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ABSTRACT

MECHANICAL AND THERMAL
PERFORMANCE OF ADDITIVELY
MANUFACTURED DIGITAL MATERIALS

Layth Muayyad Ahmad M.S
The University of Texas at Arlington, 2023

Supervising Professor: Ashfaq Adnan

Over the past decades, additive manufacturing has become a critical material processing tool. All
ranges of materials including polymers, composites, metals, and ceramics can be used to fabricate
structures with complex geometries that are nearly impossible to build using conventional
fabrication process. Recently, additive manufacturing methods to build polymeric structures have
been advanced significantly. In particular, the emergence of multi-material printers has made it
possible to seamlessly print hybrid and digital materials where materials components and
compositions are digitally varied to construct fully tailored material system. In this work, using a
commercially available polyjet printer (Stratasys J850 Prime 3D printer), digital materials with
varying concentrations of viscoelastic Agilus30 and Vero plastic materials are created. Digital and
hybrid materials with varied Shore A hardness values of 30, 60, and 95 are produced by mixing
Agilus30 Black with VeroMagentaV. Then their mechanical and thermal damage behavior was

studied. Dog-bone and rectangular specimens are used for tensile testing at different strain rates,

v



with the latter having an elliptical defect in the center. Due to its higher stiffness and fracture stress,
the hybrid material SH95 material behaves plastically, while the hybrid material SH30 and hybrid
material SH60 materials respond similarly and are characterized by elongation and flexibility.
Testing the materials' capacity to absorb dynamic energy using drop tower impacts reveals a
nonlinear link between material composition and acceleration decrease. Additionally, Agilus30
Black is subjected to laser heating studies to examine its thermal damage characteristics and
behavior when exposed to heat, providing insights into heat transmission and thermal stability
characteristics. This study contributes valuable knowledge to the properties and performance of

hybrid materials, paving the way for future research in material selection and optimization.
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CHAPTER ONE

INTRODUCTION

With recent advances in additive manufacturing, specifically Polyjet 3D printing, the investigation
of the mechanical properties of hybrid materials has drawn significant attention to the additive
manufacturing community. In principle, additive manufacturing of hybrid materials means
fabrication of a structure using multiple materials at the same time. The conventional single
material 3D printing methods such as stereolithography (SLA), selective laser sintering (SLS), and
Fused Deposition Modeling (FDM) [3-5, 16] have limited capabilities to print fully blended and
tailorable hybrid materials. Recently, polyjet printers have been introduced where multiple liquid
polymer resins can be fed to deposit materials in blended or layer-by-layer manner, Figure 1. The
advantage of using Polyjet 3D printing is the ability to produce high-quality multi-material parts
with high accuracy and surface finish. Additionally, such printers typically allow a large build
volume, enabling the creation of sizable and complex components. Furthermore, this technique is
compatible with a wide variety of materials, from flexible elastomers to rigid polymers, enabling
the easy production of complex, multi-material prototypes [24]. Potential applications of such
hybrid structures include dynamically similar biomaterials, protective equipment, and energy

absorbing structures [1-2, 11-15].
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e Cabinet
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Support
material

Figure 1: Illlustration of the PolyJet 3D printing process.

For energy absorption characterization, traditionally static or dynamic mechanical tests are
performed. For static test, a sample is subjected to a static impact test and its stress-strain response
until failure is observed. The area under the stress-strain curve is typically considered as a measure
for energy absorption. For nonlinear materials such as polymers or elastomers, it is also important
to know their static tensile failure and damage mechanisms. For dynamic mechanical tests, there
are many methods available including drop impact, split Hopkinson bar, high-speed ballistics tests
etc. In principle, all these methods track the kinetic energies of a moving impactor before and after

an impact, the difference in kinetic energies is taken as a measure for energy absorption.

The majority of material mechanical performance testing reported in the literature are conducted
using a static load test. This is in large part due to the simplicity of the testing procedure. Such a

test is also adequate to design materials for many applications However, there are also numerous
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applications for hybrid 3D printed materials under dynamic loading. In particular, 3D printed
materials are being investigated for the use as protective equipment to enhance energy absorption.
A material that performs well under static loading does not necessarily perform well under
dynamic loads [11]. The presence of kinetic energy and wave propagation make the analysis much
more complex and thus different measurement and analysis methods must be employed. Most
mechanical testing studies are performed on single material specimens with or without defects [6-
7]. A few studies investigate the mechanical properties of hybrid materials with varying
concentration of material constituents [8-9, 18, 25]. This research explores the potential of creating
hybrid materials by combining two distinct materials with varying characteristics. The resulting
materials demonstrate a range of stiffness, both with and without intentionally introduced defects.
Additionally, the study investigates the performance of these novel hybrid materials when

subjected to dynamic loads.

In this study, we utilize a Stratasys J850 Prime multi-material 3D printer which allows us to print
variable concentrations of viscoelastic Agilus30 and Vero plastic materials. We have analyzed the
mechanical response of varying concentration viscoelastic Agilus30 Black and VeroMagentaV
plastic under static tensile tests and dynamic impact drop tower tests. For both load cases we
investigate specimens of 30, 60, and 95 shore A hardness. In the static test specimens, an elliptical
shaped defect is introduced for comparison to samples without defects. Cube shaped specimens
are used in the drop tower impact tests. An indication of the amount of energy absorbed is measured
by recording the difference in acceleration from the top surface of the impacted cube to the base
of the cube; such a measurement is a direct indicator of the change in kinetic energy across the

material system [11].
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Directed energy sources, such as lasers, are also becoming increasingly prominent in various
industries and applications. Understanding the thermal properties and behavior of materials under
laser irradiation is essential for material selection, engineering applications, and the development
of protective measures. However, research on the thermal performance of 3D printed digital

materials under directed energy sources remains limited [32, 33-37].

This study has a dual objective: (1) to analyze the mechanical response of varying concentration
viscoelastic Agilus30 Black and VeroMagentaV plastic under static tensile tests and dynamic
impact drop tower tests, evaluating their performance under different loading conditions as
mentioned above, and (2) to examine the thermal properties and efficacy of two digital materials
that have been 3D printed, Agilus30 Black and Digital ABS, under the effect of laser irradiation.
The study involves a variety of sample thicknesses, ranging from 0.25 mm to 6 mm, to evaluate
the correlation between material thickness and thermal performance. A fiber-coupled continuous

wave (CW) laser with a power output of 250 mW is utilized to supply the necessary thermal energy.

This comprehensive investigation will contribute to a deeper understanding of hybrid materials'
mechanical and thermal properties, behavior under various loading conditions, and performance
under directed energy sources. The findings hold promise for future research, material selection,
and engineering applications, particularly where directed energy is a critical factor. By exploring
the potential of these hybrid materials, researchers and engineers can optimize their designs and

develop innovative solutions across numerous engineering disciplines.

