [32], [34]. 

The conventional methods for the foam manufacturing are only partially successful 

for the hierarchical structure production and fine control of porosity gradient [35]. 

Most of the products manufactured with the conventional methods are open-cell 

structures that are softer and less strong than closed-cell foams. It is not fully 

effective and easy to produce complex cellular structures with the conventional 

methods [34]. However, recent studies show that additive manufacturing has a great 

potential to create cellular structures by controlling internal porous morphology and 

complex final geometry [31], [35]–[37]. Compared to the random foaming 

characteristics of the conventional methods, additively manufactured foams have 

well-defined repeated cell structure, shape, size, and density [31]. Foaming with AM 

can be classified into four groups. First, architected porous structures, second, 

synthetic foaming, third, post foaming of printed parts and fourth, printing with 

foaming agents saturated filaments [38].  

Fused filament fabrication is one of the most common methods in AM due to 

simplicity, relatively low process temperature, controllable fusion and solidification 

segments and wide range of polymer filaments [34], [39]. As mentioned before, even 

if FFF is the most common printer, it is still uncovered. ABS and PLA represent %80 

of literature work [39]. Recently, attention for elastomer foams with FFF, a less 

known area, increased.  

Elastomers can be foamed by FFF with different techniques for different 

applications. They can be produced by activating foaming agents [40] or by exposing 

CO2 in a controlled temperature and pressure environment [41]. Also, they can be 

produced by syntactic foaming [42] and architected porous structures [43]. In 

literature, there are studies such as comparison of foaming at different printing 

speeds at high temperatures [31], comparison of different percentages of foaming 

agent and elastomer compounds [44], comparison of CO2 saturated filaments with 
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different printing speed and temperatures [45], and comparison of elastomers 

contains different amounts of thermally expandable microspheres [34].  

In this study, elastomers at different printing temperatures were investigated. The 

main purpose was to make a comparison between the tensile properties and the 

compression properties of solid specimens. Then, the mechanical properties were 

defined. After the mechanical properties were defined, the lattice structure properties 

under the compression of foamed elastomers which were extruded at different 

temperatures would be investigated. The TPU was selected as elastomer, and 

Varioshore TPU filament (Colorfabb, Netherlands) was used as filament material 

which has a chemical foaming agent. The FFF printing method was used in this study 

since the FFF is suitable for this study to activate the foaming agent and to create 

controlled porosity by changing the temperature [46]. Moreover, the distribution of 

hard and soft segments of  TPU can be rearranged by extruding at different 

temperatures [47].  

The high flexibility, elasticity and shock absorbance characteristics of TPU take the 

industry’s attention and soft TPU filaments for FFF are started to be produced [48]. 

TPU can be produced with different grades of thermally expendable microstructures 

to activate foaming at different temperature levels [34], [49]. By changing the 

temperature, microstructure can be arranged as desired and foaming starts. The 

printed materials become anisotropic due to random orientation of particles after the 

vulcanization of TPU in the three dimensional space [50]. Yet, this makes density 

control more challenging. Studies showed that additively manufactured polyurethane 

foams present similar resilience behaviors with bulk rubber material with four-time 

lower densities [51].  

Nowadays, TPU foams have a wide range of applications automotive, electronics, 

footwear, aerospace, and toys. Insufficient traditional methods increase the attention 

over additively manufactured TPU foams. Moreover, researchers are investigating 

the recycling of TPU foams, bio-based TPU foams such as a vegetable-oil-based 
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polyol, personal protection equipment, electromagnetic interface shielding, sensors, 

and biomedical usage of TPU [51]–[55]. 

1.6 Foaming Filaments for FFF Applications 

Recently, interest in low-density materials such as porous polymeric structures in 

FFF  is increasing because they show improved thermal, mechanical, and physical 

properties [56].  

Among all foaming methods which are discussed previously, foaming agent 

activation was investigated in this study. The reason is that commercial foaming 

filaments are available in the market, and it is easy to process because there is no pre 

or post-application addition to the printing process. Changing the nozzle 

temperature, the infill percentage or the flow rate, makes it is easy to activate 

foaming and obtain a lightweight printed product. Studies show that there are few 

options for foaming filament to use in FFF printers.  

PLA gets attention nowadays and lightweight PLA(LW-PLA) is investigated as 

foaming filament in literature [56]–[58]. LW-PLA has a chemical foaming agent 

which requires a certain condition for the activation of foaming material. By 

foaming, low-density, low weight, and low hardness material are obtained. LW-PLA 

is used for medical applications, such as creating bone simulant structures [59] or 

soft tissues [60] and small industrial applications such as creating lightweight 

brushless motor components [61]. 

