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1. TFG OBJECTIVES AND SCOPE 

 

Title “Functionally Graded Materials: controlling the polymer curing”. FGMs 

(Functionally Graded Materials) have gradients of mechanical properties depending on 

the position. FGMs are inspired in nature and recognised due to their superiority and 

application flexibility. Exceptional materials capable of combining harder and softer 

zones. Exhibiting high performance tensile properties either for fracture stress strength or 

enlargement capability. FGMs merge in one material counter properties to lighten stress 

concentrations, as it is continuously seen in human tissues and organs. Which allows them 

to withstand dissimilar quotidian activities such as running or jumping. [19] 

FGMs has kickstarted thanks to the growth of 3D printing techniques of high quality as 

SLA (Stereolithography). The rise of SLA techniques has drastically reduced their cost 

improving the investigation possibilities and subsequent cost-effective application. The 

3D printing machine used for this study is based on SLA, offering an outstanding 

dimensioning reliability and repeatability by printing layers from 50 to 100 microns. Once 

the pieces are printed, they go through a post-curing process to change their tensile 

behaviour in distinct areas.  

The aim of the study is to stablish the independent variables of the aforementioned 

process that alter the tensile behaviour of the selected photopolymer. Various patterns and 

curing conditions are evaluated looking for stablishing hypothesis of how the manifold 

elements changed influence the tensile behaviour. With the aim of outlining the 

parameters of relevance, of the patterning and curing procedures. The application of 

patterns varying the curing conditions ushers in tailoring the properties of FGMs.    

Analytical tools used are Force-Displacement curves provided by the Universal Testing 

Machine and Digital Image Correlation software. By means of Force-Displacement charts 

pieces differently cured or without curing can be characterized obtaining tensile 

properties of the material depending on curing conditions without pattern effect. Pattern 

designs are proposed and masking procedure selected. Then, pieces cured following a 

pattern are analysed through Force-Displacement charts supported by DIC (Digital Image 

Correlation) software engine in order that local properties of strain can be measured.  

For the purpose of studying the mixed-properties of the pattern’s proposal, the tensile test 

is taken pictures of. Frames are latter analysed using DICE (Digital Image Correlation 

Engine) tool. DICE is an opensource software for stereocorrelation of images that had 

never been used in the department. With the aim of getting empirical knowledge of the 

tool capabilities and limitations. As well as, stablishing a proper method for the 

characterization of mixed-properties test specimens suitable to be repeated in the future, 

either for further research extensions or for applying the proven knowledge.   

To achieve the aim some challenges have to be overcome. Speckle painting is a hand-

operated job necessary to the successive DIC analysis. Speckles painted by an airbrush 

create a pattern that is deformed with the test specimen which permits the DIC tool to 

correlate each frame with the ensuing one.  



Carrying out the research the following learning has been acquired or trained: test 

specimen design and evaluation according to standard; handling 3D printing software for 

SLA machines; pattern design and evaluation for FGMs; fundamental characterization of 

materials; getting expertise in DIC tools configuration; characterization and analysis of 

strain by means of DIC frames; and analysis of materials tensile behaviour. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



2. STATE-OF-THE-ART:  

Chapter 2 covers prior knowledge, methods and techniques applied in this study. There 

are mainly four techniques or knowledge areas to be noted: SLA 3D printing, 

photopolymers, DIC and FGM.  

 

SLA stands for Stereolithography, is a 3D printing technique capable of producing 

accurate specimens for sophisticated designs and offering a smooth surface finishing. 

SLA 3D printing machines can deal with a wide variety of resins. Additive manufacturing 

by SLA is well-known because of the accuracy reached by adding new layers over 

previously printed layers.  3D printing technologies are experimenting a cutting-edge 

headway due to their multiple applications. Their rise has brought about a significant price 

fall due to the technology advances, what increases their cost-effective usage alternatives.  

SLA is a kind of additive manufacturing based on photopolymers properties by hardening 

liquid resin layer by layer to become solid. At this juncture SLA is the most precise 

commercial 3D printing technique offering top quality dimensioning. 

SLA printing requires test specimens to be submerged in isopropyl alcohol just after the 

printing in order to remove the non-hardened liquid of the surface. SLA printing machines 

use photopolymers as production material which permits post-curing the parts once 

finished. Low force SLA is the next technology advancement in SLA technique. Low 

Force Stereolithography (LFS) pretends to efficiently decrease the forces and stresses 

created during the printing to improve the finishing and the quality of the specimens. In 

LFS by means of more advance optics systems and supporting software the laser spot size 

is reduced with the aim of reducing the exerted forces during the printing. [16] 

Photopolymerization is the phenomenon that underlies the curing process. Due to the light 

exposure the degree of crosslinking in the polymer increases, depending on the 

wavelength of the electromagnetic spectrum, light conditions, temperature, exposure time 

and polymer properties. Photopolymerization effects are studied varying the curing 

conditions. Whenever photopolymers are cured their tensile properties change which 

leads to take advantage of the different properties’ combination. [17] 

Functionally Graded Materials, hereinafter, FGMs, are commonly found in nature. FGMs 

are provided with superior properties due to their mixed properties and several 

capabilities. FGMs is aimed to stablish the independent variables affecting the material 

behaviour to produce continuous materials with tailored mixed properties. FGMs have a 

major impact in biomedical sciences as they reproduce the mechanical properties found 

in biology. The FGMs capabilities cannot be easily reached by means of conventional 

manufacturing which brings about their use in top technological areas such as aerospace 

or energy fields where the use of heterogenous mechanical properties improves 

performance.  

FGMs have different properties patterns, as their properties gradient can be linear or 

stepwise. In the stepwise case there are areas of the material with discrete values of 

mechanical properties instead of a continuous change. FGMs present the capability of 



mixing incompatible properties within a continuous material offering a wider range of 

operation.  

Although the FGMs study and further application manifests major challenges as the lack 

of suitable databases about gradient materials with settled parameters for preparation and 

evaluation. Besides, the need of further research on the lookout of stablishing models to 

predict the gradient materials behaviour. Moreover, FGMs are circumscribed to simple 

structures and samples, more complex structures and applications are to be studied in 

future. [18] 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3. MATERIALS AND METHODOLOGY: 

Chapter 3 covers the method, the techniques, the tools and materials used to study the 

tensile behaviour of curing patterns. During this chapter the techniques, tools and the 

reasons why they were elected are reported. In order to carry out the research several 

methods are used to develop a specific methodology for the design, development and 

analysis of specimens of mixed-properties. 

 

3.1. ASTM D638-02a and Type IV test specimen 

The ASTM D638-02a standard describes the methodology for characterizing the tensile 

properties of plastics. ASTM recognize the ISO 527-1 as equivalent in order to determine 

the tensile behaviour of plastics. The determination of the tensile behaviour has been 

carried out following the ASTM standard, in which five types of test specimens can be 

used. The different steps followed for finding out the tensile properties of the polymers 

are encompassed in the ASTM standard. The dimensions of the test specimens have to 

meet specific stablished requirements. This topic is covered during this section, 

nevertheless, the ASTM is referred in coming steps, as they must fulfil certain parameters 

in order to accomplish the standard requirements. 

All of the ASTM D638-02a types have dumbbell shape and vary in their measurements. 

The thickness range of the test specimens, to be considered under this standard, is up to 

one millimetre to fourteen millimetres, see dimension T in Figure 3.1. The specimen 

selected for this research is type IV, as the standard recommends its usage for the 

comparison of materials with different rigidity cases (nonrigid and semirigid). As well as, 

the type IV is the smallest one that can be readily handled in the laboratory, this way the 

amount of resin consumed is reduced. With the objective of comparing the results of 

several tests, all of them have to be printed under the same dimensioning: Type IV of the 

same thickness. Tests specimens have to follow a specific printing and post-curing 

methodology that is explained in later sections. [1] [2]  

 

Type IV test specimen has the following dimensions:  

 

Figure 3.1: Type IV dimensions 



Type IV thickness, T, can be in a range from 4 mm to 1 mm. All the test specimens printed 

for this research have the following main measurements in the narrow part: T=3.2 mm; 

L=33 mm and W=6 mm. This is the region analysed by Digital Correlation of Images 

making use of DICE software tool, as explained later in this chapter. 

