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Abstract

In support of body armor development this thesis uses volumetric, force and dis-

placement data of additively manufactured foam samples in compression studies

to compare an existing foam behavior model based on traditionally manufactured

foams, the theory of open-celled foams, to additively manufactured foams.

Sample volumetric data is observed at consistent strain intervals throughout

compression studies, using a custom photogrammetric system and post-processing

pipeline. Force and displacement data are obtained by load and displacement sen-

sors respectively. All samples tested are cylindrical, use an array of 2D and 3D

internal �ll structures, and are manufactured using consumer grade �laments and

fused deposition modeling printing systems.

It is observed that additively manufactured foams do not follow the expected

behavior established by the theory of open-celled foams, but an adapted design

ruleset could be created using similar principals by modifying the parameters of

the laws within the theory of open-celled foams. Some samplesubsets are shown

to exhibit a negative Poisson's Ratio (auxeticness), without the use of speci�cally

designed structures, as is typically required.
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Chapter 1

Introduction

1.1 Background

Modern body armor systems typically consist of multiple layers, with the primary

purpose of defeating ballistic projectile threats. The layering structure and materi-

als depend signi�cantly on the expected threats, where manydi�erent con�gurations

of both hard and soft layers are commercially available. Soft layers, typically con-

structed of woven �bers, are designed to slow and stop low energy projectiles and

edged weapons, while hard layers are designed to break projectiles into smaller pieces,

such that the e�ect of the soft layers is spread over a larger surface area, improving

their performance [1].

The increasing e�ectiveness or modern body armor systems has highlighted a

secondary performance need. When projectiles are stopped, or defeated, the wearer

is subject to absorb the remaining energy of the projectile,often resulting in blunt

trauma injuries. These injuries are known as Behind Armor Blunt Trauma (BABT),

characterized by the back face of the armor system deforminginto the wearer's torso

at a high velocity. Trauma Attenuating Backings (TABs) have been suggested as a

means of combating BABT injuries [2]. The design intent of theTAB is two-fold [1],

energy absorption, and adding stand-o� distance between the back face of the armor

system and the torso, thus limiting the amount of armor deformation into the body.

Despite evidence of the e�ectiveness of TABs, much improvement remains to

be made in mitigating BABT injuries, as well as accommodatingdi�erent individual

forms and ergonomics, as ill-�tting armor has been shown to decrease soldier mobility

and armor performance [3]. With the recent introduction of foam additive manufac-

turing �laments, this work explores the possibility of using additive manufacturing

(AM) as a means of creating custom soldier speci�c TABs. Within engineering de-

sign spaces, it is typical to favor phenomenological modelsover mechanistic, and

1
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is how foam component design is currently navigated, oft viathe theory of open-

celled foams. This work therefore applies the theory of open-celled foams, based

exclusively on conventionally manufactured foam testing data, to AM foam testing

data procured within this work, to compare and assess its suitability in designing

additively manufactured foam components, such as custom TABs.

Upwards of 90 % of battle injuries [4] are the result of bulletsor fragments. De-

spite the ability of modern armor systems to defeat a range ofprojectiles, BABT

injuries are of increasing threat to body armor users, especially with the increasing

popularity of high energy rounds [5].

Research underscores the importance of TABs in mitigating the e�ects of high-

velocity impacts. A study involving Swedish landrace pigs [2] demonstrated that

TABs signi�cantly decreased the size of lung contusions and prevented severe phys-

iological responses to ballistic impacts, such as post-impact apnea and hypotension,

whilst considering both traditional deformation performance and accounting for ad-

ditional pressure wave e�ects.

Recent work has shown that the National Institute of Justice (NIJ) testing metrics

are insu�cient concerning diverse body demographics whereTAB performance and

BABT injuries are concerned [6], highlighting the need for enhanced �t across such

demographics.

The introduction of foam AM, or foam 3D printing, suggests thepossibility of

custom TAB geometries that were previously prohibitive to manufacture. Custom 2-

or 3- dimensional repeating structures can be designed to optimize energy absorption,

reduce weight, and improve the comfort and �t of body armor. These innovations

allow for a more personalized approach to body armor design,optimizing protection,

comfort and mobility for individual users.

Optimization and adaptation of TABs or other foam componentsusing AM tech-

niques require both an understanding and applied design tools concerning AM foams.

The objective of this work is to compare and contrast existing empirical foam models

to AM foam data, taking steps towards producing engineering design tools and in-

sights for integrating additively manufactured TAB components into existing armor

systems and testing standards.
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1.2 Objectives

ˆ Explore if existing foam models can be adapted to model AM foams using ad-

ditional parameters or adjusting existing parameters to account for additional

AM foam mechanics, as it is anticipated that additional mechanics shape the

properties of AM foams.

ˆ Suggest alternative model parameters to adapt existing foam property models

to AM foams where appropriate.

ˆ Begin to establish engineering tools for AM foam response design concerning

TABs.

1.3 Thesis Layout

This thesis is organized into several chapters, each addressing a distinct aspect of

the research.

ˆ Chapter ?? introduces the research topic, outlines the background, and de�nes

the objectives of the study.

ˆ Chapter ?? provides a brief literature review, discussing key concepts such

as cellular solids, auxetic foams, and additive manufacturing, which form the

foundation of the research.

ˆ Chapter ?? details the design and manufacturing process of the samplesused

in the experiments, including the selection of materials and the development

of manufacturing processes.

ˆ Chapter ?? describes the data acquisition equipment and methodology,in-

cluding the design and commissioning of the data acquisition systems used to

capture the experimental data.

ˆ Chapter ?? focuses on the post-processing of the collected data, including in�ll

analysis, volume reconstruction, and extraction of sampleproperties.
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ˆ The results of the experiments are presented and discussed in Chapter ??,

where the performance of the additively manufactured foamsis compared

against traditional models.

ˆ Finally, Chapter ?? concludes the thesis, summarizing the �ndings and sug-

gesting potential directions for future research.



Chapter 2

Literature Review

2.1 Cellular Solids

Cellular solids are lightweight structures widely used in engineering applications re-

quiring signi�cant energy absorption, thermal insulation, or acoustic performance

[7]. The repetition of a unit cell forms a cellular solid, where two dimensional unit

cells are extruded in the third dimension and thickness added to create volume, like

a honeycomb [8]. Foams are de�ned as cellular solids exhibiting a three-dimensional

(3D) unit cell. Foams can be divided into two categories:

ˆ Open celled foams: created from repeating unit cells that donot form a sealed

volume.

ˆ Closed celled foams: created from repeating unit cells thatform a sealed vol-

ume.

Within engineering and design spaces, it is convenient to frame foam performance

using existing models. Ideally this system can de�ne the performance of a foam

using the least number of foam properties, allowing designers to characterize foams

by referencing a reduced subset of known properties. M.F. Ashby and L.J. Gibson

have proposed a system as such titled the theory of open-celled foams, presented

in their work Cellular Solids: Structure and Properties[8]. Note that the property

nomenclature used in the theory of open celled foams is a subscript s for properties

pertaining to the material as a solid, and a superscript* for properties pertaining to

the foam.

Foams are most often employed in compressive loading scenarios. Under com-

pression, foam deformation occurs in three phases, representative of the performance

of each unit cell. The three phases are:

ˆ Linear Elasticity

5
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Figure 2.1: Foam Failure Regimes [8, �g. 5.1].

ˆ Plateau

ˆ Densi�cation

A representation of the stress-strain response of the threefoam phases is available

in Figure ??. The stress response of the linear elasticity phase is characterized by

the behavior of the unit cell walls or struts, and appears linear when plotted in the

axial strain domain. The plateau phase, a 
at or minimally positively sloped region

of the stress-strain response, further sets foams apart, asfoams are divided into

three additional groups pertaining to their failure modes in the plateau phase. The

plateau phase is dominated by, unit cell buckling, unit cellbending, and brittle unit

cell fracture, for elastomeric, elastic-plastic and elastic-brittle foams respectively [8].

Finally, the densi�cation phase represents the gradual fullcollapse of the unit cell,

behaving increasingly as the underlying solid material, represented by an exponential

rise in the stress-strain plot from the plateau region.

As is noted above, the theory of open celled foams employs few foam properties to

characterize various useful performance aspects used in engineering design. Central

is the relative density property, de�ned as the ratio of the density of the solid,� s, to

the density of the foam,� � , ranging from 0 to 1, noted as
�

� �

� s

�
. Traditionally, the
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theory considers a statistical unit cell, as traditional manufacturing methods such as

combinations of molding and cutting have not allowed for explicit control of unit cell

geometry.

Advanced manufacturing techniques allow for the precise control of foam and unit

cell geometry as well as material distribution, potentially enhancing the performance

and applications of foams. Relative density is convenient as it is easily measured, an-

other advantage of AM is that the relative density is de�ned prior to manufacturing,

not measured. It is noted also that cell shape can signi�cantly a�ect some perfor-

mance characteristics, while cell size has relatively little e�ect [8, pp. 15]. The focus

of the theory of open-celled foams is therefore to characterize engineering properties,

such as Young's modulus (E), or Poisson's ratio (� ), using relative density only.

The result are several proportional relationships using relative density and con-

stants. Concerning the open-celled foams explored within this work, the theory of

open-celled foams suggests the following relationships, hinging on relative density,

often employed as
�

� �

� s

� 2
:

ˆ C1: Used in estimating foam Young's modulus,E � . See Equation?? [8, pp.

186].

ˆ C2: Used in estimating foam shear modulus,G� . See Equation?? [8, pp. 186].

ˆ C3: Equal to � � [8, pp. 187], See Equation??.

ˆ C4: Used in estimating the stress and strain at which the linear elasticity phase

transition to the plateau phase,� �
pl and � �

pl respectively. See Equation?? [8,

pp. 198].

E �

Es
= C1

�
� �

� s

� 2

(2.1)

G�

Es
= C2

�
� �

� s

� 2

(2.2)

� � =
C1

2C2
= C3 (2.3)
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V
V0

= 1 � � (1 � 2� � ) (2.4)

� �
el

Es
= C4

�
� �

� s

� 2

(2.5)

Notably, the theory of open-celled foams does not relate the� � to relative density,

and instead assigns it as a constant 0.33. The understandingof foam stress mechanics

and the ability to model these materials accurately are critical for their application

in engineering �elds. The following will endeavor to explore if AM foams of varying

properties �t into into the theory of open-celled foams, or if AM foams follow similar

trends concerning relative density. By aligning with the theory of open-celled foams,

we can gain insights into the optimization and application of additively manufactured

foam components.

2.2 Auxetic Foams

Auxetic materials exhibit a negative� � . A positive � � , which is typical throughout

conventional materials, is when compressed in a given direction, a material will

expand in one or more orthogonal directions. The opposite being true in the tensile

direction. At the upper limit of a material characterized by a � � equal to zero,

as the material undergoes increasing compressive or tensile strain, the orthogonal

dimension(s) will remain constant, or increase for components with a negative� � , as

seen in Figure??. Auxetic structures with � � as low as= 12 have been developed

[9]. Auxetic materials occur rarely in the natural world, andare often the result of

speci�cally designed 
exible structures, or complex manufacturing methods. Auxetic

materials are commercially available today such as GoreTex[10].

\Auxeticness\ is a desirable property because it has demonstrated increased shear

resistance, hardness, toughness, and sti�ness, and often allows for the tailoring of

material characteristics to varying degrees by altering the unit cell geometry [11]{[24]

Re-entrant structures are often used to create auxetic components or materials.

A re-entrant structure is characterized by its unique geometric con�guration, where
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Figure 2.2: Auxetic Structure Example adapted from [25].

the structural elements or cell walls are oriented such thatthey bend or curve inward,

forming concave angles within the material's lattice. Thisinward-facing geometry

distinguishes re-entrant structures from conventional convex structures and is re-

sponsible for their atypical mechanical properties, such as auxetic behavior, where

the material exhibits a negative� � . In a re-entrant structure, when a tensile load

is applied, the inward-facing angles cause the structure toexpand laterally rather

than contract, as is typical in conventional materials [26]. Initial explorations in

auxetic materials can be noted as early as 1987 [27]. There are several methods

that have been developed for manufacturing auxetic materials, typically with sig-

ni�cant restrictions concerning component geometry and are of elevated complexity.

Methods such as leveraging speci�cally designed re-entrant structures explicitly, or

by creating a re-entrant structure by compressing the conventionally manufactured

material and modifying it such that it remains in a compressed state when unloaded,

often by heating or introduction of chemicals agents, e�ectively creating a re-entrant

structure by locking the material in a bent, or compressed, con�guration.
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2.3 Additive Manufacturing

Additive manufacturing (AM), commonly known as 3D printing, has revolutionized

the production landscape by enabling the fabrication of complex geometries directly

from digital models. Among the various AM technologies, FusedDeposition Model-

ing (FDM) is one of the most widely used due to its a�ordability, accessibility, and

versatility. FDM builds parts layer by layer using thermoplastic �laments extruded

through a heated nozzle [28]. However, the process of slicing, which converts 3D

models into instructions for the printer, plays a crucial role in determining the qual-

ity and performance of FDM-printed components. Slicing is the process of dividing

a 3D model into horizontal layers, generating toolpaths that dictate the printer's

movements and settings [29]. Several key parameters in
uence the slicing process

and the resulting print quality:

ˆ Layer Height: The thickness of each printed layer a�ects surface �nish and

mechanical properties. Finer layers result in smoother surfaces but increase

print time [30].

ˆ In�ll Density and Pattern (Unit Cell Geometry): The internal structure of

the print, controlled by in�ll density and pattern, a�ects t he part's strength

and weight. Higher in�ll densities can yield stronger parts but consume more

material [31].

ˆ Print Speed: The rate at which the printer head moves impactsthe build time

and quality. Higher speeds may reduce print time but can compromise detail

and layer adhesion [32].

ˆ Shell Thickness (Perimeter Count): The thickness of the outer walls in
uences

the part's surface strength and resistance to external forces. Thicker shells

improve sti�ness but increase material use [33].

While FDM o�ers numerous advantages, it also has inherent limitations, partic-

ularly due to slicing:

ˆ Anisotropic Properties: FDM parts tend to exhibit anisotropic mechanical
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properties due to layer-by-layer construction. The alignment of layers signif-

icantly a�ects strength and may lead to weaknesses along thebuild direction

[34].

ˆ Surface Finish: The stair-stepping e�ect, resulting from layer discretization,

can lead to poor surface �nish, especially on curved or inclined surfaces. This

necessitates additional post-processing for applications requiring smooth sur-

faces [35]. Ideally parts are designed to mitigate this layering e�ect.

ˆ Dimensional Accuracy: Slicing parameters and the thermal behavior of mate-

rials can cause dimensional inaccuracies. Thermal expansion and contraction

during printing can lead to warping or shrinkage, a�ecting the part's �nal di-

mensions [36].

ˆ Resolution Constraints: The resolution of FDM prints is limited by nozzle

diameter and layer height. Fine details may be lost if they fall below the

printer's resolution capabilities [37].

To mitigate FDM's limitations, various slicing strategies have been proposed.

For instance, adaptive slicing adjusts layer thickness based on the model's geometry,

enhancing detail where needed while reducing print time on less complex areas [38].

Additionally, advanced toolpath planning can optimize the orientation and pattern of

in�ll to improve mechanical properties and material e�ciency [39]. While FDM o�ers

a versatile platform for additive manufacturing, its e�ectiveness is closely tied to the

slicing process. Understanding the interplay between slicing parameters and the

limitations of FDM technology is crucial for optimizing print quality and expanding

the range of feasible applications.

2.4 In�ll Geometry

In�ll, or internal �ll structures, are both essential and pr ovide signi�cant bene�ts to

AM components, allowing designers to maximize material where it is needed. The �ll

structure can also allow for signi�cant changes in component loading response, with

the potential to signi�cantly a�ect behavioral characteristics such asE or � . These

e�ects are emphasized at elevated compressive strains, as is often the case with foam
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components. In�lls can be 2 or 3 dimensional, and are createdfrom a repeating unit

cell, forming a cellular solid.

All sample geometry within this work is processed and sliced using the PrusaSlicer

(PSL) [41]. Therefore, the geometry of the sample �ll structures are de�ned and

generated by the PSL source code. Samples of each in�ll used in this work can be

seen in Figure??, where the upper left slice shows the in�ll as printed, and the lower

right shows the in�ll as intended by the slicer, within the PSL software. Within the

PSL source code, all in�lls tested follow a similar build pattern, dividing the task

of �ll generation into iterative rule sets that build the �ll structure layer by layer,

emulating the FDM printing process. The generation rules andmechanics of each

PSL �ll pattern are contained within an individual �le of the PSL source code, each

containing a �ll surfacesingle() method, which is called to generate consecutive

layers of �ll, by a parent function as part of the slicing process. A simpli�ed outline

of the �ll surfacesingle() method contained within each �ll pattern �le for all tested

in�lls is as follows:

ˆ The sample geometry is divided into layers, per the de�ned layer height in PSL.

ˆ The spacingparameter, de�ned within the PSL source code, is calculatedto

satisfy the user de�nedin�ll percentage as closely as possible,spacingis the

distance between �ll lines used to populate the layer withinthe de�ned outer

boundaries of the layer.

ˆ The spacingparameter is scaled by a factor speci�c to each in�ll pattern, a

ratio of average length of a line generated by the selected in�ll pattern, to a

straight line. This is demonstrated in Figure??. The spacingwill be scaled by

the DensityAdjust, noted as scale factor in Figure??, speci�c to each in�ll. If

the �ll lines generated by the given in�ll pattern are longer than simply using

straight lines, the spacingwill increase, as less lines are needed when each line

�lls more of the layer.

ˆ Lines approximating the desired in�ll pattern, de�ned in PSL, are drawn within

the bounds of the layer perimeters using the respective sub-routines for gener-

ating lines appropriate to that in�ll pattern, at the calcul ated spacing.
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ˆ This general process is repeated until the required layers are �lled, by stacking

each layer atop the last, up to the full height of the geometric model.

