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Additive Manufacturing (AM) is significant and constantly growing manufacturing
technique. 3D modeling offers designing freedom in intricated design to the designers
in the jewelry industry. Fused deposition modeling (FDM) has emerged as one of the
most promising and cost-effective techniques for forming free-form parts using the
desktop 3D printer. The traditional jewelry design and model making are still time-
consuming and laborious work involving efficient drafting and handcrafting
manufacturing skills. Nowadays, the demands are increasing in complicated shape
fashionable jewelry which can be difficult in traditional jewelry making. Market research
has been done on the market share of additive manufacturing in the economy and
investigating the popularity of the desktop 3D printer in recent years in terms of sales
units. However, no substantial study found the manufacturability of curved surfaces or
geometrical shapes in desktop 3D printers.

The purpose of this study to explore the area of 3D printed jewelry design, investigate
the manufacturability of complex geometric shapes and forms, and strength analysis.
This study has been started with designing a jewelry model with general conceptions of
basic geometric shape design. Then, the three-dimensional drawing has been done with
CAD software SolidWorks to visualize the design. Next, a desktop 3D printer has been
used for printing the desighed model with Polylactic acid (PLA) material. The study
demonstrates the manufacturability of complex geometric shapes using ANSYS
analysis, and a physical tensile test has been performed for the 3D printed model by a
universal testing machine. Eventually, this study experimented on LED jewelry
manufacturing with a pentagonal box design and figured out the production difficulties
in processes. A designer can incorporate this study result as general guidelines during

the design and production of jewelry.

Keywords: Additive manufacturing, jewelry industry, design, production, guidelines.



1. INTRODUCTION

The additive manufacturing (AM) method is increasingly growing in various industrial
sectors, while three-dimensional (3D) printing is beneficial for the consumer market. It
offers design flexibility as well as environmental and ecological benefits. According to
the standard ASTM F42 committee [1], additive manufacturing is defined as the
“process of joining material to make objects from the 3D model data, usually layer upon
layer, instead of subtracting manufacturing methodologies. "AM can produce parts with
exceptionally intricated and complex geometries with minimal post-processing, with the
least material waste, and appliable to a wide range of materials such as plastics and
metals. The possibility of design freedom has generated broad interest to the designers
and engineers to create unique products that can be mass-produced on a low-volume
economic scale. AM technique can design conventional assemblies into a single dynamic
assembly that could not be assembled using current processes. Furthermore, another
proponent of AM technology is environmental and ecological benefits. AM technologies
and methods are rapidly expanding in various manufacturing areas such as the

automobile, medical, aerospace, and fashion industries [2].

Despite technological advances, jewelry making has remained relatively unchanged
over time. Jewelry design and model building are also time-consuming and labor-
intensive processes that involve advanced drafting and hand-crafting abilities.
Sometimes, due to technical constraints, highly qualified technicians may not produce
complex and complicated geometrical forms, such as those based on natural patterns,
fractals, or mathematical algorithms [3]. Recently there has been growing attention in
3D printing that can be used to overcome these constraints. In addition, computer-
aided manufacturing has been widely used to create and improve manufacturing
processes. Numerous software such as Matrix 3D, Jewel CAD, Rhinoceros 3D, Blender,

ArtCAM, Jewel Smith, and Jewel Space create a design and produce CAD models [4].



Figure 1. 1 Desktop 3D printer, Creality Ender-3 Pro. [30]

Over 100 different 3D printers are available commercially in the global market [5].
Among them, desktop 3D printers (Figure 1.1) are available that are relatively small
and affordable. Industrial-scale 3D printers are proficient in producing a wide range of
materials on a large scale. A different combination of additive manufacturing (AM)
techniques and material can be used depending on the requirements of the applications
[6]. In Table 1.1, Yap and Yeong (2014) summarized various AM techniques,
mechanisms, and materials used to produce fashion products and jewelry based on
Chua et al. (2010).

Table 1. 1. Summary of AM techniques [6]

AM Techniques Mechanism Material
Fused Deposition The thermoplastic filament is fed into an 1. ABS
Modeling (FDM): A extrusion head and is heated to a semi-liquid 2. PLA

material extrusion of AM | state before it is extruded and deposited in thin | 3. Flexible PLA
process in which material | layers from the nozzle.
is selectively extruded
through a nozzle

Selective Laser Sintering | A CO; laser beam selectively melts or fuses a 1.Polyamide
(SLS): A powder bed thin layer of a powder particle. Thus, powder
fusion AM technique in serves as a built-in support structure.

which thermal energy
selectively fuses a region

of a powder bed




Selective Laser Melting A high-powered laser beam is selectively directed | 1. Stainless

(SLM): A directed energy | to the powder surface, and the powder particles | steel

depositions AM process are melted to form solid metal. 2. Titanium-
instead of sintering, based alloy
powder melting occurs to 3. Nickel-
build an object. based alloy

4, Aluminium

5. Copper
Stereolithography (SLA): | The machine consists of a built platform 1.
A vat immersed in a bath of liquid resin. A laser Polyethylene-

photopolymerization AM source selectively cures a thin layer of liquid UV | like material

process in which liquid curable photopolymer resin in a vat. 2.
photopolymer in a vat is Polypropylene-
selectively cured by like material
light-activated 3.ABS-like
polymerization material

4.

Polycarbonate-

like material
Poly Jet: A material A layer of liquid photopolymer is deposited from | 1.Multi-
jetting AM process in jetting head and immediately cures using UV materials with
which droplets of build light. a different
material are selectively hardness
deposited shore value

3D printed jewelry might be fabricated by a wide range of material options, like PLA,
ABS, stainless steel and bronze, and other precious material like gold. The desktop 3D
(Figure 1.1) FDM printer can extrude both PLA and ABS plastic. In jewelry
manufacturing, the final parts can be produced with both direct and indirect 3D printing
techniques. The direct technique of the metal powder bed selectively using energy
sources like laser or electron beam. Conversely, the indirect 3D printing technique is
used to produce the master patterns used for investment casting for final parts or
directly produce a mold for casting [7]. Because of the cost involved, the former
approach is still not widely used. Nevertheless, firms such as Shapeways and

Immaterilize have begun printing jewelry directly from precious metal powders [3].

Many studies have been focused on developing a constitutive model that can predict the
effects of building orientation and layer thickness of the printed parts [8]. The
investigation on FDM printing parameters observed that raster orientation and air gap
had a more significant impact on FDM material's tensile strength than others [9]. Many

investigators examined different printing conditions with the standard test specimen.



However, little information about the strength of curved surfaces or the complex
geometrical shape parts. The purpose of this study to explore the area of 3D printed
jewelry design, investigate the manufacturability of complex geometric shapes and
forms, and strength analysis. Furthermore, it may also revitalize by researching jewelry

material optimization, design improvement, trial production of the design.

This study started with designing a jewelry model with general conceptions of basic
geometric shape design. Then, the three-dimensional drawing has been done with CAD
software SolidWorks to visualize the design. Next, a desktop 3D printer has been used
for printing the designed model with Polylactic acid (PLA) material. Next, for finite
element analysis, ANSYS software has been used to investigate the tensile,
compressive, and critical situation analysis. Finally, a physical tensile test has been

performed for the 3D printed model by a universal testing machine.

The foremost part of the thesis starts with the study's problem statement that brings
out the previous research about 3D printing jewelry design in additive manufacturing
and finds out research opportunities—stating the purpose of the thesis and possible
areas for exploring further. Then the market research chapter describes the market
share of additive manufacturing in the economy and investigating the popularity of the
desktop 3D printer in recent years in terms of sales units. Moreover, portraying the
available option and comparison of low-cost 3D printers in the current market. In this
chapter, a summary of 3D printed jewelry in the present commercial market has been
demonstrated. Next, the concept generation chapter explains generating design
concepts step by step, from paper sketching to CAD model drawing. This chapter also

brings out the pros and cons of manufacturing 3D models.

Furthermore, a selection matrix of design has been developed for the selection of the
optimum design model. The technical research chapter describes the additive
manufacturing technique and the printing parameters of desktop 3D printers. In the
strength analysis chapter, strength analysis has been done for all designed models in
ANSYS software. The results of the analysis provide the recommendation in designing
jewelry models. In the following chapter physical tensile test is done with jewelry
models, and the result is analyzed. After analyzing the results, the recommendation can
be given to the designer who wants to design and print their jewelry. In the later part
of the thesis, one jewelry model is designed with LED to demonstrate and explore the

feasibility of manufacturing jewelry with LED.
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2. PROBLEM STATEMENT

3D printing technology is extensively used in aerospace, medical, engineering,
construction, automobiles, architecture, etc. [11]. The purpose of these studies to
explore the area of 3D printed jewelry design. The traditional jewelry design and model
making are still time-consuming and laborious work involving efficient drafting and
handcrafting manufacturing skills. However, skilled technicians cannot create intricate
and sophisticated geometrical shapes or patterns because of technological constraints,
such as natural patterns, fractals, or mathematical algorithms [10]. The designing
process starts with any CAD software to create STL files, a standard tessellation
language for storing the information about surface geometry of 3D objects [3]. The STL
files are then transferred to a machine for converting to G-code and giving the command
to print the 3D model by different AM techniques. There are two methods, the first one
is to print directly using precious metal, and the others, creating prototypes using
plastic, wax, or rubber as printing material, afterward using them as a pattern in
investment casting. The first method is still not popular though few companies offering

direct printing using precious metal powder.

3D modeling offers designing freedom in intricated design to the designers. They can
create any shape, type, size, and simulation of ornaments. In general, while purchasing
jewelry from providers, they offer their own designed jewelry. With the changing of
demand, the clients are want to print their idea design which can be difficult in
traditional jewelry making. Some individual is creating their imagined design in different
3D modeling software. In present days, the desktop 3D printer is affordable for home
users to print their own. However, the printing model in printers depends on different
parameters such as material, layer thickness, temperature, support structure, etc.
Individuals who want to do printing jewelry directly would prefer the desktop 3D FDM
printer, and these printers can extrude both PLA and ABS plastic. Though 3D printing
technology is an advanced technique for producing complicated or multi-material parts,
the mechanical properties of the 3D printed part are not sufficiently studied [11].
Somireddy M et al. [8] developed a constitutive model for 3D printed parts that can
predict the effects of building orientation and layer thickness on the material
performance of the printed parts. Ahn SH et al. [9] investigated FDM printing
parameters and observed that raster orientation and air gap had a more significant
impact on FDM material's tensile strength than others. However, the compressive
strength of FDM materials founded higher than the tensile strength, which had little
impact on the build direction. The mechanical properties of ABS FDM models with

different printing angles were studied by Es-Said OS et al. [12], including tensile
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strength, modulus of rupture, and impact resistance. They discovered that the 0°
printing angle had the greatest strength and impact resistance of all the other printing
angles. Sook AK et al. [13] focused on understanding the impact of printing parameters
such as layer thickness, building orientations, raster width, and air gap on the
compressive strength of FDM parts. This study established a statistical predictive

equation for determining the optimal parameter setting.