 

The specimens have to be printed using a 3D laser printing machine; for that purpose, 

they type IV specimen has to be designed as a 3D object, using a software tool. The 

software used have been Autodesk Inventor Professional 2020 for generating a “.stl” file 

supported by the 3D printing machine software, Preform. See Figure 3.2. 

 

 

Figure 3.2: Autodesk Inventor Professional 2020 

 

 

3.2. SLA-3D Printing Methodology 

The design of the piece is the first step of a major printing procedure. The “.stl” file is not 

directly compatible with the printing machine; it has to be handled using an specific 

software. The design of the piece and the layout of the printing are the previous steps of 

the printing itself, afterwards the impression several steps follow. The entire set of test 

specimens has been printed using the same 3D printing equipment from the company 

Formlabs. Before the printing is a prerequisite to set up the orientation, layout and support 

of the specimens. The software tool Preform is used to configure the 3D printing machine, 

as the software and the printing machine belong to the same commercial brand are 

perfectly compatible. The screenshot of Fig. 3.3. shows the interface of the software and 

the selected layout, orientation and support for the batch. Once the batch is set up, the 

computer is connected through Preform to the 3D printing machine, Form 2. See Figure 

3.5 to visualize the printing machine. 

 

This previous process, is a one-time process as long as the printing machine saves the 

batch layout for the future printings. Once the layout configuration has been downloaded 

into the Form 2 printing machine; it requires manual manipulation. The resin container is 



inserted in the back of the machine, the vacuum valve has to be open for the fluid to flow. 

The base of the printing, where the UV laser will be projected has to be installed as well, 

together with the top surface (build platform) where the specimens will rest. The resin 

container and the base, once the printing has finished have to be stored at 19º C in a bottle 

cooler.  

 

 

Figure 3.3: Preform layout of the Type IV test specimens 

 

Figure 3.4 (on the left): printed batch of four equal specimens; and, Figure 3.5 (on the 

right): shows the printing machine Form 2 



Test specimens are printed under the quality configuration of 100 microns (0.1mm) per 

layer and the printing machine executes more than one thousand layers per batch for this 

configuration. There is an existing trade-of between quality (layer thickness) and printing 

time, for higher quality pieces the printing takes longer time. Printing one batch consumes 

28.95 millilitres of Durable resin, for processing four test specimens. See Figure 3.3, at 

the right the configuration dashboard can be observed.  

 

Once the printing order is executed, the impression process takes about 7 hours and 20 

minutes. The Form 2 printing machine asks for feedback at the end of the printing. It is 

remarkable that one impression had quality failures, which resulted in one out of the four 

test specimens unusable. Figure 3.4 shows one well within accepted standards finished 

batch.  

 

Test specimens cannot be used yet, it is required to submerged the parts in isopropyl 

alcohol (IPA) to remove the non-hardened resin in their surface. To do so, Form Wash 

(see Figure 3.6), the cleaning equipment from Formlabs, is used. The ultrasounds bath 

takes 20 minutes; and, as both equipment’s belong to the same brand, the build platform, 

with the specimens, can be disassembled from the printing machine and placed in Form 

Wash; without manually handling the pieces. The pieces are submerged in a tank of 8.6 

litres of isopropyl alcohol. [4]  

 

 

Figure 3.6: Form Wash machine  



When the cleaning process has finished it is convenient to let the pieces rest until they are 

dry before manually handling them. The build platform is disassembled, the pieces are 

detached being careful not to damage the test specimen nor the surface of the build 

platform. Once this task is accomplished, green test specimens (without post-curing) are 

finished. For the test specimens either to be fully cured or cured with a pattern, it will take 

a longer process. In the case of green test specimens, the supporting structure created 

during the printing, (see figures 3.3 and 3.4 to note it), have to be removed without 

spoiling the test specimen. The leftover material in the surfaced is filed to have a regular 

surface. Formlabs provides specific tools to properly manipulate the specimens. The 

printing session and the test of the specimens with the universal testing machine, are 

carried out in different sessions, due to the necessity of post-curing the majority of the 

test specimens except for green test specimens. For that purpose, all the printed test 

specimens are stored in a box for light protection in order to avoid any kind of curing.  

 

 

3.3. Durable resin 

The resin selected to carry out the research is Durable, commercial name of one of the 

engineering resins of Formlabs. Durable resin has the highest impact strength of all the 

engineering resins, also it has a large elongation ratio. Formlabs provides information 

about the mechanical properties or their resins, as well as, suggests possible purposes and 

warnings. It should be known for any potential application of  Durable resin, it should 

not be used under erosion or in contact with movable parts. Formlabs notices its relative 

high elongation ratio and its lower modulus in comparison with other resins. Formlabs 

suggests its usage as living hinges material or snap fits due to their mechanical properties. 

At the department the Durable resin had previously been used in past researches which 

provided expertise about its properties. To see the properties of the durable resin at green 

state see Table 4.1. in chapter 4. [3] [5] 

 

 

3.4. Masking design and procedure 

Masked technique is meant by covering up certain specific areas of the test specimen 

surface when curing it. With the aim of protecting the masked areas from the blue laser 

radiation that occurs in the curing.  

The aim underlying the covering is the influence that the UV irradiation has in the tensile 

properties of the material. It implies that protecting some parts and then exposing the test 

specimen under UV radiation, the specimen gets different tensile properties depending 

on the masked areas.  

Several choices were compared in order to keep the surface from being exposed to the 

blue light: painting, using a box or any exterior frame to put the specimen inside, or using 

adhesive stamps. Painting the areas was discarded because it could interfere the later DIC 

(Digital Image Correlation) analysis, as it needs painting and specific contrast conditions. 



Using a box offered the time-saving advantage of repeatability, but it was disadvantaged 

by the poor accuracy and the need of being tightened. That is the reason why using 

adhesive stamps was selected, although every single specimen had to be specifically 

assembled it offered the highest reliability.   

In this particular research, two kinds of curing conditions in the Form Cure machine have 

been experimented: radiation at room temperature (which happened to be 20º) and 

radiation in a heated atmosphere at 60º, both during one hour. Curing is a remarkably 

common post-treatment after the printing. This particular resin has huge elongation ratio, 

and low modulus; but if it is cured, it is hardened. At this point is where the masking 

becomes relevant, as it produces different sections with different tensile properties along 

the same test specimen. This fact allows having mixed properties in the same continuous 

material by means of different patterns and type of curing. Once the washing procedure 

submerged into Form Wash has finished, test specimens are stored for being masked later. 

 

 

 

 

           

Figure 3.7: Pattern I.  Figure 3.8: Pattern II.  Figure 3.9: Pattern III 

 



3.4.1. Pattern design 

Three different masking patterns have been designed and tested in this study. Patterns I 

and II show a more conventional approach, and both offer the same masked area. Pattern 

I is made of one single adhesive stamp of 12 [mm] in the middle of the test specimen. 

Pattern II is made of two adhesive stamps of 6 [mm] separated by 5.5 [mm] and both 

equidistant from the symmetry axis. Ans Pattern III offers a more experimental approach, 

made of one single adhesive stamp of 6.5 [mm] forming 45º with the cross section, Pattern 

III masks the same area at both sides of the symmetry axis although it does not offer 

symmetry in the shape of the cured volume. See Figure 3.7. to see a sketch of Pattern I, 

Fig. 3.8. to see a sketch of Pattern II and Fig. 3.9. to see a sketch of Pattern III. These 

drawings are a 2D scheme of the masking view of the specimen, but also it to the drawing 

is added depth it defines the masked volume under the surface. This happens as the 

adhesive stamps used are rectangular adhesive roll as shown in subsection 3.4.2. 