14



CHAPTER TWO

MECHANICAL PERFORMANCE OF DIGITAL MATERIALS

The strength, functionality, and durability of the resulting objects are significantly affected by the
mechanical properties of the digital materials used in 3D printing. For these materials to be used
most effectively across a range of industries, it is important to understand how they behave to
different mechanical stresses [14—15]. As a result, for informed material selection and design
optimization, a thorough understanding of the mechanical behavior of digital materials, including

tensile and compressive properties, is required.

The structure of this chapter is as follows: The experimental setup is described in Section 2.1,
"Methodology," and includes the 3D printer, materials and sample preparation, specimen design,
and experimental work setup. Results from the drop tower impact test and tensile testing are
analyzed in Section 2.2, "Results and Discussion," which also discusses the mechanical behavior

of the digital materials under various situations.

2.1 Methodology

2.1.1 3D printer

The J850 Prime is an advanced 3D printer known for its versatility in producing multi-color and
multi-material parts through a single printing process. This printer can achieve layer resolutions as
fine as 14 microns and has a build volume of up to 490 x 390 x 200 mm (19.3 x 15.35 x 7.9 in.).
Unique to PolyJet 3D printers, multiple materials can be combined within a single layer, resulting

15



in a gradient of properties in the finished object. For example, flexible and rigid sections can
coexist within one layer, enabling the creation of complex structures with diverse applications.
This sets PolylJet apart from other 3D printing methods and opens up new design and production
possibilities. Moreover, the J850 Prime supports a broad array of model materials, including the
Vero™ family with neutral shades and vivid VeroVivid™ colors, the flexible Agilus30™ family,
transparent VeroClear™ and VeroUltraClear, and VeroUltra™ opaque materials in black and
white. This allows the printer to accommodate a wide range of digital model materials with over
500,000 colors. Additionally, Digital ABS Plus™ and Digital ABS Plus™ are available in ivory
and green, providing an improved version of the widely used ABS in FDM printers with heat
resistance. The printer uses soluble SUP706B™ as the support material. The J850 Prime also

features four build modes with varying combinations of resins and resolutions [23].

To streamline the printing process, the printer utilizes GrabCAD Print™ software, which enables
direct printing from popular design software and supports various file formats, including 3MF,
STL, OBJ/'VRML, STEP, and native CAD formats. This software also provides detailed previews

of the model, allowing for adjustments before printing.

2.1.2 Materials and sample preparation

In this work Agilus30 Black and VeroMagentaV are the two materials used to make specimens.
GrabCAD gives the user the choice to combine materials together to print specimens with different
stiffness and shore A hardness. In this work, 4 material combinations were selected for testing.
Table 1 summarizes the specimens used in this study for tensile and dynamic impact testing where
all the samples are designed using SOLIDWORKS software. The first set of specimens were

fabricated using only Agilus30 Black and the fourth set made from VeroMagentaV which was
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considered just for the drop tower experiment. The second and the third sets were fabricated by
mixing Agilus30 Black and VeroMagentaV at certain percentages, but the majority was Agilus30.
While using Digital Material mode in GrabCAD, one of five modes you can use based on the
materials, the printed sample’s color, the use of it, etc., it allows you to pick any materials you
want to mix in order to print a hybrid sample from the two or the three materials family — Vero,
Agilus30, and Digital ABS — you have picked. When mixing Agilus30 Black and VeroMagentaV,
which is what was selected in this case, the software provides several choices that have predefined
values for the shore A hardness ranging from 40 and 95. For this experiment, Shore A hardness of

60 and 95 were selected for the second and the third set of specimens respectively.

17



Table 1: The hybrid materials specimens used in tensile and impact tests.

Agilus30 Black | Hybrid material | Hybrid material | VeroMagentaV
[SH 30] with shore A with shore A
hardness 60 hardness 95
[SH 60] [SH 95]
Shore A hardness 30 60 95 -

Tensile test 1

specimen design

Acronyms

SH30

SH60

SH95

Tensile test 2

specimen design

Acronyms

SH30-Rec

Impact test
specimens (drop

tower) design

= |

SH60-Rec

SH95-Rec

Acronyms

SH30-Cube

SH60-Cube

SH95-Cube

Vero-Cube

A group of scientists from the RMIT university studied how different printing angles could affect

the mechanical properties of the materials using Stratasys J750 3D printer [8]. They found out that
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the tensile test results of the specimens printed with angle of 45 were 10% weaker compared to
the ones printed in parallel to the printer head [19]. Accordingly, to study the behavior of the
materials over the hardness' spectrum in this study. All the specimens were printed in the positive

direction of X axis, which is the default direction of the printer’s head.

As mentioned earlier, Stratasys J850 Prime uses SUP706B™ as a support material which is soluble
in the water. GrabCAD gives the user the chance to choose between two modes of support, glossy
or matte. Usually, the mode will be chosen based on the geometry, the material in use, and the
surface finish quality desired of fabricated part. Glossy in general uses less support and it will be
deposited on the bottom half of the part with good surface finish quality, also improves the
specimen’s stiffness [20]. On the other hand, using matte will use more support materials because
it will cover the entire part with support, and the surface finish quality will be much less desired
compared to the glossy finish, and it might need post-processing such as polishing in some cases.

All fabricated specimens for this work were printed in glossy mode.

Moreover, the relationship between Agilus30 content and total mass of SH30, SH60, and SH95
materials was investigated using cube-shaped specimens with edge lengths ranging from 1 to 5
inches. Estimations were obtained using GrabCAD software. A non-linear trend was observed in
the Agilus30 percentage to total mass ratio for all materials. SH30 and SH60 showed comparable
percentages, while SH95 showed a consistently lower percentage of Agilus30 to the total mass,
which could contribute to its higher stiffness. These observations highlight that the proportion of
Agilus30 in the sample mass behave non-linearly across different cube sizes and materials, and
understanding this non-linear relationship could help optimize material composition for various

applications (Appendix Tables 4-6)
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2.1.3 Specimens Design

The specimens for the first tensile test were designed following the ASTM D-638 standard Type
IV for SH30, SH60, and SH95 since these materials have a behavior of rubber-like materials [9,
21].

Figure 2 (A) shows the design and the dimensions of the hybrid specimens, the proposed mixed
combination was in the test section (65 mm), but the ends were made of different Vero materials
and colors in order to avoid any elongation in the grip’s region since all the hybrid materials act
more like a rubber as previously mentioned. The overall length is 115 mm, the width of the ends

is 19 mm, and 6 mm in width of the narrow section. The thickness of the specimen is 3.6 mm.