Tianyun Yao et al. [11] examined qualitative evaluations of the effect of printing angles
on ultimate tensile strength (UTS) and constructed a theoretical model for the UTS of
3D printing materials. They printed standard test specimens for study with desktop 3D
printer MakerBot Replicator and used PLA as a test material [11]. Although this study
illustrated tensile strength of straight and flat surface area with different layers of
thickness and printing angles, there is no substantial study about the curved surface
parts or geometrical shapes. In jewelry design, the intricated geometrical shape and
forms are used. The designer wants to create an aesthetically attractive design for 3D
printing, which is quite complicated in a traditional method. Especially with a desktop
3D FDM printer and using PLA or ABS as an extruded material, the printing parameters
such as layer thickness, the orientation of printing parts, infill density, temperature, and
support structure are essential for quality printing. Inappropriate printing parameters
could cause missing the parts details. Desired printing quality and details depend on
the printing orientation and the tensile and compressive strength of the parts. A study
can be conducted on the manufacturability of complex geometrical shapes and forms
based on design complexity. The study could be about the manufacturability of curve
shapes such as cylindrical, conical, rounded, helix, or twisted surfaces widely used in
free-form jewelry design. It is also recommended to study their strength and visual
outcomes in FDM techniques with PLA, ABS materials. These studies could provide a
guideline to the jewelry designer who wants to print the designed parts with a desktop
3D printer. There is no study found about the minimum size measurement guidelines
for printing jewelry that remains with its detailed design. This study might help assume
a minimum range of size measurement of the printing parts in desktop 3D printers. The
support structure pattern for the parts could be studied during printing, minimizing the
finishing effort after printing. It plays a significant role in retaining the overhanging

details of the design.

Kinematic jewelry design is a complex assembled parts of hinged, snhap fits, ball-socket
join that behaves as a moving element, coupling with links. Nervous System [16]
desighed such kinematics jewelry with hinged, customized designed triangular parts
that move as a continuous fabric. The pieces of jewelry are built up layer-by-layer,

slightly flexible nylon plastic using selective laser sintering [15]. However, the other
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types of joint or mechanism are yet to study. This study will explore the free-moving

link joint between the jewelry links and design for snap-fit joints.

Figure 2. 1 Kinematics by Nervous System. [40]

In current market trends, users prefer more innovative trends in jewelry design.
Different online shops and designing companies are offering LED jewelry for the
customers. Though this trend is not only limited to jewelry, even in dresses, pants,
scarves, corsets, jackets, and shoes [14]. Cole Cordle, the owner of 'Light up your life
LLC,' has been designed LED necklace, earrings since 2017 [14]. A study can be
conducted about designing the jewelry with LED and examined the manufacturability in
desktop 3D printers. This study can guide the designer about the flexibility of electrical

devices and the suitability of designing parameters.

Figure 2. 2 LED earring (multi-color LED). [41]

13



Therefore, the purpose of this study is to investigate the manufacturability of complex
geometrical shapes and forms, the strength of the printed parts, and the visual outcome
of parts after the printing. This study will provide guidelines about the minimum printing
size limitations in desktop 3D FDM printers using extruded plastic materials. This study
will focus on a free-moving joint in between two links of the designed jewelry parts.
Furthermore, as the current trend of including LED in jewelry is becoming popular, this

study will explore the possibility of integrating LED into designed jewelry parts.
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3. MARKET RESEARCH

The evaluation of Additive Manufacturing (AM) has an extraordinary over the past three
decades. By the Wohlers Report 2016, the market of AM was expected to grow to more
than $21 billion by 2020 [17]. 3D printing in the jewelry sector is used for rapid
prototyping, jewelry models for the mold with lost wax, or complete direct jewelry using
plastic and metal 3D printer. According to SmarTech Market Publishing, an American
research firm, this market may reach $900 million in 2026, which is entitled in "3D
printing opportunities in the jewelry industry-2017: An opportunity analysis and ten-

year forecast” [18].

According to Wohlers Report 2016, AM industry, including all AM products and services
worldwide, raised 25.9% (CAGR) to 45.165 billion in 2015, whereas, in 2014, the
industry reached $4.103 billion with 35.2%(CAGR) growth. The growth of CAGR from
2013-2015 was 31.5%, and over the past 27 years, it is an impressive growth of 26.2%
[19]. Wohlers Associates has been tracking the increase in sales of AM systems for
metal parts for 15 years. In 2015, an estimated 808 metal AM machines were sold, with
a growth of 46.5% compared to 550 metal AM machines were sold in 2014 [19]. In
2015, the desktop 3D printer's (sell for less than $5000) sales unit was significant as it
increased by 69.7% to an estimated 278,385 machines. Though, in 2014 was 88.0%,
with sales of 163,999 machines. Over the past four years (2012-2015), the average
unit sales growth was 87.3% [19].
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Figure 3. 1 The unit of sales 3D desktop machine from 2007 to 2015 [19]
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The 3D printer market is rising. By the report of the Gartner group, in 2015, the 3D
printers were sold at approximately 220,000, and the amount was almost doubled in
2016, approximately 450,000. They also forecasted that the number of sales could be
increased to 6 million units in 2020[20].

3D Printer Sales and Forecast

&,000,000
3,000,000
4,000,000
3,000,000

2,000,000

1,000,000
[Mo data yel avadabbe)

0

2015 2016 2017 2018 2014 2020

® 30 Printers Soid ® 3D Printers Forecast

Figure 3. 2 3D printer sales and forecast [21]

According to the TransMagic, investigations were done by looking for top reviews of 3D
printers in 2017 and compiled their comparison, therefore included into the comparison

list highlighting critical features, showing in Figure 3.3.

3D Printers Under $4000 Compared for Industrial Usage
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Figure 3. 3 3D printers under $4000 compared for industrial usage [21]
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TransMagic categories the most popular 3D printers into four rough categories, which
were economy (below $500), hobbyist ($700-$1200), midrange ($1800-$2500), and
high-end (~$3500) [21]. In the vertical axis, the Z precision of the 3D printer was
placed. The precision of the 3D printer ranges from 100 microns to 20 microns. The
smaller number of microns will be a more precise and smoother surface finish. The total
built volume ranges from 0.06 cf(cubic feet) to 0.69 cf, which is enough to print a coffee
cup to print a basketball. Figure 3.3 indicates replaceable extruders options that show
that the Makegear M2, the MakerBot Replicator+, the Ultimaker 3, Lulzbots Rostock
Max, and the Craftbot Plus all have replaceable options. The Ultimaker 3 has a dual
extruder head that allows the printer to build the model with two different materials or
colors without replacing the filaments. In this chart, all the 3d printers can extrude PLA
plastic, except the Makerbot Replicator+ and DaVinci Mini; others can also extrude ABS
plastic. The Makerbot Replicator+ has options for an experimental extruder which allows
a wide range of third-party material, but the rest of the printers are accepted only the
proprietary material. The number is shown inside the padlock symbol, which indicates

the total materials printable by each printer [21].
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3.1 3D printer comparison

Each specific 3D printer can provide efficient quality with one material and inefficient
quality with another material. So, it depends on the material properties adaptability of

printers. Table 3 demonstrates the comparison of four 3D printers.

Table 3. 1 Comparison of 3D printers [22].

Score(out of
100)

Picture
Y & . _{]
o \llﬂ.vulwr_
u“:‘;:‘, »L?
1 :
—~ = .
Name Ultimaker 2+ Creality 3D Creality 3D Monoprice Select
CR-10S Pro Ender 3 Pro Mini V2
V2
Price $2500 approx. $669 approx. $280 approx. $220 approx.
Overall 74 70 62 51

assembly than
other printers

ABS can require
a bit of tinkering

Pros Excellent prints, | Efficient form Great budget, Inexpensive,
ready to use factor, solid printing compact
from the box, admirable capabilities,
widespread prints of fused decent print
support filament quality.
fabrication,
easy to use
Cons Expensive a bit more A bit difficult in Struggled with ABS,

a small build area

Bottom Line

Best for who
wants the best
quality

High capability
with quality at
an affordable
price

Authors favorite,
tight budget with
considering little
tinkering to print
perfectly

Not the best in this
group, but
affordable on a
tight budget.

Print 8 7 6 5
;Quality(40% (out of 10) (out of 10) (out of 10) (out of 10)
Ease of 7 7 6 5
Use(30%)

Print 7 8 7 5
Capabilities

(20%)

Support 7 5 6 6

(10%)
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Build 223x223x205 300x300x400 200x200x250 120x120x120 mm
Volume mm mm mm
(X*Y*Z)
Maximum 2600°C 2600C 2550C 2500C
extruder
temperature
Maximum 1000°C 1100C 110°C 60°C
bed
temperature
Included 0.4mm installed | 0.4 mm 0.4 mm 0.4 mm
nozzle sizes (0.25mm,0.6m

m, and 0.8mm

included)
Print layer 0.25mm 0.1-0.4 mm 0.1-0.4 mm 0.1-0.35 mm
height range | nozzle:0.15-

0.06mm

0.40mm nozzle:

0.2-0.02mm

0.6mm nozzle:

0.4-0.02mm

0.8mm nozzle:

0.6-0.02mm
PLA? Yes Yes Yes Yes
ABS? Yes Yes Yes Yes
Network No No No No
printing
SD card or Yes Yes Yes Yes
USB drive

During the design process, the size of the 3D-printed jewelry can be easily managed. A
desigher may create the 3D CAD model and define or alter them following the CAD
CAD software like
Solidworks, AutoCAD, PTC Creo, and Rhinoceros (Rhino 3D) is used in engineering,

modeling software for individual customers [6]. Commercial
architecture, product design, and industrial design. SolidWorks is a hybrid solid and
surface modeler, and Rhino 3D uses non-uniform rational B-spline (NURBS) in surface
modeling. Rhino 3D is widely used to design fashion products like jewelry, where it does

easy work with complex curved surfaces compared to SolidWorks [6].

Research by Statista Research Department shows that the 3D printing product and
service are anticipated to exceed $40 billion by 2024 [23]. The present market offers
3D printable file-based websites to choose a free download or payment model. In

addition, each site provides a wide choice of 3D printing designs to print at home. The
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most popular sites for downloading 3D printable files are Thingiverse, CGTrader,
Pinshape, Cults, MyMiniFactory, 3DExport, PrusaPrinters, GrabCAD Library, Free3D, and
so on [24].

50

408

40

20

Market size in billion US. dollars

2020 2022 2024

Figure 3. 4 The worldwide 3D printing product market size 2020-2024.[24]

Artists, artisans, and industrial designers have embraced AM techniques because of their
ability to produce unique, fascinating, and attractive geometric shapes [25]. For
example, in the jewelry industry, 3D printing is used for direct production and produces
patterns for investment casting (Figure 3.5). 3D printing also creates freedom in new
forms for clothing, shoes, purses, and other accessories in the fashion industry [25]
(Figure 3.6).