 

 

3.4.2. Masking method 

 As adhesive tape is used to shape the masking, all of them present rectangular form, it is 

just needed to cut out the excess. It is a millimetric handmade task that requires thorough 

handling. To do so, the adhesive tape is pasted in a photographic transparency, as it has 

the rigidity to be trimmed. The cutting off is done by means of a paper cutter, as it offers 

the required accuracy. See figure 3.9. to notice the methodology.  

 

 

Figure 3.9: Paper cutter to trim the adhesive mask 

 

Three different patterns for masking were proposed: Pattern I, Pattern II and Pattern III. 

Pattern I and II have the same masked area, and Pattern III has a more radical design. See 

Figure 3.10. to see the three patterns. Pattern I, located at the rightmost side of the picture, 

has one unique band of 12 millimetres in the centre of the test specimen. Pattern II, located 

at the leftmost side of the picture, has two bands of 6 millimetres leaving a gap inside of 



5.5 millimetres, both bands are at the same distance from the centre of the test specimen. 

Pattern III, located at the centre of the image, has a unique band in the centre of 6.5 

millimetres forming 45º with the cross section of the test specimen.     

 

 

Figure 3.10: Pattern I (rightmost); Pattern II (leftmost) and Pattern III (centre bottom part) 

 

In order to ensure that all the test specimens fulfil the dimensioning requirements and the 

appropriated measurements of the masking, a calliper is used. The dimensioning of the 

test specimens is measured and the marks to stick the masking adhesive are drawn. Once 

the test specimens are marked and masked the Nikon V20-A profile projector is used to 

ensure the dimensioning and location of the masking. This machine, in the figure bellow, 

performs by means of electronic and optic resources highly reliable measurements, see 

Fig. 3.11 and Fig. 3.12. In this machine the borders and the dimensioning of the narrow 

part are examined in order to detect any potential imperfection. Nevertheless, it is 

remarkable the highly measurement reliability of the specimens printed by Form. [3] [4] 



    

          Figure 3.11: Nikon V20-A                   Fig. 3.12: SC-102 to display measurements 

 

 

3.5. Curing: Form Cure and test specimens’ labelling 

Curing is the last step of the producing procedure for all of the test specimens that will be 

either fully cured or somehow partially cured. Before this step, the test specimens wanted 

to have gradients of properties are masked with one of the three patterns.  

In this study two different kinds of curing configuration in the Form Cure are tested: cure 

during 60 minutes and 60º; and, cure during 60 minutes and heater off, room temperature 

happened to be 20º.  

There are three different types of patterns and two curing possibilities, but pattern III has 

only been tested under one curing scenario. It implies that there are 5 different types of 

mixed-properties specimens studied in this research: Pattern I cured at 60º, I_0; Pattern II 

cured at 60º, II_0; Pattern III cured at 60º, III_0; Pattern I cured at 20º I_1; and Pattern II 

cured at 20º, II_1. Where the letters strand for the pattern and the number of the type of 

curing: 0 for 60 minutes and 60º and 1 for 60 minutes at room temperature. All test 

specimens are cured in Form Cure, which means that all of them were irradiated by blue 

laser radiation. 

Apart from these 5 test specimens with mixed-properties they have been tested specimens 

without any pattern: green, without curing directly from the printing machine; fully cured 



at 60º and 60 minutes (curing configuration 0); and, fully cured without heat and 60 

minutes (curing configuration 1). 

The curing is performed in the aforementioned machine Form Cure, that belongs to the 

commercial brand of Formlabs. Once all the test specimens are either masked or ready 

without masking, they are located inside the chamber. It is remarkable that for the curing 

the supporting structure created by the 3D printing machine is maintained, until the curing 

process is over. Once this step has already finished all specimen’s structures are removed 

as explained in section 3.2. for the case of green specimens at the end of the Form Wash 

machine. Form Cure permits selecting the configuration of the temperature from heater 

off to 80º or varying the curing time, but the UV radiation configuration is settled. The 

wavelength of the blue laser radiation is 405 [nm]. In Figure 3.10. can be seen the chamber 

of the Form Cure in that batch the test specimens I_0, II_0 and III_0 were cured during 

one hour at 60º.  In Figure 3.13. is observed the Form Cure curing other batch with test 

specimens just by UV radiation without temperature. [13] 

 

 

Figure 3.13: Curing test specimens I_1, II_1 and “Cured at 20º” 

 



3.6. Speckle pattern and airbrush 

Digital Image Correlation is used in order to determine the strain concentration along the 

functionally graded materials. DIC offers several advantages over traditional techniques 

such as stain gauges or extensometers as is no so limited. To ensure the quality of the 

correlation lighting conditions, contrast or the pattern quality are fundamental. It is crucial 

that the pattern has enough contrast in relation to the test specimen colour and the speckle 

distribution. Speckles must be uniformly distributed over the surface of interest and 

relatively small and dense, as the DICE recommendation is roughly 3 speckles per subset. 

[12] [14] 

To create a pattern well within the quality standards an airbrush is used, see Figure 3.14. 

Once the painting has finished the airbrush must be carefully cleaned for maintenance 

reasons. It has to be dissembled, removed the excess of paint and introduced for over 20 

minutes in device that by means of water vibrations cleans the interior of the airbrush, see 

Figure 3.15. to see the airbrush assembly and Fig. 3.17. to see the cleaning machine. The 

airbrushes use pressurized air and paint to cover surfaces. In this case the manometric 

pressure at the air inlet of the airbrush was 1.5 [bar], the higher the air pressure the smaller 

the speckles. The painting of the test specimens demands manual dexterity, so before the 

painting of the specimens is advisable to prove over other surfaces until finding a good 

pattern. See Figure 3.16., to observe the pattern zoom in the Nikon V20-A. The paint 

water based and acrylic-polyurethane resin for airbrush black. 

 

 

Figure 3.14: Assembled airbrush 

 

Figure 3.15: Disassembled airbrush 



 

Figure 3.16: Nikon V-20A capture of one specimen speckle pattern 

 

Figure 3.17: Vibrational cleaning machine 



3.7. Universal Testing Machine, frames and tensile test 

A universal testing machine of the commercial brand Servosi equipped with a hydraulic 

system of 10 [kN] is utilized to carry out the force displacement test. In order to perform 

the force displacement test and to take the pictures of the proper frames for the DIC both 

analytic tools have to be synchronized. The movable part of the universal testing machine 

and the fixed part have to be accurately aligned as Figure 3.18. shows. [1] 

 

                      

              Fig. 3.18: fasteners alignment               Fig. 3.19: wedges to place the specimen 

 

Figure 3.19. shows the wedges used to locate the specimen during the fastening of the 

specimen. For tightening the first specimen, a torque wrench is initially adjusted to 5 

[Nm] to tighten all the nuts. When observing the force displacement chart abnormal 

values are displayed, see Figure 3.20. The test had to be stopped and the torque wrench 

adjusted no to 7 [Nm], as the resin surface finishing is soft the specimen was slipping.   

 

 

 

 



 

Figure 3.20: Slipping of I_0 test specimen 

 

 

Figure 3.21: Set up of the tensile test and photographing 



The force displacement test conditions are 2 [mm/min] of movement and 1 [Hz] which 

means one force and displacement data each second. In order to have the frames for the 

DIC, a camera Blaser acA2440-35uc is installed and connected to a computer programme. 

The camera is configured to get 20 images/minute which means 1 frame every second, or 

1 frame every three points of the F-d chart. The beginning of both is synchronized, to 

ensure the later correlation of data. In Figure 3.21. can be seen the set up of the camera, 

which have to be configured to have the proper appropriate contrast and focus. A black 

clothing is located behind the specimen for the camera to have better contrast, and a 

spotlight is used to light up the specimen. Once every test specimen reaches fracture point, 

the “.csv” file from the universal testing machine is saved, as well as, the taken frames 

for the latter DIC; then another test is carried out.  