In this study, like LW-PLA, foaming TPU filament, Varioshore TPU is used and by 

changing the nozzle temperature, different level of foaming was observed and 

investigated. There are similar studies that investigate different types of foaming 

TPU materials such as investigating the different compositions of chemical agents 

and TPU material [62], cell morphology and expansion ratio [40], foaming the 

printed specimen with CO2 saturation [41], the compression behavior of star-shaped 

scaffolds [63], [64], customized crutch grips [65]. In the following sections of this 
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study, the mechanical properties of foaming TPU at different levels of foaming and 

the effects of mechanical properties of honeycomb structures are investigated. 
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CHAPTER 2  

2 EXPERIMENTAL DETAILS 

2.1 Overview 

In this work, parts printed using Varioshore TPU filament (Colorfabb, Netherlands) 

was investigated to observe the material properties under different nozzle 

temperatures. First, the dog bone tensile specimens and the cylinder compression 

specimens were printed by an Ultimaker 2+ FFF printer. Then, standardized 

mechanical tests were performed. Second, honeycomb lattice structures were 

designed and printed. Lastly, the compression tests were performed on these 

honeycombs to determine their impact-absorbing behavior. 

Three identical specimens were manufactured at five different nozzle temperatures 

for both the tension and the compression experiments. For the honeycomb 

compression test, six honeycomb structures were manufactured at five different 

temperatures. In total, sixty samples are manufactured for the experiments. In Table 

2.1, the summary of the experiment details is given.  

Table 2.1 A summary of experiment details of specimens. 

Test Specimen Geometry 
Testing 

Standard 

Number of 

Samples 

Tested 

Tension 
Dog bone Type C 

(Figure 2.2) 
ASTM D412  15 

Compression Cylinder (Figure 2.2) ASTM D575  15 

Lattice 

compression 

Lattice structures 

(Figure 2.3) 
ASTM D1621  30 
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The tensile specimens were also scanned in SEM to find out the microstructures 

and porosity levels of specimens. 

2.2 Material and Manufacturing 

2.2.1 Material 

For all samples, CAD models were prepared, then a toolpath was generated with a 

suitable preprocess program and then samples were printed as finalized products. All 

products were printed FFF method with Ultimaker 2+ (Ultimaker ltd., Netherlands). 

Only the extrusion nozzle temperatures were varied.  

2.2.2 Modeling and G-Code Generation 

At the beginning of the design process, design parameters were decided. According 

to these parameters, geometries were created. These parameters were discussed in 

the previous section for 3D modeling of the samples; Solidworks 2020 (Dassault 

Systems, USA) is used CAD program. 

After the modeling phase, able to print finalized geometries, 3D models should be 

introduced to the printer via G-code. G-code contains toolpath information that the 

nozzle follows during operation. CAD program gives the STL file as output. The 

surface of the geometry is split into triangle meshes. STL file is the input of the 

slicing software to generate the necessary G-code. Open-source software Ultimaker 

CURA (Ultimaker ltd., Netherlands) was used as slicing software.  

2.2.3 Printing Process 

As mentioned before, Ultimaker 2+ (Ultimaker ltd., Netherlands) printer was used 

for this thesis study. The printer is shown in Figure 2.1. It has a single nozzle. 

Temperature can be arranged between 180°C and 260°C, which is just perfect for 
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investigated temperatures of this study. The nozzle can be heated up under 2 minutes. 

Moreover, during the operation, it is observed that the nozzle temperature does not 

fluctuate excessively. For these reasons, Ultimaker 2+ is reliable for this study. 

 

Figure 2.1 Ultimaker 2+ FFF Printer. 

According to the specified parameters, the printing process was performed. The 

tensile and the compression specimens were printed at the same time for the same 

temperature level, and six honeycomb specimens were printed at the same time for 

the same temperature. An attempt was made to reduce the deviation in properties to 

zero. 

2.3 Design of Experiments 

2.3.1 Tensile and Compression Specimens 

The tension test specimens were made according to the D412-16 Type C standard 

[66]. The compression test specimens were made according to the D575-91 [67]. 
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Figure 2.2 (a) Technical drawing of tensile test specimen. (b) A photograph of tensile 

test specimen. (c) A Photograph of tensile test setup.  (d) Technical drawing of 

compressive test specimen. (e) A photograph of compressive test specimen.  (f) A 

Photograph of compressive test setup. Thicknesses are 3 mm for the tensile test 

specimens and 12.5 mm for the compression test specimen. 

In Figure 2.1 (a) and Figure 2.1 (d), the specimen size for the tension and the 

compression is given. Figure 2.1 (b) and Figure 2.1 (e) show the manufactured 

specimens. Manufactured specimen dimensions were in ±0.3% as specified in 

standards. The dimensions were measured with a caliper, and the room temperature 

was maintained at 23±2°C during experiments. 

The tension and the compression tests were performed in Zwick/Roell Z250 

(Germany) universal testing machine (UTM). The tension test speed was 

500mm/min. The compression test speed was arranged as 10% of the specimen 

height was compressed in a minute. In Figure 2.1 (e) and Figure 2.1 (f), the tension 

and the compression test setups are given. In tension, setup 0.1kN load capacity cell, 

and in the compression test setup 10kN load capacity cell was used. 
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All specimens were printed in the Z direction. The system axis is shown in Figure 

2.2. 