Figure 3. 5 Jewelry produced with AM: Left- award-winning tiger ring from OG-Art-pattern printed
in wax on a Solidspace machine[25]; Centre- Kinetic ring from Vulcan jewelry, courtesy of Vulcan
jewelry; Right- custom R2D2 inspired ring from uptown diamond and jewelry- pattern printed in

wax on a 3D system Prolet machine[26]
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Figure 3. 6 AM in the fashion industry: Left- A dress collection of Iris van Herpen’s Voltage
haute couture, produced using laser sintering [27]; Center- Purse from Kipling, produced using
laser sintering [28]; Right- Mutatio shoes by Francis Bitonti produced using SLS and then gold

plated, courtesy of Francis Bitonti Studio.

The current 3D printing jewelry market pushes the previous jewelry elegance to another
level. 3D printing jewelry is offering critical and intricated geometries that were rare to
create in previous methods. By the 3D source, the investigation shows the best ten 3D
printing jewelry from innovative companies worldwide [29]. ‘Nervous System’ is a 3D
printing jewelry company that combines complex and unconventional geometries
inspired by natural sources like coral, colorful agate slices, and more. One of the main
philosophies of this company is crate online design applications that allow customers to
collaborate and co-create products [29]. ‘Radian’ jewelry company is influenced by
architecture and graphic design. They are creating stunning pieces out of stainless steel,
gold, silver, and nylon. They have stock all around Germany, Europe, Middle East,
Russia, and the USA [29]. Diana Law combines 3D printing and engineering with high
fashion. This company creates stunning jewelry by selective laser sintering with
materials like plastics, stainless steel, and nylon. Their 3D printed accessories are united
with real precious gemstones like sapphires [29]. Guy and Max's company’s philosophy
stands the use of recycled metals where possible to avoid mining. The service is provided
with a completely custom 3D design, intricate design and combine with any gemstone
[29]. American Pearl using 3D printing to create precious geometric rings, earrings,
necklaces, and more. They discovered that their sales go double after using the 3D
printing process [29]. Anna Reikher creates her hand drawing design to turn it into 3D
printed jewelry for the customers [29]. Studio Noesis offers intricate framework

bracelets, rings, necklaces, and earrings with a simple, clean and shiny approach [29].
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Table 3. 2 Summerize of a 3D printed jewelry company and their offers [29].

Company | Description | Specialization | Offers to the Example and Source
Name customer
Nervous Founder Nervous system | Collaborate and co-
System Jessica design, create products,
Rosenkrantz | combined with besides jewelry, also
and Jesse unconventional | offers lamps, innovative
Louis- geometries puzzles.
Rosenberg in | shape. Source: [16]
2007.
Radian Founded in Marvelous 3D The abstract and —
2012 by printed jewelry | graphic shape /”[/\y\»>\
Nicole Nitz pieces focused necklaces, rings,
and Sandro on geometric bracelets, and earrings. "~’/‘ 7 y
Schieck. and abstract Providing ring size -
Based on shapes. conversion chart and
Berlin Sustainable return policy. Source: [42]
company production
Diana Law | Started 3D Incorporated Real precious
printed engineering gemstones, sapphires .
jewelry in with 3D combine with ear maps, z (
2014 printing. bracelets, and bags. A\‘i.r
Source: [43]
Guy and Founded by Recycle metals, | Custom pieces of
Max two brothers, | design on jewelry and offers free
the son of a customers' yearly cleaning service
diamond desire and after the purchase.
merchant in dreams,
London collaborative Source: [44]
process.
American | The Customize and Allowing customers to —
Pearl American sophisticated customize their design o A -
company design with via the web, choose the :'{dr‘\:;
moved into gemstone and color and stones. @I | 2)
N -
the 3D pearls with 3D
printed printed jewelry
jewelry in Source: [45]
2014
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Anna A 3D Inspired by The jewelry pieces are .
Reikher designer nature, yoga, the result of hand @i\
from New and origami. drawing and o> :%‘ .
York, United customized.
States Source: [46]
Studio Founded by Intricated Offers lowest cost
Noesis an Australian | bracelet with a bracelet starts at below
designer variety of $100.
Luke materials
Flanagan. including brass,

silver, and

bronze.

Source: [47]
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4. CONCEPT GENERATION AND SELECTION

4.1 Concept generation

Jewelry items are used since ancient times to beautify the body. There are different
types of jewelry to embellish every part of the human body, from a hairpin to toe rings.
The popular types of jewelry are earrings, necklaces, bracelets, cufflinks, and rings. The
primary idea generation for this study starts with the jewelry design, which can be
manufactured with a small range 3D desktop printer. The primary design idea was about
necklaces and bracelets. During the concept generation stage, the area selection of
jewelry was considered both man and woman wearable design. Therefore, the
preliminary design starts with paper sketching for bracelets design. The basic idea was
to design flexible jewelry, a kind of different joints that can be manufactured in 3D
printers.

Figure 4. 1 Design of bracelet link in rectangular shape with different supports.

Figure 4. 2 Design of bracelet link in an irregular shape with integrated pin supports.
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The possible design idea concerning connections in between subsequent links is
generated in different mechanical ways. First, the joint between two links could be
moved in a certain degree of freedom. Then the design might be flexible enough for

laying on a curved surface. For example, Figures 4.3 and 4.4 illustrate a different idea
about pin and hole joint between two links.

Figure 4. 3 Design of bracelet link in a regular shape with integrated pin and hole joints.

Figure 4. 4 Design of bracelet link in a regular shape with integrated spherical connections.

The designing idea also engaged some geometric shape formation. The basic idea is to

create an interlinked geometric shape that makes a continuous chain as required. The
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design should be considered flexible enough that it can be wear as a bracelet. Figure
4.5 illustrates the basic idea of a pentagon box shape link for the bracelet, an integrated

connector to link up the following same links.

Figure 4. 5 Design of bracelet link in a geometric pentagonal box shape with integrated

connector.

The design is also explored to figure out other geometrical shapes such as cylindrical,
conical, spherical, helix, or twisted surfaces that can be included in designing bracelet
links. The primary idea concept was generated from a conical-shaped object. Figure 4.6
illustrates the transformation of design for a different shape.

Figure 4. 6 Design of bracelet link with conical, cylindrical, helix, and twisted surface shape with

integrated connector.

The designing processes start with a CAD software named SolidWorks student version

software. Then, the designing process continues with different idea drawings and
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creates the variation of support and linkage options. This rectangular design is close to
the general pattern bracelet design, where it could be possible to design different types
of impressions or stamps on the top surface. Five alternatives have been designed and

assembled to visualize the outcome (Figure 4.7).

Figure 4. 7 Design of bracelet link in rectangular shape with different supports in SolidWorks

software.

A possible modular design has been done with rectangular boxes, where boxes can be
arranged to create an interconnected chain shape that can give a continuous chain
shape. Also, it can create various rectangular shapes and rearrange along with different

axis. In Figure 4.8, a modular design has been created with a chain shape.

Figure 4. 8 Design of bracelet link in modular design with an interlinked connector in SolidWorks

software.

Designing the concept of the regular geometric pentagon flat shape with an integrated
spherical joint is shown in Figure 4.9. This design aims to create a 2D shape flat box
with a spherical connector that will allow flexible movement and figure out the

manufacturability of spherical joints.
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Figure 4. 9 Design of bracelet link in a pentagon flat shape with integrated spherical joints.

The designing of regular geometric box shape has been formed by a pentagon shape
box with a pentagon top. This design also considers an internal connector extended
edge to connect the subsequent links. The idea is to design a geometric box shape that
has free space inside the box. This space can be used for any object that can move
freely. Figure 4.10 illustrates the design for the pentagon box.

O OO

Figure 4. 10 Design of bracelet link in a geometric pentagonal box shape with an integrated
connector in SolidWorks.

The design idea regarding the shape has a free-form shape, which can be redesigned
with other shapes. To explore the different geometric shapes in design, cylindrical,
spherical, conical, and twisting shapes are introduced in a lantern design shown in

Figure 4.11. A sphere and ring connector is used to connect the two links internally.

28



Figure 4. 11 Lantern design of bracelet link with conical, cylindrical, spherical, and twisted
surface shape with an integrated ring connector.

Besides the twisting parts between the base and the upper conical shape, some different
shapes are also constructed to fill up the gap between the two twisted shapes. Thus,

four different shapes are included with the designed part, shown in Figure 4.12 (a - d).

Figure 4. 12 (a) Two rounded shape wire that twisted together and connected with the base of
the design, (b) a helix shape three edge shape form connected within the base and upper part of
conical shape, (c) a rectangular shape wire twisted and connected within the base and upper part
of conical shape, (d) Two rounded shape wire that twisted together, and one wire criss-cross
connected with the base of the design.

4.2 The manufacturing process and pitfall

After completing the possible design, the desktop 3D printer Ender-3 FDM printer [30]
was chosen to print the models. The nozzle diameter of this printer is 0.4 mm with a
printing accuracy of £0.1 mm [30]. PrusaSlicer software [31] has been used for turning
a 3D model into instructions for printing it. As the PLA material has been chosen for the
printing models, the temperature of the nozzle and bed temperature was maintained at
210°C and 60°C, respectively. The layer height was 0.2 mm, and the speed was 60
mm/s [31]. The infill density was 95% with triangles fill pattern. The travel speed of

non-print moves was 230 mmy/s. The first model, the rectangular shape, was printed
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with its designed measurement, 10 mm in XY axis orientation. The printing parameters
were maintained the same as mentioned above. Figure 4.13 illustrates the printing

outcome after separating the supports.

Figure 4. 13 The printing outcome of rectangular shape design after removing supports using
Ender-3 FDM printer.

According to the printing outcome of rectangular shape, the key aspects are:

- The support under the overhanging part was difficult to remove.

- The printing outcome was found the actual shape according to design, though
the connector (diameter 0.8mm) between two bars was printed with less
strength. The printed shape less than 1 mm was found weaker and irregular
shape.

- The outer surface smoothness was entirely satisfactory.

- The movement degree of freedom was convenient. However, there is an
opportunity to improve the flexibility and degree of freedom of movement

through a redesign.

The second model, a modular design, was printed with the same parameters. It was
also printed in XY axis directions with auto-generated supports (Figure 4.14). The size
of one link is 16 mm.
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Figure 4. 14 The printing outcome of the modular design using the Ender-3 FDM printer.
According to the Figure 4.14 printing outcome of modular design, the key aspects are:

- The support under the overhanging part was challenging to remove as the
size is less than 5 mm from the base.

- In XY-direction printing outcome was provided the actual shape of details
according to the design. However, the small rectangular box which a wall
thickness is 0.68 mm did not print with good strength.

- The outer surface smoothness was satisfactory, though it had some extra
material layer in the side walls.

- The movement degree of freedom was suitable according to design. Still,

there is an opportunity to improve flexibility.

The pentagon flat shape design print was continued with the exact parameters of the
printer as declared earlier. It was printed in XY axis directions along with auto-generated
supports (Figure 4.15). The edge of the pentagon shape was 14 mm, and the
rectangular shape 15 mm.
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Figure 4. 15 The printing outcome of pentagon flat shape design after removing supports using
Ender-3 FDM printer.