For the second tensile test specimens, all three specimens’ shapes were designed similarly, Figure
2 (B). Rectangular shape with 152.4 mm in length, 25.4 mm in width, and 3.6 mm in thickness.
Moreover, a defect with an ellipse shape with width of a = 5 mm and height of b = 0.1 mm was
made in the center of the sample that goes through the entire thickness. The goal is to understand
how the hybrid materials with different shore A harnesses would deform compared to the flawless
specimens. The fabrication of this batch of specimens were similar to the one before in the sense
of the material used to made them, where the test section (101.6 mm) is made of the mixed
materials for SH30, SH60, and SH95 but the ends were made from Vero materials and colors to

avoid any elongation in the grip’s region while running the test.
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Figure 2: Testing specimens. (A) The dimensions in mm of the first tensile testing specimen
designed based on ASTM standard D 638 type IV with minor changes [9]. (B) The dimensions in
mm of the second tensile testing specimen. The dimensions of the ellipse a =5 mm, b = 0.1 mm.
(C) The dimensions in mm of the drop tower test specimen. The dimension of the edge a = 25.4
mm
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The third and the last set of specimens took the shape of cube, Figure 2 (C). These samples were
made for a dynamic impact test at low speed using drop tower which will be discussed further later
in this work. All the specimens were exactly similar in terms of design and dimensions. A cube
with an edge length of 1 in (25.4 mm) was fabricated. The materials had the same mix combination

from the tensile test; SH30, SH60, Sh95, and Vero.

2.1.4 Experimental Work Setup

2.1.4.1 Tensile Test

Shimadzu’s AGS-X series universal / tensile testing machine with load cell of 5 KN was used to
perform the mechanical tensile tests with different strain rates. These rates were selected in order
to run the tensile testing within a fracture time between 30 seconds and 5 minutes as ASTM D-
638 standard suggests. Both specimens’ shapes for tensile test (Dog-Bone and Rectangular) were

tested at the same strain rate for each proposed material.

Three specimens at least were tested for each material we studied. The specimens of Agilus30
Black and hybrid material SH60 were both tested under stroke rate of 18 and 25 mm/min as most
of the tested section made of viscoelastic material which allow these specimens to have a high
deformation. On the other hand, the hybrid material SH95 was only tested under stroke rate of 18
mm/min since SH9S is stiffer and would deform less and break faster. The results from the testing
machine can be accessed using the TRAPEZIUM X software, where the results can be exported in
different forms to apply any post-process afterward. The setup also includes a Photron FASTCAM
NOVA S9 high speed camera to capture the specimen’s facture as it will be presented later in this

work, Figure 3 .
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Figure 3: A. Tensile testing setup. B. Universal testing machine including the tensile
testing fixture.

2.1.4.2 Impact test

The dynamic impact test was done by using a drop tower that was constructed inside the lab. It
followed the same setup that was used to run another experiment in the lab to study different lattice
structures [11]. The drop tower's framework is built of wood. The interior of the vertical columns
is attached with low friction rails that enable the impact mass to move easily up and down. The
top of the impacting mass is mounted with a steel plate that has an electromagnet linked to it. A
mechanical winch is used to hoist a rope that has an electromagnet fixed to it. LabVIEW manages
the electromagnet release, enabling a controlled drop that coincides with the beginning of data
collection. Each cube is prepared by placing it in the impact region. The purpose of the drop tower
tests is to estimate the energy absorption of the different materials under dynamic loading. In a
static load case, the presence of inertia is negligible and thus the energy absorbed is purely a
function of force and deformation. However, dynamic energy absorption is generally quantified
by the difference in kinetic energy a material system experiences under external loading. The

kinetic energy change of the material can be understood by equation (1).
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Equation (1) shows that the change in kinetic energy is directly related to the change in acceleration
across the material. In the drop tower impact experiments an accelerometer is positioned on a steel
plate that is placed on the top of the test specimen. A second bottom plate is attached to the base
of the drop tower where the test specimen is positioned. The mechanical wave propagation of due
to the impact takes time to travel through the specimen. Therefore, when measuring the
acceleration felt by the bottom of the structure, there is a time delay At that is dictated by the
material stiffness and density. The positioning of the accelerometer to measure the reduction in
acceleration across the cube. The cube specimen is placed as close to the center of the impact plate
as possible to ensure the impact is in the center of the test specimen. A schematic of the drop tower
system, data acquisition, and high-speed videography, as well as the variables described in

equation (1) are shown in Figure 4.
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Figure 4: a. Schematic of drop tower experiment with sensors, data acquisition, high speed
camera, electromagnetic release mechanism, and data post processing. b. Schematic of the drop
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tower impact with variables I' (impactor mass), m (specimen mass), h (drop height), §
(specimen deformation), x (impactor velocity), X (specimen top acceleration), and Xp
(specimen bottom acceleration)

2.2 Results and Discussion

2.2.1 Tensile Testing

2.2.1.1 Agilus30 Black (SH30 & SH30-Rec)

The stress-strain curves of seven Agilus30 Black (SH30) specimens that were obtained from tensile
testing at 25 mm/min strain rate are illustrated in Figure 5. The SH30 dog-bone specimens showed

a strain of approximately 2.5 times their initial length.

In the second part of the experiment, the mechanical properties of SH30 Rectangular specimens
with a centrally located elliptical defect extending throughout the entire specimen’s thickness were
evaluated also at 25 mm/min strain rate. Each of the three specimens fractured in a unique area,
except for the first specimen, which fractured in the middle. This specimen also broke the quickest,
but its stress-strain curve closely resembled that of the second specimen. These observations are

visible in the stress-strain curves shown in Figure 5.

The differences in fracture behavior among the SH30 Rectangular specimens can be related to the

chemical characteristics of the material and the small size of the elliptical defect. The adhesive
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nature of the material, together with the small size of the defect, may have contributed to the
seemingly flawless functioning of some specimens. This emphasizes the sophisticated relationship

between Agilus30 Black sample material parameters, defect characteristics, and mechanical

behavior.
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Figure 5: The Stress-Strain curves of the Agilus30 specimens obtained after tensile testing,

including 4 dog-bone specimens, and 3 rectangular specimens with elliptical defect in the
middle.

In a subsequent round of tensile testing, a new set of specimens were tested at an 18 mm/min strain
rate to obtain similar data for all three materials in this study. Figure 6 displays the stress-strain
curves for six dog-bone specimens, with three tested at an 18 mm/min strain rate and the remaining
three at 25 mm/min from the test before. All the curves followed a similar trend, and the overall

results were found to be comparable between the two strain rates.
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15 Agilus30 Stress-Strain curves at 18 & 25 mm/min strain rates
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Figure 6: The Stress-Strain curves resulting from the tensile testing of 6 dog-bone shaped
Agilus30 specimens. Three of the specimens were subjected to a strain rate of 18 mm/min, while

the remaining three were tested at 25 mm/min.