Note that the in�ll percentage parameter as de�ned by the user within PSL is

merely an estimated ratio of the available void space withinthe sample model, and

the volume of �ll achieved by the �ll generation process. Precise in�ll percentages

cannot be generated whilst maintaining consistent extrusion widths, as the �ll gener-

ation process is limited to generating complete �ll lines, spanning from one boundary

to another in a given layer, as is described above. It is important to note here the

di�erence betweenin�ll percentage, de�ned within PSL, and relative densitywhich

is the precise calculation of the ratio of �ll to void space within the geometric model,

as is also noted in Section??. An exploration of PSL in�ll percentage in comparison

to relative density is made in further detail in Section??
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(a) Example of PSL Grid in�ll [40]. (b) Example of PSL Gyroid in�ll [40].

(c) Example of PSL Honeycomb in�ll
[40]. (d) Example of PSL Rectilinear in�ll [40].

(e) Example of PSL Triangle in�ll [40].

Figure 2.3: Prusa Slicer In�ll Examples
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Figure 2.4: Example of Fill Line Scaling Factors
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2.5 Photogrammetry

Photogrammetry, the science of obtaining reliable measurements and creating ac-

curate 3D models from photographs, has evolved signi�cantly since its inception in

the mid-19th century. Initially used for topographic mapping, photogrammetry has

found applications in diverse �elds such as architecture, archaeology, and geology.

The fundamental principle of photogrammetry is triangulation, which involves cap-

turing multiple images from di�erent angles to calculate the coordinates of points in

three-dimensional space [42].

The development of digital photogrammetry in the late 20th century marked a

signi�cant turning point, allowing for the automation and re�nement of data pro-

cessing [43]. This shift was driven by advancements in computer technology and

digital imaging, leading to the creation of software solutions that could handle large

datasets and complex computations.

One of the core methods is Structure from Motion (SfM), a photogrammet-

ric range imaging technique that estimates three-dimensional structures from two-

dimensional image sequences [44]. SfM is particularly advantageous because it does

not require pre-calibrated cameras or controlled environments, making it versatile

and accessible for various applications [45]. This technique is augmented by Multi-

View Stereo (MVS), which enhances the depth and detail of the reconstructed models

by analyzing the stereo correspondence across multiple images [46].

Work
ows typically involve several steps, starting with the alignment of images

to �nd common points, followed by the generation of a sparse point cloud. This point

cloud is then densi�ed using MVS techniques, leading to the creation of a dense point

cloud, which serves as the foundation for mesh generation and texture mapping [47].

The result is the capability to process high-resolution images and produce detailed

models.

2.6 Current Work

Recent advancements in the �eld of body armor have increasingly focused on the use

of AM technologies to develop advanced materials like auxetic foams, which are being

investigated for their potential to mitigate BABT. Auxetic fo ams, characterized by
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their negative � , o�er superior energy absorption and impact resistance compared to

conventional foams, making them ideal for TABs [24]. This initial study focused on

known, well understood auxetic internal structures, despite not being well suited to

AM technologies. Critchley [24] explored the fabrication ofauxetic foams using 3D

printing, demonstrating that these materials can signi�cantly reduce the peak forces

transmitted during high-impact events, a key driver of BABT injuries. The study

highlighted the bene�ts of AM in precisely controlling the microstructure of auxetic

foams, which is crucial for optimizing their mechanical properties. However, the

research also identi�ed challenges related to manufacturing inconsistencies, which

can a�ect the performance of the foams in practical applications. Other studies

have supported these �ndings, indicating that the geometric design of AM foams,

such as re-entrant and honeycomb structures, plays a crucial role in enhancing their

protective capabilities [27], [48]. These investigationsunderscore the need for further

research to re�ne the manufacturing process and validate the e�ectiveness of AM

auxetic foams under real-world conditions. Therefore, while AM auxetic foams hold

signi�cant promise for use in body armor, particularly in reducing BABT, further

development is required to overcome current manufacturingchallenges and ensure

consistent performance.



Chapter 3

Sample Design and Manufacture

3.1 Sample Geometry

Sample geometry in all experiments within the scope of this work are cylindrical.

If a foam volume is su�ciently large that it contains a minimum of one complete

unit cell, properties such asE � , will remain valid for any foam volume employing

the same unit cell geometry, relative density and unit cell size. The cylinder strikes

a convenient balance between part quality, printing machine, and printing pro�le

complexity.

Samples manufactured for trials 1, 2 and 4, noted in Table??, have both a height

and diameter of 20 mm, giving a cylindrical aspect ratio of 1.20 mm and 30 mm thick

samples are used within this work, as they are similar in thickness to TAB designs

from other works where TABs have shown improved body armor performance, such

as in [2]. In trial 3, height to diameter aspect ratios of23 and 3
2 are also tested. The

scale of the samples is chosen such that each sample containsmore than one unit

cell of the tested periodic �ll structures, or foams, at the uppermost bounds of the

experimental cell sizes explored.

3.2 Material Selection

There are no designated requirements for any speci�c armor layer in the National

Institute of Justice NIJ body armor standard [49], therefore the chosen material is

predicated instead on the availability of FDM capable foams.The ideal material for

this work is de�ned as a material that can be printed on a wide variety of FDM

machines, not requiring unusual hardware capabilities, the porosity of which can be

controlled consistently by the FDM machine, and does not require signi�cant post

processing. Initially, three materials, Varioshore Thermoplastic Polyurethane (TPU),

Caverna PolyPropylene (PP), and Caverna Soft Touch (ST), are selected for further

18
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testing for use in experimentation. Varioshore TPU, detailed below, is chosen as the

material for the experiments within the scope of this work. Speci�cation documents

for each �lament can be found in Appendices??, ?? and ?? respectively.

The chosen material, Varioshore TPU, leverages recent developments in FDM

�lament technology allowing for lightweight, 
exible components where the Shore

hardness can be modulated using extrusion temperature by means of a heat acti-

vated foaming agent embedded within the �lament. It is an attractive choice as

the suggested printing pro�le parameters, such as bed and nozzle temperature as

well as print speeds, are well within the bounds of a typical FDM machine [50] [51],

and components do not require post processing. The density of the extrusion can

be altered while printing by modulating nozzle temperature, o�ering increased com-

ponent design 
exibility. The downside of the Varioshore TPU is that the printed

extrusion is 
exible, reducing the capability to accommodate overhanging, or thin

unsupported geometries. A printing pro�le using the Prusa MK3S+ was developed

for this material, further explored in Section??, and experiment quality samples

could be produced after minimal calibration and development.

The Caverna PP was also considered for experimentation. Caverna PP extrudes

and cools rapidly to a solid state, allowing for increased component design 
exi-

bility and detail, but the subsequent requirement to post process the solid printed

components into the �nal semi-rigid form [52] is a signi�cant drawback. Addition-

ally this �lament demands a more challenging printing environment and machine

requirements, and does not exhibit any capability to produce components with a

range of hardnesses [53]. The �nal resulting components exhibit a signi�cantly lower

durometer than the Varioshore TPU [53] discussed above, butas there are not strict

durometer requirements for personal armor TABs at any level [49], this is not of

interest within this scope of work.

Despite a signi�cant post processing requirement and more challenging manufac-

turing machine requirements [53], there are signi�cant bene�ts to printing a solid

component, than a semi-rigid component when using FDM technology. This allows

for more complex and precise geometries to be explored. Similarly to Varioshore

TPU, a printing pro�le was developed for this product using the Prusa MK3S+, and
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samples were produced with minimal investment, but the timeto develop this print-

ing pro�le was signi�cantly impacted by the need for post processing [52], making

it impractical for this work. Additional di�culties were enc ountered regarding layer

adhesion, which in limited pro�le development trials was shown to be quite poor

for the smaller detailed features of the internal �ll structures printed. Due to these

di�culties this material was not pursued further in the scope of this work.

Caverna ST, a TPE based vairant of the Caverna PP, was trialled using the

same methodology, as was recommended by the manufacturer. It su�ered similar

performance bene�ts and issues, and therefore was not pursued for the purposes of

this work [54].

3.3 Sample Manufacturing

The typical recommended method of calibrating a �lament is printing a single ex-

trusion structure, most often a rectangle. The intent is to con�rm that the extrusion

thickness matches that intended by the slicer, throughout straight and curved wall

sections. The height of the calibration model should meet orexceed the maximum

height intended in the use of the printing pro�le. A rectangular print 50 Ö 50Ö 30mm

was initially attempted, but failed as the 
exibility of the printed extrusions could

not maintain enough rigidity across the long thin walls for subsequent extrusions

to adhere properly to the preceding layers, resulting in a partial collapse in the up-

per layers. Instead, a cylindrical calibration print was trialed and succeeded, as the

cylindrical thin wall can maintain the required rigidity for extruding and adhering

successive layers. The height of the calibration print was also reduced to 10 mm,

as this was su�cient wall area to obtain a measure of the wall thickness, improved

rigidity and facilitated iteration by reducing print times . This print was iterated

using altered pro�le parameters, most notably the extrusion multiplier, and the wall

thickness measured each time in four equally spaced locations until the correct mean

wall thickness is achieved, as de�ned by the printing pro�lein the extrusion width

setting, until the desired width was consistently achieved. The calibration was only

completed at the set nozzle temperature, noted in Table??.
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3.3.1 VarioShore Printing Pro�le

The printing pro�le is developed using the recommended start point for the param-

eters available in the manufacturer technical data sheet [50].

Parameter Unit Recommended Value Initial Value Final Value

Nozzle Temperature °C 195 - 250 250 250
Bed Temperature °C 50 - 60 50 40
Fan Speeds % 0 0 0
Extrusion Multiplier n/a 0.625 - 0.7 0.7 0.55
Print Speeds mm/s2 40-100 40 30

Table 3.1: Varioshore Printing Pro�le Manufacturer Recommended Settings

Using the initial values detailed in Table?? applied to a 20Ö 20mm cylindrical

geometry, 1 perimeter and 20 % PSL in�ll, a suitable pro�le that produces acceptable

part quality and dimensional accuracy was completed. Key elements are listed below.

ˆ Nozzle Temperature: A nozzle temperature near the top of the recommended

range was initially selected as this work is interested in the lower range of part

densities. This temperature worked well throughout development

ˆ Bed Temperature: Initially the highest recommended bed temperature is se-

lected, but the same result can be achieved using a lower bed temperature

which speeds up part production. This parameter is essential for bed adhe-

sion, and may di�er signi�cantly given printing factors such as bed texture and

coatings and the geometry of the base of a component.

ˆ Print Speeds: Part quality was not acceptable at the lowest recommended

printing speed, therefore it was lowered until printing quality was acceptable.

Note also that all printing speeds available in PSL, excepting print speeds

assigned to non-extruding movements, are set to this singlespeed for facilitating

pro�le consistency and simplicity.

ˆ Extrusion Multiplier: Due to the expanding nature of the Varioshore TPU

�lament, signi�cant adjustment to the extrusion multiplie r is required. In

most cases a value of 0.55 is su�cient, or 0.45 for parts with in�ll percentage

exceeding 75 %.
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ˆ Note that support structure are disabled as the VarioShore �lament is not

compatible with support structures.

Moving forward from the simple test print, the pro�le is tested and validated at

the limits of both in�lls and perimeters intended for testing, by printing models at

the upper and lower limits of both in�ll percentage and perimeters, as is outlined

in Table ??. Samples of all tested in�lls and perimeter counts can also be printed

without top or bottom layers. It is noted that in�ll percenta ges as low as 10 %

and as high as 80 %, were printed without perimeters. To achieve the higher in�ll

densities, the extrusion multiplier must be reduced to 0.45to maintain dimensional

accuracy. For 0 % in�ll, using perimeter counts of 2 or less, adi�erent print geometry

with additional external support is employed to prevent perimeter deformation while

printing.

3.3.2 Limitations

Due to the 
exible nature of the Varioshore TPU �lament, there are some important

limitations to what can be printed using this pro�le, machine and �lament. As was

alluded to above in Section??, thin walled features are not possible, and elevated �lls

require pro�le adjustment. This �lament is incompatible with support structures.

Despite the manufacturers recommendation, elevated printing speeds proved di�cult

to manufacture suitable quality parts. Bridging would alsolikely be di�cult or

impossible but was not tested.



Chapter 4

Data Acquisition Equipment

4.1 Data Acquisition Design Intent

Figure 4.1: As-Built Data Acquisition Apparatus.

23
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Exploring if AM foam components behave similarly to foam components manu-

factured with traditional methods means comparing with thetheory of open-celled

foams. More speci�cally for the purpose of body armor TABs, understanding of

compressive behavior is desired. To calculate and compare to the theory of open-

celled foams, both volume, and force datasets, as seen in Equations ?? through

??, are required. Engineering strain data is also required, asthe domain for all

datasets. Therefore, requirements for the data acquisition machine are created such

that the resulting datasets can be directly compared toC constants, see Equations

?? through ??, used by Ashby to describe traditional foams within the theory of

open celled foams. The measurement system must be capable ofboth measuring

sample data and manipulating samples as needed. The apparatus used for all data

presented herein is shown in Figure?? The data acquisition system has been di-

vided into two major sub-systems, the compression system, used for obtaining� and

force measurements, and the camera system, used to capture sample volume mea-

surements, to complete the parameters required to obtainC values in the theory

of open-celled foam relationships noted above. The detailsof the requirements, de-

sign and commissioning of the custom measurement systems used in this work are

detailed below.
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4.2 Compression System

Figure 4.2: Compression System Exploded Diagram.
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The compression system can be further divided into two main sub-systems, the linear

stage which manipulates the samples, and the force sensing system for recording force

data.

4.2.1 Design Requirements

ˆ Minimum compressive force of 400N. This is the force requiredto compress a

100 % in�ll sample to 0.8 strain, given the speci�edEs by the manufacturer.

ˆ Minimum compressive displacement resolution of 0.01 mm. Itis essential to

accurately track where behavioral phenomena occur, as theyare used to deter-

mine material properties such asE � .

ˆ Accommodate sample size of 20 mmÖ 20 mmÖ 50 mm. Accommodate a min-

imum height, width and depth of the maximum unit cell size within the pre-

scribed trial sample in�ll percentages.

ˆ Minimum platen stroke length of 60 mm. Accommodate the minimum sample

size axially with additional room for sample positioning.

4.2.2 Design

The linear stage is designed to meet the requirements noted in Section?? and such

that:

ˆ Rigidity and repeatability are maximized.

ˆ Maximum force is achieved whilst minimizing hardware costs.

A brief outline of the compression system is as follows, components are noted by

number in Figure ??.

ˆ The upper platen, 24, is attached to the linear stage,12, 13, 14, via a brace,

17, and is translated up or down along the linear stage via the stepper motor

assembly,22.

ˆ The encoder, as part of the stepper motor assembly,22, tracks the relative

position of the linear stage.
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ˆ The lower platen, 7, is mounted on a rod,6 via a spherical adapter,9, such

that platens self align when compressive force is applied.

ˆ The rod is guided within a linear bearing,5, which is supported by4.

ˆ This bearing block assembly is mounted to3, which also houses the force sensor

within the rectangular slot of 3, such that the linear rod 6 transfers force to

the sensor from the lower platen.

Carbon steel components of unknown composition are used wherever load is to be

transferred or measured, components are sized to �ll the system package envelope,

as the viewing angle of the camera system is also of competingvalue, as seen in

items 1, 2, 4 and 10 shown in Figure??, full assembly drawings see Appendix??.

Note that the composition of the carbon steel components usedis not of concern,

as theE values of a typical carbon steel and that of the samples tested within this

work are of di�erent magnitudes. All components must �t within the camera system

rotational radius, shown in Figure??. A ball bearing lead-screw driven linear stage

is selected for mounting and moving the upper platen. This type of linear stage

provides su�cient rigidity in conjunction with item 10, shown by combined items

12, 13, 14 and 19 in Figure??. The THK KR26, details in Appendix ??, unit is

selected in conjunction with the manufacturers recommendation, as an ideal mix of

axial load bearing capacity, translational resolution, and availability. The lead screw

motor is sized using torque calculated from Equation?? [55], whereT is torque, F

is force applied by the lead screw stage,l is the pitch and � is lead screw e�ciency.

T =
F � l
2��

(4.1)

E�ciency values were not available within the THK lead screw documentation,

therefore a value of 0.9 is used, as noted in [56, ch. 10]. Resulting in a required

torque of 1.27 N, using an applied forceFa with a safety factor (SF) of 1.2. A

stepper motor is selected allowing for additional losses within the linear stage, or if

estimated performance parameters are inaccurate. The selected motor speci�cation

is detailed in Appendix??. A motor adapter to accomodate the the motor pitch circle

diameter (PCD) and THK linear stage PCD is also speci�ed and obtained from THK

under part number (PN) KR26 INT-FLNG F26-T000. A US Digital E5 encoder is
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added to suit the upper platen motor, for tracking the upper platen position. Upper

and lower platens are designed to accommodate the sample size requirements, with

su�cient additional platen face area to remain exposed with largest sample size

installed, to identify platen faces as described in Section??. It is anticipated that

if platen faces were to be the same maximum dimensions as the maximum sample

size, and no remaining platen face area is exposed when testing the maximum sample

size, the platen faces identi�cation performance would su�er, as platenf aces must

be partially exposed in order to e�ectively identify them. A bu�er area twice the

maximum sample size is added to each platen in both thex and y dimensions. Early

trial point cloud plane segmentation experiments indicated that planes thinner than

10 mm were di�cult to consistently identify. It is possible that a parameter space

or methodology exists that could achieve this, but it was notnecessary to explore

for this work, as the compression system could accommodate platen side heights of

more then 10 mm for both upper and lower platens. The platen side heights of the

lower platen were expanded to �ll the remaining gap in required stroke length, to

facilitate platen side identi�cation, as larger planes canbe identi�ed more reliably.

The lower platen is designed to mount on a spherical rod end ofthe force sensing

assembly, such that the platens can accommodate small misalignment between the

upper and lower platen faces. All critical fasteners are sized by thread depth rule

noted in [56, ch. 10] and shear stress with minimum SF of 2.