For the analysis of the results the open source software engine for stereolithography DICE 

is utilized. With the frames from every test the DICE, under the proper configuration, 

which requires more than one attempt provides with strain and displacement frames in a 

“.e” file to be visualized in Paraview. The strain and displacement frames supported by 

the force displacement charts and created with python from the “.csv” file are the 

analytical elements to draw conclusions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4. RESULTS: 

4.1. Characterization of curing influence in tensile properties 

Force displacement test in combination with DIC (Digital Image Correlation) are the 

primary analytical tools substantiating the study. Force displacement test is carried out in 

search of figuring out the tensile properties of fully cured, mixed-properties or green test 

specimens.  

Mixed-properties test specimens have differentiated local properties, as the result of the 

curing pattern. Heterogeneous blue laser radiation as a consequence of masking pattern 

produces a new tensile behaviour, which is intended to be analysed.  

For that purpose, the tensile properties of the resin in each local area have to be known. 

Three force displacement tests have been accomplished to figure out the tensile properties 

of the durable resin in the following conditions: “Green” Test Specimen, no curing at all 

(directly from the 3D printing machine); “cured at 60º” Test Specimen, fully cured (no 

pattern) during one hour at 60º; and, “cured at 20º” Test Specimen, fully cured during one 

hour without heating, at room temperature (measured at 20º) which also was the 

temperature of storing conditions in the laboratory. 

 

Figure 4.1 displays the force displacement charts of the three studied tensile behaviours 

covered by this research: 

 “Cured at 60º”, in black, exhibits the largest breaking force (roughly 550 Newtons) and 

the largest yield force (roughly 480 Newtons). This curve also has the lowest elongation, 

breaking before reaching 20 millimetres.  

“Green”, does not show the characteristic change of slope the other two curves, and also 

presents the lowest force reached during the test. It is due to the slipping of the test 

specimen in the movable parts of the Universal Testing Machine, which made impossible 

continuing with the testing. As the resin Durable without any curing process has high 

plasticity, as the force increased the test specimen slipped. Formlabs provides with the 

characterization of the resin without curation. That is why, it is known that the “Green” 

test specimen, under proper fixing conditions, should have the largest elongation. See 

Table 4.1. to see tensile properties of the test specimen.   

 

 

Table 4.1: Tensile Properties of Durable Resin without curing (Green) 



 

Figure 4.1: Force-Displacement Chart of curing alternatives for Durable Resin 

 

Figure 4.2: “Engineering” Stress-Strain Curves of curing alternatives for Durable Resin 

 

 



In Table 4.1, data from column “Post-cured” cannot be considered as the curing 

conditions are different (fully cured at 60º and 120 minutes). Although, it useful to show 

the general relation between curing and tensile properties: as the curing increases the UTS 

(Ultimate Tensile Strength) and reduces the elongation ratio.  

“Cured at 20º”, in red, at first glance shows intermediate properties, its yield force is 

relatively lower than the “Cured at 60º” one, but larger than the “Green” one. It also 

exhibits intermediate elongation properties, once it is known than “Green” should have 

the largest elongation under normal conditions (see Table 4.1), is understood that this test 

specimen has in-the-middle tensile properties between green and cured at 60º.  

The chart apart from displaying the distinct tensile behaviour of the test specimens, shows 

the effect of curing and the remarkable influence of the temperature. As both “Cured at 

60º” and “Cured at 20º” had the same UV radiation exposure time and just varying the 

temperature.  

 

Figure 4.2 shows the “Engineering” values for the stress-strain curve of the 

aforementioned test specimens. The calculation of the values was carried out by means 

of Python programming language, as all the plots in this section were displayed supported 

in Python. “Engineering” stress-strain curves are worked out with the force displacement 

data from the universal machine testing and the following equations. 

𝜎𝐸 =
𝐹 

𝐴0
 [𝐸𝑞.  4.1] 

𝜀𝐸 =
𝑑 − 𝑙0 

𝑙0
 [𝐸𝑞.  4.2] 

Equation 4.1. stands for “Engineering” stress; F for applied force by the testing machine 

in [kN]; and, 𝐴0 for the cross-section area of the narrow part of the test specimen in [mm2]. 

“Engineering” strain, 𝜎𝐸 , units are [GPa]. Equation 4.2 stands for the “Engineering” strain 

where d is the displacement measured by the testing machine and 𝑙0 stands for the length 

of the narrow part of the test specimen. Strain is a dimensionless expression, and 

displacement and initial length where given in [mm]. The dimensioning of the test 

specimens, type IV of the standard ASTM D638-02a, have been referred-to in section 

3.1. [1] [6] 

“True” stress-strain curves of these test specimens were also calculated using Python 

language but discarded due to reliability reasons as all assumption and requirements could 

not be utterly met.  

In Figure 4.2. can be seen how the “Cured 20º” test specimen can withstand until 

approximately 0.01 [GPa] of “engineering” stress with roughly the same slope as “Cured 

at 60º”. Then the yield stress is over 0.17 [GPa] over roughly 0.25 [GPa] of the “Cured at 

60º”. “Cured at 20º” has larger strain than “Cured at 60º”. The influence of the 

temperature during the curing process changes the tensile properties of the polymer, 

enhancing the maximum stress and decreasing the maximum strain.  

 



4.2. Repeatability test: cured at 60º and 60 minutes 

In order to check the repeatability of the force displacement tests and printing, the 

outcome of three test specimens cured with the same condition was evaluated. The 

specimens cured at 60º during one hour, in the UV Form Cure machine were tested. In 

Figure 4.3. can be observed the force displacement chart of the three test specimens.  

It can be observed that they follow the same shape and reach roughly the same values of 

displacement, yield force and breaking force. In the case of the test specimen “HR_I_00”, 

painted in green, two characteristic peaks are observed. This anomaly was due to two 

stops in the testing procedure for technical reasons. Despite this technical issue, each of 

the curves has highly similar values, therefore comparable. In Figure 4.4. can be observed 

the “Engineering” stress-strain curves of the test specimens which have roughly the same 

values. 

Moreover, the repeatability of the tests was corroborated by previous research at the 

university [3]. By means of dimensioning the test specimens, 3D printed using the same 

printing machine (Form 2) and the same resin Durable. The results showed a mean 

variation of the magnitudes of magnitude order of  10-2 [mm]; which was considered 

negligible. The dimensioning tests also proved the printing resolution; concluding that 

the difference between 100 microns per layer, the resolution used in this study, and higher 

quality resolution was negligible for Type IV test specimens made of Durable resin.  

In Figure 4.4. can be observed the “Engineering” stress-strain curves of the test specimens 

which have roughly the same values, confirming the aforementioned results.   

 

 

 

Figure 4.3: Repeatability check F-d of test specimens equally cured 



 

Figure 4.4: Repeatability check “Eng.” stress-strain of test specimens equally cured 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.3. Proposed patterns and curing conditions 

Tensile properties of the polymer under certain curing conditions: influence of blue 

laser ration at room temperature, and influence of blue laser ration at 60º have been 

analysed. Durable polymer without curing tensile properties are known and tested. The 

aforementioned tensile properties of the polymer depending on the curing procedure are 

no longer the properties of the whole test specimen.  

Different patterns have been chosen to mask the test specimens during the curing 

process, to have different mechanical properties along the same test specimen FGM 

(Functionally Graded Materials). Proposed patterns where: pattern I (one band of 12 

mm), pattern II (two bands of 6 mm) and pattern III (one band at 45º of 6.5 mm), detail 

dimensioning is covered in chapter 3. Now the prior tensile properties are the local 

properties due to the masking, as it protects some parts from the UV ration, having 

different properties.  

 

Figure 4.5. is a force displacement chart which comprises all the plots of all the test 

specimens. The chart includes: test specimens without pattern (green, cured at 20º and 

cured at 60º); pattern I: I_0, cured at 60º and I_1, cured at 20º; pattern II: II_0, cured at 

60º and II_1, cured at 20º; and, III_0, cured at 60º. As I, II or III stands for the employed 

masking pattern, the suffix “_0” stands for cured at 60º and the suffix “_1” stands for 

cured at 20º. 