In addition to the dog-bone specimens, rectangular specimens with defects were also subjected to
tensile testing at 18 mm/min strain rate to further investigate the mechanical properties of the
three materials. The stress-strain curves for these rectangular specimens that broke in the middle

exhibited similar trends as well and can be seen in Figure 7, highlighting the consistency in

material behavior across different sample geometries and strain rates.
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0;l}agilus30 specimens with defects Stress-Strain curves at 18 & 25 mm/min strain rates
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Figure 7: The Stress-Strain curves obtained from the tensile testing of 6 rectangular Agilus30
specimens, each containing an ellipse-shaped defect at the center. Three specimens were tested at a
strain rate of 18 mm/min, while the remaining three were tested at 25 mm/min.

2.2.1.2 Hybrid Material (SH60 & SH60-Rec)

Figure 8 presents the stress-strain curves for the hybrid material SH60 dog-bone specimens and
SH60 rectangular specimens at 25 mm/min. The stress-strain curves for the whole set of SH60
specimens show identical patterns, indicating that the material displayed equivalent mechanical
behavior throughout the testing procedure. The SH60 rectangular specimens, on the other hand,
yielded unexpected results, with the second and third specimens fracturing in the center and the

first specimen breaking in a peculiar spot. This observation underlines the possible impact of
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specimen geometry and the presence of flaws on the hybrid material's overall mechanical

characteristics and fracture behavior.

The consistent behavior of the SH60 dog-bone specimens' curves implies a uniform performance
of the hybrid material, which is important in understanding its suitability for different uses.
Furthermore, the fracture locations observed in the SH60 rectangular specimens indicate that the
presence of defects or specific geometric features may have a substantial influence on the

mechanical response and eventual fracture of a material.
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Figure 8: The Stress-Strain curves of the hybrid material SH60 specimens obtained after tensile
testing, including 4 dog-bone specimens, and 3 rectangular specimens with defect of ellipse shape in

the middle.
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Figure 9: The Stress-Strain curves resulting from the tensile testing of 6 dog-bone shaped hybrid
material SH60 specimens. Three of the specimens were subjected to a strain rate of 18 mm/min,
while the remaining three were tested at 25 mm/min.

In addition, the mechanical properties of the hybrid material SH60 were thoroughly examined at
18 mm/min strain rate using both dog-bone shaped and rectangular specimens, as illustrated in
Figure 9 and Figure 10. As Figure 9 presents, the stress-strain curves for these dog-bone specimens
followed similar patterns, with those tested at 18 mm/min showing slightly higher elongation
compared to those tested at 25 mm/min. This observation implies that the mechanical properties

of SH60 material, specifically in terms of elongation, are slightly influenced by the strain rate.
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Hybrid Material SH60 specimens with defects
Stress-Strain curves at 18 & 25 mm/min strain rates
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Figure 10: The Stress-Strain curves obtained from the tensile testing of 6 rectangular hybrid
material SH60 specimens, each containing an ellipse-shaped defect at the center. Three
specimens were tested at a strain rate of 18 mm/min, while the remaining three were tested at 25
mm/min.

The results of tensile testing for rectangular SH60 specimens, which included an ellipse-shaped
defect in the center, are presented in Figure 10. The tests were conducted at two different strain
rates, 18 mm/min and 25 mm/min. The stress-strain curves obtained from the tests exhibited
similar patterns for specimens that fractured at the midpoint. This suggests that, although the
existence of an imperfection in the specimen, the mechanical performance of the SH60 substance
remained uniform with that of the dog-bone specimens. Furthermore, it was observed that the
strain rate exhibited a negligible influence on the material's mechanical behavior, causing only a

slight variation in its elongation.
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2.2.1.3 Hybrid Material (SH95 & SH95-Rec)

The stress-strain curves for the SH95 hybrid material specimens and the SH95-Rec specimens with
a centrally positioned elliptical flaw can be seen in Figure 11. As proposed it was observed that the
SH95 samples displayed a reduced strain and increased stress in comparison to the SH30 and SH60
samples, due to their higher Shore A hardness value of 95. The increased level of rigidity led to a
material behavior that resembled that of plastic, as opposed to the materials that were previously
examined, which exhibited greater flexibility. The SH95 specimens, which were rectangular in
shape, exhibited an identifiable fracture behavior as they all fractured at the elliptical defect. The
observed regularity in the material's behavior indicates a significant impact of its increased rigidity
on its mechanical properties, particularly when flaws are present, leading to more predicted

fracture configurations.
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Figure 11: The Stress-Strain curves of the hybrid material SH95 specimens obtained after tensile
testing, including 4 dog-bone specimens, and 3 rectangular specimens with defect of ellipse

shape in the middle.
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Figure 12 (A) presents a comparison of the stress-strain curves of Agilus30 SH30 and hybrid
material SH60 at strain rates of 18 and 25 mm/min for both dog-bone and rectangular specimens.
The comparison shows that, despite differences in strain rates and specimen shapes, the materials
exhibit comparable mechanical behavior, with the SH60 material showing slightly higher stress at

lower strain levels, indicating a stiffer response to deformation.

The mechanical responses of the SH30 and SH60 materials appear to be similar, as observed in
Figure 12 (B). However, the SH95 material displays different properties due to its increased
stiffness and greater fracture stress. The SH30 material, which has the highest elasticity of the
three, is characterized by its ability to stretch significantly before breaking. This characteristic is
attributed to the material's softer Shore A hardness, which makes it more flexible and compliant.
The stress-strain curve of the SH30 material shows a gradual increase in stress as strain increases,

emphasizing the resilience and adaptability of this material.
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Figure 12: (A). A comparison in stress-strain curves of Agilus30 SH30 and hybrid material
SH60 at 18 and 25 mm/min strain rates for dog-bone and rectangular specimens’ shapes. (B). A
comparison in stress-strain curves of Agilus30 SH30, hybrid material SH60, and hybrid material
SH95 for dog-bone and rectangular specimens’ shapes.
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The SH60 material exhibits mechanical properties that fall within the range of those observed for
the SH30 and SH95 materials. Despite having lower elasticity compared to SH30 material, SH60
demonstrates a significant degree of flexibility and elongation. The stress-strain behavior of the
SH60 material exhibits a resemblance to that of the SH30 material, yet with higher stress values

at lower strain levels, signifying a comparatively rigid reaction to deformation.