According to the printing outcome of pentagon flat shape design, the key observations
are:

- The support was used almost less because of the flat geometric shape.
However, under the pin part, it was challenging to remove the supports.

- The outer surface smoothness was relatively satisfactory, though it had some
extra melted material in the hole part of the design.

- The pin-hole area restricted the movement of the interconnected pentagon

shape, and there was a possibility to break easily.

The geometric pentagon box shape design was printed with defined parameters, and
the height of the pentagon box was 12 mm in size. The support was auto-generated
and was printed in XY directions (Figure 4.16).

32



Figure 4. 16 The printing outcome of pentagon box shape design with supports (left) and after
removing supports (right) using Ender-3 FDM printer.

The printing outcome provides the information about design’s printability are discussed
below:

- There was quite a lot of support under the overhang extended link, and it
was tricky to remove the supports.

- In XY-direction printing was provided the actual shape of details according to
the design.

- The outer surface smoothness was satisfactory.

- The side edge area restricted the movement of the interconnected pentagon
box shape. However, there is an opportunity to improve the flexibility through
a redesign of the extended part.

The last model, lantern design, was printed with a height of 19.5 mm in both Z and XY
axis orientation. Again, the printing parameters were maintained the same. Figure 4.17

illustrates the printing outcome after separating the supports.

Figure 4. 17 The printing outcome of lantern design with supports (left) and after removing
supports (right) using Ender-3 FDM printer.
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According to the printing outcome of lantern design, the key aspects are:

- The helix part was not visible. The twisted part was not printed in the desired
shape.

- The support around the helix and overhanging part was difficult to remove.

- Removing support from XY-direction printed part was challenging.

- The outer surface smoothness was not satisfactory.

- It was too small for printing in this size of the model. For that reason, printing

quality was not desirable.

The study has experimented on the printing size of the lantern design as the details
were not visible with actual scale. The printing was attempted with the same printer
parameters and the size 28.5 mm (scale-up 150%) and 38 mm (scale-up 200%)
illustrated in Figures 4.18 and 4.19, respectively. The printing outcome of the 28.5 mm
lantern has been observed that the shape of the helix and twisted surface lost the
continuity of material in some points. The removal of supports also remained difficult.
In a 38 mm lantern, the twisted surface has been printed with a defined shape, and the
helix shapes were printed sufficiently. However, during the removal of supports, some
of the helix shapes were damaged. In different sizes of lantern design, the 38 mm has

provided the desired printing outcome among all.

Figure 4. 18 The printing outcome of 28.5 mm lantern design (left) and 38 mm lantern design
after removing supports (right) using Ender-3 FDM printer.

For comparing with the different 3D printers, MakerBot Replicator Z18 [32] has been
chosen for two models, pentagon box and lantern design. This printer uses PLA as the
material with 1.75 mm (0.069 in). The nozzle diameter is 0.4 mm (0.015 in). This
printer uses its own MakerBot print software for operating printing parameters. During
the printing, the layer height was 0.2 mm. The infill density was chosen 80% with a

linear infill pattern. Extruder temperature was 210° C, travel speed 110 mm/s, and
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printing speed was 40 mm/s. The support for the model was auto-generated. The
MakerBot Slicer builds support under overhangs and long bridges. Figure 4.19 illustrates
the printing orientations of two models where lantern design was positioned in both XY-
axis direction and Z-axis direction. The pentagon box size was 12 mm, and the lantern

design was 38 mm chosen for the printing.

Figure 4. 19 The printing orientation of pentagon box design and lantern design using MakerBot

printer.
According to the printing outcome of pentagon box design (Figure 4.20):

- The support under the overhanging part was difficult to remove.
- In Z-direction, printing has provided the actual shape of details according to
design.

- The outer surface smoothness was quite satisfactory.

Figure 4. 20 The printing outcome of 12 mm pentagon box design after removing supports
using MakerBot printer.

According to the printing outcome of lantern design (Figure 4.21):
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- The designed shapes were maintained better in the Z direction orientation
than XY- directions.

- Removing support from XY-direction printed part was difficult, and the
smaller detail design was lost during the cleaning processes.

- Moreover, in between two links, the rotation was limited due to the base part
of the design.

- Removing support from Z-direction printed part was less complicated, but

the small detail design parts were lost during cleaning.

Figure 4. 21 The printing outcome of 38 mm lantern design in Z-direction (left) and XY-

direction (right) after removing supports in the MakerBot printer.

In both 3D printers, the auto-generated printing supports were causing the difficulties
of removing the supports. Generated supports suppressed the helix of the lantern
design. Manual support has been designed to come up with a possible solution to that
problem (Figure 4.22a). The designed part was assembled in CAD systems with a
clearance that did not attach to the lantern body. This manual support was placed in
between two lantern links in Z-directions (Figure 4.22b). Then the printing has been

done without allowing the auto-generated supports.

(a) (b)

Figure 4. 22 (a) The design of manual support as a part, (b) Assembly of parts with lantern
design.
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The assembly design was printed using Ender-3 with previous parameters. Figure 4.23
illustrates the printing outcomes of manual parts and after removing the support part.
The manual part was printed with little support with the surface of the lantern body,
which was easily removable manually. The helix part came out with the desired shape

after the cleaning process.

Figure 4. 23 The printing outcome of the lantern with designed manual supports (left) and after

removing supports (right) using the Ender-3 FDM printer.

Figure 4. 24 The comparison between the auto-generated printing supports (left) and manual-
designed printing supports (right).

In design improvement of lantern design, to increase the degree of freedom between
two connected links, the distance between the base and middle circular ring has been
reduced 3 mm to 1 mm. This change of design has allowed more freedom to rotate
around the base. The designing idea also considers the different methods of joining the

two lantern links. The assembled lantern part would be challenging to print more than
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four links in Z-directions. Thus, the snap-fits joint has been considered in between the
two link joints.

The diameter of the ring and the sphere's diameter were designed to push and fit inside
together. Therefore, each link was printed separately and assembled by pushing the
sphere head into the ring connections. Figure 4.25 shows the detailed view of a
connection after printing. The connection was weak because the diameter of both ring

and the sphere was the same. Thus it was easy to fit and detach with little force.

Figure 4. 25 The printing outcome of the lantern with snap-fits design with same 5 mm radius
using Ender-3 FDM printer.

Another possible design has been done by cutting the sphere head and removing the
material from inside that allows the head to push inside a smaller diameter than sphere
diameter. However, the printing outcome was satisfactory, but the sphere head was
broken when it pushes through the ring (Figure 4.26).

Figure 4. 26 The printing outcome of the lantern with snap-fits design with the cutting of sphere
head using Ender-3 FDM printer.
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The study designed further possibilities with additional lips on the ring to hold the sphere
after passing through the ring to overcome the design difficulties. The ring diameter is
more significant than the sphere diameter, and the lips diameter is smaller than the
sphere diameter. The design is a non-detachable joint that allows fitting the sphere but
will restrain the detachment from the ring. Figure 4.27 illustrates the CAD model of

design and the manufactured parts of the designed model.

Figure 4. 27 The CAD design of snap-fits design(left) and printing outcome of the lantern with
the snap-fits design using Ender-3 FDM printer(right).

4.3 Concept selection

The concept selection scoring matrix has been performed by selecting criteria. Five
criteria have been selected according to the objective of the study. These criteria are

discussed below:

The complexity of design: This study explores the different geometric shape complex
designs and their manufacturability in desktop 3D printers. The shape with a simple
rectangular, square, or flat surface could be a non-complex geometric shape. On the
other hand, the shape with sphere, twisted surface, helix, incline triangle could be a
complex geometric shape. The complex geometric shape and forms are desired to do a
further continuation. The rating of less complex will be 1, and more complex will get 5

on a scale.

Surface smoothness: Surface smoothness means the level of outer surface roughness
of a model. Depending on the surface curvature, the surface roughness varies during
the printing process. This criterion is essential for the surface quality of the product. On
a rating scale, 1 is for the rough surface, and 5 is for the smooth surface of the printed

model.
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Difficulties of removing supports: In a 3D printer, generating printing supports for
the overhanging and unsupported parts is an important issue. However, removing the
supports from the model after printing, generally a cause of damaging the details of
models. So, fewer supports are always desirable for printing. Depending on difficulties
in removing supports, 1 is more difficult to remove, and 5 is for least challenging to

remove supports of the printed model.

Visual outcome of printed model: Aesthetics of design defines a design’s pleasing
qualities that include factors such as balance, color, movement, pattern, scale, and
visual weight. The visual outcome might depend on the usability, functionality of

attractive layouts. On a rating scale, 1 is least favorable, and 5 is most favorable.

Possibility of the new design: The further opportunities to introduce a new design or
develop the existing design could be an option for developing a design. Depending on
the implementation of a new design, 1 is the least possibilities, and 5 is for most

possibilities of the designed model.

Table 4.1 shows the selection criteria with weight, rating, and the weighted score of all

five designs used to decide a design for further development.

Table 4. 1 Concept selection matrix

Concepts
Rectangular Modular Pentagon flat | Pentagonal Lantern
shape design shape box shape shape
Section Weigh | Rating | Weight | Rati | Weight | Rati | Weight | Rati | Weight | Rati | Weig
Criteria t ed ng ed ng ed ng ed ng hted
Score Score Score Score Score
Complexit
y of
design 30% 3 0.9 3 0.9 3 0.9 3 0.9 5 1.5
Surface
smoothne
ss 10% 2 0.2 3 0.3 4 0.4 5 0.5 3 0.3
Difficulties
of
removing
supports 20% 3 0.6 4 0.8 4 0.8 3 0.6 2 0.4
Visual
outcome
of printed
model 25% 4 1 3 0.75 3 0.75 5 1.25 4 1
Possibility
of new
design 15% 2 0.3 3 0.45 2 0.3 4 0.6 5 0.75
Total
Scor 3 3.2 3.15 3.85 3.95
e
Rank 5 3 4 2 1
Conti
nue? No No No Develop Develop
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From the above selection matrix, among five designs, the pentagonal box and the
lantern design are selected for further analysis as the most potential design. Although
all selection criteria have been selected solely for this study, it is possible to choose
other criteria upon the designer’'s own choice and consideration. Thus, depending on
different design aspects, this selection matrix (Table 4.1) can be reconstructed. For this
study, the complexity of form and the possibility of the new design have been

considered. However, for the other designer, the selection could be modified.