2.3.2 Honeycomb Structures 

The lattice structure was designed as honeycomb geometry. The honeycomb 

structure contains sixty-eight cells whose dimensions are given in Figure 2.3 (a). The 

height of the honeycomb lattice is 29.5mm. Figure 2.3 (b) shows the printed 

specimen of the honeycomb. Figure 2.3 (c) shows the test setup. The test was 

performed with 10kN load capacity cell, and the test speed was arranged according 

to %10 of the height of the specimen.  

Honeycomb specimens printed in the Z direction are shown in Figure 2.3. 

 

Figure 2.3 (a) Technical Drawing of Honeycomb Specimen. (b) A Photograph of 

Honeycomb Test Specimen. (c) A Photograph of Honeycomb Compression Test 

Setup. 

2.3.3 Printing Parameters 

In Table 2.2, common printer parameters are given, and all experimental procedures 

were carried out according to these parameters. As noticed, the filament diameter, 

the nozzle diameter, the layer thickness, the printing speed, the bed temperature, the 

infill direction and percentage were fixed for the entire experimental setup. These 

values were recommended values from the technical data sheet (TDS). Only, the 
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printing temperature was changed. TDS states that the onset of foaming is around 

230°C [68]. Detailed parameters for each specimen are given in Appendix A.1. 

Table 2.2 Printer Parameters. 

Parameters Values 

Filament Diameter [mm] 2.85 

Nozzle Diameter [mm] 0.4 

Layer Thickness [mm] 0.2 

Printing Speed [mm/s] 30 

Nozzle Temperature [°C] 190, 205, 220, 235, 250 

Bed Temperature 40 

Infill Direction ±45° 

Infill Percentage 100% 

 

The tensile and the compression test specimens with the same extrusion temperatures 

were printed in the same operation. Also, the honeycomb structures with the same 

extrusion temperature were printed in the same operation. The printed products 

would have better quality if they were printed one by one. However, by arranging 

toolpath and CAD data, the same quality could be provided. Also, multiple 

productions at the same time were more time efficient. 

The infill direction affects the mechanical properties of structures. To obtain 

homogenous stress distribution between the layers the infill direction was selected 

as ±45° [15]. Yet, it was not valid for the honeycomb structures because their wall 

thickness is 0.2 mm. On the contrary, it was important for the tensile and the 

compression test specimens. It was expected to behave close to isotropic material 

since the raster angle was selected as ±45° and the infill percentage is 100%.  
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2.4 Characterization and Testing 

2.4.1 Mechanical Testing 

To be able to understand the mechanical properties of the Varioshore TPU filament 

(Colorfabb, Netherlands), mechanical testing was performed. Since it is novel 

material, there is not enough study in literature. In this case, it was a big advantage 

to perform the tensile and the compression tests to validate and compare the literature 

data and to have a well understanding of the material characteristic.  

2.4.1.1 Tensile Testing 

At room temperature, uniaxial tensile tests were performed using a uniaxial material 

testing apparatus (Z250, Zwick/Roell, Germany). As stated in standard D412-16 

[66], the test speed was determined as 500 mm/min. 1 N preload was applied to 

prevent loose of the specimen. The gauge length was specified as 25 mm. 

The tensile stress was calculated using the following Equation 2.1.  

𝜎𝑡 =
𝐹𝑡

𝐴𝑐
                             (2.1) 

Here σt is the tensile stress, Ft is the applied axial load and Ac is the area of the cross-

section. 

2.4.1.2 Compression Testing 

At room temperature, uniaxial compression tests were performed using a uniaxial 

material testing apparatus (Z250, Zwick/Roell, Germany). As stated in D575-91 [67] 

the testing speed was arranged as 10% of specimen height. 10 kN load cell was used 

to able to complete the experiment. A water gauge was used to ensure uniaxial 

loading because of the universal joint connection of the load cell to the machine. 
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The compression stress was calculated using the following Equation 2.2.  

𝜎𝑐 =
𝐹𝑐

𝐴𝑐
                 (2.2) 

Here σc is the compression stress, Fc is the applied axial load and Ac is the area of 

cross-section. 

2.4.1.3 Honeycomb Compression Testing 

The honeycomb compression test followed the same procedure in the same testing 

machine with the compression testing. The test speed was determined by 10% of the 

specimen height. However, there were two possible directions to performing the 

compression tests. In this study, the X1 direction was preferred to the compression 

direction, which is shown in Figure 2.4. The scanned area in Figure 2.4 shows the 

cross-section area which was used in Equation 2.2 for the honeycomb compression 

stress calculation. 