To achieve the small load and load resolution sensing requirements, a resistive

type analog sensor, a FlexiForce A201, detailed in Appendix??, is selected. The

FlexiForce A201 is paired with the appropriate force concentrator detailed in Ap-

pendix ??, as is recommended by the manufacturer. A linear bearing (item 4), is

used to align a bearing rod (item 6), that transfers force from the lower platen, to

the load sensor, installed in a small positioning chanel cutto size within item 3. The

assembly is mounted rigidly to the compression system structure. The non-inverting

single source measurement circuit noted in the manufacturers integration documents

[57, pp. 5] is implemented to measure the resistance of the A201 Sensor, which is

subsequently translated to a force using the calibration process noted in Section??.
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4.2.3 Comissioning

Hardware controls throughout this work are developed using Pyhton libraries, where

suitable libraries were not available for speci�c components, custom libraries or mod-

ules are developed. The complete code is documented across two Github repositories

developed by the author, [58] and [59]. Functions are developed to complete tasks, or

to implement required behaviors for any hardware componentwithin the compres-

sion system, functions are combined to create protocols forexecuting and repeating

full trial processes.

The upper platen motor is calibrated using the digital tool provided by the en-

coder manufacturer [60]. The encoder is connected to the US Digtial QSB-D Quadra-

ture to USB Adapter, see Appendix??, which is then initialized and con�gured for

constant measurement using the commands from the adapter command manual, see

Appendix ??, provided by US Digital. The initialization, con�guration and sampling

functions developed for these experiments are noted in Appendix ??. Once powered

and con�gured, the upper platen positioning encoder can be calibrated. Upper platen

position calibration trials are simple:

ˆ The upper platen motor is powered o� such that the upper platen can be moved

manually by the user.

ˆ The upper platen is moved to the zero position, as described in Section??.

ˆ The zero position is noted in the US Digital calibration tool.

ˆ The platen is moved up and down to random locations at random rates chosen

by the user, and returned to the zero position.

ˆ The new position is noted multiple times.

ˆ The process is repeated using Phantoms1 1, 2 and 3

ˆ The mean and standard deviation is calculated and compared to the position

requirements.

1A Phantom is a standard object of known size and dimension used for calibration.
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Figure 4.3: Sample A201 Calibration Data & Fit.

Each of three trials indicated that the accuracy and precision of the encoder, and

therefore the upper platen position, are within the values speci�ed in Section ??.

The force sensor and sensing circuit are built and calibrated by comparing the

full mechanical and electronic sensing assembly with an Instron 3344, with 2 kN

load cell installed. Resulting data from a A201 sensor calibration trial is shown in

Figure ??. It is noted that the power supply for the sensing circuit forthe purpose of

portability and calibration was a 5 V pin supply from the Raspberry Pi 4B controller,

and in later Force Trials, the power supply was swapped to an Extech 382275 for

better performance. Speci�cations for the Raspberry Pi 4B controller, and Extech

382275 power supply can be found in Appendices??, and ??. No anomalies in

performance were noted after this power supply swap. Adopting elements of the

calibration process recommended in the FlexiForce integration manual [57], three
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sensor calibration curves are obtained per sensor, and sample calibration results of

a single sensor noted in Tables?? and ??. As noted in the integration manual,

the inverse of the sensor resistance,Rs will �t a linear model. This �t is used to

interpolate or extrapolate any datapoints measured duringtesting. Equation ??

is used to calculate the value ofRs, or sensor resistance, whereVout and Vref are

observed voltage values obtained from integrated analog todigital converter (ADC)

modules, read by the Raspberry Pi.

Sensor ID Fit Fit Slope Fit Intercept R2

4 1 39450782.83 -3.48 0.9993
4 2 43461795.94 -4.42 0.9997
4 3 42822669.54 1.96 0.9998

Table 4.1: Calibration Trial Fit Data of Inverted Rs W

Fit Avg. Residual Avg. StdDev Combined Avg. Residual Combined Avg. StdDev

1 0.00 3.21 0.00 2.25
2 0.00 1.93 0.00 2.25
3 0.00 1.62 0.00 2.25

Table 4.2: Calibration Sensor Performance Results measuring Force

Rs =
Rf�

Vout
Vref

�
� 1

(4.2)

Table ??, the resolution set out in the requirements can be measured,but is not

achieved. Note that at rest, or no load, theVout is equal to Vref , resulting in an

Rs near 1 . As loading increases,Vout approaches doubleVref , until reaching Rf .

Therefore, Rf acts as a scaling factor, or sensitivity adjustment. A 100 kW trim

resistor is installed in theRf position for this purpose. During calibration the circuit

is adjusted to re
ect the maximum load required by the trials, which is aligned near

the maximum load expected in the trials. Using the calibration curve Equation ??

is used to convert measuredRs values into experimental force measurements.

Fa = Rs � F itSlope + F itIntercept (4.3)
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4.3 Camera System

The camera system employs two cameras mounted to a slewing bearing, rotated by a

small stepper motor, such that the cameras can rotate arounda sample and capture

frames to be used in the reconstruction pipelines, as seen inadditional detail in both

?? and Appendix ??.

Figure 4.4: Camera System Exploded Diagram.

4.3.1 Design Requirements

Numeric requirements are listen below:

ˆ Precise camera positioning at a constant focal distance from the Trial Sample.
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ˆ Mounting suitable for at least two cameras, whilst focused at the same point.

ˆ Lens polarization, for glare reduction when photographingre
ective samples.

ˆ Minimum focal depth of half the maximum sample dimension, 25mm.

An ideal camera positioning system for this work minimizes blur, minimizes noise,

and allows for signi�cant frame overlap between captures. Increasing lighting also

increases performance, as often camera settings suggestedto improve volume recon-

struction performance [47], such as increasing aperture, or increasing shutter speed,

reduce the light captured by the camera sensor during each frame capture.

4.3.2 Design

The chosen camera system design is a large slewing bearing, Figure?? item 1, rotated

by a mounted gear system and a stepper motor, using two Canon EOS R50 Cameras

with polarizing �lters and Canon RF-S 18-45mm f4.5-6.3 Lenses for frame capture.

All except the camera assemblies are depicted in Figure??, which are mounted to

the metal rod, noted asitem 3 in Figure ??, using adjustable camera mounts. All

part drawings are contained in Appendix??. The camera and lens selections are

guided by the recommendations in the Agisoft Metashape User Manual [47, pp. 9].

Custom adjustable end stops are mounted to the ring gear using press �ts indexed

by the ring gear teeth, they are positioned by the operator such that the cameras can

move until they would otherwise collide with the linear stage structure, or the sample

is nearly obscured by the structure due to the camera viewingangle. The end stops

collide with analog end stop switches, whose states are observed using ADCs, and are

monitored for triggering events by the Raspberry Pi controller. An LED Ring light

is mounted at the end of each lens, directing light where eachlens is focused. Each

lens is adjusted to its maximum focal length of 45 mm for all frames captured within

this work. All other critical camera settings are con�gured upon trial initialization,

using a Camera Settings table entry retrieved from the TrialManagement Database

(TMDB), detailed further in Section ??.
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4.3.3 Commissioning

The camera system stepper motor controls, responsible for positioning the camera

employ similar drivers as the linear stage stepper motor controls. But where the

linear stage motor is controlled by a basic PID controller toreach precise strain

targets, the camera stepper simply rotates at a set speed until one of two adjustable

endstops is reached. Each time a new trial is initialized, the cameras return to the

home position by rotating clockwise until an endstop switchis triggered, con�rming

an end stop has been located. For each subsequent Trial Step,the cameras make

a full rotation, rotating until the opposite end stop is reached, capturing frames as

they travel. The speed of the camera system rotation for eachCompression Trial

is calculated from thetarget framesmetadata attribute within the compression trial

TMDB entry, as the average rate of frame capture is known fromearlier tests.

The cameras are controlled remotely by the Raspberry Pi using the gphoto2

library [61]. Commands to con�gure camera settings, capture frames, and store

frames on board each camera unit for later transfer to the Trial Data File Server

(TDFS), are delivered using gphoto2. The gphoto2 commands are integrated into

the python control framework via the builtin subprocess library, allowing Python

functions to build and issue shell commands using the gphoto2 library. Each trial

is assigned a Camera Settings entry from the TMDB, an appropriate command is

built to con�gure a camera as de�ned by the user, and each camera connected to the

Raspberry Pi is con�gured using this command prior to capturing frames.

Prior to each new trial, each cameras focus and focal point must be veri�ed and

adjusted by the user. The focal point of each camera is intended to capture either

the top or bottom platen face plane at the desired axial strain extremes for each

compression trial. For each camera, a phantom is inserted whose height corresponds

to the maximum or minimum axial strain of the compression trial, whether the

camera is intended to capture the upper or lower platen face plain respectively.

The focal point of each camera is the interface of the phantom with the platen

face plane. The camera mount is adjusted such that it aims directly at the focal

point, the automatic focus is allowed to adjust and then disabled, and the zoom

feature in conjunction with the manual focus and view �nder are used to make any

�nal adjustments to the focus. The automatic zoom feature was observed to reduce
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reconstruction quality. In this con�guration, there are two cameras, one aimed at

the upper platen face, and another aimed at the lower platen face. Phantoms 1 , and

4 , see Table??, are used to calibrate the focal points for all trials.

A basic camera settings pro�le is created as recommended by the Metashape User

Manual [47], and later adjusted during the volume reconstruction validation phase,

per Section??.

4.4 Experimental Trials

Two types of trials, following two di�erent processes are used in this work. The

intent of each trial is to observe data compatible with direct comparison to the

theory of open-celled foams, or closed-celled foams as presented in [8]. The behaviors

and general order of operation for each trial type are detailed below. All top level

instructions are handled using python libraries, completecode is noted in [58], [59],

[62].

Both trial types share similar initiation protocols. The user must provide atrial id

as input to initiate a trial as well as the IP Address where the TMDB can be located

within the network of the compression machine, Volume Trials require an additional

parameter identifying a camera settings table entry withinthe TMDB. The trial entry

is either created manually by the user within a PostgreSQL compatible database

editor, or via functions within the Python framework. To complete the Compression

Trial entry sampleid attribute, a Sample entry must also be created. Similarly this

entry can be created manually by the user, or via automated functions. Finally

the Sample entry is created by creating and assigning a Printentry to the print id

attribute of the Sample entry. Once completing the Compression Trial entry, the trial

is initiated and the trial details are fetched from the TMDB, per the Compression

Trial entry metadata. This marks the beginning of every trial. Note also that at

this stage the Sample has been manufactured as noted in Chapter ??, using the

con�guration and instruction �le speci�ed by the linked Pri nt entry. The �rmware

proceeds to record a zero reading for the load sensor, and stores in the TMDB within

the Compression Trial entry. A 100 mmÖ 100 mm paper is placed onto the lower

platen. Using the console prompt provided by the Python trialprotocol function,

the user progressively jogs the upper platen down to meet thelower platen. The ideal
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setup entails immobilizing the sheet of paper, whilst minimizing the travel distance

of the upper platen. The user indicates to the console promptthat the platens are

zeroed, which is then stored in the trial protocol function.The user then uses the

console prompt to lift the platen to where the sample can be inserted and centered,

and again descends the platen to meet the sample by progressively jogging the upper

platen. By iteratively jogging the upper platen small increments, and testing if the

sample can move freely, the platen setup is completed when the sample is barely snug,

and centered on the lower platen. The user then indicates to the console prompt that

the platen setup process is complete. Using both the earlier recorded platen zero,

and �nal platens setup position, the initial height of the sample is noted and pushed

to the Sample entry assigned to the Compression Trial withinthe TMDB.

4.4.1 Force Trial

The force trial proceeds by calculating the �nal platen position designated by the

Compression Trial strain limit attribute. The force sensing apparatus in initialized

using a 100 measurement rolling average �lter. The upper platen drive is initiated

using the de�ned settings from the component con�guration �le, and commanded to

move from the start position to the �nal position at the strain rate de�ned by the

upper platen stepper motor PID controller. The force sensoris sampled at a 100 Hz

frequency until the trial strain limit is reached. All data points are aggregated and

pushed to the TMDB as Compression Step entries. Finally the upper platen returns

to the initial position.

4.4.2 Volume Trial

After trial initiation is complete as described in Section??, the target strain positions

are calculated from the platen zero height, initial sample height, as well as the the

strain limit and the strain increment de�ned by the user in the Compression Trial

entry metadata, and are converted to incremental encoder positions corresponding

to each platen position requested by the user. The Volume Trial also requires that

the camera system is initialized. First each connected camera is con�gured with

the settings retrieved from the TMDB Camera Settings table entry de�ned by th

user for the speci�c trial, this also serves to ensure each camera is reachable via
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Trial ID 1 In�lls 2 Perimeters2 Notes

1 0 % to 70 % 0 to 2 Volume trials for Gyroid In�ll ex-
ploration

2 20 % 1 Exploration of popular 2D repeat-
ing in�lls

3 20 % 1 E�ects of Top and Bottom skin, as
well as Aspect Ratio

4 10 % to 70 % & 100 % 0 to 2 Force trials for Gyroid In�ll explo-
ration

Table 4.3: Experimental Trials

the serial bus, and can execute commands issued by the controller. During camera

setting con�guration, the camera positions are homed usingthe integrated end stops.

Cameras are always homed to the same side of the machine. Eachstep requires that

the upper platen be moved to the desired strain position, anda camera rotation

completed whilst each camera is capturing frames. A Compression Step entry is also

automatically created to track step frames within the TMDB. The camera system

speed of rotation is calculated from the Compression Trialframe target attribute.

After each full camera rotation is complete, the frames are transferred from the on

board storage of each camera device, to the connected TDFS, and a Frame entry

is completed for each in the TMDB, including the name and location of each frame

asset within the TDFS. This process is repeated until the calculated strain steps are

complete.

It is noted that despite experimenting with combined trials, the experimental

samples tested within this work showed signi�cant force sensitivity to strain rate.

Therefore, force data from combined trials measuring volume and force was not used

for analysis, as the upper platen must pause for extended periods for the camera

system to complete each rotation.

4.4.3 Trials

The trials completed within this work are noted in Table??.

1Trials are identi�ed by the test set id attribute in the TMDB, and are di�erent than those
noted.

2All ranges are inclusive
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4.5 Data Management

The Trial Management Database (TMDB) is designed an implemented for tracking

trial asset metadata, and to facilitate post processing anddata analysis. The TMDB

is implemented using the PostgreSQL [63] architecture, as it provides an ideal object-

relational system with robust features. The Databse (DB) schema is noted in Figure

??, the basic structure is discussed below in additional detail. Full code is available

via [62].

There are three basic aspects of the TMDB, asset tracking tables, the trial frame-

work, and processing settings tables. Each entry within theTMDB contains a date

column within its schema indicating when the record was created.

The TMDB houses a table for tracking the metadata, and relationships assigned

to each unique digital asset generated within any given trial, such as the Frames or

PCDs. Assets are generated both by data acquisition processes, detailed in Section

??, and in data processing steps detailed in Section??.

The TMDB also contains the trial framework, consisting of the Compression

Trials, Compression Steps, Samples and Prints tables. The prints table represents

each GCODE used to create a sample, multiple samples can be created from a

print. Each entry in the sample table represents a physical sample created from a

print. Each Compression Trial requires an assigned sample,each sample can only

be used once. Compression Trials automatically create a number of Compression

Steps, representing axial engineering strain steps, to which generated assets can be

assigned.

Additionally the TMDB contains all the settings required for any signi�cant post

processing steps, as well as data acquisition initialization steps where settings are

required. Usage details for settings tables are outlined in Sections describing the

associated process.

All details concerning schema restraints and all table structures and relationships

can be found in [62].

Each trial generates a signi�cant amount of digital assets,often of considerable

size, typically exceeding 30 GB for all trial assets with typical data acquisition set-

tings. Therefore a basic �le server is devised to handle the storage and retrieval of

trial data. The Trial Data File Server (TDFS) adopts a 
at �le st ructure, where the
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Figure 4.5: Trial Management Database Schema Diagram.
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name attribute of the TMDB Compression Trials table are names of top level �le

directories within the TDFS. Each asset associated with a trial is stored in this top

level trial directory, similarly using the name attribute of its associated table in the

TMDB as its �le name, with the suitable �le extension. File naming for both tri-

als and assets uses a 128 bit Universally Unique Identi�er (UUID), using the builtin

Python uuid library, securing a minimally colliding name attribute foreach asset.



Chapter 5

Data Post Processing

5.1 In�ll Analysis

Precise relative density measures are observed by �rst modifying and recompiling

the PSL source code, such that all �ll lines, constituting each �ll layer, generated

within the process outline noted above are exported. The code noted in Listing

?? is added to the �ll surfacesingle() method for a given �ll type, gyroid in this

instance, as often the variable names must be changed, but the code structure and

process remains the same. The exported lines are measured using custom Python

functions, see Appendix??, and the total length, along with the estimated bead

extrusion cross sectional area are used to calculate a more precise estimate of the

total �ll volume. The ratio of �ll volume to void space in the g eometric model is

the measure of relative density used for the remainder of this work. This process is

repeated for eachin�ll percentage, and in�ll pattern tested, the results of which are

shown in Table??. Note that n/a entries indicate in�ll percentages that were not

used in this work.

In�ll % Grid Gyroid Honeyomb Rectilinear Triangle

10 n/a 10.7 n/a n/a n/a
20 25.6 21.0 27.2 23.6 22.8
30 n/a 31.2 n/a n/a n/a
40 n/a 41.9 n/a n/a n/a
50 n/a 51.8 n/a n/a n/a
60 n/a 60.9 n/a n/a n/a
70 n/a 70.9 n/a n/a n/a

Table 5.1: Fractional Relative Densities by PSL In�ll Type and In�ll Percentage.