Figure 4.5. shows at a glance the general behaviour of all the test specimens. The 

influence of the pattern, and the temperature influence are latter analysed, supported by 

DIC (Digital Image Correlation) frames, and force displacement charts. Nevertheless, 

these charts, all together, encompasses the behavioural insight of the mixed-properties 

specimens.  

Notice that, the specimen “cured at 60º” stands above all the test specimens. The 

maximum breaking force and yield force is reached by this specimen, as the effect of 

being hardened by temperature and blue laser radiation. Test specimen “Cured at 20º” 

has the maximum reached displacement, but as it has been previously mentioned, 

“Green” elongation should be larger, as the “Green” elongation ratio is 67%, see Table 

4.1. “Cured 20º”, shows in-the-middle force and displacement. Then all the mixed-

properties test specimens (I_0, II_0, III_0, I_1 and II_2) are bounded by the maximum 

force and displacement curves of its curing procedure.  

I_0, II_0 and III_0 which were cured at 60º shows lower breaking force than “Cured at 

60º” specimen. And I_1 and II_1, which were cured at 20º, show lower force breaking 

force that “Cured at 20º” specimen.  

The aforementioned force displacement behaviour supports the initial hypothesis of 

finding mixed tensile qualities by means of different patterns and curation methods. 

Being capable of stablishing the behavioural limits of the mixed-properties test 

specimens. 

 



 

Figure 4.5: Force displacement chart of all tested specimens 

 

“Cured at 60º” and “Cured at 20º”, both test specimens present a characteristic change 

of slope at the end of the nearly linear F-d slope. It has been observed just in the case of 

the cured test specimens, see Figure 4.3. and Figure 4.4. in order to see more examples.  

The UV radiation, the specimen receives at the curing stages, increases the crosslinking 

density of the polymer. The degree of curation of the material depends on the exposure 

time, the longer the exposure the higher degree of curation and then crosslinking. 

Having higher crosslinking density increases the Young’s modulus, UTS (Ultimate 

Tensile Strength) and decreases the fracture strain.[8] 

In addition to the UV radiation time exposure, the temperature radiation is a major 

driver of the crosslinking reaction increasing the accomplished degree of cure. [9] 

Under this scenario, where is known that the crosslinking is directly related with the 

degree of curing and the stress-strain curves of polymers. A hypothesis has been 

suggested regarding the yield force at the end of the nearly linear F-d slope, which is not 

seen in mixed-properties specimens.  

As the stress-strain properties of the test specimens of mixed properties cannot be 

stablished by means of this chart, due to heterogeneous regions; speaking about stress is 

not accurate. Although the hypothesis is based on the belief that the mixed-properties 

curves do not show the change of slope at the yield force because they do not reach the 



stress values in the cured polymer part to exceed the intermolecular barrier. [7] In the 

scheme bellow, Figure 4.6. it is shown the stress decomposition of the contributor of 

each of the two regions. What is hypothetically believed is that generally in the mixed-

properties specimens the cured region or cured regions do not reach the stress threshold 

to overcome the intermolecular barrier. See Figure 4.6. of MAT_168 [7]. 

 

Figure 4.6: Stress divided in inter-molecular and network effects  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.4. Digital Image Correlation Analysis and F-d charts of every studied pattern 

In this section some selected frames of the Digital Image Correlation tool, the 

opensource software for stereocorrelation, DICE; in combination with the force 

displacement tools are analysed.  

Supported by DICE, local displacement and strain are analysed to identify local 

properties of the test specimen along its different areas. DICE output is treated with a 

visualization software tool, Paraview. All the DIC images shown in this section come 

from Paraview, as they were graphically analysed using it.  

For this purpose, it was needed to create a code to relate the frame of the DIC with the 

displayed data in the chart: force and displacement. As the universal testing machine 

was used in combination with the camera, every frame can be correlated with the testing 

time. It was coded using python, moreover the points where the DIC frames are shown 

are marked in the plots to understand to better understand the outcome.  

The DIC has been performed for every mixed-properties specimen: I_0, II_0, III_0, I_1 

and II_1.  

 

In Figures 4.7 and 4.8 displacement and strain scales can be seen, strain on the 

displacement movement direction and displacement in [mm]. The computation of the 

displacement scale is carried out by using Paraview in combination with DICE. As for 

measuring the DIC uses pixels, knowing the width of the test specimen narrow part in 

[mm] and in pixels, allows figuring out the displacement in [mm]. 

 

                     

Figure 4.7(left): scale for displacement [mm] Figure 4.8(right): DICE scale for strain 



4.4.1. Pattern I cured at 60º: I_0 DIC analysis and F-d chart 

 

Figure 4.9: I_0 F-d chart with frames marked 

 

          

Ordered sequence of frames: A, B, C, D; displacement on the force axis 

 



         

Ordered sequence of frames: A, B, C, D; strain 

 

 Frame Displacement [mm] Force [kN] 

A 12 1.302 0.1996 

B 20 2.113 0.2295 

C 50 5.106 0.291 

D 111 11.204 0.4431 

Table 4.2: DIC points for the test specimen I_0 

 

At point A, can be appreciated just 0.2 kN and in Frame A of strain, the concentration of 

strain is seen in the green tensile properties part. In chart of Figure 4.5. can be appreciated 

that “Green” test specimen for that force would be largely elongated.  

Frame B of the strain DIC shows how the strain is being concentrated in the green tensile 

properties part. It is just barely 0.03 kN more (see Table 4.2), but 0.8 millimetres of 

displacement more.  

Frames C and D, do not graphically show the strain at the green tensile properties area as 

the strain oversized DIC conditions. Several parameters could influence this fact speckle 

distribution, DICE configuration, correlation algorithms, etcetera. Using other proven 

software, increasing expertise in its use or experimenting other speckle techniques could 

potentially enhance the resolution.  

In Frame C shows an increase of the displacement in the green region in regard to frame 

B. As well as in Frame C of strain, can be seen how the strain increases in the limiting 

area between tensile properties.  

Frames D, shows the DIC just before the fracture point, it reaches 0.4431 kN and the 

displacement increased more than 6 millimetres from point C, in Frame D of displacement 

can be appreciated the red region corroborating the high elongation of the closest part of 

the specimen to the movable part of the universal testing machine.  



4.4.2. Pattern I cured at 20º: I_1 DIC analysis and F-d chart 

 

Figure 4.10: I_1 F-d chart with frames marked 

 

          

Ordered sequence of frames: A, B, C, D; displacement on the force axis 

 



        

Ordered sequence of frames: A, B, C, D; strain 

 

 Frame Displacement [mm] Force [kN] 

A 18 1.880 0.16 

B 50 5.08 0.2904 

C 80 8.05 0.35 

D 105 10.582 0.3745 

Table 4.3: DIC points for the test specimen I_1 

 

At Frame A of the strain can be seen how the strain is concentrated in the green tensile 

properties’ region, at point A 2 millimetres of displacement of the specimen, was reached 

applying 0.16 kN. In the previous analysis, I_0, 2 [mm] was reached at 0.2295 kN, the 

only difference between both is the temperature, so the hardening effect of temperature 

is appreciated. [9] 

Frame B of strain, as the previous one (4.4.1.), presents low quality, when surpassing 5 

[mm] of displacement of the test specimens both strain DIC analysis are inaccurate.  

The importance of the DIC is major as the test specimens have gradients of properties, 

and the assumed conditions for calculating the stress-strain curves cannot be fulfilled, as 

it is done in sections 4.1 and 4.2.  

In Figure 4.5. can be seen how this specimen curve exceeds the “Cured at 20º” curve at 

roughly 0.34kN, just before point C. Then the slope changes and begins a flat region, 

hypothetically it could be due to the yield stress of the cured tensile properties part is 

being reached. In Frames C and D, can be seen how in the bellow cured part the strain 

highly increases between both frames, which supports the hypothesis.  