The SH95 material, with its higher Shore A hardness, is characterized by increased rigidity and
fracture stress. The stress-strain curve clearly demonstrates a lower strain and a higher stress at the
point of failure, signifying the more plastic-like nature of the material. The distinct mechanical
response of the SH95 material is due to the increased cross-linking within the polymer network,
which results in a denser and more rigid structure. The molecular structure and chemical
composition of these materials can also significantly influence their perceived mechanical
capabilities. The variations in Shore A hardness values are likely attributable to different
proportions of monomers, cross-linking agents, and the UV intensity that these materials received
from the head printer during the fabrication process. A comprehensive examination of the chemical
and structural differences between these materials could shed light on the underlying causes of

their distinct mechanical behavior.
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Table 2: Undeformed, Initial Deformation, and Right before complete fracture of each
rectangular specimen with ellipse in the middle during the tensile testing at 25 mm/min strain

rate taken with high-speed camera.

Undeformed

SH30-Rec

SH60-Rec

SH95-Rec

Initial Deformation

Right before complete
fracture
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2.2.2 Drop Tower Impact Tests

Drop tower impact tests were conducted for the four different cube shaped materials as described
in Table 1. An indication of the dynamic energy absorption is recorded by the acceleration
difference across the top impacted plate and the base of the structure as seen in Table 3. Three tests
were conducted for the SH30, SH60, and SH 95 materials, and two tests were conducted for Vero.
Each drop tower test was conducted with a constant impact mass of 5.53 kg and 2 m/s. The average
acceleration reduction across the material specimens is 641, 562, 677, and 721 g’s for the SH30,
SH60, SH95, and Vero, respectively. In our experiments, we utilize acceleration reduction across
the material system as an indication of the energy absorbed by the structure. The results indicate
that acceleration reduction is similar for the SH30 and SH95, lower for the SH60, and highest for
the Vero. The SH30, SH60, and Sh95 materials all contain a different concentration of Agilus30
Black, a well-known viscoelastic velocity dependent material. The materials containing variable
concentration of Agilus30 display a nonlinear acceleration reduction with increasing Agilus30

Black percentage.

Table 3: The acceleration measured by the accelerometers on the top plate, the bottom plate and
the different between them.

Top Plate Bottom Plate Reduction in
Acceleration [g’s] Acceleration [g’s] Acceleration [g’s]
SH30_1 -1005 -331 674
SH30 2 -938 -336 602
SH30_3 -948 -301 647
SH60 1 -869 -339 530
SH60 2 -882 -321 561
SH60_3 -942 -346 594
SH95 1 -1019 -382 637
SH95 2 -984 -321 663
SH95 3 -1054 -324 730
Vero 1 -1040 -343 697
Vero 2 -1052 -306 746
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Additionally, the total impulse or momentum change of the impact event is a clear indicator of the
performance of a dynamically loaded material. In terms of energy absorption, the longer time a
load can be dissipated over indicates a “more protective” material. We observed that the time in
which the impact phase of the impact event happened over got larger with the increasing
concentration of Agilus30. Thus, it was seen that the stiffer materials had a smaller momentum
change and the less stiff materials, those with higher concentration of Agilus30, had a larger
momentum change. Momentum is proportional to kinetic energy, and thus higher momentum

change should yield higher energy change.
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Figure 13: An acceleration reduction comparison between the four tested materials of the first
0.001 seconds after the impact.
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CHAPTER THREE

THERMAL PERFORMANCE OF DIGITAL MATERIALS

The thermal performance of 3D printed photopolymers can significantly influence the mechanical
properties of the resulting parts, as changes in temperature can lead to material expansion or
contraction, causing dimensional changes and potential failure of the printed object [26]. A
comprehensive understanding of the thermal behavior of 3D printed photopolymers is therefore
essential for optimizing the printing process, improving the quality and reliability of the final

product, and reducing the likelihood of part failure due to thermal stresses [27-28].

This chapter is organized as follows: In Section one, “Methodology,” where the experimental setup
is detailed, including the materials used, the laser source, and the measurement techniques applied.
Section two, "Results and Discussion," presents the findings, analyzing the laser power meter

results, the temperature distribution, and the energy delivered to the specimens.

3.1 Methodology

3.1.1 Laser Setup

The setup consists of a fiber coupled laser, laser power meter, a function generator, and a thermal

camera.
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BWF-2 Laser:

A continuous wave CW fiber-coupled laser from B&W TEK with the model number BWF-2 was
utilized in this study. It has a core diameter of 400 m, a maximum output power of 250 mW, and a
532 nm (green) wavelength. Additionally, the laser features a flat top bean profile, a 0.22 NA beam
divergence, and a IIIb CDRH laser class [29]. Through a connection attached to the DB-9 or BNC
connector on the back panel, the laser can be controlled remotely. The SDG1032X function
generator, a dual-channel waveform generator with a maximum bandwidth of 60 MHz, is

connected to the laser in this configuration. [31].

Figure 14: (A). BWF-2 fiber-coupled laser. (B). SDG1032X function generator

The power density of a continuous wave (CW) fiber-coupled laser was by dividing the laser's
maximum output power by the cross-sectional area of the beam. Given the core diameter of 400

pum, the average power density of the laser can be calculated as the following:

) Output power
Power Density = —————
Area
. 0.25 .
Power Density = = 19 W /cm

m*(0.04 /2)2
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Where A =m * (d / 2)2. This high average power density value indicates that the laser can
deliver a significant amount of energy in a small area, making it a suitable choice for this

experiment [4].

UP19K-30H-H5-INT-DO Laser Power Meter

The thermal detector for laser power measurement is designed to handle a maximum average
power of 30 W continuously, with a peak capacity of 60 W for 1-minute intervals. With a noise
equivalent power of 1 mW, it operates within a broad spectral range of 0.193 - 20 um, exhibiting
a typical rise time of 0.6 s and a power sensitivity of 0.65 mV/W. The power calibration uncertainty
is £2.5%, while the repeatability is +0.5%. The detector has a maximum average power density of
36 kW/cm? at 1064 nm and 10 W CW, and it features convection cooling with a 19 mm aperture

diameter. [30]

XLP12-H, UP-H, PRONTO (all PRONTO except PRONTO-5I)
100%
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80%
0%
= 60%

Figure 15: (A). UP19K-30H-H5-INT-DO laser power meter. (B). laser power meter
absorption curve.
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Figure 15 (B) shows the absorption curve of the laser power meter. It’s clear from the curve, the
laser that has been used in this study falls within the wavelength that the device can detect with

90% absorptance.