According to the concept generation process, this study has explored different
geometric designs from a sketch on paper to a printed 3D model to investigate the
manufacturability of desktop 3D printers. The design with a dimension less than 10 mm
has been found relatively infeasible to print with its actual detailed design. In lantern
design with helix and twisted shape are found manufacturable in a minimum of 38 mm
length size. Snap-fits design has been applied to the lantern design with satisfactory
outcomes. The design parameters of snap-fits components are important for
consideration. This design feature could allow the flexible assembly option. It is
recommended to select the printing direction in XY direction rather than Z direction for
the design to achieve the better strength of the model. The designer should consider
the printing direction during the designing stage. This study also found difficulties with
removing the auto-generated supports after printing. Designing manual supports in the
model could provide an opportunity to ignore the auto support by the slicer software.
It would be recommended for the designer to think about the possible manual support
design for the designed model to minimize the auto support during 3D printing., A high-
quality 3D printer is recommended to achieve better printing quality and strength of

complex design.
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5. TECHNICAL RESEARCH

5.1 Fused decomposition modeling (FDM)

The FDM is an additive manufacturing process in which thin plastic filaments create
structures by layering them together. The FDM was patented by Scott Crump in 1988
[33] and commercialized by Stratasys in the USA. The filament is normally heated to a
molten state before being extruded through the 3D printer nozzle. Then, according to
the G-code instructions, the nozzle head travels three degrees of freedom to deposit
the extruded polymer on the build plate. Figure 5.1, the principle of the FDM process

illustrates in a schematic diagram.

Filament spool

—
3
S —
3D print
Printing platform

Figure 5. 1 Principle of fused decomposition modelling [34].

The material comes on a spool from a roll of plastic filament. To create a component,
the filament is fed into an extrusion head and heated to a semi-liquid state. The head
precisely extrudes and guides the molten material onto a fixtureless surface in ultra-
thin layers. The flow of molten material can be turned on and off using a controlled
process in the nozzle [35]. During the layering, the printing nozzle moves back and forth
according to the spatial coordinates of the initial CAD model within the G-code files until
the specified size and shape of the component are produced. In some FDM 3D printers,
multiple extrusion nozzles can be used to deposit the polymer ingredients, particularly
when compositional gradients are needed. For model material and support material, two

different nozzles are used. Support material (SR30-XL) for the Stratasys uPrint-SE



system is water-soluble, while the model material (P430XL) for the same system is
insoluble [35]. Therefore, the model and support material can easily be separated by
exposure to water. A heated environment is maintained (at approximately 72°C) during

prototyping to avoid structure tension and warping due to the filament cooling process.

In particular, most low-cost FDM 3D printers can only print one kind of thermoplastic,
which is polylactic acid(PLA). PLA is a bioplastic that is both environmentally sustainable
and safe for human and animal welfare. PLA is made from 100% sustainable materials,
including corn, sugarcane, wheat, or other high carbohydrate resources [36]. The most
low-energy and cost-effective 3D printer can extrude it because of transitional glass
temperature between 50 and 70°C and a melting point temperature between 180 and
220°C [37]. PLA has been shown to have strong flexural modulus, tensility, and flexural
strengths in its semi-crystalline form. PLA is offered in a range of colors and textures in
the marketplace. Color PLA makes appealing to consumers, including those who work
with domestic and decorative 3D printers. The variety of colors and textures of PLA has
broadened the demand for CAD designers and toy fans. As a result, the designer can
develop creative ideas and upload them to different databases such as TurboSquid, CG
Trader, Shapeways, Cults3D, 3DSquirrel, and Thingiverse. The hobbyist and toy
enthusiasts can purchase, download, and print the design on their own. Other material
options can also be found in FDM processing, including polycaprolactone (PCL),
polypropylene (PP), polyethylene (PE), polybutylene terephthalate (PBT), Acrylonitrile

butadiene styrene (ABS), wood, nylon, metals, carbon fiber, graphene- doped PLA.

5.2 Printer parameters

A slicer converts a 3D model into printing instructions. Without a slicer, the printer
would not be able to know about the instructions. Cura, PrusaSlicer, and Simplify3D are

some popular slicers in the market [38].

Temperature is a critical parameter for 3D printers to produce quality prints because it
affects every part of the printing process. For example, a nozzle temperature that is too
low can cause under-extrusion and nozzle jams, whereas a too high temperature can
cause over-extrusion, heat creep, oozing, and zits. Depending on the filament material
and producer, PLA generally printed at a nozzle temperature of 180-220°C. The nozzle
temperature for ABS and PETG are slightly higher, at 220-250°C and 220-245°C,
respectively [39].
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| uus.Ender3_V6.ini (Ender3_V5.ini (Ender3_V5.ini (Ender: v| E1X ? G q, ® Expert
= Layers and perimeters Layer height
2 Infill
) Skirt and brim Layer height: B |02 mm
() Suppert material First layer height: B *|03 mm or %
() Speed
57 Multiple Extruders
% Advanced Vertical shells
[ Output options . =, . .
Perimeters: 8|3 ~ | (minimum)
B N
% Dependencies Spiral vase: ga-0

Recommended object thin wall thickness for layer height 0.20 and 2 lines: 0.86 mm , 3 lines: 1.26 mm , 4 lines: 1.67
mm, 5 lines: 208 mm, € lines: 249 mm

Horizontal shells

Solid layers: Top: B LEE: = Bottom: B *|3 =
Minimum shell thickness: Top: B0 mm Bottom: 8|0 mm

Top shell is 0.6 mm thick for layer height 0.2 mm. Minimum top shell thickness is 0.3 mm.
Bottom shell is 0.6 mm thick for layer height 0.2 mm. Minimum bottom shell thickness is 0.3 mm.

Quality (slower slicing)

® Extra perimeters if needed: 8-
Ensure vertical shell thickness: B0
® Avoid crossing perimeters: 80
Avoid crossing perimeters - Max 0 o .
- detour length: B e |0 mm or % (zero to disable)
Detect thin walls: 8-
Detect bridging perimeters: 8-
Advanced
Seam position: 8- Aligned ~
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Figure 5. 2 An user interface of PrusaSlicer for printing parameters.

Bed temperature is essential for model printing, affecting how well a model sticks to the
build plate. For example, PLA is comfortable with a bed temperature up to 60°C,
whereas ABS needs a temperature range of 80-110°C with an enclosure to keep

surrounding heat.

Layer height is another influential factor that means the distance the Z-axis moves up
every layer. A detailed part can be achieved by a smaller layer height, and for the robust
parts, a larger layer height is required. For example, a 3D printer like Ender-3, 0.2 mm
layer height, is good. However, it is recommended to use 0.16 mm for intricate parts,

0.24 mm for more robust parts [39].

Speed is a vital parameter for printing, the speed at which the printhead moves. Printing
too fast will result in under-extrusion and rough prints, while printing too slowly can

result in hot and clogs (heat creep). For Ender-3, a safe printing speed is 60 mm/s for
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PLA [39]. For the different sections of the parts like perimeters, infill, bridges, solid fill,
support material, and gap fill, it is suggested to use 50-60 mm/s speed. However, the
first layer should print with a speed of 20 mm/s for good bed adhesion. To determine
how fast the printer moves during non-printing moves, known as travel speed. It has

been recommended to use a travel speed of 130 mm/s for Ender-3 [39].

Retraction is the method of pulling the filament back while the printhead is not printing
to prevent the excess filament from oozing out of the hot end. The retraction distance
and speed can be used to regulate retraction. For example, for PLA and ABS, the
suggested retraction distance is 5 mm for Ender-3, and the retraction speed for PLA is

40 mm/s, whereas, for ABS, a speed of 45 mm/s is recommended.

Infill setting is affected by both the strength of parts and the time it takes to print. For
a stronger part, the high infill rate is applied usually increases the print time, while print
time is reduced with softer ones. A complete solid part refers to 100% infill, and 0%
infill is hollow. PrusaSlicer offers a range of infill pattern choices, including grid, triangle,

gyroid, star, cubic, honeycomb, and more.

Shell or perimeter is the solid periphery and exterior of a printed part. The thickness of
the shell is typically defined in millimeters or as many layers. Shell thickness is
significant because of the strength of the model. Therefore, it is recommended to set

the vertical, top, and bottom shells all of three [39].

Supports keep up overhanging features on models whether they follow particular criteria
set by the slicer. Slicer software adds supports to the model where necessary. Those

supports can be removed while the whole model is done.
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6. STRENGTH ANALYSIS

The researches in this study have been designed to test all model that printed on the
3D printer. The study aims to test the structure of models, the yield strength, the
compressive strength, and analyze some critical situational strength. Finite element
analysis (FEA) has been done using ANSYS software to simulate computer models of
structures for analyzing the strength. The boundary conditions are used as one fixed
support and a 100N force applied to all structures. According to the analysis outcomes,
this study intends to provide recommendations for designers about the different
geometric shape strengths.

6.1 Yield strength

To perform the yield strength analysis, a CAD model has done in SolidWorks software
and exported as STEP or IGES files, then imported to ANSYS. The material was selected
as Polylactic acid (PLA). Fixed support and a force of 100N have been chosen for the
boundary condition of model analysis. The boundary condition of the rectangular box

model is shown in Figure 6.1. The fixed support is placed at the bottom and 100N pulling
force at the top surface of the model.

ANSYS

2021 R1

ACADEMIC

L.

0.000 3.000 6,000 (mm)
- . ]

1.500 4.500

Figure 6. 1 The boundary condition of the rectangular box design.

This study explores the total deformation of the model using analysis. Figure 6.2
illustrates the maximum deformation .011 mm has been found at the middle of the top
surface, and the value is significantly low.
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2021 R1
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0.0051556
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L m 1

1.500 4500

Figure 6. 2 The total deformation of the rectangular box design.

This study also examines the number of stress for the 100N tensile force. Figure 6.3,
the maximum equivalent (von-Mises) stress has been obtained 36.2 MPa at the bottom

of the model where the fixed support has been given.

ANSYS

2021 R1
ACADEMIC

32.202
28177
24153
20129
16104
12,08
80559
20316
0.007306 Min

0,000 3.000 6,000 (mm)
L . ]

1.500 4.500

Figure 6. 3 The equivalent (von-Mises) stress of the rectangular model.

The same pulling force, 100N and fixed support at the bottom, has been applied to the
modular model design (Figure 6.4). However, after running analysis, the deformation
has been found 0.218 mm at both top-sided curved structures, which are unsupported

in this model.
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Figure 6. 4 The boundary condition (left) and the modular design's total deformation (right).

In the same analysis, the equivalent stress has been found 216.24 MPa at the connection
between the curved shape and the rectangular body (Figure 6.5). At that point, the

structure might start to create a fracture.

0.0013996 Min

Figure 6. 5 The equivalent (von-Mises) stress of the modular design model.

The pentagon flat shape model has been fixed support at the bottom edge, and a pulling
force of 100N has been applied at the top surface. As a result, the analyzed deformation
has been found in the middle of the top surface of 0.075 mm (Figure 6.6)

Figure 6. 6 The boundary condition (left) and the total deformation (right) of the pentagon flat

design.

The region of concentrating the highest stress has been found at the hole part area. The

equivalent stress of 24.19 MPa means that the crack might happen (Figure 6.7).
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1.2944e-7 Min

Figure 6. 7 The equivalent (von-Mises) stress of the pentagon flat design model.

For the pentagonal box shape model, the fixed support has been selected at the bottom
of the model, and a 100N force has been applied at a pentagon area (edge 2.92mm)
upward. As a result, the highest deformation, 1.24 mm, has been seen at the peak of
the model (Figure 6.8).

041517
027678
013839
0 Min

Figure 6. 8 The boundary condition (left) and the total deformation (right) of the pentagonal box

design.