41



42

1 # include < iostream >

2 # include <fstream >

3 # include <string >

4 # include <vector >

5 # include <nlohmann / json .hpp >

6

7 stat ic int f i le_counter = 0; // Assuming you want to

di f ferent iate fi les in some way

8 std :: str ing f i lename = " polyl ines_output_ " +

std :: to_str ing ( f i le_counter ++) ;

9

10 // Construct JSON object

11 nlohmann :: json j ;

12 for ( const auto & polyl ine : polyl ines ) {

13 nlohmann :: json polyl ine_json ;

14 for ( const auto & point : polyl ine . points ) { // Assuming

points is a vector of Point

15 nlohmann :: json point_json = {{" x" , point .x} , {"y" ,

point .y }}; // Assuming Point has x and y members

16 polyl ine_json . push_back ( point_json );

17 }

18 j . push_back ( polyl ine_json );

19 }

20

21 // Write to fi le

22 std :: ofstream file ( f i lename );

23 f i le << j . dump (4) ;

24 f i le . close () ;

25

Listing 5.1: Fill Lines Export Function

5.2 Volume Reconstruction

Obtaining numeric observations concerning the geometric behavior of a sample through-

out the compression trial requires that the sample is digitally reconstructed at spec-

i�ed axial strain intervals, where the volume attribute of reconstructed samples is of
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particular interest, as it is used in Equation??, and Equation ?? by proxy, for con-

trasting with the theory of open-celled foams. Note that the reconstructed strained

volumes could be used for a number of other geometric analyses, such as extracting

curvature and axial symmetry attributes, further indicating sample behavior. The

following section outlines the methods used to accomplish this task, and produce

the datasets and observations concerning sample geometry discussed in Chapter??.

The following outlines the volume reconstruction process for each axial engineering

strain increment.

ˆ Frames are captured and processed.

ˆ Transformed into a point cloud (PCD) representing the scene, which constitutes

all elements or items within the bounds of all captured frames.

ˆ The PCD is reduced to represent only points that make up the experimental

sample itself.

ˆ The remaining sample PCD is reconstructed into a 3D digital asset.

ˆ The �nal 3D asset is processed and re�ned into a watertight, representative

model of the sample.

5.2.1 Color De�nitions

As is described in Section?? for image cropping, and in Section?? for identify-

ing approximate planes, identifying colors within frames and PCDs is essential for

e�ective volume reconstruction. These colors must therefore be de�ned in digital

terms. Digital systems can understand colors in various schemes, most popularly by

the proportional combination of red, green and blue (RGB) hues comprising each

pixel, and can achieve the full spectra of visible colors in this way [64]. The imaging

system designed for this work, produces frames mapped to theRGB color system.

This can prove challenging, as often the values of red, greenand blue hues, or color

de�nition, often changes signi�cantly with lighting conditions. The colors of interest

for the volume reconstruction pipeline are Surface Orange and Block Green, precisely

de�ned in Table ??.
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Color Mean R Mean G Mean B Std. Dev. R Std. Dev. G Std. Dev. B

Orange 45.79 182.33 90.90 28.92 38.81 25.33
Green 131.90 35.12 22.59 22.59 29.69 25.33

Table 5.2: Experimental Colour De�nitions

A simple trial is designed to identify the color signature ofeach color required

by subsequent processes, consistently throughout the unique lighting conditions of a

given frame. Frames are captured both at an spread platen position, using a 50 mm

platen gap between the upper and lower platen, and a contracted platen position,

using a 6 mm minimum platen gap between the upper and lower platen. These platen

positions are aligned with the sample size maximum and volume reconstruction strain

maximum de�ned in Section??. This is to ensure that a range of color de�nitions for

either color is captured to represent the full range of motion of the platens, within

each trial. It is noted that platen position had little e�ect on the identi�cation of the

color of the platen sides, as they are perpendicular to the light source throughout

the trial, shown in Figure ??, but signi�cant variability in RGB color de�nition was

observed in that of the platen faces, as they are parallel to the light source, growing

considerably darker as less light penetrates the platen gapas they approach one

another during each trial.
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Figure 5.1: Scene Elements.

For the color de�nition function, a full PCD is created from unprocessed frames

as described in Section??. The colors to be identi�ed are known to be painted planar

surfaces, therefore a planar segmentation algorithm is used to estimate planes within

the Full PCD, so that each plane can be displayed and the colordetermined by the

user. The planar algorithm used throughout this work is the RANSAC method [65],

as de�ned within the Open3D python library [66] as thesegmentplane() method of

the PCD object. As is noted in the Open3D documentation, when the RANSAC

method is applied to a PCD, the method returns the plane with the largest support,

which translates loosely to best �t. Therefore it is necessary that this method be

applied iteratively in order to identify di�erent planes, while removing each plane

from the PCD to identify a new plane each iteration. Each timean estimated plane

is identi�ed in this way, the plane is displayed to the user using the Open3D visual-

ization tools and the user is prompted to enter the color of the plane in the Python

console. When a colored plane is identi�ed, the mean RGB hue values, as well as

the standard deviation of each hue are stored. If a subsequent plane is identi�ed

as the same color as any preceding plane, the means and standard deviations of all
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planar points are stored as the RGB color de�nition. After a plane is identi�ed it is

removed from the Full PCD. Once all the platen planes are identi�ed, the user can

exit the function, and the color de�nitions are stored in theTMDB Color De�nitions

table, described in Section??.

To complete the color de�nition the user must de�ne an acceptable standard

deviation. This value can be di�erent for each process usinga color de�nition,

therefore the user assigns a color de�nition to each processwhere required. The

assigned standard deviation to each color de�nition is usedto create a range of RGB

hues, that if the mean RGB values of all points of an image segment or PCD fall

within, will be accepted as the color assigned to the color de�nition.

5.2.2 Frames

Frames are captured using the camera system and applicable code described in Sec-

tions ?? and ??. A typical frame will contain more than the desired scene, being

the platens and the sample only. A scene consists of all objects or elements cap-

tured within a given frame. Extra in frame elements often reduce the quality and

speed of the subsequent PCD reconstruction, and processingsteps. Therefore frames

are cropped to within the bounds of the platen sides visible within the image. The

following process produces adequate results at a high speed, using Python and the

OpenCV [67] library, via a Python wrapper. All OpenCV methodsused in this sec-

tion, along with functional and usage details are outlined in [68]. First, the image

is loaded as an OpenCV object and the image is converted from RGB color-space

to Hue, Saturation, Value (HSV) color-space. The color-space conversion attempts

to attenuate the e�ects of lighting in color identi�cation, boosting the accuracy of

color identi�cation in varied lighting conditions. Next, a mask of pixels within the

HSV minimum and maximum values speci�ed by the color de�nition is applied to

the image object using a bitwise AND �lter. The resulting frameis entirely black

pixels other than where the desired color pixels have been identi�ed. The boundaries

of the black areas in the �ltered frame are identi�ed. Of the boundaries identi�ed,

the most extreme boundary in the four Cartesian directions is noted, and stored for

the �nal cropping step. The resulting boundaries should be the limits of the image

where the desired color is present, as de�ned by the color de�nition. The original
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image is cropped using these �nal boundaries to get the desired result, a reduced

frame containing only the platens and sample. Figure?? shows an example pre and

post-cropped frame.

(a) Uncropped Example Frame (b) Cropped Example Frame

Figure 5.2: Frame Cropping Process Example.

The accuracy and consistency of this method could be improved, as within a

random frame subset, various failures of this method can be observed. As this step

is not essential and serves only to improve the speed of the point cloud reconstruction,

and the plane identi�cation steps outlined in Section??, improvement is not pursued

at this time. Frame boundaries are often far away from an actual platen boundary

within the frame, as only a single pixel �tting within the color de�nition minimum

and maximum range must be found to move the boundary outwards, an additional

outline �ltering step may be implemented to remedy this issue. Despite this issue,

this image processing step improved the speed of PCD reconstruction, as well as the

overall reconstruction process, by reducing the overall size of each scene.

5.2.3 Point Cloud Creation

There are many commercial and open-source photogrammetry systems for creating

3D digital assets from 2D images. Agisoft Metashape (Metashape) is selected for

this work, given its ideal mix of features suited to this pipeline. Reality Capture,
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Meshroom, and openMVG were trialled in brief before implementing the �nal sys-

tem, but were not selected. Metshape was selected predominantly for the following

reasons.

ˆ Reasonably robust Python API allowed for signi�cant processautomation and

speed.

ˆ GUI for manually viewing assets and diagnosing potential issues.

ˆ GPU / CUDA capability, leveraging existing lab hardware to achieve signi�cant

performance gains.

ˆ Ability to handle and create a wide array of 2D and 3D digital assets, allowing

for signi�cant processing 
exibility.

Note that performance assessments are based primarily on processing speed, and

not volumetric accuracy, as building a system around each potential 3D reconstruc-

tion system, and exploring the optimal parameter hyperspace of each tool, is infeasi-

ble within the timeframe of this work. The detail and accuracy requirements at this

stage of the experimental pipeline development were not de�ned, but the exploratory

mature of this pipeline was not focused on the minute detailsof the reconstructed

surfaces, and only the macro-behavior of the sample geometry. Due to the com-

plexity of the 3D reconstruction pipeline it is di�cult to mak e direct performance

comparisons and to justify any one 3D reconstruction systemoutright from a volu-

metric reconstruction performance perspective, and therefore the selection focused

on ease of use, speed, and features suitable to the userbase and experimental intent.

Methods from the Metashape Python API are assembled to createa function

that uses processed frames as input, and outputs a PCD recreation of the scene.

The settings for this are also stored in the TMDB. A top level overview is as follows.

Note that this follows the work
ow outlined in [47].

ˆ A Metashape Document Object is initialized.

ˆ The processed trial frames are added to the object.
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ˆ The photo alignment is completed, which also allows for the estimation of the

camera position for each frame, given by three translation,and three rotational

components [47, pp. 36].

ˆ The depth map for each camera is built from the image alignment and camera

positions, estimating point distances from the previouslycalculated camera

positions. Calculated point depths are probabilistic.

ˆ Finally, a Point Cloud is constructed form the merging of depth maps of all

cameras.

Settings for both the image alignment and depth map generation steps are stored

in, and retrieved from, the TMDB. The parameters used for this work were de-

termined through experimentation, striking an ideal balance of performance and

geometric detail.

Image alignment accuracy is set to High [69, pp. 57], as this was observed to have

a signi�cant impact on the quality of the �nal 3D Asset reconstruction, and produced

suitable results for the intended analysis. This could mostlikely be downgraded also,

since the level of geometric detail produced by this settingexceeds the requirements

of the analysis [47, pp. 38].

Depth map building settings produce suitable results usinga Depth Map Quality

of High [69, pp. 32], higher depth map quality should produce amore detailed point

cloud, but will take longer to process. Higher speeds are achieved by downscaling

the images, where Ultra High processes the original images [47, pp. 51]

The Depth Map Filter Mode selected is Mild [69, pp. 32], as mostsmaller features

in the scene should be �ltered out, but a level of sharp detailis desired [47, pp. 45-46].

When the Full Point Cloud is fully constructed, it is exportedas a Polygon File

Format (PLY) �le and passed to the next step for processing. An example of a Full

PCD can be seen in Figure??.

5.2.4 Point Cloud Processing

The PCD representing the complete scene must be reduced to a PCD representing

only the sample. This is detailed below, and a brief outline is provided here, all steps

are completed using the Open3D [66] open source library:
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Figure 5.3: A Full Point Cloud representing a 1 perimeter, 30 %Ini
l Trial at 0.4
Axial Engineering Strain.
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ˆ Platen Faces (see Figure??) are identi�ed.

ˆ Platen Sides (see Figure??) are identi�ed.

ˆ Full PCD is directionally sliced using estimated platen face and side planes.

ˆ Remaining PCD is clustered.

ˆ Large PCD voids are �lled.

ˆ Final PCD exported and stored in TDFS.

The exported PLY �le from the previous step is loaded as an Open3D point

cloud object. To progress form a full PCD down to a PCD containing only the

sample points, it is essential to identify both the platen faces and platen sides within

the scene. First the essential platen planes are identi�ed.

Plane segmentation is often used to identify planes from a PCD. The same method

from Section?? is used for identifying planes within the full PCD. The application

methodology is as follows, whenever planes must be identi�ed:

ˆ A plane is identi�ed within the point cloud, as noted in Section ??, the best

supported plane is identi�ed.

ˆ The plane is subjected to a two fold test to determine if it hasalready been

identi�ed, the plane must fail both tests to be labeled the same as another, see

Listing ?? for full function.

Planes must be a minimum distance apart from previously identi�ed planes,

scaled to the the size of the full PCD.

Planes must have a minimum angle of separation between estimated nor-

mals.

ˆ The plane is processed or stored for future processing purposes.

ˆ The plane is removed from the full PCD, such that a new plane can be identi-

�ed.
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1 def are_simi lar_planes (

2 plane1 ,

3 plane2 ,

4 angle_tolerance : f loat = 0.01 ,

5 distance_tolerance : f loat = 0.05) :

6 """

7 Check if two planes are similar based on their normal

vectors and distances from the origin .

8

9 Args :

10 - plane1 , plane2 : numpy arrays represent ing the plane

equations [a , b , c , d ].

11 - angle_tolerance : the maximum angle between the normals (

in radians ) to consider the planes similar .

12 - d istance_tolerance : the minimum relat ive dif ference

between plane z coords to consider the planes similar .

13

14 Returns :

15 - True if the planes are similar , False otherwise .

16 """

17

18 cos_angle = np.dot (normal1 , normal2 )

19 same_angle = True

20 if not np . isclose (cos_angle , 1, atol= angle_tolerance ):

21 same_angle = False

22

23 ct = ( plane1 [3] / plane2 [3]) - 1

24 normal1 = plane1 [:3] / np . l inalg .norm( plane1 [:3])

25 normal2 = plane2 [:3] / np . l inalg .norm( plane2 [:3])

26

27 same_pos = True

28 if np . abs(ct ) > abs( distance_tolerance ):

29 same_pos = False

30

31 if not same_angle :

32 plane_is_same = False

33 if not same_pos :

34 plane_is_same = False

35 return plane_is_same
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36

Listing 5.2: Similar Plane Test Function

This process continues iteratively until either planes of aminimum size, or number

of points, de�ned by the user cannot be identi�ed, or all of the planes sought by the

user are found.

Although, all platen planes could be identi�ed using this method, additional steps

are added to facilitate fast and accurate identi�cation of both platen faces and platen

sides. Using the color de�nition assigned by the user as the platen face color, the

full PCD is �ltered into a sub-PCD containing only points of that color. This is the

platen face PCD. The planar segmentation process noted above is used to iteratively

identify estimated platen planes within the platen face PCD. Using only the color

de�nition, or only the similarity testing function by themselves did not consistently

identify the real platen faces, and are further re�ned below. This process is iterated

until the number of estimated platen faces set by the user areidenti�ed. An example

of the points within the Full point cloud, identi�ed as belonging to the best estimate

identi�ed platen face planes is shown in Figure??.

Using the estimated platen face planes, and knowing that the sample is located

between the platen faces, the platen face PCD centroid is calculated from all platen

face points, and used to separate the full PCD into two more sub-PCDs, one con-

taining the top half, and bottom half of the full PCD. This is executed by creating a

parallel plane to either of the estimated platen face planes, and translated such that

the calculated centroid is contained within the new plane. This plane is used to slice

the full PCD, by �ltering any points with a positive or negative normal distance to

the newly created slicing plane into two groups. The exact slicing function is shown

in Listing ??, and is used for all PCD slicing tasks throughout this work. The same

iterative plane segmentation process is applied to each of the sub-PCDs, until the

number of estimated platen sides is identi�ed for each platen. The points identi�ed

as part of the top and bottom best estimate platen sides are shown in Figure ??.

Having found the estimated platen sides, further PCD processing such as scaling,

and reducing the scene to the sample only, require that the platen sides identi�ed be

matched into representative platens. Beginning with a listof estimated platen side

planes, and associated points, the following process is used to pair them in groups
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of four, each assigned to a given platen.

Next, the platen sides are also detected using the same process as the platen

faces, but using a di�erent color de�nition and plane detection limit. For platen side

detection the color de�nitions from Table?? are used, and the plane detection limit

is 8, as each platen is four sided. The points identi�ed as part of the top and bottom

best estimate platen sides are shown in Figure??. From these pairs, 4 of the most

parallel pairs are selected. From these possible pairs, allpossible group permutations,

or pairs of pairs are considered. A group is 4 estimated platen faces. The centroid

of each pair within each group is calculated, and the two groups with the smallest

distance between the centroid of each pair are considered the best estimate of the

platen side groups. The full function is shown in Listing??, any nested functions

are noted in Appendix??.

1 def group_platon_sides ( platon_sides ) :

2 """

3 Group planar sides based on their paral le l ism and centroid

distances .

4

5 This funct ion takes a list of planar sides , generates possib le

pairs ,

6 selects the four most paral lel pairs , forms possible groups of

these pairs ,

7 and then selects the two groups with the smallest centroid

distances .

8

9 Parameters :

10 platon_sides ( l ist ) : A list of planar side objects , each

containing a

11 `plane_normal ` attr ibute ( normal vector

of the plane )

12 and an ` inl ier_cloud .points ` attr ibute

( points belonging to the plane ).

13

14 Returns :

15 l ist : Two groups of planar side pairs with the smallest

centroid distances .