FAST M350 Thermal Camera

The FAST M350 is a scientific thermal infrared camera from TELOPS that exhibits high-
performance capabilities, Figure 16. It has a cooled InSb detector type and operates in the mid-
wave infrared (MWIR) with a spectral range of 1.5 pm to 5.4 um, a spatial resolution of 640 x 512
pixels, and a detector pitch of 15 um. It has a frame rate of up to 355 Hz in full-frame mode, and
4,980 Hz at 132 x 4. The camera has a typical NETD of 20 mK and an exposure time of 0.5 ps to
full frame rate [33]. The camera can be connected to the computer in order to save and record
images and videos, also to have a real-time view through Revel IR software from TELOPS as well.

The lens used with the camera is EL-7904 with focal length of 50 mm, and works within range of

[0 — 350] °C.

Figure 16: FAST M350 Thermal Camera

41



Experimental Setup:

Figure 17 below shows the experimental setup, consists of thermal camera, fiber-coupled CW
laser, function generator, power meter, and the tested sample. The Thermal camera was 80 cm
away from the specimen to ensure recoding high-quality images with frame size of 388 x 260
pixels at 24 FPS. The tests’ samples were 10 mm away from the laser output and exposed to the

laser beam for at least 7 minutes.

T )
i
SN | Laser Power Meter
Y

Agilus30 Specimen

Function Generator

Figure 17: Experiment setup including thermal camera, fiber-coupled CW laser, function
generator, power meter, and the tested sample.
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3.1.2 Materials and Specimens Preparation:

Two materials were utilized for the samples tested in this study: Agilus30 Black and Digital ABS.
All samples were 3D printed using a Stratasys J850 Prime polyjet printer. A glossy surface finish
was chosen, which accounts for the shiny appearance in some of the sample, Figure 18 images in

and

Table 4. Three distinct sets of samples were printed for subsequent testing. The first set consisted
solely of Agilus30 Black with four different thicknesses (0.25 mm, 0.5 mm, 1 mm, and 2 mm).
The second set of samples was printed using only Digital ABS, with the same thickness as the
Agilus30 specimens. The third and final set combined both materials, with each constituting 50%
of the total thickness which makes the sample made of two layers. These mixed samples were
printed with three different thicknesses: 0.5 mm, 1 mm, and 2 mm. The bottom half of each sample
was initially covered with support material, which was later removed to prepare the samples for

testing. The Stratasys J850 Prime employs SUP706B™ as a water-soluble support material.

0.25 mm 0.5 mm 1 mm 2 mm

W e

Figure 18: Agilus30 samples with different thicknesses used in the study.
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The samples used in the experiment were square in shape, measuring 50.8 by

50.8 mm, with varying thicknesses as described earlier. GrabCAD Print™ is

the software used to communicate with the printer and manage material

< »

selection and printing instructions. Finally, all samples were designed using h =508 mn;

SOLIDWORKS software.

Table 4: Tested samples made from Agilus30 and Digital ABS, 50% each of the total thickness.

Thickness [mm]

05 | 1 | 2

Digital ABS facing up

Agilus30 facing up
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3.2 Results and Discussion

In this study, numerous preliminary findings were obtained that require validation. Nonetheless,
these results contribute to a more comprehensive understanding of the materials' thermal properties
and their performance under directed energy sources. The laser power meter results revealed a
decrease in the maximum power reaching the meter input when covered by samples of varying
thicknesses. Moreover, the recorded surface temperature and irradiance of the specimens by the
thermal camera provided valuable insights into the heating rates of different materials and the

energy delivered to their surfaces.

3.2.1 Laser Power Meter

Initially, the laser beam was measured by positioning the laser power meter 10 mm away from

the laser output, as shown in Figure 4, without any obstructions blocking the power meter input.

The meter was exposed to the laser beam for a sufficient duration to ensure consistent maximum
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power readings. The output power, displayed in Figure 19 (A), was 220 mW at that distance, and

this value will be utilized for further calculations in subsequent sections.

250 Power vs Time
m— | aser Power
4 mm Agilus30
6 mm Agilus30
200~  |essus 0.50 mm ABS
----- 1 mm Agilus30
----- 2 mm Agilus30
----- 2 mm ABS
= 150
asrresTREATER
100 .‘..‘o
E
50 (5%
L AR ARRARSS R AL S EXE T
- gauss®
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o B ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 60
Time (s)

Figure 19: (A). Laser power meter measurements of the laser beam. Power in (mW) V.S Time in
(s). (B). Power curves for different materials at different thicknesses.

Figure 19 (B) depicts the power versus time curves for different materials recorded using the laser
meter. Starting with the "Laser Power," it represents the laser beam power illustrated in Figure 19
(A). The Agilus30 4 mm and 6 mm curves represent the power readings obtained after covering
the meter input with samples made from Agilus30 at these thicknesses. It is evident that thickness
significantly affects the reduction of maximum power measured by the meter. At 4 mm, the
measured power is 24 mW, which is nine times less than the maximum power. For 6 mm, the
power is 14 mW, which is nearly 16 times less than the maximum power.
The remaining curves are for the two-layer samples. "0.5 mm ABS" refers to a sample composed
of two materials, with each contributing 50% to the total thickness, as explained earlier, but with

Digital ABS facing the laser beam. The same applies to the samples with Agilus30 in their names;
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for example, "1 mm Agilus30" refers to a sample made from the two materials with Agilus30
facing the laser beam. The curves indicate that doubling the sample thickness results in a nearly
halved power measurement, which is also consistent with the observations for 4 mm and 6 mm
samples. It is worth mentioning that "0.5 mm Agilus30" and "1 mm ABS" were not plotted due to
data export issues from one format to another. Nevertheless, their power versus time curves,
obtained from the laser meter software, display similar curves for ABS and Agilus30 with the same
thicknesses, respectively. This can be observed in the 2 mm sample thickness, where both Agilus30

and ABS exhibit identical performance.

Table 5: Summary of the average power and time of three tested samples of made of Agilus30 of
each thickness.

_ Average Power [mW] Average Test | Average Time to Reach
Sample Thickness Duration [s] Steady State [s]
0.25 mm 112 437 40
0.5mm 86 493 60
1 mm 52 473 80
2mm 40 515 150

Table 5 summarizes the data collected from the power vs time curves for Agilus30 from the laser
meter software like Figure 19 (A). The tables’ data show consistency with what being observed
from Figure 19 despite the fact that the other samples were made from mixed materials. And since
the 4 mm, and 6 mm samples in the graph above were made from pure Agilus30. It can be seen
that the relation between the thickness and the measured power is inversely proportional by almost

half.
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3.2.2 Temperature and Irradiance Measurements

Understanding the transmission of power through the tested materials, as discussed in the previous
section, is crucial. Equally important is comprehending how the materials' surfaces react to
directed energy. The thermal camera greatly facilitated this understanding by providing
temperature and irradiance data, which is the amount of power delivered by a surface per unit area,
for all tested samples. This information significantly enhanced our understanding of the materials'

performance.