Figure 2.4 (b) showed that the compression test was also applied in the X2 direction 

for one specimen in each nozzle temperature to find out any difference in mechanical 

properties. However, it was clarified that there were not any notable differences 

between the compression load-strain curves. After showing that, the X1 direction 

was chosen. A detailed comparison of X1 and X2 directions is given in Appendix 

A.2. 
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Figure 2.4 (a) Honeycomb test specimen and load directions. (b) Force-Strain curve 

of loading in X1 and X2 directions of 235oC. 

2.4.2 Scanning Electron Microscopy 

The tensile test specimens after failure were prepared for the SEM process. This 

process was necessary to investigate the microstructure and the porosity of the 

printed specimens at different temperatures. QUANTA 400F Field Emission SEM 

was used for scanning. It allows high-quality pictures at different levels of zoom.  

Failed cross-sections of the tensile specimens were coated with gold, and then 

scanning was completed for five different temperatures. 
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CHAPTER 3  

3 RESULTS AND DISCUSSION 

In this section of the thesis, the experimental results were discussed. First, tensile test 

results, then the compression test results were evaluated. The mechanical behavior 

of Varioshore TPU filament and the printing parameters’ effects tried to be figured 

out. Finally, the honeycomb compression test results were discussed and the energy 

absorption characteristics and related phenomena were tried to understand.  

3.1 Tensile Testing 

The Varioshore TPU filament was applied tensile test in five different temperature 

groups from 190°C to 250°C for a better understanding of the tensile characteristics 

and the effect of the nozzle temperature during and after the printing process.  

Figure 3.1 (a) shows the repeatability of engineering stress-strain data at 235°C. It 

can be easily seen that the filament material shows the same characteristic at the 

same extrusion temperature. The tensile specimens stretched until the failure. All 

specimens start with elastic behavior and the graph goes linear at small strain levels. 

Then, linearity breaks, and the nonlinear curve continues until the yield point. After 

the yield point, as noticed, strain hardening behavior starts, and large strain 

deformation occurs until the breaking point without necking. Elongation varies from 

nearly 250% to 450%. The chain microstructure of the Varioshore TPU filament 

(Colorfabb, Netherlands) allows this large deformation. Chain structure oriented 

along loading direction.  

In Figure 3.1 (b), the effect of the nozzle temperature on the printing process can be 

easily observed. Although the mechanical properties of all specimens show 

similarities, the elongation rates, strain hardening rates, fraction stresses, and yield 
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stresses are different. Temperature affects the molecular structure of the material, 

and it causes gaps between the molecules at different levels at different temperatures. 

In other words, the Varioshore TPU filament (Colorfabb, Netherlands) is foaming in 

high temperatures. So, this affects the mechanical properties.  

Figure 3.1 (c) and Figure 3.1 (d) show the effects of the nozzle temperatures on the 

mechanical properties and density of Varioshore TPU. The tensile strength and the 

elongation at break show similar characteristics, as seen in Figure 3.1 (b). There is a 

decreasing path of the elongation at break and the tensile strength. At 190°C, the 

tensile strength is 9.88 MPa while the elongation is 439.9%. Up to 220°C, there is a 

nearly linear drop line. After this drop, there is a brief rise at 235°C, the tensile stress 

increases to 5.81 MPa, and the elongation at break increases to 358.52%. Then, from 

235°C to 250°C, the tensile stress decreased to 4.63 MPa and the elongation at break 

slightly decreased to 281.45%. The stress decreases nearly in linear path. This 

decrease might be the result of the foaming effect. When foaming increases with 

increasing printing temperature, and the stress decreases. The porous microstructure 

causes weaker specimens. 

In Figure 3.1 (d), the densities of the tensile specimens are compared. The density of 

the tensile specimens shows quite similar behavior with tensile strength. Density at 

190°C, 0.922g/mm3 and it slightly decreased at 205°C. However, at 220°C there is 

a sharp drop. At 235°C, density slightly increased and at 250°C, there is drop again. 

The volume and the mass of the specimens are measured from the manufactured the 

tensile specimen. In other meaning, the geometrical expansion of filaments with the 

foaming effect is considered during the density calculation. The reason for the sharp 

drop at 220°C might be the filaments are expanded more than at lower temperatures.  

Therefore, the mass decreases with foaming and at the same time, the volume 

increases. In conclusion, density decreased dramatically. 
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Figure 3.1 (a) Stress-Strain behavior of Varioshore TPU at extrusion temperature 

235°C. (b) UTS vs. the nozzle temperature and elongation at break vs. the nozzle 

temperature. (c) Densities of dog bone specimens at different extrusion temperatures. 