16 """
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17

18 possible_plane_pairs = []

19 for i in range (0 , len ( platon_sides )) :

20 for j in range ( i + 1, len ( platon_sides )) :

21 possible_plane_pairs . append ([ platon_sides [ i ] ,

p laton_sides [ j ]])

22

23 plane_pairs = list ()

24 while len ( plane_pairs ) < 4:

25 norm_dots = list ()

26 for pair in possible_plane_pairs :

27 eq1 = pair [0]. plane_normal

28 eq2 = pair [1]. plane_normal

29 dot = np.dot (eq1 , eq2 )

30 norm_dots . append (dot )

31 # maximum dot means most paral lel

32 idx = norm_dots . index ( max( norm_dots ))

33 plane_pair = possible_plane_pairs [ idx ]

34 plane_pairs . append ( plane_pair )

35 possible_plane_pairs .pop ( idx )

36 pcds = []

37 for plane in plane_pair :

38 pcd_points = np. asarray ( plane . inl ier_cloud . points )

39 pcd = o3d . geometry . PointCloud ()

40 pcd . points = o3d . ut i l i ty . Vector3dVector ( pcd_points )

41 pcds . append (pcd )

42

43 platon_groups = list ()

44 possible_groups = list ()

45 for i in range (0 , len ( plane_pairs )) :

46 for j in range ( i + 1, len ( plane_pairs )) :

47 possible_groups . append ([ plane_pairs [ i ] , plane_pairs [ j ]])

48 centroid_distances = list ()

49 for group in possible_groups :

50 pair_centroids = list ()

51 for pair in group :

52 centroids = list ()

53 for plane in pair :

54 x = np. array ( plane . inl ier_cloud . points )
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55 centroid = calculate_centroid (x)

56 centroids . append ( centroid )

57 pair_centroid = calculate_centroid (np . vstack ( centroid s ))

58 pair_centroids . append ( pair_centroid )

59 pair_centroid_distance = np. l inalg .norm( pair_centroid s [0] -

pair_centroids [1])

60 centroid_distances . append ( pair_centroid_distance )

61

62 # select pairs with lowest

63 idx = centroid_distances . index ( f ind_nearest (np . array (

centroid_distances ) , value =0) )

64 platon_groups . append ( possible_groups [ idx ])

65

66 possible_groups .pop ( idx )

67 centroid_distances .pop ( idx )

68

69 idx = centroid_distances . index ( f ind_nearest (np . array (

centroid_distances ) , value =0) )

70 platon_groups . append ( possible_groups [ idx ])

71

72 return platon_groups

73

Listing 5.3: Platen Side Grouping Function

1 def f i l ter_points ( point_cloud , plane_model , ref_point ,

keep_same_side =True ):

2 """

3 Fil ter points in a point cloud based on their posit ion relat i ve

to a plane .

4

5 : param point_cloud : Open3D point cloud object .

6 : param plane_normal : Normal vector (A , B , C) of the plane .

7 : param ref_point : A reference point (x0 , y0 , z0) on the plane .

8 : param keep_same_side : If True , keep points above the plane ,

else keep points below .

9 : return : Fi l tered Open3D point cloud .

10 """

11 colors = np. asarray ( point_cloud . colors )

12 points = np. asarray ( point_cloud . points )
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13 a, b , c , d = plane_model

14

15 ref_distance = np.dot ( ref_point , [a , b , c ]) + d

16 point_distances = np.dot (points , [a , b , c ]) + d

17

18 if keep_same_side :

19 if ref_distance > 0:

20 f i l tered_points = points [ point_distances > 0]

21 f i l tered_colors = colors [ point_distances > 0]

22 else :

23 f i l tered_colors = colors [ point_distances < 0]

24 f i l tered_points = points [ point_distances < 0]

25 else :

26 if ref_distance > 0:

27 f i l tered_colors = colors [ point_distances < 0]

28 f i l tered_points = points [ point_distances < 0]

29 else :

30 f i l tered_colors = colors [ point_distances > 0]

31 f i l tered_points = points [ point_distances > 0]

32

33 f i l tered_point_cloud = o3d . geometry . PointCloud ()

34 f i l tered_point_cloud . points = o3d . ut i l i ty . Vector3dVec tor (

f i l tered_points )

35 f i l tered_point_cloud . colors = o3d . ut i l i ty . Vector3dVec tor (

f i l tered_colors )

36

37 return f i l tered_point_cloud

38

39

Listing 5.4: Plane Slicing / Filtering Function

Using the platen planes identi�ed in previous steps, the fullPCD can be reduced

to only sample points. Because the slicing is often imperfect, outliers remain and

will be eliminated later. Slicing the point cloud is �ltering the points on either side

of a given estimated plane equation, or �ltering the points in the full PCD by a

positive or negative normal distance from a de�ned plane equation, in this instance

the plane equation being de�ned by either an estimated platen side or face. A few

key elements known about the sample position relative to theplaten planes can be



58

Figure 5.4: A Point Cloud Representing Points Identi�ed as part of platen faces.

used to slice the full PCD using each plane, eliminating all but the sample points,

and a few outliers. These keys are that:

ˆ The sample is always located within the bounds of the platen sides.

ˆ The sample is always located between the platen faces.

First the full PCD is sliced by the estimated platen sides. Foreach platen side

group, representing the four sides of either the top or bottom platen. First, the

centroid is calculated for each group, as it is known that thesample is within the

bounds of the platen side group. The full PCD is subsequentlysliced using each

of the estimated platen sides in each group, keeping only thepoints on the same

side of the platen plane as the platen calculated group centroid. A similar process

is employed for slicing using the platen faces, where the centroid of the estimated

platen faces is calculated, and each estimated platen face is used to slice the full

PCD, keeping only the points on the same side of the calculated centroid, as it is

known that the sample resides between the two platen faces. Anexample point cloud

post slicing is shown in Figure??.

The initial slicing process is imperfect, as for any given estimated platen plane,

the estimated plane equation is the best �t of a group of points within the PCD.
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(a) A partial Point Cloud representing
points identi�ed as part of the bottom
platen sides.

(b) A partial Point Cloud representing
points identi�ed as part of the top platen
sides

Figure 5.5: Platen Face Groups

Figure 5.6: An Example Post-Slicing Routine Point Cloud.

The result is that points are rarely located exactly on the plane, but are on either

side. As the corners of the platens within the full PCD are not typically well rep-

resented and are outside the area sliced by the platen faces,this issue is typically

only observed during the platen face slicing steps. If a 3D asset such as an STL

were to be created from the PCD including these outliers, anycharacteristic such

as curvature or volume would su�er signi�cant inaccuracy, or the process would fail

to build an object entirely. Two additional modi�cations are added to combat this

issue successfully.

During the platen face slicing step, a small bu�er is added along the normal of

both platen planes, shifting each by the width of the bu�er towards one another.
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First, the normal distance between platen face planes is calculated, and a fraction of

this distance is used as the additional slicing bu�er. The e�ect is more signi�cant at

higher compressive axial strains, but a fraction of 0.02 to 0.03 produced consistent

results in conjunction with the subsequent step.

The remaining non-sample points from the sliced PCD are removed by means of

clustering. If all other steps have succeeded, which is essential to reach this phase,

the largest cluster of points within the remaining sliced PCD is the sample PCD.

The DBSCAN algorithm, as implemented by the Open3D [66] library is used for this

purpose. The DBSCAN algorithm requires two user inputs,eps and min points.

The eps parameter sets the maximum distance which points near a given point

are considered neighbors, or part of the same cluster. Increasing this value both

increases the number of points included in a given cluster, and signi�cantly increases

the time required to compute. Due to the inconsistency in PCDscale during the

reconstruction process, it is challenging to select an appropriate value for the eps

parameter that will produce consistent results across an array of potentially di�erent

PCDs. Therefore an iterative process is implemented to adjust the epsparameter,

and check the result. The startingepsis set by the user in the TMDB, each iteration

the clusters are identi�ed, and if the largest cluster contains above a given fraction

of the total PCD points, it is considered successful and the process ends, if it does

not, the epsparameter is increased by 0.001 and the clustering process repeats. The

fraction of points used within this work is 0.95, and produced satisfactory results in

all cases. A clustered and sliced PCD is shown in Figure??.

The PCD remaining contains only points from the sample, as was the initial

intent. Initially the pipeline was trialed with no addition al steps, but due to the

platen face slicing process, the sample top and bottom are missing, which proved

to be a signi�cant issue for many 3D object building algorithms. Therefore a new

process is developed for �lling the top and bottom of the sample. First a check is

performed to ensure the preceding steps ful�lled the desired intent, as there can be

signi�cant variability in the platen planes identi�ed, even within identical processing

conditions, and as noted previously the planes identi�ed are not always the correct

planes for slicing, despite succeeding frequently.
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Figure 5.7: An Example Post-Clustering Routine Point Cloud.

To con�rm that all previous steps have succeeded, a system for evaluating the cir-

cularity of the top and bottom of the sliced and clustered point cloud is implemented.

It is anticipated, since all samples are cylindrical, as is noted in Section??, the the

top most and bottom most points of the clustered PCD will �t a circle well. If clus-

tering has failed and errant points remain, or if incorrect planes have been identi�ed,

the top and bottom of the clustered point cloud will not be circular. To complete

the circularity check, the user must de�ne the fraction of points from the clustered

point cloud that will constitute the end of the cylinder, through experimentation it

is determined that a fraction ranging from 0.15 to 0.2 yieldsconsistent results, and

shows the end of the cylinder adequately when plotted. For each end, the fraction

is used to obtain the end points by creating a sub-PCD by �ltering the user de�ned

fraction by the distance of each point to each estimated platen face plane, identi�ed

previously. This creates two sub-PCDs containing the fraction of points closest to

each end of the clustered PCD. Using the normal vectors of the estimated platen

face planes, each sub-PCD is projected along the estimated platen face normal into

each estimated platen face plane, creating a two dimensional dataset for each end,

containing the user de�ned fraction of points constitutingeach end of the clustered
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PCD. Using the taubinSVD() circle �tting method from the circle-�t Python library

[70], the best �t circle is calculated for each end dataset, and the observed error value

returned by the taubinSVD() method, is compared to a user de�ned limit. Through

experimentation, for a typical projected point cloud dataset within this work, an

error limit of 0.175 was most successful. If the error does not exceed the limit, the

projected point group is deemed circular. Both end projected point groups must

pass the circularity check for the point cloud processing tocontinue, otherwise the

process is restarted, and continues until the user intervenes or the test is passed.

Figure ?? shows examples of both failed and successful circle �ts.

1 def f i l l_circ le_in_plane (

2 pcd ,

3 plane_model ,

4 plane_normal ,

5 ) :

6 """

7 Fil ls a circular area in a given plane within a point cloud .

8

9 This funct ion ident i f ies the points in a point cloud that are

closest to a specif ied plane ,

10 projects these points onto the plane , fits a circle to the

projected points , generates

11 concentr ic circles within the fi t ted circle , and transform s the

generated 2D points back

12 into 3D space . The funct ion returns a new point cloud with the

fi l led circular area .

13

14 Parameters :

15 - - - - - - - - - - -

16 pcd : o3d . geometry . PointCloud

17 The input point cloud from which the points closest to the

plane are ident i f ied .

18 plane_model : l ist or numpy . ndarray

19 The coeff ic ients [a , b , c , d] of the plane equation ax + by

+ cz + d = 0.

20 plane_normal : l ist or numpy . ndarray

21 The normal vector [a , b , c] of the plane .

22
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23 Returns :

24 --------

25 f i l led_pcd : o3d . geometry . PointCloud

26 The output point cloud with the fi l led circular area added

to the original point cloud .

27 """

28

29 plane_basis1 , plane_basis2 = create_basis_vectors ( plan e_normal )

30

31 closest_points = points_closest_to_plane (

32 point_cloud =pcd ,

33 plane_eq = plane_model ,

34 f ract ion =0.05

35 )

36

37 projected_points_2d = project_points_to_plane (

38 points = closest_points ,

39 plane_eq = plane_model ,

40 plane_normal = plane_normal ,

41 basis1 = plane_basis1 ,

42 basis2 = plane_basis2 )

43

44 center_2d , radius = f i t_circle ( projected_points_2d )

45 concentr ic_points_2d = generate_concentr ic_circ les ( ce nter_2d ,

radius )

46

47 f i l led_points_3d = transform_2d_to_3d (

48 points_2d = concentr ic_points_2d ,

49 basis1 = plane_basis1 ,

50 basis2 = plane_basis2 ,

51 normal = plane_normal ,

52 d= plane_model [3])

53

54 f i l led_pcd = o3d . geometry . PointCloud ()

55 f i l led_pcd . points = o3d . ut i l i ty . Vector3dVector (np . vst ack ([ np .

asarray (pcd . points ) , f i l led_points_3d ]) )

56

57 return f i l led_pcd
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Listing 5.5: Circle Filling Function

(a) Sucessful Circle Fit (b) Failed Circle Fit.

Figure 5.8: Examples of Circle Fit Checks

Once con�rming both ends of the sample are circular, the �nalstep of �lling

the top and bottom of the clustered point cloud is initiated. Again, a user de�ned

fraction of points closest to each estimated platen face plane are �ltered into two

sub-PCDs, one for each end of the sample. For the end �lling process, a range of

fractional values from 0.04 to 0.06 are consistently successful. These sub-PCDs are

projected to their respective estimated platen face planes, using the estimated plane

normal, to accommodate for any orientation of the PCD, as it is not known when

reconstructed using Metashape or imported as an Open3D object. Again we �t a

circle using thetaubinSVD() method [70], knowing that it is a circle, within the error

parameters and methodology de�ned above. Using the estimated center point and

radius from the circle �t, concentric circles starting at the center point are calculated

at de�ned radial increments using code from Listing?? until the desired number

of circles is achieved, which extend out to the full estimated radius from the circle

�tting process. The number of circles is de�ned by the user, as well as a point density

parameter which is used to determine the number of points in each circle relative

to its circumference. The spacing of each circle is equal, and calculated using the

number of circles de�ned by the user. The precise method for circle generation can

be seen in Listing??. The two-dimensional circles are then projected into the 3D

coordinate system of the clustered point cloud, adding a z coordinate as if each point
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Figure 5.9: Bottom View of Filled PCD.

is located exactly on the appropriate estimated platen faceplane for each circular

end point group. The projected points are then added to the clustered PCD to �ll

the top and bottom of the sample, and facilitate accurate 3D object rebuilding. A

resulting end-�lled PCD is shown in Figure??, using 50 as the number of circles and

a point density of 1,000.

Prior to exporting the �nal processed PCD, a scaling factor is extracted from the

the estimated platen side planes. The scaling factor is essential to making absolute

geometric sample observations. As the real dimensions of theplatens are known, the

distances between parallel pairs within the platen side groups are used to create a

scaling factor. For each pair of parallel planes in the platen side groups, the distance

between the parallel planes is calculated using a best �t planar normal calculated
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(a) Pre-Filled STL From Convex Cali-
bration Trial.

(b) Void-Filled STL from same Convex
Calibration Trial.

Figure 5.10: Examples of 3D object reconstruction throughout process.

from both estimated planar normals. This separation is thencompared to the known

platen dimension for each parallel pair, totaling four. Themean of the four ratios is

the scaling factor for the given PCD. The �nal processed PCD is then exported and

stored as a PLY �le.

5.2.5 3D Object Construction

Finally a 3D object is created from the PLY �le created using the process described

in Section??. This work employs a two-phase approach. First, the object iscreated

using the Metashape, with thebuildModel() method of the chunk object, via the

Metashape Python API [69, pp. 32-33]. The user de�ned parameters used within

this process, as well as the values used, are outlined below:

ˆ Surface Type [47, pp. 49] is selected as Arbitrary, as the Height Field Option

is inteded for overhead type, planar source data.

ˆ Source Data [47, pp. 48-49] is selected as PointCloudData, given the source is

from the PLY �le.

ˆ Face Count [47, pp. 49] is selected as High, as this allowed forthe highest

detail reconstruction and minimally increased time to compute.
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ˆ The Interpolation Mode [47, pp. 49] is set to Enabled, to allow Metashape to

automatically �ll holes in the 3D object where possible.

All settings are stored in the TMDB. The returned 3D Metashapeobject is ex-

ported as an STL to the trial server for further processing using other utilities, its

location, �lename and trial metadata logged in the TMDB, for further processing

using other utilities.

Often holes are present in the resulting STL, particularly near the rear of the

sample where the machine obscured the camera rotation. The remaining gaps in the

STL are �lled using the clean from �le() method from the pymesh�x [71] library. All

STL objects built or repaired using this method produced watertight meshes. See

Figure ?? for examples of both an un�lled 3D object and the same object post-repair.

The re�ned STL is then scaled using the scaling factor calculated previously, adjusted

using the calibration factor noted in Section??, exported to the trial �leserver, and

the associated trial metadata is logged in the TMDB.

5.2.6 Validation

The following describes the evaluation of the performance and calibration of the

volume reconstruction pipeline. Several phantoms of knownvolume and geometry

are designed and manufactured from SAE 304 Stainless Steel touse both as a baseline

for volumetric measurements, and observing performance concerning minimum and

maximum curvature requirements. Phantom details are in Table ??. The precise

volume of the phantoms are measured used a Sartorius YDK03 Density Measurement

Kit.

Phantom
ID

Shape Height mm Diameter mm Feature(s) Volume mm3

1 Cylinder 20� 0:03 20� 0:03 N/A 6232.0
2 Convex

Cylinder
20� 0:03 20� 0:03 Max.

Curvature
11591.9

3 Concave
Cylinder

20� 0:03 20� 0:03 Min.
Curvature

3748.1

4 Cylinder 6� 0:03 20� 0:03 Max. Strain 1885.0

Table 5.3: Phantom Details
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Phantom 4 is used exclusively for camera focal point calibration at minimum

axial strain values, as is described in Section??. The other three phantoms are used

for volume reconstruction pipeline calibration, con�rming that the ability of the

reconstruction and acquisition systems are meeting the intent of the experimental

trials. A single rotation of frames was acquired 10 times forPhantoms 1 ,, 2 , and 3 ,

using the same relevant compression trial metadata settings as the planned volume

trials. The results of these calibration trials are shown inTable ??. As is evident in

the resulting calibration constants, the volume reconstruction pipeline is consistently

overestimating the volume of the phantom. It is anticipated, and observed in a

limited subset of reconstructed models that this is due to the sharp interface between

the sample and the platen face is rounded slightly due to curvature identi�cation

limitations, and therefore the volume is overestimated. Using the calibration constant

results, which are a ratio of measured volume using the reconstruction pipeline to

the known volume using proven equipment, an average calibration constant of 1.069

is calculated and applied to all subsequent volume measurements.

Phantom ID Avg. mm3 Std. Dev. mm3 Volume mm3 Calibration Constant

1 5643.0 214.0 6232.0 1.1
2 11408.2 162.6 11591.9 1.0
3 3450.4 279.8 3748.1 1.1

Table 5.4: Phantom Calibration Volume Results

5.2.7 Camera Settings

Camera settings are important to the frame reconstruction process, settings with

signi�cant impact either observed or as noted by the Agisoft Metashape user manual

[47] are noted here along with reasoning for the settings selected.