Figure 20 illustrates the temperature vs time curves of Agilus30 at various thicknesses, ranging
from 0.25 to 2 mm. These data represent the maximum temperature experienced by the sample
surfaces while exposed to the laser beam. It is evident that thickness plays a major role in surface
temperature. The 1 mm thickness experienced the highest temperature among all samples,
followed by the 0.5 mm and 2 mm thicknesses, which exhibit similar trends. However, the 2 mm
samples required more time to reach steady state, which align with the results in Table 5. The
lowest temperature among the four tested thicknesses was observed in the 0.25 mm sample, but it
also reached steady state the fastest. This is due to its small thickness, which allows the majority

of the laser power to pass through the sample, as demonstrated in Figure 19 and Table 5.
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Figure 20: The maximum temperature in degrees Celsius (°C) that was recorded vs time in each
test of the 4 different thicknesses, by using the thermal camera. (A). Temperature vs Time curves
of 0.25 mm thickness samples. (B). Temperature vs Time curves of 0.5 mm thickness samples.

(C). Temperature vs Time curves of 1 mm thickness samples. (C). Temperature vs Time curves of
2 mm thickness samples.

Following the same testing procedure of Agilus30 samples, Table 6 displays temperature and
irradiance readings for each sample at three different locations. These locations can be seen in

Figure 21. Starting with area D1, which is the smallest among the three, followed by D-, and finally,
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the "Full Sample" that was within the camera's Ell e ple
field of view. Figure 21 provides just an example
of how the camera interacts with the sample

surface.

All data presented in Table 6 were obtained from

the two-layer samples, adhering to the same

o T2 =

naming convention as Figure 19 (B). The right side
Figure 21:: Thermal camera image showing the different

L. areas that are used for the calculation.
of the table represents when Digital ABS faced the

laser beam, while the left side corresponds to when Agilus30 faced the laser beam. Three different
readings for both temperature (°C) and irradiance (in W/m?) were recorded. The maximum values
indicate when the sample surface experienced the highest temperature, which consequently
corresponds to the highest irradiance. Additionally, the mean temperature and irradiance over the
course of the entire test for both areas D1 and D> are reported. It is worth noting the relatively small
difference in average readings between D and D>, given the minor change in the tested area.
Therefore, the average data for the "Full Sample" is not reported, as it is insignificant compared to

the other regions.
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Table 6: Temperature and Irradiance readings of 8 different 2 layers mixed materials with
different thicknesses

Tested Material

Agilus30 Digital ABS
Thickness | 0.5 1 2 4 6 0.5 1 2
[mm]
Temperature [°C]
Max 221.2 275.1 119 107.8 172.7 110 158 80.2
Mean D1 | 73.1 69.7 61.8 61.7 74.8 67.8 79.9 56.4

Mean D2 | 34.6 33.6 357 367 42145 [412 443 [366
Irradiance [W/m?]

Max 13.5 27 2.19 1.71 6.27 1.79 4.82 0.86
MeanD: | 1.15 1.28 0.61 0.58 1.03 0.68 1.08 0.45
Mean D2 | 0.32 0.35 0.27 0.27 0.39 0.33 0.41 0.25

Figure 22 -Figure 25 illustrate a comparison in the temperature and irradiance vs time for 0.25
mm, 0.5 mm, 1 mm, and 2 mm pure Agilus30 Black samples using the thermal camera. Part (A)
of each figure presents the average temperature vs. time curves at three different regions. D1 and
D, show similar data to that was shared in Table 6 above, however, average sample temperature
was plotted here in order to compare it to other regions. From the numbers, it can be observed that
the overall change in the sample's temperature is insignificant compared to the ambient
temperature. The color scale at the bottom of each picture in part (C) shows the temperature
gradient. Both pictures in (C) are for the same sample, and by using a feature in Revel IR software
(the thermal camera software) called Extended High Dynamic Range Imaging (EHDRI), which is
a control subcategory that allows the user to specify several exposure times to be used sequentially
during an acquisition. EHDRI provides more accuracy to the recorded data, which is why it was

used in this study.
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Figure 22: Test 3 of Agilus30 sample with 0.25 mm thickness. (A) Mean temperature vs. time

curve. (B) Irradiance vs. time curve. (C) Thermal camera image showing the different areas used
for calculating temperature and irradiance.

52



@
S

Mean Temperature vs Time

~
S

Mean D, Temp

Mean D,, Temp

@
S

Mean Sample Temp

Temperature (C)
o
&

IS
S

w
S

0 50 100 150 200 250 300 350 400 450 500
Time (s)

Irradiance vs Time
: ; : : :

Max Sample Irr
Mean D Irr

Irradiance (W/mz)
o

=15cm"

0 50 100 150 200 250 300 350 400 450 500
Time (s)

(B) ©

Figure 23: Test 3 of Agilus30 sample with 0.50 mm thickness. (A) Mean temperature vs. time

curve. (B) Irradiance vs. time curve. (C) Thermal camera image showing the different areas used
for calculating temperature and irradiance.
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Figure 24: Test 3 of Agilus30 sample with 1 mm thickness. (A) Mean temperature vs. time curve.
(B) Irradiance vs. time curve. (C) Thermal camera image showing the different areas used for
calculating temperature and irradiance.
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Figure 25: Test 3 of Agilus30 sample with 2 mm thickness. (A) Mean temperature vs. time curve.

(B) Irradiance vs. time curve. (C) Thermal camera image showing the different areas used for
calculating temperature and irradiance.

In each Figure 22 -Figure 25, part (B) displays the irradiance versus time for two regions, as well
as the maximum irradiance experienced by the sample during the testing period. The irradiance

data, generally speaking, replicate the temperature ones as the curves suggests.

Having this important data enables the calculation of both heating rate and the energy delivered to
the sample’s surface. By differentiating the temperature vs time curves, the heating rate
calculations can be performed. Additionally, calculating the area under the irradiance curves allows
for the determination of the energy delivered to sample’s surface. It is interesting to observe the

variations in heating rates for the regions considered in this study. It is clear that the rates are
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closely related within the same location, despite the fact that the temperature differences

experienced by these samples with various thicknesses were quite substantial.

Table 7: The average heating rate at 3 different surfaces areas and the energy delivered to the

sample surface.