In Figure 3.2, SEM images of the tensile specimen are shown. As noticed, at 190°C 

nozzle temperature, the specimen has the lowest porosity. Separate filament layers 

can be easily observed. Similarly, at 205°C nozzle temperature, filament layers can 

be easily distinguished. However, at 220°C, 235°C and 250°C, the layers begin to 

unite and become a more porous structure. Layers could not be easily distinguished 

and at 235°C layers become almost one piece. Moreover, the porosity seems the 

highest at 235°C and 250°C among other temperatures. It is an expected result 

because of the foaming behavior of TPU Varioshore. The difference between 190°C 

and 220°C in Figure 3.2 supports the density drop in Figure 3.1 (d).  
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Figure 3.2 At the top: SEM images of the specimens. At the bottom: Photographs 

indicating the viewing directions of the SEM images. The images on the left and the 

right correspond to 190°C and 235°C extrusion temperatures, respectively. 

3.2 Compression Testing 

The Varioshore TPU filament was applied the compression test in five different 

temperature groups from 190°C to 250°C for a better understanding of the 

compression characteristics and the effect of the nozzle temperature during and after 

the printing process.  

The engineering stress-strain curve of Varioshore TPU foam at 190°C for the 

compressive test is given in Figure 3.3 (a). The compressive test is performed for 

four groups of different extrusion temperatures. It can be observed that all specimens 

show similar characteristics in their temperatures as in Figure 3.3 (a); the specimen 

is manufactured at 190°C shows. The experiment was performed up to %40 strain 

level. 
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In Figure 3.3 (b), the levels of the compressive stresses by changing the printing 

nozzle temperatures can be observed. The highest compressive stress at 40% strain 

level belongs to 205 °C, and the lowest one belongs to 250°C.  

 

Figure 3.3 (a) Stress-Strain behavior of Varioshore TPU at extrusion temperature 

190°C (b) Stress-Strain behavior comparison of Varioshore TPU at different 

extrusion temperatures. 

In Figure 3.4, the compression stress levels at 40% strain are shown. The 

compression stress increases at the beginning from 190°C to 205°C. Stress level is 

nearly the same for 205°C and 220°C. Then, there is a critical drop at 235°C. From 

235°C to 250°C, stress slightly decreased. On the contrary tensile test, the stress 

initially increased at the compression test. The reason might be the fusion between 
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layers. In other words, the printed layer overlaps the previous layer, and this overlap 

affects the density, eventually affecting the specimen's stress. However, after some 

critical temperature points, the porosity effect overcomes the fusion effect, and the 

density starts decreasing. It causes stress to drop at higher temperatures. 

 

Figure 3.4 Compression stresses at 40% strain.

3.3 Honeycomb Compression Testing 

The Varioshore TPU filament was applied the honeycomb compression testing in 

four different temperature groups from 190°C to 235°C for a better understanding of 

the compression characteristics of honeycombs and the effect of the nozzle 

temperature during and after the printing process.  

In Figure 3.5 (a), it can be observed that stress-strain behavior of the honeycomb 

structure which is manufactured at 235°C nozzle temperature. In Figure 3.5 (a) inset, 

the elastic region of the stress-strain curve is zoomed in. The compressive 

characteristic is similar to elastomeric foam compressive behavior as expected [69]. 

In Figure 3.5 (b), the compressive behavior of the honeycomb can be observed in the 

stress-strain diagram. The elastic region is zoomed in Figure 3.5 (b) inset. It can be 

observed that at 235°C the honeycomb structure has the highest yield, the peak, and 
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the plateau stresses and at 190°C, it has the lowest one. The plateau stress, 𝜎𝑃𝑙, and 

the yield stress, 𝜎𝑦, calculations suggested by Gibson and Ashby are given in below 

[70]. 

𝜎𝑃𝑙 =
∫ 𝜎(𝜀) ⅆ𝜀

𝜀𝑐𝑑
𝜀𝑦

𝜀𝑐𝑑−𝜀𝑦
                           (3.1) 

𝜎𝑃𝑙

𝜎𝑦
=

2

3
(

𝑡

𝑙
)

2
                             (3.2) 

Here 𝜀𝑐ⅆ  and 𝜀𝑦  are the critical densification strain and the yield strain respectively 

in Equation 3.1. t is the thickness and l is the length of cell wall in the XY plane in 

Equation 3.2. These values are given in Appendix A.4. 

 

Figure 3.5 (a) Stress-Strain diagram of compressive test of the honeycomb structure 

which is manufactured at 235°C nozzle temperature. (b) Stress-Strain curve 
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comparison for honeycomb structure of Varioshore TPU at different nozzle 

temperatures. 

In Table 3.1, it can be easily noticed that the lattice structures produced at 235°C 

nozzle temperature have higher relative density and the average relative densities 

varying in the nozzle temperatures in ascending order are 220°C, 205°C, 190°C, and 

235°C. Relative density is a ratio between honeycomb density and solid density. The 

relative density calculation suggested by Gibson and Ashby is given in below [70]. 

In Equation 3.3,  𝜌0 and 𝜌𝑠 are honeycomb density and solid density respectively. 