ˆ Image Format: JPEG image format is selected, as this is the highest qual-

ity image format available from the camera that is compatible with Agisoft

Metashape.

ˆ ISO: ISO is set to 1,600. Lower is ideal if more light is available for reducing

noise in images.
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ˆ Apperture: Appurture is set to F11. Apperture is set su�ciently high to

capture the required focal depth.

ˆ Shutter Speed: Shutter speed is set to180 s. Shutter speed is set low enough to

capture images without blur.

Each of the noted settings are used for all volume trials within this work. More

work could be done to better balance the ISO, aperture and shutter speed, as these

settings all reduce the light captured by the camera sensor.The settings noted

produced su�cient results, and were not further pursued beyond initial testing and

selection.

5.3 Ashby Constant Calculations

As noted in Section??, the premise of the theory of open-celled foams is that there

are constant terms that describe the performance of foams, that eliminate geometric

e�ects of the foam component and the foam cell structure. In order to compare the

results in Chapter ?? to the work done by Ashby, the constants postulated by the

theory of open-celled foams are calculated from the experimental data, compared

to the existing empirical data on which the theory is based. The data gathered

in this work allows for the calculation and observation of three di�erent constants,

the methods used to calculate them from the experimental data are detailed in this

section.

5.3.1 C1

The C1 constant is characterized as a ratio of the material and foam's Young's moduli

Es and E � to the material and foams relative density, as is detailed byEquation ??.

Therefore to calculate theC1 constant for the experimental data, the foam Young's

Modulus, E � , must be estimated from the experimental data from the forcetrials.

Note that E � , is the slope of the engineering stress-strain curve when testing a foam,

during the linear elasticity phase as described in Section??, prior to entering the

plateau phase. Ideally, the method of estimatingE � would be the same as Ashby, but

the method they employed is not well noted, most likely a formof manual plotting

and estimation of the initial cell bending phase stress-strain slope.
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The method devised for this work mimics a manual method, but is automated

using Python. It is essential in order to estimate theE � of any given trial, that the

strain at which � �
pl occurs, known as the cell buckling stress, is �rst calculated. This

way the slope of the linear elasticity phase, orE � , can be calculated from the zero

point of the engineering stress-strain curve, and this point at [ � �
pl , � �

pl ]. Calculating

� �
pl is also bene�cial to calculating theC4 constant, detailed in Section??. The �rst

step to calculating� �
pl from the force trial data is to convert the force values collected

to stress values. The� �
pl and E � for each trial are estimated using the following steps:

ˆ The force measurements are divided by the sample cross-sectional area, to

obtain a series of stress values, indexed by strain. Note thatfor samples with

internal �ll, the cross-sectional area is multiplied by theappropriate relative

density, to gain a more accurate representation of the real area

ˆ The series is trimmed using the index to only contain� of less than 0.25. The

empirical work which is the base for the theory of open-celled foams indicates

that the cell buckling strain, � �
pl , always occurs at values less than 0.2� , the

aforementioned trimming allows for a small bu�er.

ˆ The �rst, i = 0, and last, i = n � k, point of the trimmed stress-strain series

are �t using a linear regression and the resultingr 2 is calculated using the

r2 score() method as de�ned by thesklearn Python library [72]. Note that k

increments each time this process is iterated, up untilk = n � 100. The process

stops with 100 points remaining, asr 2 values can be very high when the two

points used are close together, and skew� �
pl estimation. The r 2 scores from

each iteration are stored in a series indexed byk. The code for this process is

shown in Listing ??.

ˆ The kth index of the maximumr 2 value is found, herein referenced askmax . As

noted above, wheren is the length of the trimmed stress-strain series, then the

n � kmax point in the original stress-strain series is the best estimate of � �
pl , and

if used in a linear regression �t in conjunction with the 0th point, the slope will

yield the best estimate ofE � .
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1 from sklearn . metr ics import r2_score

2

3 def l inear_f i t t ing_from_0th (x , y) :

4 """

5 Perform linear f i t t ing on the given data , i terat ively remov ing

the last data point ,

6 and calculate the R- squared value for each fit . Return the in dex

of the data point

7 corresponding to the maximum R- squared value .

8

9 Parameters :

10 x ( l ist or array - l ike ) : The independent variable data .

11 y ( l ist or array - l ike ) : The dependent variable data .

12

13 Returns :

14 int : The index of the data point corresponding to the maximum R-

squared value .

15 """

16 xlen0 = len (x)

17 x = np. array (x)

18 y = np. array (y)

19

20 i = 0

21 r2s = np. array ([])

22 while len (x) > 100:

23 params , params_covar iance = curve_fi t ( l inear , x , y , p0 =[1 ,

1])

24 ypred = linear (x , * params )

25

26 r2 = r2_score ( y_true =y , y_pred = ypred )

27 r2s = np. append (r2s , [ r2 ])

28

29 x = x [: -1]

30 y = y [: -1]

31 i += 1

32

33 max_idx = np. where ( r2s == r2s . max() )

34 max_x_idx = xlen0 - max_idx [0]

35
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36 return max_x_idx

Listing 5.6: � �
pl Seeking Function

5.3.2 C3

As noted in Section??, C3 pertains to the � of the foam sample. It is important

to note, that for the purposes of this work and analysis, theC3 value is the mean

� over the engineering strain values where volume was measured. Volume trial data

is essential to calculatingC3. Using the volume values collected in the volume trials

for each sample, and the Equation 5.7 in [8], the� is calculated for each measured

axial strain stage. Finally, the mean of the calculated� 's are calculated, this is the

�nal C3 value presented.

5.3.3 C4

As � �
pl is calculated in Section??, � �

pl can be easily obtained from the experimental

stress-strain plot. Using� �
pl and Equation ??, C4 is calculated.



Chapter 6

Results & Discussion

6.1 Force Displacement

Samples across all in�lls and perimeters counts tested exhibit similar consolidation

axial strains, shown in Figures??, ?? and ?? . As is expected, the transition from

plateau to densi�cation phase occurs at earlier axial strains in samples with higher

perimeter counts, as well as increasing total energy, more visible in Figures??, ??,

and ??. Of the possible foam models considered within the theory ofopen-celled

foams, the plots in Figures??, ?? and ?? most closely resemble the elastomeric

model, where the distinction between linear elasticity, plateau and densi�cation are

more evident at reduced relative densities and perimeter counts, unexpectedly even

less so considering the 100 % relative density sample. As perimeters increase, the

stress-strain behavior appears to deviate more signi�cantly from the archetypal elas-

tomeric foam noted in the theory of open-celled foams. It is noted in Figures?? and

??, there is possibly a distinct additional phase other than what is covered by the

theory of open-celled foams, visible at low relative densities, which presents as an

additional in
ection point not present in non-perimeter samples or increased relative

densities.

73
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Figure 6.1: Force Displacement Data, 0 Perimeter, All RelativeDensities.
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Figure 6.2: Force Displacement Data, 1 Perimeter, All RelativeDensities.
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Figure 6.3: Force Displacement Data, 2 Perimeter, All RelativeDensities.
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Figure 6.4: Force Displacement Data, All Perimeter, 31 % Relative Densities.
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Figure 6.5: Force Displacement Data, All Perimeter, 52 % Relative Densities.
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Figure 6.6: Force Displacement Data, All Perimeter, 71 % Relative Densities.



80

6.2 Ashby Model Comparison

Having established the similarity to the stress-strain curves shown by the theory of

open-celled foams, the constants applied therein for foam characterization can be

compared and contrasted to the experiments in this work. As can be observed in

equations??, ?? and ??, the C constants are a ratio of a material property divided

by the solid Young's Modulus, to the square of the relative density. As is noted in

Section??, the relative density is used to characterize the foam, and is therefore the

independent variable. As such it is noted that many of the relationships postulated by

the theory of open-celled foams follow the general form of the power law, Equation??,

where theb parameter is always 2. When plotted on logarithmic axis, the power law

relationships are linear, where thea term, in this caseC1 constitutes the intercept,

and the b term the slope.

f (x) = axb (6.1)

It is noted that in comparing the experimentally obtainedC1, using 2 as a con-

stant b term is not a good �t, discussed in additional detail below. Despite this, the

experimental work shows some congruency with the relationships within the theory

of open-celled foams, abiding by the premise suggested by the theory that unit cell

geometry has little e�ect on the limited subset of material properties covered herein.

6.2.1 C1

Whilst none of the samples of any relative density or perimeter counts match the

theory of open-celled foams well, there are similarities that may indicate methods

of successfully adapting the predictiveC1 relationship to AM samples. It is noted

that the samples without perimeters, see Figure??, follow a similar slope as the

theory of open-celled foams, therefore by changingC1 only, the model could adapt

to additively manufactured samples, as is observed in the similarity both the a and

b terms to the Ashby model in Figure??. Both the 2 and 3 perimeter count sample

sets show a linear trend. The sample sets with perimeters could be adapted by

modifying both the a and b terms, or slope and pseudo-intercept, in Equation??.

The large di�erence in both parameters is evident in the �ts proposed in Figure??.
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Figure 6.7: Experimental Foam Young's moduli Comparison.

It is observed that the e�ect of relative density onE � , decreases as perimeter count

increases, as is evident in the decreasingb value in the proposed �ts in Figure??.

These observations show that there is potential to use this relationship, Equation

??, as a tool for predicting theE � of AM foams if su�cient experimentation could

determine the relationships ofC1 and b to perimeter count.

6.2.2 C3

The theory of open-celled foams suggests that there is no correlation between ma-

terial � and relative density, as is shown in [8, Fig. 5.12] as is statedassociated

caption. It is noted that therefore the modeling constant,C3, associated with the

PR is an average of measured empirical values. The datapoints gathered within this
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Figure 6.8: Experimental Foam Young's moduli theory of open-celled foam �tting.

work, their average, and the average calculated by Ashby are all shown in Figures

??, ??, and ??. It is observed that despite exhibiting very di�erent average PRs,

the empirical data gathered in this work is consistent with the assertion that� is

independent of the relative density, lacking any distinct trend. Note speci�cally that

the assertion is consistent throughout the range of perimeters. This would suggest

that there are minimal relative density, cell size and number of perimeters may have

minimal e�ects on the � as noted in Section??. The di�erent C3 values raise many

questions, the data used to �t the theory of open-celled foams C3 value is noted

as speci�cally non re-entrant foams, which all unit cell geometries used within this

work are as well. There are large di�erences in the methods used to calculate PR,
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and conventional methods used in creating the theory of open-celled foams may have

been insu�cient in capturing the non axis-symmetric volumebehavior with increas-

ing compressive strain. It is also noted that despite using di�erent in�ll types (unit

cell geometries) shown in Figure??, and di�erent cylindrical aspect ratios shown in

Figure ??, the experimentalC3 values change little. The independent nature of these

� , relative density and perimeter count enforces that the same design principles cre-

ated by the theory of open-celled foams, can be applied regardless of �ll geometry in

this instance, but would require additional exploration ofsample geometry to assert

this characteristic behavior across a unique shape for implementation and design.

An additional note concerning� is that the average� of many samples is near

or below zero, suggesting the potential of auxeticness in some samples, which could

create a signi�cant design advantages using AM foams, acrossa range of relative

densities and unit cell geometries. The experiments withinthis work do no show

any trends concerning sample auxeticness, despite being observed in some trials, and

therefore conclusions concerning the mechanisms that promote this behavior are not

suggested.

6.2.3 C4

Trials across all tested relative densities and perimeter counts interestingly all follow

a similar linear trend and values, especially at increasingrelative densities. Elevated

cell buckling stress values at lower relative densities andperimetered samples shows

that the theory of open-celled foams is inadequate to model cell buckling stress

under these conditions, as the perimeter adds signi�cant buckling strength to the

component, and may need to be accounted for as a larger cylindrical unit cell in an

improved model. The stress required to buckle a cell is not assigni�cant a portion

of the total unit buckling stress as the unit cell size decreases, indicating a possible

reasoning for the over estimation of the theory of open celled foams of cell buckling

stress at higher relative densities. As the cell walls comprise of stacked layers due to

the nature of AM processes, vertical cell walls may also buckle at lower stresses that

what the theory of open-celled foams predicts for a conventional foam. Ignoring the

additional spread between di�erent perimeter sample sets at lower relative densities,

the theory of open celled foamsC4 relationship could be adapted by again modifying
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Figure 6.9: Experimental Foam Poisson's Ratio Comparison, Experiment 1

the a and b terms, across all perimeter counts tested, and shows potential for utility

in predicting the cell buckling stress of AM foams. These is corroborated by the

proposed �ts in Figure ??. Note also that the C4 term of all three proposed �ts is

very similar, suggesting it still may be a consistent value across di�erent numbers

of perimeters. Theb term shows a steady decline as perimeters increase, within the

limited trials measured herein, indicating a decreasing correlation of � �
el and relative

density as perimeter count increases.
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Figure 6.10: Experimental Foam Poisson's Ratio Comparison,Experiments 1 and 2



86

Figure 6.11: Experimental Foam Poisson's Ratio Comparison,Experiments 1 and 3
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Figure 6.12: Experimental Foam Elastic Buckling Stress Comparison.
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Figure 6.13: Experimental Foam Elastic Buckling Stress theory of open-celled foam
�tting.
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6.3 Volumetric Strain

At all tested relative densities and perimeters counts, it is found that volumetric

strain, V0
V , increases linearly with axial engineering strain at a constant slope near

1, shown in Figures??, ??, and ??. As is mentioned in Section??, this also shows

evidence of near zero or negative PR across all axial strain values, which may be

bene�cial in may applications that leverage the behavioraladvantages of auxetics

noted in Section??.
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Figure 6.14: Volumetric Strain vs. Axial Strain, 0 Perimeter Trials
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Figure 6.15: Volumetric Strain vs. Axial Strain, 1 Perimeter Trials
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Figure 6.16: Volumetric Strain vs. Axial Strain, 2 Perimeter Trials
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6.4 Strain Energy

Concerning strain energy, or the ability of a material to absorb energy, Figures??

and ?? show that little improvement is made by increasing density beyond 50 %. It

is also noted that most often adding an additional perimeter, within the small subset

tested, adds linearly to the samples ability to absorb energy, despite the energy added

generally decreasing with relative density.

Figure 6.17: Total Strain Energy by Relative Density
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Figure 6.18: Total Strain Energy by Perimeter



Chapter 7

Conclusion

An initial exploration into aligning existing foam design principals comprising the

theory of open-celled foams with AM foams using updated techniques has yeilded

that there is signi�cant potential for adaptation of existing rules to suit AM foams.

Without additional samples constituting a wider scope of relative densities, perime-

ter counts, unit cell geometries, etc., no concrete parameters or relationships can be

postulated, but it is evident that the relationships within the theory of open-celled

foams show potential for adaptation, and that AM foams trend similarly using rel-

ative density as a predictor for Young's Modulus, Poisson'sRatio and the point of

transition from unit cell buckling to foam plateau phases.

Some sample subsets have shown evidence of auxetic behavior, across a range

of relative densities, perimeter counts and unit cell geometries, without the need

for engineered unit cell geometries for that speci�c purpose, such as in previous

attempts [24]. This provides signi�cant utility for AM foams for applications seeking

this behavior, as this work shows that conventional AM internal unit cell geometries

such as the Prusa SlicerGyroid, that are well suited to AM technologies, can often

achieve near auxetic, or auxetic properties.

In the spirit of pursuing AM TAB armor layers, much work remainsto be com-

pleted, such as exploring the e�ects of component size and thickness ranges, or

exploring internal unit cell geometries, as well as expanding the above analysis to

additional directions other than axial compression. The adaptation of the theory of

open-celled foams to create reliable new AM foam design toolsalso requires signi�-

cant investment in additional sample data of the samples explored, and of additional

samples beyond this works scope, as well as the need in noted instances to accom-

modate AM speci�c behaviors.
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A Core Functions

A.1 US Digital E5 Encoder Con�guration and Sampling Control Code

1 @unique

2 class QuadratureMode (Enum):

3 X1 = 1

4 X2 = 2

5 X4 = 4

6

7 @unique

8 class EncoderDirect ion (Enum):

9 CountUp = 0x00

10 CountDown = 0x80

11

12 class E5UsDigi ta lEncoder :

13 def __init__ (self , port_name , baud_rate , quadrature_mode ,

encoder_direct ion , ** kwargs ) :

14 self . port_name = port_name

15 self . baud_rate = baud_rate

16 self . quadrature_mode = quadrature_mode

17 self . encoder_direct ion = encoder_direct ion

18

19 self . ser ial_port = None

20 self . connected = False

21 self . encoder_count = 0

22 self . _stop_reading_thread = threading . Event ()

23 self . _reading_thread = None

24

25 self . _connect ion_lock = threading .Lock ()

26 self . _encoder_count_lock = threading .Lock ()

27 self . _ser ial_port_lock = threading .Lock ()

28

29 def connect ( self ) :

30 try :

31 if self . ser ial_port is not None :

32 raise Exception ( " Cannot reconnect using the same

DeviceControl ler instance ." )

33
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34 self . ser ial_port = serial . Serial ( self . port_name , self .

baud_rate , t imeout =1)

35 logging . info ( f " Connected to { self . port_name }. " )

36

37 # Resett ing the device ( assuming DTR line usage is

appl icable in your context )

38 self . ser ial_port . dtr = True

39 self . ser ial_port . dtr = False

40 self . ser ial_port . dtr = True

41 self . connected = True

42

43 x = True # clear out the serial - otherwise may fail to

configure

44 while x:

45 try :

46 f i rst_l ine = self . ser ial_port . readl ine () . decode (

'utf -8 ' ) . str ip ()

47 if len ( f i rst_l ine ) == 0:

48 x = False

49 else :

50 logging . info ( f " Received init ial response : {

f i rst_l ine }" )

51 except serial . Ser ia lTimeoutExcept ion :

52 logging . info ( "No init ial response received ." )

53 x = False

54 # Example conf igurat ion commands

55 self . wr i te_command ( '15 ' , 0 x0000000F ) # Adjust the

command as necessary

56 self . conf igure_device ()

57

58 self . start_reading_thread ()

59 except Except ion as e:

60 logging . error ( f " Fai led to connect and configure the

device : {e}" )

61 self . disconnect ()

62

63 def conf igure_device (self ) :

64 # self . wr i te_command ( '03 ' , self . quadrature_mode . value ) #

Squadrature mode
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65 self . wr i te_command ( '03 ' , 0x43 ) # Squadrature mode

66 self . wr i te_command ( '04 ' , 0x100 ) # direcrt ion

67

68 # self . wr i te_command ( '04 ' , self . encoder_direct ion . val ue ) #

direcrt ion

69 self . wr i te_command ( '0B ' , 0 x00000000 ) # threshold

70

71 self . wr i te_command ( '0C ' , 0 x00000001 ) # set output freq to

max

72 self . wr i te_command ( '0D ' , 0 x00000001 ) # reset t imestampt

73 self . wr i te_command ( '09 ' , 0 x00000002 ) # reset counter

74

75 self . stream_command ( '0E ' ) # start streaming

76 pass

77

78 def wri te_command (self , register , data ) :

79 """

80 Sends a command to the device , including a register and data

, then reads and val idates the response .