Average Heating rate [°C/s] Energy
D1 D2 Full Sample Delivered
Sample Thickness [J/m?]
0.25 mm — Test 3 0.08 0.043 0.0018 483.3
0.5mm —Test 3 0.108 0.054 0.0012 1239.7
1 mm—Test 3 0.12 0.05 0.0025 2617.8
2mm—Test 1 0.098 0.041 0.0017 1086.1
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CHAPTER FOUR

CONCLUSION AND FUTURE WORK

This study has explored the mechanical and thermal properties of hybrid materials manufactured
using Agilus30 Black and VeroMagentaV, as well as 3D printed digital materials, such as Digital
ABS, under various conditions. The mechanical properties of hybrid materials with Shore A
hardness values of 30, 60, and 95 were assessed through tensile testing and drop tower impact
tests. Meanwhile, directed energy sources like lasers were employed to evaluate thermal
performance. The results from mechanical properties testing underscored the significance of
material properties, defect attributes, and mechanical responses in determining hybrid materials'
performance. Each hybrid material exhibited distinct mechanical behaviors, with SH9S displaying
characteristics similar to plastic, owing to its rigidity and elevated fracture stress. In contrast, SH30
and SH60 demonstrated flexibility and elongation. Moreover, the reduction in acceleration
observed in drop tower impact tests displayed a nonlinear correlation with the concentration of
Agilus30, emphasizing the complex relationship between material composition and mechanical

behavior.

Regarding thermal performance, laser meter findings revealed a decline in maximum power
reaching the meter input as sample thickness increased. Temperature distribution analysis found
no direct correlation between thickness and peak surface temperature. Although the study's
findings are preliminary, they contribute to a more in-depth understanding of materials' mechanical

and thermal properties and their behavior under different conditions.
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In summary, this research enhances our knowledge of hybrid and 3D printed materials'
characteristics and provides a direction for future investigations on material selection,
optimization, and component design. By examining the relationships between material properties,
mechanical performance, flaw attributes, energy absorption potential, and thermal behavior,
researchers and engineers can optimize these materials to meet the ever-changing demands of

contemporary technological and engineering applications.

Future work should prioritize further validation of the findings and expanding the range of
mechanical tests and investigations. Tensile testing should include additional samples at slower
and faster strain rates to better comprehend the materials. Introducing more defects of varying
shapes and locations could also contribute to a better understanding of these hybrid materials. For
dynamic impact tests, different cube sizes should be considered, as the materials' composition is
not linearly related. Static impact tests might also offer insights into material behavior, as static
performance may not necessarily indicate dynamic performance and vice versa. Simulation studies
can be valuable in validating results and understanding potential interactions. Enhancements to the
experimental setup should also be explored, such as employing digital image correlation (DIC) for
both impact and tensile tests, especially for samples with defects. In this study, the speckle pattern
was suboptimal for producing useful data, so addressing this issue will be crucial for future

investigations.
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Finally, future work should investigate improvements to thermal performance evaluation. This
might involve using an optical table for a vibration-free environment, incorporating laser mirrors,
lenses, and additional optical components for better data collection, and utilizing lasers with
varying wavelength ranges and powers to simulate real-life situations. Conducting simulation
studies of laser radiation interaction can be beneficial in predicting interactions between laser
radiation and different materials, as well as evaluating potential damage risks [38]. Simulation
studies can save time, provide more options for testing various materials, and help reduce costs

while concentrating on the most effective alternatives.
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APPENDIX

Table 8: Agilus30 Black Hybrid Material - Material Composition and Print Time.

1X1X1 2X2X2 3X3X3 4X4X4 5X5X5

inch Cube inch Cube inch Cube inch Cube inch Cube
Print Time 2h 2m 5h 32m 13h 18m 18h 14m 1d 8h 20m
Total Materials (g) 73 332 967 1,959 3,713
Total Support (g) 10 31 71 107 182
Agilus30Black 30 204 658 1,534 2,955
Agilus30Clear 7 21 51 70 125
RGD515 7 21 51 70 125
RGD531 7 21 51 70 125
VeroBlackPlus 7 21 51 70 125
VeroClear 7 21 51 70 125
VeroPureWhite 8 23 54 75 133
SUP706 10 31 71 107 182
Agilus30:Total 0.5068 0.6777 0.7332 0.8188 0.8295

Table 9: SH60 Hybrid Material - Material Composition and Print Time.
1X1X1 2X2X2 3X3X3 4X4X4 5X5X5

inch Cube inch Cube inch Cube inch Cube inch Cube
Print Time 2h 2m 5h 32m 13h 18m 18h 15m 1d 8h 55m
Total Materials (g) 74 332 984 1,966 3,775
Total Support (g) 10 31 72 107 185
Agilus30Black 30 197 650 1,482 2,889
Agilus30Clear 7 21 51 70 127
RGD515 7 21 51 70 127
RGD531 7 21 51 70 127
VeroBlackPlus 8 28 76 129 242
VeroClear 7 21 51 70 127
VeroPureWhite 8 23 54 75 136
SUP706 10 31 72 107 185
Agilus:Total 0.5 0.6566 0.7124 0.7894 0.7989
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Table 10: SH95 Hybrid Material - Material Composition and Print Time.

1X1X1 2X2X2 3X3X3 4X4X4 5X5X5
inch Cube inch Cube inch Cube inch Cube inch Cube
Print Time 2h 2m 5h 44m 13h 19m 18h 15m 1d 9h 27m
Total Materials 75 347 1,000 2,004 3,836
(9)
Total Support (g) 10 32 73 108 188
Agilus30Black 25 159 512 1,156 2,234
Agilus30Clear 7 22 51 70 129
RGD515 7 22 51 70 129
RGD531 7 22 51 70 129
VeroBlackPlus 14 76 230 492 948
VeroClear 22 51 70 129
VeroPureWhite 24 54 76 138
SUP706 10 32 73 108 188
Agilus:Total 0.4267 0.5216 0.563 0.6118 0.6160
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Figure 26:The acceleration reduction of the Agilus30 specimens at the moment of the impact
under the drop tower at 2 m/
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Figure 27:The acceleration reduction of the hybrid material SH60 specimens at the moment of
the impact under the drop tower at 2 m/s
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Figure 28:The acceleration reduction of the hybrid material SH95 specimens at the moment of
the impact under the drop tower at 2 m/s
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Figure 29:The acceleration reduction of the Vero specimens at the moment of the impact under

the drop tower at 2 m/s
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Figure 30:An acceleration reduction comparison between the four tested materials of the first

0.0.15 seconds after the impact
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0.25 mm Thickness [ Laser power meter readings|
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Figure 31: Laser power meter readings of 0.25 mm thickness Agilus30 samples.

0.5 mm Thickness | Laser power meter readings]
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Figure 32: Laser power meter readings of 0.50 mm thickness Agilus30 samples.
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1 mm Thickness [ Laser power meter readings]
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Figure 33: Laser power meter readings of 1 mm thickness Agilus30 samples.

2 mm Thickness [ Laser power meter readings]
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Figure 34: Laser power meter readings of 2 mm thickness Agilus30 samples.
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