These values are given in Appendix A.4. The densities are determined from the 

printed honeycomb structures. The honeycomb density represents the ratio between 

the honeycomb mass, and the fully closed assumed honeycomb volume. The solid 

density represents the base material density. 

𝜌0

𝜌𝑠
=

2

√3
(

𝑡

𝑙
)                 (3.3) 

The relative density affects the densification strain and the plateau stress and 

eventually the yield stress and the yield strain. Because the densification strain is a 

function of the relative density [71].  The densification strain and the critical 

densification strain equations are given in Equation 3.4 and Equation 3.5 

respectively, where 𝜀ⅆ  is the densification strain, and 𝛼 and D are experimental 

constants in Equation 3.4 and Equation 3.5. Gibson and Ashby suggest to take 𝛼 as 

1 and  D as 1.4 [70]. In this study, 𝛼 is accepted as 1, however, the critical 

densification strain is experimentally determined as shown in Figure 3.9. 

𝜀ⅆ = 1 − 𝛼
𝜌0

𝜌𝑠
                            (3.4) 

𝜀𝑐ⅆ = 𝜀ⅆ (1 −
1

𝐷
)                           (3.5) 

The experimental studies in the literature show that with increasing the relative 

density, the peak stress, the yield stress, and the plateau stress increase, and the 

densification strain decrease [70], [72], [73].  However, in this study, this theory is 
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not completely applicable because 220oC does not completely fit the theory. To 

explain this unusual behavior, the given suggestion is that the mechanical properties 

of the lattice structures can be affected by the porosity of the honeycomb wall. In 

Figure 3.2, it was discussed that 235°C has one of the most porous microstructures 

and 190°C has the lowest. After 220°C printing temperature in Figure 3.2, the 

porosity level dramatically increased, and it affected the material behavior. It is 

expected that with increasing porosity, the strength of the material decreases and the 

stress level increases at the same strain level [70], [72]. However, with the increasing 

particle size, the strength of the lattice structure can be deteriorated [74], [75]. The 

low-density foams have weak walls at the microstructure level. In recent 

applications, these walls assumed constant width to simplify the analysis [76]. The 

wall thickness of the microstructure also affects the wall thickness of the honeycomb 

structure. In Figure 3.6, the variation in the wall thickness can be observed. This 

variation of the wall thickness is considerably large, and it affects the plateau stress 

and yield stress ratio in Equation 3.2 and the relative density in Equation 3.3. Also, 

it could be affecting the buckling of the honeycomb wall. 

 

Figure 3.6 Average wall thickness vs. the nozzle temperature. 

Figure 3.7 is a comparison graph of the energy absorption levels against the 

compression stress of TPU Varioshore lattice structures at different nozzle 

temperatures. The energy storage from the beginning of the loading up to the 
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densification is simply the area under the compressive stress-strain curve of the 

lattice structure and it is given in  Equation 3.6 [70]. 

𝑤 = ∫ 𝜎(𝜀) ⅆ𝜀
𝜀

0
                                      (3.6) 

Here σ and ε are the stress and the strain respectively in Equation 3.6. The volumetric 

energy absorption efficiency of a lattice structure is the energy absorption per unit 

volume which is expressed as the energy absorption divided by the stress level at the 

instant strain of the lattice structure [70], [72]. Energy absorption equation is given 

in Equation 3.7, and  𝐸 and 𝜎(𝜀) are the energy absorption efficiency and the stress 

at related strain respectively in Equation 3.7. 

𝐸(𝜀) =
∫ 𝜎(𝜀) ⅆ𝜀

𝜀

0

𝜎(𝜀)
× 100               (3.7) 

 

Figure 3.7 Energy Absorption-Stress comparison for honeycomb structure of 

Varioshore TPU at different nozzle temperatures. 

In Figure 3.8, the maximum efficiency curves calculated by Equation 3.7 for the 

honeycomb structure at different nozzle temperatures are shown. The maximum 

energy absorption efficiency values for all nozzle temperatures are nearly %40 and 

efficiency percentages are close to each other.  
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Figure 3.8 Efficiency comparison for honeycomb structure of Varioshore TPU at 

different nozzle temperatures. 

Figure 3.9 shows the maximum efficiency, the peak stress, and the critical 

densification strain from the stress-strain graph of the honeycomb structure. Emax is 

the maximum efficiency and 𝜎p and 𝜀𝑐ⅆ  are the peak stress and the critical 

densification strain respectively. It can be noticed that although there is no negative 

value in the equation of efficiency, Equation 3.7, the efficiency decreases after a 

certain point. The reason is that the denominator increases faster than the numerator 

after it reaches maximum efficiency. The numerator is the area under the curve and 

the denominator is the stress value at the instant strain value. The area and the stress 

increase are nearly linear up to a certain strain value. However, after this strain value 

the stress start to increase faster than the energy absorption and the efficiency starts 

to decrease. The strain value where efficiency starts to decrease is called the critical 

densification strain value and the stress at this strain is called the peak stress. To 

calculate the critical densification strain value this method is used instead of 

Equation 3.5. 