The equivalent stress in design has been found at the corner where the top inclined
surface met with vertical side edges. Again, the stress is relatively high, 391.98 MPa at

that point, illustrates in Figure 6.9.

49



174.22
N 130,66
u 87111
43.558
0.0054202 Min

Figure 6. 9 The equivalent (von-Mises) stress of the pentagonal box design model.

In lantern design, the fixed support has been set up at the bottom faces, and a pulling
force of 100N has been applied at the top sphere part (Figure 6.10). The analysis has
been shown that the maximum deformation found at the inner face of the twisted

surface, 0.228 mm.

- 010161
L 0.076204
O 0.050803
0.025401
0 Min

Figure 6. 10 The boundary condition (left) and the total deformation (right) of the lantern

design.

The maximum concentrated stress has been formed at the connection point of the helix
part with the upper conical shape. Therefore, the equivalent stress number is 130.53
MPa, separate from the body parts (Figure 6.11).
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0.076119 Min

Figure 6. 11 The equivalent (von-Mises) stress of the lantern design model.

Table 6. 1 Summary of total deformation and equivalent stress of pulling force.

Concepts

Rectangular | Modular Pentagon Pentagonal Lantern

shape design flat shape box shape shape
Pulling Unit | Resul | % Resul | % Result | % | Resul | % Resul | %
force, 3 t t t t
100 N
Total mm | 0.01 0.219 0.075 1.246 0.229
deformati 2
on
Equivalen | MPa | 36.22 | 50 216.2 | 794 | 24.19 |0 391.9 | 1520 | 130.5 | 440
t stress 6 % 4 % 2 % |8 % 3 %

From the above Table, 6.1 has observed that among the five models, the lowest
deformation (0.012 mm) occurred in the rectangular shape model, and the lowest stress
(24.192 MPa) was formed in the pentagonal flat shape model. Therefore, the design and
manufacturing of the rectangular shape and pentagon flat shape model can be
performed a satisfactory result. A complex geometric shape as lantern design could be
chosen for the designer with more structural strength at the twisted and the helix shape
during the design phase. However, the equivalent stress around 440% compared to the
pentagonal flat design. The modular design yield stress is about 794% compared to the

lowest stress. The pentagonal box design has been the highest value of deformation
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and stress, which indicates that designing an inclined surface model needs to be more

design optimization to reduce the stress.

6.2 Compressive strength

A similar method of study has been performed to analyze the effect of compressive
force on the models. Instead of pulling force, a 100N compressive force has been applied
among all models against fixed support. The total deformation and the equivalent stress

have been recorded to compare and analyze for the design recommendations.

The rectangular shape design compressive boundary conditions and deformation are

shown in Figure 6.12. The maximum deformation value has been found at the middle

part of the top surface is around 0.0116 mm.

s 0.011613 Max
0.010323
0.0000324
0.007742
0.0064517
0.0051614
0.003871
0.0025807
0.0012003
0Min

Figure 6. 12 The compressive boundary condition (left) and the total deformation (right) of the

rectangular shape design.

The maximum equivalent stress of 42.51 MPa has been found at the bottom fixed

support area (Figure 6.13).

m 42.51 Max
37787
33,064
28342
23.619
18,897
14,174
94516
4,729
0.0064073 Min

Figure 6. 13 The compressive equivalent (von-Mises) stress of the rectangular shape design.
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A 100N compressive force has been applied in modular design on the upper surface
area, and the fixed support has been employed at the bottom surface area. Figure 6.14

illustrates that the maximum deformation is 0.218 mm at the side edge of the design.

0.024306
0 Min

Figure 6. 14 The compressive boundary condition (left) and the modular design's total

deformation (right).

The maximum stress of 176.35 MPa has been concentred in the joint of the elongate

bar and rectangular bodies (Figure 6.15).

= 176.35 Max

156,75
o 137.16
N 17.57
B 97.973

Figure 6. 15 The compressive equivalent (von-Mises) stress of the modular design.

The pentagon flat shape design has been examined with the same compressive force at
the top surface and fixed support at the bottom part. As a result, in Figure 6.16, the

maximum deformation of 0.075 mm has been found at the middle of the top surface.
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0.0083795
0 Min

Figure 6. 16 The compressive boundary condition (left) and the total deformation (right) of the
pentagon flat shape design.

The maximum stress has been found at the surrounding region of the hole area, and
the stress is 24.19 MPa (Figure 6.17).

1.2944e-7 Min

Figure 6. 17 The compressive equivalent (von-Mises) stress of the pentagon flat shape design.

A compressive force has been applied in a pentagonal box shape design with the same
boundary conditions instead of pulling force. Figure 6.18 illustrates that the maximum

deformation has occurred at the meeting point of the upper and side boundary edges.

0.72847
063741
054636
04553
036424
027318
018212
0.091059
0Min

Figure 6. 18 The compressive boundary condition (left) and the total deformation (right) of the
pentagonal box design.
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Figure 6.19 shows that the maximum equivalent stress of 273.65 MPa has been found
at the same point of the maximum deformation area. At that point, the model will break

easily by a compressive force.

0.00060631 Min

Figure 6. 19 The compressive equivalent (von-Mises) stress of the pentagonal box design.

The same compressive force has been applied to the lantern design, and the maximum
deformation value has been found at the inner side of the twisted part. The value is
0.229 mm. Figure 6.20 illustrates that a compressive force could deform the

comparatively weak geometric shape between the two base supports.

ui_m
| o127

0.1016
0.076198
| 050700
0.025399
0 Min

Figure 6. 20 The compressive boundary condition (left) and the lantern design's total

deformation (right).

However, the maximum stress has been concentrated at the helix design (Figure 6.21).
The weakest part of this structure has been found in twisted and helix design. This
design could break earlier due to the compressive force applied.
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Figure 6. 21 The compressive equivalent (von-Mises) stress of the lantern design.

0.095625 Min

Table 6. 2 Summary of total deformation and equivalent stress of compressive force

Concepts

Rectangula | Modular Pentagon Pentagonal Lantern

r shape design flat shape | box shape shape
Compressi | Unit | Resu | % Resul | % Result | % | Resul | % Resul | %
ve force, s It t t t
100 N
Total mm | 0.01 0.219 0.075 0.820 0.229
deformation 2
Equivalent MPa | 42.5 | 76 176.3 | 629 | 24.19 273.6 | 1031 | 107.5 | 345
stress 1 % 5 % 2 5 % 8 %

Table 6.2 shows that the pentagon flat design is the lowest value of stress and the
lowest deformation is in the rectangular shape design. Both rectangular and pentagon
flat design is manufacturable and less complexity of the design. The lantern design

shows that it would be desirable to choose, though the twisted and helix part needs

more durability strength. The modular design would be capable of resisting force if the

overhanging side design could be modified to reduce stress. The pentagonal box design

needs to optimize the corner intersecting point to reduce the high concentration of

stress.

56




6.3 Critical situation analysis

Further analysis has been considered for the critical situation that could be happened in
the real-life scenario. The severest case that could be happened when the user will use
the designed jewelry. This study has explored at least one critical situation for each of
the models. The applied magnitude of the force is the same as 100 N. By changing the
boundary conditions, and this analysis observed the total deformation and equivalent

stress of each model.

The boundary conditions for the rectangular shape design shown in Figure 6.22. The
situation has been considered that the two half-circle rings pull up with 100N of force
outward and the fixed support at the bottom of the model. As a result, the maximum

deformation of 0.169 mm has been found in the middle of the ring.

0.018824

0 Min

Figure 6. 22 The critical situation boundary condition (left) and the total deformation (right) of

the rectangular shape design.

The maximum stress has been developed ring connector point to the body. The stress

239.37 MPa, assumes that the ring will disconnect from the body (Figure 6.23).

0.0081879 Min

Figure 6. 23 The critical situation equivalent (von-Mises) stress of the rectangular shape design.

The modular design has been considered for a critical situation where two reverse 100N

forces would apply at the inner face of the rectangular body and fixed support at the
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bottom. That case could happen when the link finds a force from other links. As a result,

the maximum deformation of 0.040 mm has found at the middle area of the inner face

of the model, as shown in Figure 6.24.

Figure 6. 24 The critical situation boundary condition (left) and the total deformation (right) of

the modular design.

The maximum stress has been found at 66.48 MPa, the same point of compressive

strength (Figure 6.25).

0.0015468 Min

Figure 6. 25 The critical situation equivalent (von-Mises) stress of the modular design.

In the pentagon flat shape design, the spherical head connector is considered the fixed
support and force applied to the top surface to simulate the model's moving conditions.

As a result, the 22.27 mm deformation has been found at the edge corner of the model

(Figure 6.26).
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Figure 6. 26 The critical situation boundary condition (left) and the total deformation (right) of

the pentagon flat design.

The maximum stress of 3152.3 MPa has been found at the joining point of the connector

to the body.

0.00063257 Min

Figure 6. 27 The critical situation equivalent (von-Mises) stress of the pentagon flat design.

For the pentagonal box design, the critical situation has been considered when one link
of design is pulled by the following link and how the interconnector will behave. As a
result, a 100N force has been applied at the inner face of the connector, and the bottom
part remained fixed. As a result, the maximum deformation of 1.4 mm has been found

at the connector's peak (Figure 6.28).
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0.15635
0 Min

Figure 6. 28 The critical situation boundary condition (left) and the total deformation (right) of

the pentagonal box design.

The maximum stress area has been found in the bottom leg inner corner, as shown in

Figure 6.29. The pulling force would break the structure at this point.

0.0026446 Min

Figure 6. 29 The critical situation equivalent (von-Mises) stress of the pentagonal box design.

The lantern design's critical situation has been considered when a user wears it, and an
external force could be hit on the edge of a twisted or helix design. The other side of
the lantern would be supported on the skin. Therefore, fixed support and 100N of force
have been applied to the lantern body, as illustrated in Figure 6.30. The maximum

deformation of 1.12 mm has been found at the top edge of the twisted part.
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0.13332
0 Min

Figure 6. 30 The critical situation boundary condition (left) and the total deformation (right) of

the lantern design.

Figure 6.31 illustrates that the maximum stress of 439.5 MPa has been found at the

bottom connecting point of the twisted part to the base.

390!
341,87
293,04
1 2442
1 195.36
14652
97.679
48,84
0.00058648 Min

Figure 6. 31 The critical situation equivalent (von-Mises) stress of the lantern design.