It can be observed how firstly the green tensile properties volume is deformed, until it 

reaches an equilibrium with the cured part, and the strain in the cured area increases faster 

paced than before, it happens as the result of the relative stress-strain resistance of both 



regions. The strain of the cured part is observed just before the fracture which occurs at 

the green tensile properties part.  

Then the specimen reaches its fracture point at 0.3745 kN. The specimen breaks by the 

middle of the test specimen at 0º, located in the green properties tensile volume, both test 

specimens were broken in the non-cured part, as it was expected.  

As using a test specimen with heterogeneous properties, the fracture location is forced to 

take place in known areas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.4.3. Pattern II cured at 60º: II_0 DIC analysis and F-d chart 

 

Figure 4.11: II_0 F-d chart with frames marked 

 

        

Ordered sequence of frames: A, B, C, D; displacement on the force axis 

 



         

Ordered sequence of frames: A, B, C, D; strain 

 

 Frame Displacement [mm] Force [kN] 

A 20 2.105 0.3026 

B 40 4.105 0.3285 

C 70 7.1 0.3911 

D 110 11.096 0.4427 

Table 4.4: DIC points for the test specimen II_1 

 

At Frame A, located at approximately 2 [mm] of displacement and a force of 0.3 kN, this 

test specimen presents the maximum force at this point, of the test specimens analysed at 

4.4. Section. At Frame A of strain, it can be seen how the strain is being concentrated at 

the inferior tensile green properties volume.  

It can be seen that from Frame A to Frame C, the strain in the central area (cured) highly 

increases, see Frame B to observe the progress. It is remarkable that in the chart 4.11. it 

can be seen how the curve experiments a slightly change of slope in the frame’s interval 

A-B-C. As the aforementioned hypothesis suggested, it could be due to the stress yield is 

reached in the cured part, although we cannot ensure this fact with the tools used. See 

Figure 4.5. “Cured at 20º” specimen. It can be seen that once the II_0 curve is close to the 

yield force of “Cured at 20º” (Fig. 4.5.) test specimen shows this slight change of shape 

hypothetically illustrated by Figure 4.6.  

Frame D of strain, shows hot the strain is still increasing in the central part, especially in 

the regions close to the green tensile properties area. Higher levels of strain are reached 

always in the green tensile properties part than the cured one, it can be seen in our frames 

of strain.  

Frame D of displacement shows how it is concentrated above the upper green properties 

part, as the result of concentration of specimen’s displacement that is produced bellow it. 



4.4.4. Pattern II cured at 20º: II_1 DIC analysis and F-d chart 

 

Figure 4.12: II_1 F-d chart with frames marked 

 

 

         

Ordered sequence of frames: A, B, C, D; displacement on the force axis 



         

Ordered sequence of frames: A, B, C, D; strain 

 

 Frame Displacement [mm] Force [kN] 

A 30 3.098 0.2329 

B 74 7.493 0.2831 

C 149 14.993 0.3484 

D 185 18.596 0.3754 

Table 4.5: DIC points for the test specimen II_1 

 

At point A, can be observed the first Frames of the DIC, in with the specimens has already 

ended the first linear region, a change of slope has been produced, and the curve enters in 

an almost new linear phase. Frame A of strain shows how the specimen strain is 

concentrated at the green tensile properties area. At Frame A of the displacement, can be 

observed how the displacement is starting to being concentrated at the top part of the 

specimen. 

At Frame B of strain can be seen how the strain in the green tensile region has had a major 

rise, and displacement pace of concentration at the top due to the displacement occurred 

bellow is maintained.  

At Frame C of strain can be observed how the strain in the green tensile parts has already 

reached saturation levels for the DIC quality and the cured part presents the highest strain 

of all “Cured at 20º” parts, see Frame D of strain of section 4.4.2. in order to compare the 

ultimate strain of the I_1 test specimen with this one. In the Frame C of displacement can 

be seen how the displacement is more balanced between the upper and inferior parts. 

At Frame D of displacement is clearly seen how the displacement at the in-the-middle 

cured properties has increased more than at the top. Which suggests that the strain at 

Frame D in the inferior green part is larger than the strain at the upper green part. This 



equilibrium reached between the regions is what probably lends the higher elongation of 

all test specimens.  

It is highly remarkable, how the strain in the cured parts is so high before the fracture 

point, having values of strain closer than green parts rather than cured parts, as seen in 

the others subsections of the section 4.4.  

Finally, the fracture took place at the inferior green part; this test specimen ultimate force 

was 0.37 kN close to the ultimate force of the “Cured at 20º” specimen, see Figure 4.5. to 

visualize the comparison.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



4.5. Analysis of test specimen III_0 and DICE analysis supported by VIC-2D 

In this section the test specimen III_0 is analysed by means of the same methodology 

previously used. Nevertheless, other software tool VIC-2D version 6 is used to support 

and compare the analysis made. VIC-2D version 6 is an access pay software of Digital 

Image Correlation.  

In subsection 4.5.1. the DIC frames from DICE are used to support the analysis of the 

force displacement chart as before, in addition to the VIC-2D same frames in order to 

compare both software.  

 

 

4.5.1. Analysis of III_0: F-d chart and DIC software comparison  

 

 

Figure 4.13: II_1 F-d chart with frames marked 

 



         

Ordered sequence of DICE frames: A, B, C, D; displacement on the force axis 

 

          

Ordered sequence of DICE frames: A, B, C, D; strain 

 

 Frame Displacement [mm] Force [kN] 

A 17 1.806 0.2841 

B 35 3.597 0.3233 

C 80 8.101 0.3729 

D 119 11.79 0.4001 

Table 4.6: DIC points for the test specimen III_0 

 

 



 

 

Frame A Frame B

Frame C Frame D

Figure 4.14: VIC 2D Displacement Frames and scale



 

 

 

Frame A Frame B

Frame C Frame D

Figure 4.15: VIC 2D Strain Frames and scale

    

 



At Frame A of DICE strain, at the end of the almost linear section, it is noteworthy that 

the strain higher values are reached at the centre of the specimen, the green properties 

area; and there is another concentration strain zone in the cured part, with the same shape 

forming 45º opposing the cured pattern and we lower strain.  

At Frame B it is observed how the strain concentration at the cured part has increased. 

And the strain data in the green region is not accurate due to DIC conditions. In subsection 

4.5.2. a study of the DICE possible configuration varying its main variables is performed.  

In order to compare and analyse better the strain zones in the specimen III_0 VIC-2D 

version 6 has been used. In Figure 4.14. the VIC-2D displacement DIC for the Frames A, 

B, C and D is overserved. In Figure 4.15. following the same scheme, the strain DIC is 

shown.  

Notice that frames from DICE and VIC-2D are rotated 180 degrees and in mirror mode 

respect to each other. It implies that what is the displacement upwards in the DICE images 

in the VIC-2D images is downwards. Moreover, as the frames are also in mirror mode 

the 45º band located in the middle looks inversed in each frame.  

With this information the force displacement chart supported by the VIC-2D frames can 

be better analysed where the DICE performance is poorer.  

At Frame B from VIC-2D strain is observed how the maximum strain concentration 

occurs at the centre of the green band of 45º, at almost 0.5 strain, then there is an slight 

transition area and the strain is reduced by almost half of it, inside the green band part. 

Then the strain is progressively decreasing until almost 0 value in half of the specimen, 

the inferior part (which indeed is the upper part, the one that is fastened to the movable 

part). The half fastened to the fixed part of the universal testing machine, shows the 

opposing band of 45º with about 0.125 strain. In the middle of both there is an irregular 

form which presents lower strain than the local area. At Frame B of VIC-2D displacement 

due to the high quality of the frames can be appreciated as well, the different regions and 

the opposing band in the cured part. 

Frames C of VIC-2D, at 8 millimetres of displacement, shows the strain concentrated in 

the band with saturated values that probably exceed 0.5 strain. In the displacement DIC 

is observed how the displacement is distributed along the different areas where the strain 

has been concentrated. It is remarkable how the transition region from the green band to 

the cured part has been narrowed. From the green band to upper part of the movable grip 

the strain is relatively constant of between 0.12-0.06 strain. The strain in the opposite 

band in the cured part has increased from Frame B, and now presents more irregular form. 