81

82 Args :

83 register ( str ) : The register code , to be formatted as a

two - digit hexadecimal str ing .

84 data ( int ) : The data to send , to be formatted as an

eight - digit hexadecimal str ing .

85 """

86 with self . _ser ial_port_lock : # Ensure this uses the correct

lock ini t ia l ized for serial port access

87 try :

88 # register_str = format ( register , '02X ')

89 # data_str = format (data , '08X ')

90

91 command = f'W{ register }{ data :08X} '

92 logging . info ( f " Sending command : { command }")

93 self . ser ial_port . write ( f " { command }\ r \n" . encode ( 'utf

-8 ' ) )

94

95 response = self . ser ial_port . readl ine () . decode ( 'utf -8

' ) . str ip ()
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96 logging . info ( f " Received response : { response }" )

97

98 f ields = response . spli t ( ' ' )

99 if len ( f ields ) != 5:

100 raise ValueError ( "The response was expected to

have 5 fields ." )

101 elif f ields [0] != 'w ' :

102 raise ValueError ( "The first f ield in the

response was expected to be 'w '. " )

103 elif f ields [1]. upper () != register . upper () :

104 raise ValueError ( f "The second field in the

response was expected to be '{ register } '. " )

105 elif int ( f ields [2] , 16) != data :

106 raise ValueError ( f "The third f ield in the

response was expected to be '{ data } '. " )

107 elif len ( f ields [3]) != 8:

108 raise ValueError ( "The fourth field in the

response was expected to be 8 bytes ." )

109 elif f ields [4] != '! ' :

110 raise ValueError ( "The fif th f ield in the

response was expected to be '! '. " )

111

112 except serial . Ser ia lTimeoutExcept ion as e:

113 logging . error ( f "The device didn 't respond to command

'{ command } ': {e}" )

114 raise TimeoutError ( "The device didn 't respond to the

command .") from e

115 except ValueError as e:

116 logging . error ( f " Response val idat ion error : {e}" )

117 raise

118

119 def stream_command (self , register ) :

120 """

121 Send a stream command to the device using the specif ied

register .

122

123 Args :

124 register ( str ) : The register or command code to write to

, formatted as a hexadecimal str ing .
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125 """

126 with threading .Lock () : # Assuming you 've ini t ia l ized this

lock elsewhere as self . _ser ial_port_lock

127 try :

128 command = f'S{ register }\n '

129 self . ser ial_port . write ( command . encode ( 'utf -8 ' ) )

130 logging . info ( f "Sent stream command : { command }")

131

132 # Reading the response

133 response = self . ser ial_port . readl ine () . decode ( 'utf -8

' ) . str ip ()

134 logging . info ( f " Received response : { response }" )

135

136 # Validate the response format

137 f ields = response . spli t ( ' ' )

138 if len ( f ields ) != 5:

139 raise ValueError ( "The response was expected to

have 5 fields ." )

140 elif f ields [0] != 's ' :

141 raise ValueError ( "The first f ield in the

response was expected to be 's '. " )

142 elif f ields [1]. upper () != register . upper () :

143 raise ValueError ( f "The second field in the

response was expected to be '{ register } '. " )

144 elif len ( f ields [2]) != 8:

145 raise ValueError ( f "The third f ield in the

response was expected to be 8 bytes ." )

146 elif len ( f ields [3]) != 8:

147 raise ValueError ( "The fourth field in the

response was expected to be 8 bytes ." )

148 elif f ields [4] != '! ' :

149 raise ValueError ( "The fif th f ield in the

response was expected to be '! '. " )

150

151 except serial . Ser ialExcept ion as e:

152 logging . error ( f " Serial communicat ion error during

stream command : {e}" )

153 # Consider re - throwing or handl ing the exception as

needed
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154 except ValueError as e:

155 logging . error ( f " Val idat ion error for the response : {

e}" )

156 # Handle val idat ion errors , possibly re - throwing or

taking correct ive action

157

158 def start_reading_thread (self ) :

159 self . _stop_reading_thread . clear ()

160 self . _reading_thread = threading . Thread ( target =self .

_reading_loop , daemon =True )

161 self . _reading_thread . start ()

162 pass

163

164 def _reading_loop (self ) :

165 logging . info ( " Started EncoderCountReaderLoop ." )

166

167 try :

168 while True :

169 if not self . connected :

170 logging . info ( " Terminat ing EncoderCountReaderLoop

." )

171 break

172 with self . _ser ial_port_lock :

173 if self . ser ial_port is None or not self .

ser ial_port . isOpen () :

174 logging . info ( " Terminat ing

EncoderCountReaderLoop ." )

175 break

176

177 response = self . ser ial_port . readl ine () . decode ( '

utf -8 ' ) . str ip ()

178 # logging . info ( response )

179

180 encoder_count = self .

parse_encoder_count_stream_response ( response )

181

182 with self . _encoder_count_lock :

183 self . encoder_count = encoder_count

184
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185 except Except ion as e:

186 logging . error ( f " Terminat ing EncoderCountReaderLoop

because of an except ion : {e}" )

187 self . disconnect ()

188 pass

189

190 def disconnect ( self ) :

191 with self . _connect ion_lock :

192 if self . ser ial_port and self . ser ial_port . isOpen () :

193 self . ser ial_port . close ()

194 self . connected = False

195 self . _stop_reading_thread . set ()

196 if self . _reading_thread :

197 self . _reading_thread . join ()

198 logging . info ( " Disconnected ." )

199

200 def get_encoder_count ( self ) :

201 with self . _encoder_count_lock :

202 return self . encoder_count

203

204 def parse_encoder_count_stream_response (self , response ):

205 f ields = response . spli t ( ' ' )

206 count = int ( f ields [2] , 16)

207 return count

Listing 1: Encoder Con�guration and Communication Functions

B VarioShore Filament Speci�cation
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TECHNICAL DATA SHEET
Caverna™ PP Microporous Build Material for Additive Manufacturing
Rev 2: 9/8/23

�,�Q�ä�Q�L�W�H���0�D�W�H�U�L�D�O���6�R�O�X�W�L�R�Q�V™    |    N4660 1165th St.    |    Prescott, WI 54021    |    1 (347) 487-8880    |    info@infinitematerialsolutions.com

GENERAL INFORMATION

Resin Polypropylene Copolymer

Filler Carbohydrate

Fill Level 0 – 100%

Uses Extrusion, Injection Molding, 3D Printing

Form Pellets or Filament (1.75mm or 2.85mm)

THERMAL PROPERTIES

Melt Flow Index  (230 °C, 5 kg) 20 °C

Glass Transition Temperature 80 °C

Melting Temperature 170 °C

MECHANICAL PROPERTIES

Injection Molded X�Axis Print Y�Axis Print Z�Axis Print Units Method

Pre  Post Pre Post Post Post

Tensile Modulus 458,800 49,200 373,600 21,900 113,000 12,000 psi ASTM D638

Tensile Strength 4,300 1,500 3,800 1,000 2,000 400 psi ASTM D638

Tensile Elongation @ Break 9.5 19.4 1.6 5.6 2.9 5 % ASTM D638

Flexural Modulus 408,800 54,300 303,900 39,800 75,300 13,900 psi ASTM D790

Flexural Strength 7,700 1,300 6,700 1,200 2,300 400 psi ASTM D790

IZOD Impact, Unnotched 15.8 7.56 ft-lbf/in ASTM D4812

IZOD Impact, Notched 0.81 2.28 ft-lbf/in ASTM D256

ELECTRICAL PROPERTIES PRE DISSOLUTION POST DISSOLUTION UNITS METHOD

Dissipation Factor, 1 kHz 0.013 0.002 ASTM D150

Dissipation Factor, 1 MHz 0.021 0.005 ASTM D150

Dielectric Constant, 1 kHz 1.78 1.22 ASTM D150

Dielectric Constant, 1 MHz 1.65 1.20 ASTM D150

Dielectric Strength 670 480 V/mil ASTM D149

PHYSICAL PROPERTIES PRE DISSOLUTION POST DISSOLUTION UNITS METHOD

Speci�ic Gravity 1.12 0.68 ASTM D792

Coe�icient of Thermal Expansion 5.8 E�05 9.5E�05 in/in°C ASTM D696

Durometer 74 D 28 D

RECOMMENDED DRYING CONDITIONS (OPTIONAL)

Oven dry for at least 4�6 hours at 85 °C

RECOMMENDED MOLDING CONDITIONS

Barrel temperatures 193 – 204 °C

Mold temperatures 21 – 49 °C
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TECHNICAL DATA SHEET
Caverna™ PP Microporous Build Material for Additive Manufacturing
Rev 2: 9/8/23

The statements, technical information and recommendations contained herein are believed to be accurate as of the date hereof. Since the conditions and methods of 
use of the product and of the information referred to herein are beyond our control, In�inite Material Solutions, LLC. expressly disclaims any and all liability as to any 
results obtained or arising from any use of the product or reliance on such information; NO WARRANTY OF FITNESS FOR ANY PARTICULAR PURPOSE, WARRANTY OF 
MERCHANTABILITY OR ANY OTHER WARRANTY, EXPRESSED OR IMPLIED, IS MADE CONCERNING THE GOODS DESCRIBED OR THE INFORMATION PROVIDED HEREIN.

The information provided herein relates only to the speci�ic product described and may not be applicable when such product is used in combination with other materials 
or in any process. The user should thoroughly test any application before commercialization. Nothing contained herein constitutes a license to practice under any patent 
and it should not be construed as an inducement to infringe any patent and the user is advised to take appropriate steps to be sure that any proposed use of the product 
will not result in patent infringement. See SDS for Health & Safety Considerations.

�,�Q�ä�Q�L�W�H���0�D�W�H�U�L�D�O���6�R�O�X�W�L�R�Q�V™    |    N4660 1165th St.    |    Prescott, WI 54021    |    1 (347) 487-8880    |    info@infinitematerialsolutions.com

RECOMMENDED PRINT SETTINGS 

Extruder Inlet Temperature 160�200°C

Extruder Outlet Temperature 200�250°C

Chamber Temperature Ambient to 70°C

Build Plate Temperature Ambient to 100°C

Build Plate Material Glass, PEI

Build Plate Adhesive Optional

Nozzle Size (mm) 0.8

Layer Height (mm) 0.4

Print Speed (mm/s) 30�60

Post Processing Soluble Phase Removal in Tap Water 50�80°C with Agitation

Feedstock Drying Conditions 
(Optional)

70°C for 3�4 hours
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Rev 1: 4/13/23

The statements, technical information and recommendations contained herein are believed to be accurate as of the date hereof. Since the conditions and methods of use of the 
product and of the information referred to herein are beyond our control, In�nite Material Solutions, LLC. expressly disclaims any and all liability as to any results obtained or 
arising from any use of the product or reliance on such information; NO WARRANTY OF FITNESS FOR ANY PARTICULAR PURPOSE, WARRANTY OF MERCHANTABILITY OR ANY 
OTHER WARRANTY, EXPRESSED OR IMPLIED, IS MADE CONCERNING THE GOODS DESCRIBED OR THE INFORMATION PROVIDED HEREIN.

The information provided herein relates only to the speci�c product described and may not be applicable when such product is used in combination with other materials or in any 
process. The user should thoroughly test any application before commercialization. Nothing contained herein constitutes a license to practice under any patent and it should not 
be construed as an inducement to infringe any patent and the user is advised to take appropriate steps to be sure that any proposed use of the product will not result in patent 
infringement. See SDS for Health & Safety Considerations.

Product Description

1.75mm and 2.85mm �ilament for printing porous  
elastomer parts on most Bowden and direct drive fused  
�ilament fabrication 3D printers. After a water soak,  
Caverna Soft Touch (ST) produces parts with a durometer  
of 50A, or even lower based on in�ill percent.

Part Design

Caverna ST requires a post-print water soak to achieve its �inal 
soft properties. It’s important to keep this in mind during part 
design. Parts designed as either solely in�ill (no printed walls  
or top/bottom layers) or hollow shells with sparse in�ill  
will dissolve fastest and be the most compressible. If a part 
requires walls, we suggest walls no thicker than 2 linewidths 
thick. We recommend avoiding thick walls and highly dense 
in�ills as these features are less likely to reach full dissolution. 
Designing parts with an open top or bottom face greatly speeds 
up dissolution. If top and bottom surfaces must be solid, we 
recommend adding a hole with a diameter of at least 3 mm  
to either face to allow water to access the interior cavity.

Build Plate Adhesion

Caverna ST has been tested with heated glass build plates.  
Build plate temperatures of 65°C and greater do not require  
the use of an adhesive. If printing with a build plate between  
50�65°C, we recommend applying an adhesive (Magigoo or 
similar) to the build plate. Without an adhesive, large parts  
may detach from the build plate.

If an adhesive is not available, a raft printed with support 
material, AquaSys GP will also help keep your print secured  
to the build plate.

Post-Processing
Dissolution of Printed Parts

A post-print water soak is required to obtain the soft, porous 
properties of Caverna ST. Dissolution of the soluble component 
occurs fastest in warm water (~70°C). While a commercial 
washing station (Oryx or similar) is recommended, alternative 
methods of heating water baths – such as an oven or a hot  
plate – work as well. Incorporating agitation or stirring will  
speed up dissolution.

Parts that follow the design suggestions typically take 6 hours 
to dissolve. It is normal for parts to expand (primarily in the 
z-direction) during the water soak. After drying, the parts will 
return to their as-printed dimensions. 

Drying of Printed Parts

After dissolution is complete, some water will remain in the 
pores. We recommend drying your part at 60°C for 6 Hours.

When is the Part Dissolved?

The best way to determine if dissolution is complete is by 
comparing the mass of the parts pre- and post-dissolution.  
A mass loss greater than 50% signi�ies complete dissolution. 
Parts should be entirely dry before measuring the post-
dissolution mass.

As dissolution occurs, the part will turn white as the soluble 
component is removed. The color change alone does not 
represent complete dissolution since the exterior surfaces  
will turn white before interior portions are fully dissolved.

Printing Conditions

SETTING RECOMMENDED POTENTIAL RANGE

Nozzle Temperature (°C) 245 220�250

Build Plate Temperature (°C) 65 50�70

Print Speed (mm/s) 25 10�50

Layer Height (mm) 0.2 > 0.2

In�ill Gyroid Gyroid, Lines, Grid

In�ill Percent 20 10�80
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E Code

1 import json

2 import matplot l ib . pyplot as plt

3 import glob

4 import os

5 import re

6 import datet ime

7 import math

8 import pandas as pd

9 import numpy as np

10

11

12 def calculate_euc_distance ( point1 : tuple [ float , f loat ] , point2 :

tuple [ float , f loat ]) -> float :

13 """

14 Calculate the Eucl idean distance between two points .

15

16 Args :

17 point1 ( tuple [ float , f loat ]) : The first point as a tuple of

(x , y) .

18 point2 ( tuple [ float , f loat ]) : The second point as a tuple of

(x , y) .

19

20 Returns :

21 f loat : The Eucl idean distance between point1 and point2 .

22 """

23 return math . sqrt (( point2 [0] - point1 [0]) **2 + ( point2 [1] -

point1 [1]) **2)

24

25

26 def est imate_prusa_gyroid_relat ive_densi ty ( points : pd .Da taFrame ,

bead_area : float , radius : float , layer_height : float , layers : int

) -> float :

27 """

28 Estimate the relat ive density of a Prusa gyroid structure .

29

30 Args :



120

31 points (pd . DataFrame ): DataFrame containing polyl ines wi th

columns 'polyl ine ', 'x ', and 'y '.

32 bead_area ( f loat ) : The cross - sect ional area of the f i lamen t

bead .

33 radius ( f loat ) : The radius of the sample .

34 layer_height ( f loat ) : The height of each layer .

35 layers ( int ) : The number of layers .

36

37 Returns :

38 f loat : The relat ive density of the gyroid structure .

39 """

40 total_length = 0

41

42 polyl ines = points [ ' polyl ine ' ]. unique ()

43 for polyl ine in polyl ines :

44 x = points . loc [ points [ ' polyl ine ' ] == polyl ine ][ 'x ' ]. values

45 y = points . loc [ points [ ' polyl ine ' ] == polyl ine ][ 'y ' ]. values

46

47 xy = np. vstack ((x , y)) .T

48

49 polyl ine_length = sum( calculate_euc_distance (xy [ j ] , xy [ j +1])

for j in range ( len (xy ) -1) )

50 total_length += polyl ine_length

51

52 total_vol = ( radius **2) * math .pi * layer_height * layers

53 f i l l_vol = total_length * bead_area

54

55 relat ive_densi ty = f i l l_vol / total_vol

56 return relat ive_densi ty

57

58

59 def load_polyl ines ( directory : str , radius : f loat = 1, scale : f loat =

1) -> pd . DataFrame :

60 """

61 Load polyl ines from JSON fi les in a specif ied directory .

62

63 Args :

64 directory (str ) : The directory containing the JSON fi les .
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65 radius ( float , opt ional ) : The radius of the sample . Default s

to 1.

66 scale ( float , opt ional ) : The scale factor for the

coordinates . Defaults to 1.