As the finite element analyses for the all-designed model, the result has been found that
the less complex shape models such as rectangular shape and pentagonal flat shape
model have less equivalent stress than other models. The designers who want to
develop a more robust model, these types of simple geometric shape model are more
suitable for manufacturing. Preferring the complex geometric shape like the lantern
desigh requires more geometrical shape analysis and stronger shape design for
manufacturable jewelry. If the strength of the design is less critical for useability and
the complex shape is desired, the designer could choose this type of shape. The result
for modular design has been shown that the stress concentration is higher only at a

specific point. So, if a designer could optimize the stress localized area, it would be a
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flexible design for manufacturing in 3D printers. With modular design, there could be a
wide range of possibilities to create a variety of designs. For example, the designer who
wants to create jewelry with some space inside for setting up any free moving object
could choose the pentagonal box type design. According to the analysis, if the maximum

stress can be reduced by redesign or optimization, these designs could be preferable.
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7. PHYSICAL TESTING

A physical tensile test has been done by a tensile testing machine, "Tinius Olsen
H10KT"”[48], in the laboratory (Figure 7.1). For tensile testing, four kinds of design
specimen have been selected. The specimens were designed to grip in a test machine
gripper. The test specimens were printed in both XY-axis and Z-axis printing
orientations. The test specimen was positioned vertically, two gripped vice, and pulled
at a predetermined load range. When it reached the breaking force, then the test was

stopped. The graphical representation of the test result was recorded.

s Olsen

Timiua

Figure 7. 1 Tinius Olsen tensile testing machine.
7.1 Pentagonal box specimen test

The test specimen has been printed in both XY and Z directions of printing. A total of
six specimens was tested in 100N of load range and 1 mm/min speed. The test was

continued until the fracture occurred. Figure 7.2 illustrates the specimens after the test.
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XY-axis direction Z-axis direction

Figure 7. 2 Pentagonal box specimen after the test.

Analysis of Graph: A graphical representation of force(N) and extension(mm) is shown
in Figure 7.3. In this graph, three (1-3) specimens were printed in the XY-direction and
the last three (4-6) in the Z-direction.

Force (N)
100 -

90 -
80 -
70
60 -
50
40 +
30
20 -

10 -

6,00 6,75 7,50
Extension (mm)

Figure 7. 3 Force and extension graph for pentagon box specimen.

The maximum yield force (39.7 N) was found in the Z-direction test specimen. However,
the maximum extension was found in the XY-direction test specimen. The yield force
for all specimen found a closer value. Specimen 1 and 2 first broke almost at the same
force, and the elongation was similar. Though specimen 3 broke at little force, and the
extension was the highest. Z-direction printed specimen broke at high yield force, but

the extension was found less than the first three specimens. XY-direction of printing
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indicated the more prolonged elongation because the printing filament elongates in the
pulling force direction. In contrast, the Z-direction specimens showed less elongation

due to the layer of the printing. The test result is included in appendix 1.

Analysis of test result: The tensile test result of the pentagonal box are tabulated in
Table 7.1.

Table 7. 1 Tensile test result for pentagonal box

Pentagonal Box
Specimen no.
and Yield
orientation of Yield Force Force at Stress Stress at
printing (N) break (N) Area(mm?) (MPa) break (MPa)
1 31.7 0.3 16.59 1.91 0.02
XY direction 2 36.7 20.3 16.59 2.21 1.22
3 11.7 11.3 16.59 0.71 0.68
35 11.7 16.59 2.11 0.71
Z direction 5 39 7.3 16.59 2.35 0.44
39.7 5.7 16.59 2.39 0.34

The vyield force value obtained for XY orientation shows a very close value except
specimen 3. The breaking points of all specimens showed that the most stress
concentration region is similar to the ANSYS analysis. The first specimen was broken at
a first point in the top surface, and then it elongates again until the next break. In that
phase, the force decreased gradually, and the elongation was long because the tensile
force pulled in the same direction as the printing filament. Though the fracture occurred
at maximum yield force, the plastic deformation tends to be more elongated. The Z-axis
orientation specimens fractured at yield force as similar to the specimen 1 and 2;

however, the elongation was less in comparison.

The most stress-generating region has been found as the strength analysis in ANSYS.
The comparatively higher yield stress is found in Z-direction specimens. However, the
stress at break is lower than in XY-direction specimens. The fracture point of test
specimens confirms that the ANSYS calculation is acceptable. In the physical test
specimen, the maximum stress has found 2.39 MPa whereas, in ANSYS analysis, 392
MPa. The lowest yield stress was found at 0.71 MPa in specimen 3 at the lowest yield
force of 11.7 N.
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7.2 Lantern specimen test

The three test specimen has been printed in XY-axis and three in Z-axis directions of
printing. Thus, six specimens were tested in 1000N of load range and 1 mm/min speed.

The test was continued until the fracture occurred. Figure 7.4 illustrates the specimens
after the test.

XY-axis direction 7Z-axis direction

§idi

Figure 7. 4 Lantern specimen after the test.

Analysis of Graph: A graphical representation of force(N) and extension(mm) is shown

in Figure 7.5. In this graph, three (1-3) specimens were printed in the XY-direction and

the last three (4-6) in the Z-direction.
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Figure 7. 5 Force and extension graph for lantern specimen

The maximum vyield force (372.4 N) was found in the XY-direction test specimen, and
the minimum value was 56.3 N in the Z-direction specimen, which is almost 561%
lower. Moreover, the maximum extension was found in the XY-direction test specimen.
The yield force value in the XY-direction and Z-direction specimens found substantial
differences. Specimen 1 and 2 first broke almost the same force, and the elongation
was similar. Though specimen 3 broke at a smaller force. Z-direction printed specimen
broke at a lower yield force and with lower extension compared to XY-direction. XY-
direction of printing indicated the more prolonged elongation because the printing
filament stretches in a pulling force direction. In comparison, the Z-direction specimens
showed less elongation due to the layer of the printing. The test finding is included in

appendix 2.

Analysis of test result: The tensile test result of the lantern specimen are tabulated
in Table 7.2.
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Table 7. 2 Tensile test result for the lantern

Lantern
Specimen no.
and Yield
orientation of Yield Force Force at Stress Stress at
printing (N) break Area(mm?) (MPa) break (MPa)
1 372.4 36.8 12.57 29.63 2.93
XY direction 2 356.8 38.4 12.57 28.39 1.26
3 285.6 38.8 30.52 9.36 1.27
72.3 9.69 30.52 2.37 0.32
Z direction 5 72.7 7.3 30.52 2.38 0.24
56.3 5.7 12.57 4.48 0.45

The yield force value found for XY orientation shows a closer value except specimen 3.
The breaking points of specimens 1 and 2 showed that the most stress concentration
region of the cylindrical shape of the lantern. The cylindrical shape was hollow inside.
As the infill rate was not 100%, that made the stress concentration in this part.
However, the rest of the specimen’s fractured region was similar to the ANSYS analysis.
The first two specimens were broken at the cylindrical shape in the top surface, and
then it elongated again until the complete separation. Since the tensile force pulled the
printing material, the force gradually decreased, and the extension was long during that
process. On the other hand, specimens 4,5,6 broke at the twisted surface and helix

shape at the maximum vyield force, separated without much elongation.

The most stress-generating region has been found as the strength analysis in ANSYS.
The comparatively higher yield stress is found in XY-direction specimens. The stress at
break is found higher than in Z-direction specimens. The fracture point of test specimens
confirms that the ANSYS calculation is acceptable. Twisted and helix shapes are found
as the weakest part of the lantern design. In physical test specimens, the maximum
stress has found 29.63 MPa whereas, in ANSYS analysis, 130.53 MPa. The lowest yield

stress was found at 2.37 MPa in specimen 4.

7.3 Helix specimen test

A separate helix shape specimen has been printed in XY-axis and Z-axis directions. Six
specimens were tested in 1000N of load range and 1 mm/min speed. The test was
continued until the fracture occurred. Figure 7.6 illustrates the specimens after the test

result.
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XY-axis direction Z-axis direction

Figure 7. 6 Helix specimen after the test.

Analysis of Graph: A graphical representation of force(N) and extension(mm) is shown
in Figure 7.7. In this graph, three (1-3) specimens were printed in XY-direction and the
last three (4-6) in the Z-direction.
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Figure 7. 7 Force and extension graph for helix specimen.

The maximum yield force (53.0 N) was found in the XY-direction test specimen, and the
minimum force (5.66 N) was found in the Z-direction specimen, which is almost 836%

lower. Moreover, the maximum extension was found in specimens 1 and 2 at the XY
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direction. The first three specimens broke almost the same force, and the elongation
was similar. Though specimen 5 broke at the lowest force (5.66 N). Z-direction printed
specimen broke at a lower yield force and with small extension compared to XY-
direction. XY-direction of printing indicated the more prolonged elongation because the
printing filament stretches toward the pulling force direction. Whereas the Z- direction
specimens showed less elongation due to the layer of the printing. The fracture occurred

between the layer of printed specimens. The test result is in appendix 3.

Analysis of test result: The tensile test result of the lantern specimen are tabulated
in Table 7.3.

Table 7. 3 Tensile test result for the helix shape

Helix
Specimen no.
and Yield
orientation of Yield Force Force at Stress Stress at
printing (N) break Area(mm?) (MPa) break (MPa)
1 53 104.4 8.28 6.40 12.61
XY direction 2 39.38 116.6 8.28 4.76 14.08
3 49 97 8.28 5.92 11.71
6.3 0.3 8.28 0.76 0.04
Z direction 5 5.66 7.3 8.28 0.68 0.88
28.34 38.7 8.28 3.42 4.67

The yield force value found for XY orientation shows a similar range of values. The
breaking points of specimens 1,2 and 3 showed that the most stress concentration
region of the cylindrical shape of the helix. The rest of the specimen’s fractured region
was similar to the ANSYS analysis. The first two specimens were broken at the larger
surface areas of the cylindrical shape. Then it elongated again until the complete
separation. In that phase, the force increased gradually, and the elongation was long
because the tensile force pulled in the same direction as the printing filament. On the
other hand, specimens 4,5,6 broke between the layer of cylindrical shape at the

minimum yield force, separated without much elongation.

The most stress-generating region has been found similar to the strength analysis in
ANSYS. The comparatively higher yield stress and the stress at break are found in XY-
direction specimens. The fracture point in test specimens confirms that the ANSYS
calculation is acceptable. The weakest part of the helix is found in twisted cylindrical
shapes. In the physical test specimen, the maximum stress has found at 6.40 MPa. The

lowest yield stress was found at 0.68 MPa in specimen 5.
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7.4 Twisted shape specimen test

A separate helix shape specimen has been printed in XY-axis and three in Z-axis
directions of printing. Specimens were tested in 100N of load range and 5 mm/min
speed. The test was continued until the fracture occurred. It was the first experiment in
this test. Two specimens were broken due to an inappropriate machine setup. Therefore,
three specimens in XY-direction and one specimen in Z-direction have been tasted.

Figure 7.8 illustrates the specimens after the test.

Z-axis direction

XY-axis direction

Figure 7. 8 Twisted shape specimen after the test.

Analysis of Graph: A graphical representation of force(N) and extension(mm) is shown
in Figure 7.9. In this graph, specimen 1,4,5 was printed in the XY-direction, and

specimen 3 in the Z-direction.
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Figure 7. 9 Force and extension graph for twisted shape specimen.
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The maximum yield force (112.4 N) was found in the XY-direction test specimen, and

the minimum force (11.3 N) was found in the Z-direction specimen, which is almost

894% lower.