Also, the irregular form located between both strain bands presents similar strain to the 

other side of the band. 

 

Frames D shows VIC-2D the displacement and strain just before the fracture point which 

happens at 0.4001 [kN] and 11.79 [mm], see table 4.6. In the strain frame is seen how the 

strain reaches 0.5 all over the band, and the band has increased a major elongation. The 

same strain pattern that shows Frames B and C is observed, the there is a counter band in 

the cured part that in this case experiments higher strain, at Frame C can be seen how in 



the right side of the counter band deformation is beginning to be concentrated. At Frame 

D the strain in the counter band of the cured part has similar strain value than the strain 

in the green band. The region between bands shows an irregular pattern with similar strain 

to the other side of the green band. The fracture is produced in the middle of the green 

band at 0º as the Figure 4.17 shows. In Figures 4.16. and 4.17. can be appreciated the 

speckle pattern painted in the test specimen for the DIC software tools to correlate.  

 

 

 

 

            

Figure 4.16: last Frame, D, last before fracture. Figure 4.17: fractured test specimen. 



4.5.2. Study of the DICE configuration possibilities  

The impact of the subset size and the step size in the quality of the DIC has been analysed 

by varying these values during the initialization of the DICE. All of the attempts have 

been done using the frames of the III_0 as they can be compared to the VIC-2D frames. 

The values selected for the subset are: 9, 29 and 51 pixels. The 9 pixels subset was 

selected as it was the lowest available and the 51 pixels as it was the largest possible; 29 

pixels was chosen as it was practically in the middle. Most of the DICs shown in chapter 

4 are calculated with subset values around 40 pixels depending on each case, subset size 

should be proportional to the speckle size and distribution.  

The values selected for the step size are: 7, 22 and 44 pixels. The 22 pixels value was 

selected as in the middle value. The 7 value as it was among the lower values the computer 

could run in a reasonable time and 44 pixels was selected as was the highest value offering 

enough visualization.  

For every configuration the same frame is going to be saved in order to have comparable 

images. The frame selected is 35, which corresponds to Frame B of section 4.5.1. The 

colours scale is the Figure 4.8. the same used for all the DICE strain frames. As all the 

frames presented have the same scale edited with Paraview, they can be compared 

between them and with all DICE images covered in section 4.4. [12] 

                                   

Figure 4.18: DICE previsualization.         Figure 4.19: Subset size 29 and step size 22 



Figure 4.18. shows the DICE previsualization of the reference points in yellow for the 

configuration used in Figure 4.19, subset size 29 pixels and step size 22 pixels.  

 

                                     

Figure 4.20: Subset size 29 and step size 44.  Figure 4.21: Subset size 29 and step size 7 

 

For the creation of quality DIC frames is needed to iterate some DICE values and 

visualize the “.e” file with Paraview, in order to get acceptable quality. In this subsection 

the influence in the quality of this parameters is studied, as they are the ones varied in 

each iteration to get better quality content.  

The impact of step size under the same subset size can be seen in the series of Figures 

4.19, 4.20 and 4.21. Figure 4.20., shows the largest sept size value, can be appreciated the 

lowest quality of the image than the other images of the step size series. Figure 4.19., used 

as a reference because it has in-the-middle values for subset and step size, shows better 

quality than Fig. 4.20. but lower than 4.21. It can be observed that in general terms the 

lower the step value the better accuracy the DIC frames show; although there is an 

existing trade-off between computer time or computing power and step size. As the 

accuracy increase so does the computing time. For the Figure 4.21 the computer took 

around two hours to be executed. [11] 



                               

Figure 4.22: Subset size 51 and step size 22.  Figure 4.23: Subset size 9 and step size 22 

 

In series of Figures 4.19., 4.22. and 4.23. the impact of the subset size in the DIC outcome 

is evaluated. In Fig. 4.23. is observed how for low values of subset size in comparison to 

the speckle size the DICE is unable to get clear results. Subset size is related to the 

distribution and speckle size. [11] Figure 4.22. shows far more quality than Fig. 4.23. 

although it cannot reach values of 4.19. which has the greater quality of all of them. Subset 

size, as opposed to step size does not present better values whether the pixels values are 

bigger or lower (as seen in Figs. 4.22 and 4.23); instead of that fact, the appropriate range 

of subset values depends on the speckle size and distribution. That is why some attempts 

must be done to ensure the DIC quality. 

 

 

 

 

 

 



4.6. Analysis of curing temperature and pattern design impact in tensile properties 

In order to isolate the impact of the variables studied in this research: curing temperature 

and pattern. Four graphs are used to support the analysis: F-d Chart of Cured at 60º, F-d 

Chart of Cured at 20º, F-d Chart of Pattern I and F-d Chart of Pattern II. 

 

4.6.1. Pattern Effect Analysis 

 

Figure 4.24: F-d Chart of all test specimens cured at 60º 

 

Figure 4.24. illustrates the behaviour of different patterns cured at 60º, and how the 

patterning effect changes the tensile properties they have. The most remarkable fact is 

that both patterns I and II fracture at the same force and displacement. Pattern III also 

fractures at really closer values.  

Patterns I and II have practically the same cured area. In the Figure 4.24. can be seen how 

the Pattern II is capable of withstand larger forces in the almost linear region, until 

roughly 0.3 [kN] and Pattern I just until roughly 0.2 [kN]. The DIC strain for both patterns 

at 2 [mm] has been computed to compare the local strain distribution.  



                                 

Figure 4.25: Pattern I at 2 [mm]         Figure 4.26: Pattern II at 2 [mm] 

 

Figure 4.25. shows the majority of the strain concentrated at the unique green central 

band, instead the Figure 4.26. that corresponds to the Pattern II, shows as well strain 

concentration at the two green bands, except that the strain relative difference between 

the green and cured regions is lower. It means that the strain distribution is more balance 

between regions, what could confer the Pattern better yield force at the beginning of the 

test.  

The fact of the more balance strain distribution in Pattern II remains clearly differentiated 

along the comparison of both DIC images. The hypothesis made under this fact states that 

the distribution of green zones by means of patterns permits distributing the strain and 

then withstanding larger forces at the linear region of the curves. This hypothesis is 

corroborated by the Figure 4.29. chart.  

 

                                                 

Figure 4.27: Frame 45 Pattern II          Figure 4.28: Frame 40 Pattern III 



 

Figures 4.27 and 4.28 show the DIC strain at the 0.33 [kN] level where the two curves 

cut each other. Pattern III was able to withstand in the linear region almost until the same 

force at Pattern II, it is hypothetically believed to be due to the distribution of strain the 

Pattern III has at the beginning of the test due to the opposed strain band formed in the 

cured part, see subsection 4.5.1. to see in detail. 

 

 

Figure 4.29: F-d Chart of all test specimens cured at 20º 

Figure 4.29. shows how the Patterns I and II cured at 20º behave, at first glance can be 

seen as the aforementioned hypothesis about the linear region is satisfied, as the Pattern 

II has more balanced the strain in their different areas.  

Pattern I presents three different slope areas: first almost linear section from 0 to 0.1 [kN], 

the second slope from 0.1 to 0.33 [kN] and the last until fracture. During the first linear 

section the strain is mainly concentrated at the green part, until it starts to concentrate also 

in the cured parts is when entering in the second section, see subsection 4.4.2. to see the 

DIC strain frames in detail. Until 0.33 [kN] of force where the slope begins to decline 

until the fracture, it final flattening could be due to the characteristic yield force of cured 

polymers, see Figure 4.6.  



Pattern II instead maintains along all the test specimen a more balanced distribution of 

strain which hypothetically leads to almost to linear regions. Both patterns I and II fracture 

at almost the same force, although they present differentiated tensile properties.  