67

68 Returns :

69 pd. DataFrame : DataFrame containing the polyl ines with

columns 'x ', 'y ' , and ' layer '.

70 """

71 json_f i les = glob .glob (os .path . join (directory , ' *. json ' ) )

72 json_f i les . sort ( key= lambda x: int ( re . search ( r ' (\d+) ' , os .path .

basename (x)) . group (0) ))

73

74 xs = []

75 ys = []

76 layers = []

77

78 for i , json_f i le in enumerate ( json_f i les ) :

79 with open( json_fi le , 'r ' ) as fi le :

80 polyl ines = json . load ( fi le )

81 for polyl ine in polyl ines :

82 x = [ point [ 'x ' ] * ( radius / scale ) for point in

polyl ine ]

83 y = [ point [ 'y ' ] * ( radius / scale ) for point in

polyl ine ]

84 xs . append (x)

85 ys . append (y)

86 layers . append ( i )

87

88 df = pd. DataFrame ({ 'x ' : xs , 'y ' : ys , ' layer ' : layers })

89

90 return df

91

92

93 def aggregate_jsons ( load_dir : str , out_dir : str , inf i l l : int ,

n_perims : int , scale : f loat = 1, radius : int = 10) -> pd.

DataFrame :

94 """
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95 Aggregate JSON fi les from a directory and save the combined d ata

to a new JSON file .

96

97 Args :

98 load_dir ( str ) : The directory containing the JSON fi les to

load .

99 out_dir ( str ) : The directory to save the aggregated JSON

file .

100 inf i l l ( int ) : The inf i l l percentage .

101 n_perims ( int ) : The number of perimeters .

102 scale ( float , opt ional ) : The scale factor for the

coordinates . Defaults to 1.

103 radius ( int , opt ional ) : The radius of the sample . Defaults

to 10.

104

105 Returns :

106 pd. DataFrame : DataFrame containing the aggregated polyl i nes

with columns 'x ', 'y ' , ' polyl ine ', and ' layer '.

107 """

108 json_f i les = glob .glob (os .path . join ( load_dir , ' *. json ' ) )

109 json_f i les . sort ( key= lambda x: int ( re . search ( r ' (\d+) ' , os .path .

basename (x)) . group (0) ))

110

111 xs = []

112 ys = []

113 layers = []

114 plines = []

115

116 pl ine_count = 0

117 for i , json_f i le in enumerate ( json_f i les ) :

118 with open( json_fi le , 'r ' ) as fi le :

119 polyl ines = json . load ( fi le )

120 for polyl ine in polyl ines :

121 new_xs = [ point [ 'x ' ] for point in polyl ine ]

122

123 xs += [ point [ 'x ' ] for point in polyl ine ]

124 ys += [ point [ 'y ' ] for point in polyl ine ]

125 plines += [ pl ine_count for _ in new_xs ]

126 pl ine_count += 1
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127 layers += [ i for _ in new_xs ]

128

129 df = pd. DataFrame ({ 'x ' : xs , 'y ' : ys , ' polyl ine ' : plines , ' layer '

: layers })

130

131 df [ 'x ' ] = df [ 'x ' ] * ( radius / scale )

132 df [ 'y ' ] = df [ 'y ' ] * ( radius / scale )

133 str_date = datet ime . datet ime .now () . __str__ () . translat e ({ ord ( i ) :

None for i in ' : -. ' })

134

135 df . to_json (f " { out_dir }/{ n_perims } perims_ { inf i l l } inf i l l_ { str_dat e

}. json " , orient = ' records ' , l ines =True )

136

137 return df

138

139

140 def plot_layers ( points : pd . DataFrame ) -> None :

141 """

142 Plot the polyl ines from a DataFrame .

143

144 Args :

145 points (pd . DataFrame ): DataFrame containing the polyl ine s

with columns 'polyl ine ', 'x ', and 'y '.

146 """

147 plt . f igure ( f igsize =(10 , 10) )

148 plt . t i t le ( 'Polyl ines from JSON Files ' )

149 plt . xlabel ( 'X Coordinate ' )

150 plt . ylabel ( 'Y Coordinate ' )

151

152 polyl ines = points [ ' polyl ine ' ]. unique ()

153 for polyl ine in polyl ines :

154 x = points . loc [ points [ ' polyl ine ' ] == polyl ine ][ 'x ' ]. values

155 y = points . loc [ points [ ' polyl ine ' ] == polyl ine ][ 'y ' ]. values

156

157 plt . plot (x , y)

158

159 plt . show ()

160

161
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162 def main(

163 base_dir : str = 'C :/ Users / Daniel / home / projects /

gyroid_research / jsons /003001 ' ,

164 agg_directory : str = 'C :/ Users / Daniel / home / projects /

gyroid_research / jsons /003001 ' ) -> None :

165 """

166 Main funct ion to aggregate JSON files , est imate relat ive de nsity

, and plot layers .

167

168 Args :

169 base_dir (str , opt ional ) : Base directory for JSON fi les .

Defaults to 'C :/ Users / Daniel / home / projects / gyroid_res earch / jsons

/003001 '.

170 agg_directory (str , opt ional ) : Directory for aggregated J SON

fi les . Defaults to 'C :/ Users / Daniel / home / projects /

gyroid_research / jsons /003001 '.

171 """

172 prusa_scale = 10000000

173 sample_radius_mm = 10

174

175 aggregate_jsons (

176 out_dir = agg_directory + '/ processed ' ,

177 load_dir = agg_directory + ' /20 ' ,

178 inf i l l =20 ,

179 n_perims =0 ,

180 scale = prusa_scale ,

181 radius = sample_radius_mm

182 )

183

184 json_f i les = glob .glob (os .path . join ( agg_directory + '/ processed '

, ' *. json ' ) )

185 json_f i les . sort ( key= lambda x: int ( re . search ( r ' (\d+) ' , os .path .

basename (x)) . group (0) ))

186

187 al l_data = dict ()

188 i = 0

189 json_fi le = json_f i les [ i ]

190

191 inf i l l = 20
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192 n_perims = 0

193

194 points = pd. read_json ( json_fi le , orient = ' records ' , l ines =True )

195 plot_layers ( points = points )

196 est_radius = np.mean ([ abs( points [ 'x ' ]. max() ) , abs( points [ 'x ' ].

min() ) , abs( points [ 'y ' ]. max() ) , abs( points [ 'y ' ]. min() ) ])

197 est_radius = 10

198

199 layers = points [ ' layer ' ]. unique ()

200

201 layer_height = 0.2

202 bead_area = 0.45 * layer_height

203 relat ive_densi ty = est imate_prusa_gyroid_relat ive_den si ty (

204 points =points ,

205 radius = est_radius ,

206 bead_area =bead_area ,

207 layer_height = layer_height ,

208 layers = len ( layers ))

209

210 al l_data [ i ] = { ' inf i l l ' : infi l l ,

211 ' n_perims ' : n_perims ,

212 ' re lat ive_densi ty ' : re lat ive_densi ty }

213 i += 1

214

215 df = pd. DataFrame . from_dict ( al l_data , orient = ' index ' )

216 df . to_json (f '{ agg_directory }/ processed /{ n_perims } perims_ { inf i l l }

inf i l l_gyroid_data . json ' , orient = ' records ' , l ines =True )

Listing 2: Estimated Plane Centroid Calculation Function
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F Nested Functions

1 def calculate_centroid ( points : np . ndarray ) -> np . ndarray :

2 """ Calculate the centroid of a set of points . """

3 return np .mean (points , axis =0)

Listing 3: Estimated Plane Centroid Calculation Function

1 def f ind_nearest (array , value ) :

2 array = np. asarray ( array )

3 idx = (np . abs( array - value )) . argmin ()

4 return array [ idx ]

Listing 4: Find Nearest Point Function
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G Component Speci�cations

G.1 THK Stage KR26 Speci�cation
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G.2 Lin Engineering Motor Speci�cation
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G.5 Extech Datasheet



Specifications subject to change without notice. 
Copyright © 2009 Extech Instruments Corporation. All rights reserved including the right of reproduction in whole or in part in any form.

www.extech.com 6/26/09 - R1

Dual Action Voltage and Current Control
Push knob for fine and coarse tuning

600W Single Output 
Laboratory Grade DC Power Supply

Ordering Information:
382275..............Laboratory Grade Switching Mode DC Power Supply (120V) 
382276..............Laboratory Grade Switching Mode DC Power Supply (230V) 

Features:
€ 0 to 30V, 20A adjustable output switching 

mode power supply

€ Remote Control for output Voltage/Current 
and On/Off 

€ Two user-defined Voltage and Current 
presets and one 13.8V/20A factory preset

€ Automatic Constant Current and Constant
Voltage crossover

€ Dual 3-Digit LED displays

€ High RFI immunity and excellent EMI

€ Thermostatic Control Fan from zero to full speed

€ Over voltage, over-temperature, and 
short circuit protection

€ Low profile and small footprint

€ Complete with power cord

Specifications Range
Output Voltage (Res.) 1 to 30V (100mV)
Output Current  (Res.) 1 to 20A (100mA)
Basic accuracy ±(0.5%+2 digits)
Load Voltage Regulation 50mV
Line Voltage Regulation 20mV
Load Current Regulation 100mA min
Line Current Regulation 50mA min
Ripple and Noise <5mVrms
Power 382275 - 120VAC, 50Hz/60Hz

382276 - 230V, 50Hz/60Hz
Dimensions 7.9 x 3.5 x 8.5" (200 x 90 x 215mm)
Weight 5.7lbs (2.6kg)

www. .com information@itm.com1.800.561.8187
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G.6 Raspberry Pi 4 Datasheet
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Raspberry Pi 4 Model B
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Copyright 2024 Raspberry Pi (Trading) Ltd. All rights reserved.
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Table 1: Release History
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1 Introduction

The Raspberry Pi 4 Model B (Pi4B) is the �rst of a new generation of Raspberry Pi computers supporting
more RAM and with signi�cantly enhanced CPU, GPU and I/O performance in a similar form factor,
power envelope and cost as the previous generation Raspberry Pi 3B+.

The Pi4B is available with 1, 2, 4, or 8 gigabytes of LPDDR4 SDRAM.
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2 Features

2.1 Hardware

• Quad core 64-bit ARM-Cortex A72 running at 1.5GHz

• 1, 2 and 4 Gigabyte LPDDR4 RAM options

• H.265 (HEVC) hardware decode (up to 4Kp60)

• H.264 hardware decode (up to 1080p60)

• VideoCore VI 3D Graphics

• Supports dual HDMI display output up to 4Kp60

2.2 Interfaces

• 802.11 b/g/n/ac Wireless LAN

• Bluetooth 5.0 with BLE

• 1x SD Card

• 2x micro-HDMI ports supporting dual displays up to 4Kp60 resolution

• 2x USB2 ports

• 2x USB3 ports

• 1x Gigabit Ethernet port (supports PoE with add-on PoE HAT)

• 1x Raspberry Pi camera port (2-lane MIPI CSI)

• 1x Raspberry Pi display port (2-lane MIPI DSI)

• 28x user GPIO supporting various interface options:

– Up to 6x UART

– Up to 6x I2C

– Up to 5x SPI

– 1x SDIO interface

– 1x DPI (Parallel RGB Display)

– 1x PCM

– Up to 2x PWM channels

– Up to 3x GPCLK outputs

2.3 Software

• ARMv8 Instruction Set

• Mature Linux software stack

• Actively developed and maintained
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– Recent Linux kernel support

– Many drivers upstreamed

– Stable and well supported userland

– Availability of GPU functions using standard APIs

3 Mechanical Speci�cation

Figure 1: Mechanical Dimensions

4 Electrical Speci�cation

Caution! Stresses above those listed in Table 2 may cause permanent damage to the device. This is
a stress rating only; functional operation of the device under these or any other conditions above those
listed in the operational sections of this speci�cation is not implied. Exposure to absolute maximum
rating conditions for extended periods may affect device reliability.

Symbol Parameter Minimum Maximum Unit

VIN 5V Input Voltage -0.5 6.0 V

Table 2: Absolute Maximum Ratings

Please note that VDDIO is the GPIO bank voltage which is tied to the on-board 3.3V supply rail.
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5 Peripherals

5.1 GPIO Interface

The Pi4B makes 28 BCM2711 GPIOs available via a standard Raspberry Pi 40-pin header. This header
is backwards compatible with all previous Raspberry Pi boards with a 40-way header.

5.1.1 GPIO Pin Assignments

Figure 3: GPIO Connector Pinout

As well as being able to be used as straightforward software controlled input and output (with pro-
grammable pulls), GPIO pins can be switched (multiplexed) into various other modes backed by dedi-
cated peripheral blocks such as I2C, UART and SPI.

In addition to the standard peripheral options found on legacy Pis, extra I2C, UART and SPI peripherals
have been added to the BCM2711 chip and are available as further mux options on the Pi 4. This gives
users much more �exibility when attaching add-on hardware as compared to older models.
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5.1.2 GPIO Alternate Functions

Default
GPIO Pull ALT0 ALT1 ALT2 ALT3 ALT4 ALT5

0 High SDA0 SA5 PCLK SPI3CE0 N TXD2 SDA6

1 High SCL0 SA4 DE SPI3MISO RXD2 SCL6

2 High SDA1 SA3 LCDVSYNC SPI3MOSI CTS2 SDA3

3 High SCL1 SA2 LCDHSYNC SPI3SCLK RTS2 SCL3

4 High GPCLK0 SA1 DPID0 SPI4CE0 N TXD3 SDA3

5 High GPCLK1 SA0 DPID1 SPI4MISO RXD3 SCL3

6 High GPCLK2 SOEN DPI D2 SPI4MOSI CTS3 SDA4

7 High SPI0CE1 N SWE N DPI D3 SPI4SCLK RTS3 SCL4

8 High SPI0CE0 N SD0 DPID4 - TXD4 SDA4

9 Low SPI0MISO SD1 DPID5 - RXD4 SCL4

10 Low SPI0MOSI SD2 DPID6 - CTS4 SDA5

11 Low SPI0SCLK SD3 DPID7 - RTS4 SCL5

12 Low PWM0 SD4 DPID8 SPI5CE0 N TXD5 SDA5

13 Low PWM1 SD5 DPID9 SPI5MISO RXD5 SCL5

14 Low TXD0 SD6 DPID10 SPI5MOSI CTS5 TXD1

15 Low RXD0 SD7 DPID11 SPI5SCLK RTS5 RXD1

16 Low FL0 SD8 DPID12 CTS0 SPI1CE2 N CTS1

17 Low FL1 SD9 DPID13 RTS0 SPI1CE1 N RTS1

18 Low PCMCLK SD10 DPID14 SPI6CE0 N SPI1CE0 N PWM0

19 Low PCMFS SD11 DPID15 SPI6MISO SPI1MISO PWM1

20 Low PCMDIN SD12 DPID16 SPI6MOSI SPI1MOSI GPCLK0

21 Low PCMDOUT SD13 DPID17 SPI6SCLK SPI1SCLK GPCLK1

22 Low SD0CLK SD14 DPID18 SD1CLK ARM TRST SDA6

23 Low SD0CMD SD15 DPID19 SD1CMD ARM RTCK SCL6

24 Low SD0DAT0 SD16 DPID20 SD1DAT0 ARM TDO SPI3CE1 N

25 Low SD0DAT1 SD17 DPID21 SD1DAT1 ARM TCK SPI4CE1 N

26 Low SD0DAT2 TE0 DPI D22 SD1DAT2 ARM TDI SPI5 CE1 N

27 Low SD0DAT3 TE1 DPI D23 SD1DAT3 ARM TMS SPI6CE1 N

Table 5: Raspberry Pi 4 GPIO Alternate Functions

Table 5 details the default pin pull state and available alternate GPIO functions. Most of these alternate
peripheral functions are described in detail in the BCM2711 Peripherals Speci�cation document which
can be downloaded from the hardware documentation section of the website.
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5.1.3 Display Parallel Interface (DPI)

A standard parallel RGB (DPI) interface is available the GPIOs. This up-to-24-bit parallel interface can
support a secondary display.

5.1.4 SD/SDIO Interface

The Pi4B has a dedicated SD card socket which supports 1.8V, DDR50 mode (at a peak bandwidth of
50 Megabytes / sec). In addition, a legacy SDIO interface is available on the GPIO pins.

5.2 Camera and Display Interfaces

The Pi4B has 1x Raspberry Pi 2-lane MIPI CSI Camera and 1x Raspberry Pi 2-lane MIPI DSI Display
connector. These connectors are backwards compatible with legacy Raspberry Pi boards, and support
all of the available Raspberry Pi camera and display peripherals.

5.3 USB

The Pi4B has 2x USB2 and 2x USB3 type-A sockets. Downstream USB current is limited to approxi-
mately 1.1A in aggregate over the four sockets.

5.4 HDMI

The Pi4B has 2x micro-HDMI ports, both of which support CEC and HDMI 2.0 with resolutions up to
4Kp60.

5.5 Audio and Composite (TV Out)

The Pi4B supports near-CD-quality analogue audio output and composite TV-output via a 4-ring TRS
'A/V' jack.

The analog audio output can drive 32 Ohm headphones directly.

5.6 Temperature Range and Thermals

The recommended ambient operating temperature range is 0 to 50 degrees Celsius.

To reduce thermal output when idling or under light load, the Pi4B reduces the CPU clock speed and
voltage. During heavier load the speed and voltage (and hence thermal output) are increased. The
internal governor will throttle back both the CPU speed and voltage to make sure the CPU temperature
never exceeds 85 degrees C.

The Pi4B will operate perfectly well without any extra cooling and is designed for sprint performance -
expecting a light use case on average and ramping up the CPU speed when needed (e.g. when loading
a webpage). If a user wishes to load the system continually or operate it at a high temperature at full
performance, further cooling may be needed.

6 Availability

Raspberry Pi guarantees availability of the Pi4B until at least January 2031.

11 Release 1.1



Raspberry Pi 4 Model B Datasheet
Copyright Raspberry Pi (Trading) Ltd. 2024

7 Support

For support please see the hardware documentation section of the Raspberry Pi website and post ques-
tions to the Raspberry Pi forum.
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