In Figure 3.9, the blue dashed line shows the behavior of ideal energy absorber like 

a sponge. The stress level increase initially at zero strain up to the peak stress. Then, 

stress stays constant up to 100% strain level where no longer can be compressed. For 

an ideal absorber, the efficiency follows a linear path, starting from 0 to 100% 
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efficiency at 100% strain level. For better understanding, the honeycomb test results 

can be compared with ideal absorber in Figure 3.9. 

 

Figure 3.9 Stress and efficiency vs. strain for honeycomb structure at 190oC nozzle 

temperature. 

Table 3.1 shows the summary of the mechanical properties of the honeycomb 

structures that are extruded at different nozzle temperatures. These values can be 

determined by the equations previously discussed; however, the experimental result 

can be different than the theoretical calculations. Therefore, experimental results are 

used to obtain the values in Table 3.1 as discussed. The relative density in Equation 

3.3 calculated with the printed honeycomb density and the solid density. It is 

inversely proportion with the densification strain. They are tabulated in  Table 3.1. 

Figure 3.9 shows the experimental determination of the peak stress, the critical 

densification strain, and the maximum efficiency. This is how they were calculated 

in Table 3.1. Yield stress in Table 3.1, calculated from the point where the linearity 

breaks in the stress-strain curves of the honeycomb structures. 

For each temperature level, Table 3.1 is detailed in Appendix A.3. The lower values 

in Table 3.1 for each temperature show the standard deviation. It can be easily 

noticed they are very small values, and the deviations show that the tests are 

consistent. 
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Table 3.1 Summary of Honeycomb Mechanical Properties. 

Temperature 

(Co) 

Maximum 

Efficiency 

(%) 

Relative 

density 

Experimental 

(%) 

Densification 

Strain 
(porosity) 

Critical 

Densification 

Strain 

Peak 

Stress 

(MPa) 

Yield 

Stress 

(MPa) 

Energy 

(J/cm3) 

190 
40.088 17.695 0.823 0.634 0.041 0.016 0.016 

±1.37 ±0.3 ±0 ±0.03 ±0.01 ±0 ±0 

205 
42.364 17.156 0.828 0.604 0.044 0.021 0.019 

±0.85 ±0.42 ±0 ±0.03 ±0 ±0 ±0 

220 
47.530 17.012 0.830 0.640 0.070 0.038 0.033 

±3.75 ±0.23 ±0 ±0.02 ±0.01 ±0 ±0 

235 
41.642 27.040 0.730 0.629 0.108 0.055 0.045 

±1.2 ±0.46 ±0 ±0.03 ±0.01 ±0 ±0 
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CHAPTER 4  

4 CONCLUSIONS AND FUTURE WORK 

In this study, Varioshore TPU specimens that were produced by the FFF technique, 

were investigated to find out the mechanical properties of novel material Varioshore 

TPU at different geometries such as the tensile specimens, the compression 

specimens, and the lattice structures. During manufacturing, different nozzle 

temperatures were applied to activate foaming phenomena.  

In the tensile testing, Varishore TPU showed the nonlinear hyperelastic curve for 

each temperature level. Tensile specimens elongated over 300% before failure. The 

material showed similar behavior at the same temperature. This showed the 

repeatability of the FFF technique for tensile specimens. Also, relatively lower 

temperatures showed similar characteristics. This was the reason that the foaming 

phenomena has not been activated at low temperatures. At high temperatures, 

foaming was activated and as a result of that tensile strength was downgraded. 

Foaming phenomena and repeatability subjects were valid for the compression also. 

The compression specimens were compressed up to 40% of the initial height and 

recovered their deformation during the unloading.  

The difference between the compression and the tensile test have been explained 

with the fusion effect between layers at relatively low temperatures. The fusion effect 

may not be effective for tensile specimens because of the narrow printing region. For 

the compression specimens, there was a larger region for printing. Also, the printing 

direction could be the reason for the difference because as mentioned before, all 

specimens were printed in the Z direction. In tensile test, load was applied in the X 

direction, yet, in the compression test, load was applied in the Z direction. For this 

reason, in lower temperatures, the compression specimens could be stronger.  
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For the lattice structure, the honeycomb structure was studied which is one of the 

most commonly used lattice structures in literature. Again, repeatability was shown 

for the honeycomb compression test. The energy absorption level of honeycomb 

varied with the foaming level. This was a result of the different nozzle temperatures 

as discussed. At higher relative density higher energy absorption was observed. In 

other words, when the porosity increased the absorber characteristic of honeycomb 

became better. Therefore, it was possible to achieve high energy absorption levels 

with the manipulation of the FFF printing parameter. FFF offered arrangeable 

parameters during manufacturing operations. Although foamed materials showed 

higher absorption levels, it could not be said that the most foamed material with 

235oC nozzle temperature was the most efficient. Efficiency was related to absorbed 

energy and stress level.  