It is noticeable that as the Pattern II distributes better the strain at the beginning of the 

test, could have higher yield force. And for the same distribution reason Pattern II can 

have larger elongation; it can be stated that Pattern II is capable of absorbing more energy 

than Pattern I. Energy absorbed by the test specimens can be defined as the area bellow 

its curve. 

 

 

4.6.2. Temperature Effect Analysis 

 

Figure 4.30: Pattern I test specimens’ comparison at different curing temperatures 

 

In Figure 4.30. can be seen how pattern I cured at 60º presents “better” tensile properties 

than cured at 20º one. In subsections 4.4.1. and 4.4.2. can be seen the DIC frames of I_0 

and I_1 respectively. Although the strain frames do not have the quality required to the 

analysis, the displacement frames provide relevant information. In the frame before 

fracture of cured at 60º can be appreciated better displacement distribution, as it is not so 

concentrated at the upper part. This balancing of the displacements is what could drive 



the specimen I_0 to maintain its linear pace beyond 0.34 [kN]. This “better” balancing 

could be due to the temperature in the curing enhancing the tensile properties of the 

masked part and then having a more balanced tensile ratio between the UV cured areas 

and the masked area.  

 

 

Figure 4.31: Pattern II test specimens’ comparison at different curing temperatures 

 

From Figures 4.30. and 4.31. two major observances can be made: the temperature curing 

increases the yield force during the initial almost linear slope. As the temperature during 

the curing in combination with the temperature increases the crosslinking degree so does 

the stress capabilities that the photopolymer has. [8] This fact in combination with the 

hypothesis of the temperature curing the masked part and then having a more balanced 

tensile ratio between both parts, which improves the strain distribution (hypothesis made 

in 4.6.1. and the aforementioned hypothesis made in this section), could lead to the higher 

yield force of the specimens cured at 60º.  Moreover, the II_0 test specimen presents a 

slight curvature at the end linear section characteristic of the cured polymers; it could be 

due to its higher degree of curation than others specimens. In Figure 4.30, I_0 specimen 

presents a more subtle curvature as well.  

The second observance of both charts is the determining effect of the temperature in the 

fracture force. As both I_0 and II_0 cured at 60º fracture at practically the same force. 



And both I_1 and II_1 cured at 20º fracture at the same force, in this case lower than 

previous. It can be concluded that temperature during the curing is determinant in the 

ultimate force. A hypothesis has been formulated about this fact, as every test specimen 

fractures at the green part (masked in the curing), the tensile properties of the green part 

(hypothetically affected by the temperature) might determine in the maximum force.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5. CONCLUSIONS AND FUTURE WORK 

 

It has been concluded that the initial methodology proposed and used for printing, 

masking, curing, testing and analysing by means of Digital Image Correlation is valid to 

be repeated for future patterns and valid to stablish conclusions.  

 

It has been seen how having two bands covering up the same volume than one band does, 

yield force of the almost linear region is increased. In this phenomenon has been seen 

through DIC frames how the strain was more distributed between green and cured areas 

in the case of more bands than in the case of one single band. To test the hypothesis in 

future works several bands will be masked and tested on the lookout for balanced 

distribution of strain.  

It has been seen how the temperature of curing affects the fracture force of test specimens. 

Every test specimen has been fractured in the green properties volume, it is believed that 

is due to influence of the temperature in the tensile properties of the masked volume (that 

has not been irradiated by UV led), enhancing its fracture stress. In order to test this 

hypothesis a test specimen will be cured completely masked at 60º during one hour. Then 

its tensile properties will be characterized by means of “engineering” stress-strain curve. 

It has been observed how for the specimens cured with blue laser radiation and 

temperature, presents larger yield force at the end of the almost linear region than the 

specimens with the same pattern but just cured with UV radiations. It can be due to the 

aforementioned curing by temperature of the masked parts.  

In future works would be relevant to increase the thickness and decrease the thickness of 

the Type IV test specimen. This way the penetration of the UV radiations and temperature 

effect on the curing will be better characterized. The thickness of all tested specimens 

was settled at 3.2 [mm] and it can vary in a range from 4 [mm] to 1 [mm] according to 

ASTM D638-02-a. [1]  

It has to be noticed the limitation when pursuing mixed-properties in the same test 

specimen, as it is believed that the standalone effect of the temperature cures the resin. A 

continuous test specimen cannot combine different parts: cured by UV radiation and 

temperature; and, a completely green part, as the temperature would change its tensile 

properties 

Due to the observations made in the Pattern III: the opposed strain region formed in the 

cured part, similar patterns with non-symmetric masked areas would be tested to study 

this phenomenon.  

 

 

 

 



6. ORGANIZATION AND GANTT 

The TFG was carried out as a project to be delivered by February of 2020, so the tasks 

had to be finished by December 2019. To carry out research was necessary technical 

resources and materials provided by the university, their cost is in-depth bellow. The 

tutorship was carried out by a university professor and the study was carried out by a 

Bacherlor’s Degree undergraduate, hypothetical labour costs are detailed bellow. 

Moreover, in order to carry out research the know-how of the labour is fundamental; this 

source is mainly provided by the tutorship knowledge and the publications referred in the 

bibliography. Overhead costs assumed by the university are not accounted due to lack of 

information.  

To come to a final conclusion which is the ultimate goal, a time planning is required. 

Reaching this goal requires to have a clear idea of all the tasks and their dependencies. 

To do so the WBS (Work Breakdown Structure) is used as an analytical tool. Starting for 

three major parts: Printing, Testing, Results Discussion; that are broken-down. Printing 

comprises initial research and design, printing preparation, printing itself, curing and 

masking. Testing is formed by characterization of green and cured pieces by means of the 

universal testing machine and DIC. Results discussion comprises the DIC analysis, 

pattering proposals and further works and conclusions. Moreover, the writing of the 

memory and tutor supervision are included as an extension to the WBS, as they are 

required to complete the TFG but not part of the research. To see in detail the WBS tasks 

see Figure 6.1.  

Following the existing dependencies between every task the GANTT chart is computed 

to improve the time management. In Figure 6.2. can be seen the GANTT chart provided 

with milestones, work stages and contingencies. At the left of the GANTT is find the task 

ID, to identify each one, please have a look to the legend in Figure 6.1. Costs breakdown 

is composed by raw material, equipment amortization and labour costs.  

Raw material cost is just the Durable resin cost: P=150 [€/l]. Every batch consumes 

B=0.02895 [l/batch] and three batch are required, N=3. Eq. 6.1. output is 13.03€. 

𝐶𝑟𝑎𝑤 = 𝑃 𝑥 𝐵 𝑥 𝑁 [Eq. 6.1. Material cost] 

Labour costs are the worked hours of the tutor and the undergraduate student, assumption 

of 25 [€/hour]. Total worked hours are 660 [hour]. Following Eq. 6.2. output is 16500€. 

Clabour = Hourly Wage x Total Hours [Eq. 6.2. Labour costs] 

Equipment costs are the 3D printing machine equipment (Form, From Cure and Form 

Wash), 5.000€ during an amortization period of 5 years. The universal testing machine 

costed 15.000 € during an amortization period of 20 years. Both were used during one 

week of their useful life. Following Eq. 6.3. printing costs are 19.24 € and universal 

testing machine costs are 14.43 €, adding up both total equipment costs are 33.67 €. 

𝐶𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 =
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝐶𝑜𝑠𝑡 𝑥 𝑊𝑜𝑟𝑘𝑖𝑛𝑔 𝑊𝑒𝑒𝑘𝑠

𝐴𝑚𝑜𝑟𝑡𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑌𝑒𝑎𝑟𝑠 𝑥 𝑊𝑒𝑒𝑘𝑠 𝑝𝑒𝑟 𝑦𝑒𝑎𝑟
 [Eq. 6.3. Equipment costs] 

Total direct costs of this project are the summation of raw, labour and equipment total 

costs. Total costs are 16.546.7 €. 



 

Figure 6.1: WBS tasks legend 

 

 

Figure 6.2: GANTT chart, see Fig. 6.1. to identify the tasks 
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