In this thesis study, five printing temperature levels were validated. The foaming 

phenomena of TPU and its effect on mechanical properties were studied. Foaming 

had a remarkable effect on the mechanical properties of TPU, and the energy 

absorption level of lattice structures. The temperature was used to activation of the 

foaming.  

In the future, other parameters than the temperature of the printing process can be 

changed to observe differences. FFF gives a chance to interfere with the production 

process parameter. The printing speed can be investigated, and the study can be 

expanded by arranging the printing speed. 

As lattice structure geometry, honeycomb geometry was chosen. In the future, 

another lattice structure model can be used to compare the energy absorption and the 

nozzle temperature effect. For example, cubic lattice, diamond lattice, triangular 

lattice or lattice structures with tailored cell geometries can be manufactured to 

obtain optimized geometry for the energy absorption.  

In future work, closer temperatures can be considered as the  nozzle temperatures to 

obtain the beginning temperature of the foaming and observe the temperature effect 

in more detail. Moreover, other parameters such as the feed rate, the nozzle moving 
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speed, the printing table temperature, or the infill density can be investigated to find 

out any effects of the foaming activation.  

FEM analysis was not performed during the study. For a better understanding of 

structures FEM analysis and the material modeling can be performed. This study can 

also provide an effective route for designing impact-absorbing structures for the 

helmets and similar protective equipment. 
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APPENDICES 

A.1   Printing Parameters 

Table A.1 Detailed Table of Printing Parameters. 
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A.2   Honeycomb compression test direction comparison 

 

Figure A.2 Comparison of honeycomb compression test direction (a) 190oC (b) 

205oC (c) 220oC. 
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A.3   Honeycomb Compression Properties 

Table A.3 Detailed honeycomb compression properties. 

Sample 

Name 

Maximum 

Efficiency 

(%) 

Relative 

density 

Experimental 

(%) 

Densification 

Strain 

(porosity) 

Critical 

Densification 

Strain 

Peak 

Stress 

(MPa) 

Yield 

Stress 

of HC 

(MPa) 

Energy 

(J/cm3) 

HC190#1 39.825 17.939 0.821 0.642 0.043 0.016 0.017 

HC190#2 38.884 17.998 0.820 0.620 0.039 0.015 0.015 

HC190#3 39.396 17.853 0.821 0.688 0.051 0.016 0.020 

HC190#4 40.170 17.351 0.826 0.628 0.038 0.015 0.015 

HC190#5 43.013 17.217 0.828 0.635 0.036 0.015 0.015 

HC190#6 39.241 17.809 0.822 0.591 0.037 0.016 0.014 

HC205#1 41.252 17.546 0.825 0.555 0.042 0.021 0.018 

HC205#2 42.033 17.763 0.822 0.598 0.046 0.021 0.019 

HC205#3 42.643 17.125 0.829 0.616 0.048 0.022 0.020 

HC205#4 42.812 16.715 0.833 0.653 0.047 0.019 0.020 

HC205#5 41.623 17.203 0.828 0.581 0.041 0.020 0.017 

HC205#6 43.819 16.582 0.834 0.623 0.042 0.021 0.018 

HC220#1 53.457 17.230 0.828 0.659 0.063 0.036 0.034 

HC220#2 41.821 17.195 0.828 0.661 0.086 0.039 0.036 

HC220#3 49.461 16.888 0.831 0.628 0.064 0.038 0.031 

HC220#4 46.936 16.648 0.834 0.650 0.068 0.036 0.032 

HC220#5 44.390 16.837 0.832 0.618 0.069 0.037 0.031 

HC220#6 49.118 17.277 0.827 0.624 0.068 0.040 0.033 

HC235#1 42.317 27.267 0.727 0.625 0.109 0.057 0.046 

HC235#2 40.783 27.228 0.728 0.649 0.116 0.056 0.047 

HC235#3 39.923 27.614 0.724 0.633 0.121 0.057 0.048 

HC235#4 42.302 26.213 0.738 0.568 0.087 0.053 0.037 

HC235#5 43.541 26.685 0.733 0.644 0.102 0.054 0.044 

HC235#6 40.983 27.233 0.728 0.654 0.115 0.053 0.047 
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A.4   Honeycomb Parameters 

Table A.4 Average honeycomb parameters. 

Temperature 

(Co) 

Average wall 

thickness, t 

(mm) 

Average wall 

length, l 

(mm) 

Solid 

density 

(g/mm3) 

Honeycomb 

density 

(g/mm3) 

190 0.5 3.54 0.915 0.162 

205 0.52 3.51 0.972 0.167 

220 0.84 3.45 0.972 0.165 

235 0.85 3.52 0.551 0.169 

 