Moreover, the maximum extension was found in the XY direction

specimens. The first three specimens broke almost the same force, and the elongation

was similar. Specimen 3 broke at the lowest force. Z-direction printed specimen broke

at a lower yield force and with small extension compared to XY-direction. The test result

is in appendix 4.

Analysis of test result: The tensile test result of the lantern specimen are presented

in Table 7.4.

Table 7. 4 Tensile test result for the twisted shape

Twisted shape

Specimen no.
and Yield
orientation of Yield Force Force at Stress Stress at
printing (N) break Area(mm?) (MPa) break (MPa)
110.4 121.4 12.16 9.08 9.98
XY direction 54,7 86.7 12.16 4.50 7.13
112.4 112.4 12.16 9.24 9.24
Z direction 11.3 23 12.16 0.93 1.89
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The yield force value found for XY orientation shows different values. The specimens 1
and 5, the yield force was closer. However, specimen 4 force was almost half. The
breaking points of all XY-direction specimens were found similar. The specimens were
broken at the larger surface areas of the twisted surface. Before the breaking point, it
elongated towards the force direction. In that phase, the force increased gradually. On
the other hand, specimen 3 broke between the layer of cylindrical shape at the minimum
yield force. In this experiment, specimen 2 does not show the actual result because of

a manufacturing defect.

The most stress-generating region has been found similar to the strength analysis in
ANSYS. The comparatively higher yield stress is found in XY-direction specimens. The
fracture point in test specimens confirms that the ANSYS calculation is acceptable. The
weakest part of the helix is found in twisted surface shapes. In the physical test
specimen, the maximum stress has found at 9.24 MPa. The lowest yield stress was

found at 0.98 MPa in specimen 3.

According to the physical tensile test analysis, a significant tensile strength has been
found in the XY-axis direction printing rather than the Z-axis direction. The experiment
shows the sufficient yield stress difference in printing orientation for all test specimens
except the pentagonal box. The ANSYS analysis and tensile test results have found
similar behavior during the experiment. The specimen printed in XY orientation has been
found greater tensile strength than the Z orientation specimen. Therefore, designers
aiming to print jewelry by desktop 3D printers need to be aware of this printing
orientation during the designing and printing phase. If the design required tensile
strength, it is recommended to choose the XY printing direction with a design like a
lantern, pentagonal box. Therefore, this study observed that a critical geometric shape
as twisted shape, helix shape visual quality was not satisfactory in XY-direction printing.
Thus, if the printing quality is required for the designer, then they can choose Z
orientation printing. However, the desired yield strength might be lower. Consequently,
according to the objective and idea, a designer can incorporate these study results

during the design and manufacturing of jewelry.
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8. LED JEWELRY

3D printed LED (light-emitting diodes) jewelry is becoming popular in recent times. This
study has been investigated to include LED components with the pentagonal box design.
Small construction mountable SMD (surface mounted device) LED has been considered

for this design which can be mounted inside the box. A watch battery or coin battery, a

small switch, and SMD LED were chosen for design (figure 8.1).

SMD LEDs \ | '

)

Small A watch
switch battery

Figure 8. 1 Illustration of SMD LEDs, Small switch, and watch battery.

The design of the pentagonal box has been redesigned to set up the LEDs. In addition,

a battery and a small switch holder are designed for the energy source (figure 8.2).

\
SMD LEDs holder

Figure 8. 2 Pentagonal box with LED holder (left); a battery and switch holder (right)

A circuit has been designed for LED jewelry. The SMD LEDs are connected in parallel,
and the battery, resistor in a series connection with wire. The circuit is shown in Figure
8.3.
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Figure 8. 3 A circuit design.

The circuit was completed with a connector wire soldering. The complete circuit was
placed in the pentagonal box after the completion of LED holder parts. Figure 8.4

illustrates the manufacturing steps and after completion of printing.

Figure 8. 4 The manufacturing steps of the pentagonal box with LED.

After printing, the box chain along with the battery holder was detached from the
printing supports. Thus, the switch and the battery were placed into the battery holder.

The outcome is shown in Figure 8.5.
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Figure 8. 5 The outcome of the pentagonal box bracelet with LED.

The observation from LED jewelry has been found that the flexibility was lost limited
due to thicker wire. The LEDs were pulled off from the holder because of the inflexibility
of the wire. Therefore, removing support from the battery holder also made the process
much complicated. Furthermore, during the soldering process, it needed more
concentration. Otherwise, the LED could be damaged easily. Therefore, the battery

holder design needs to improve to make it more functional.

The recommendation for the designer could be about the selection of flexible connecting
wire. The wire should have flexible enough that it could stretch and compress to an
allowable limit. The idea of placing the circuit in between printing times was not good
enough because the printer can create some errors. The length of printing in the XY axis
direction also has the limitation of printed chain length. In printing, a bracelet shape
might need a longer length. The length could be one crucial design factor to the designer
during the design stage. Moreover, if one bracelet link might get affected in cleaning
time, the whole chain would suffer. So, it is also possible to think about an alternative
way for assembling all links. The soldering process made the process complicated as the
place for it was small. The designer could choose a different version of LED strips that
available in the market. The ease of replacing the battery is essential for the design. In
bracelet design, the battery holder could think about a push-fit design for replacing
smoothly. For the further design of the switch, a push-button switch can be considered.
Therefore, the recommendation could take into consideration in the production of the

LED jewelry.
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SUMMARY

Additive Manufacturing (AM) is an effective and rapidly changing manufacturing
technique that uses computer-aided design (CAD) to create parts layer by layer. It offers
design flexibility as well as environmental and ecological benefits. AM can produce parts
with exceptionally intricated and complex geometries with minimal post-processing,
with the least material waste, and appliable to a wide range of materials such as plastics
and metals. In AM methods, Fused deposition modeling (FDM) has emerged as one of
the most promising and cost-effective techniques for forming free-form parts. Recently
there has been expanding interest in 3D printing jewelry for some intricated and

sophisticated design.

The purpose of these studies to explore the area of 3D printed jewelry design,
investigate the manufacturability of complex geometric shapes and forms, and strength
analysis. The study's objective is to explore the manufacturability and strength analysis
of complex geometric shape jewelry design, strength analysis of designed jewelry, and

general guidelines for jewelry design and manufacturing.

This study starts with designing a jewelry model with general conceptions of basic
geometric shape design. Then, the three-dimensional drawing has been done with CAD
software SolidWorks to visualize the design. Next, a desktop 3D printer has been used
for printing the designed model with Polylactic acid (PLA) material. Next, for finite
element analysis, ANSYS software has been used to investigate the tensile,
compressive, and critical situation analysis. Finally, a physical tensile test has been

performed for the 3D printed model by a universal testing machine.

As the finite element analyses for the designed model, the result has been found that
the less complex shape models such as rectangular shape and pentagonal flat shape
model have less equivalent stress than other models. Preferring the complex geometric
shape like the lantern design requires more geometrical shape analysis and a more
robust structure design for manufacturable jewelry. If the strength of the design is less
critical for useability and the complex shape is desired, the designer can choose this
type of shape. According to the analysis, if the maximum stress can be reduced by

redesign or optimization, the pentagonal box design could be preferable.

According to the physical tensile test analysis, a significant tensile strength has been
found in the XY-axis direction printing model rather than the Z-axis direction. The ANSYS
analysis and tensile test results have found similar behavior during the experiment. The

experiment shows the sufficient yield stress difference in printing orientation for all test
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specimens except the pentagonal box. The specimen printed in XY orientation has been
found greater tensile strength than the Z orientation specimen. If the design required
tensile strength, it is recommended to choose the XY printing direction with a design
like a lantern, pentagonal box. Therefore, this study observed that a critical geometric
shape as twisted shape, helix shape visual quality was not satisfactory in XY printing
direction. Consequently, according to the objective and idea, a designer can incorporate

this study result during the design and production of jewelry.

Eventually, this study experimented on LED jewelry manufacturing with a pentagonal
box design and figured out the production difficulties in processes. This experience could
be a recommendation for the designer who is planning to design LED jewelry in a
desktop 3D printer. A further study can be done on the shortcoming of LED jewelry and
the kinematic jewelry design. This study designed a snap-fit join for assembling the link
of jewelry; however, the detailed study has not yet been done, which can be established

new lines for future studies.
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APPENDICES

Appendix 1 Tensile test result of the pentagonal box

Product  :ehe Load Range 1000 N

Batch : Extension Range : 3,000 mm

Date :19.05.2021 Gauge Length 1,000 mm

Operator Speed : 1,000 mm/min

Approach Speed  : 0,1000 mm/min
Preload :ON
No. Yield Force Elong at Yield Max Force Elongat Max Force at Break
N % N % N
1 31.70 4575 31,70 458 0,30
2 36,70 60,00 36,70 60.0 20,30
3 11,70 15,00 28,00 3878 11.30
4 35,00 48,00 35,00 480 11,70
5 39.00 49,00 39,00 490 7.30
6 39.70 45,00 39,70 450 5,70
Mean 3230 4379 35,02 1059 9,43
Median 3585 46.88 3585 485 9,30
Maximum 39,70 60,00 39,70 3878 20,30
Minimum 11,70 15,00 28,00 450 0,30
Force (N)
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Appendix 2 Tensile test result of the lantern shape

Product :ehe Load Range 11000 N
Batch : Extension Range :3,000 mm
Date :19.05.2021 Gauge Length 11,000 mm
Operator Speed : 1,000 mm/min
Approach Speed  : 0,1000 mm/min
Preload :ON
No. Yield Force Elong at Yield Max Force Elongat Max Force at Break
N % N % N
1 3724 1450 324 1450 35,80
2 358 116.3 3768 1350 38,40
3 2856 95,2 3048 1216 38,80
4 723 326 723 326 9,69
5 72,7 250 727 250 730
6 56,3 18,0 56,3 18.0 5,70
Mean 2027 72.0 209.2 795 278
Median 1792 639 1888 771 2325
Maximum 3724 1450 3768 1450 38,80
Minimum 5.3 18,0 56.3 18.0 570

0 1,25 2,50 3,75 5,00 6.'25 7,50 8.:15 10,00 1,25 12,50
Extension (mm)

-Page 1-
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Appendix 3 Tensile test result of the helix shape

Product :ehe Load Range :1000 N
Batch : Extension Range : 1,000 mm
Date 1 19.05.2021 Gauge Length : 10,00 mm
Operator Speed : 1,000 mm/min
Approach Speed  : 1,000 mm/min
Preload :ON
No. Yield Force Elong at Yield Max Force Elong at Max Force at Break
N % N % N
1 53,00 4,300 105.4 21,50 104.4
2 39,38 2,900 174 21,00 16,6
3 49,00 3,600 97.3 16,90 97.0
4 6,30 4,400 6.3 4,40 03
5 5.66 0210 263 3,07 7.3
6 28.34 1,940 430 581 38,7
Mean 30,28 2,892 65.9 12,11 607
Median 33.86 3250 70,2 11,36 67.8
Maximum 53.00 4,400 1n74 21,50 1166
Minimum 5.66 0210 6.3 307 0.3
Force (N)
125,0 - >
128 -----n-t- I “opee & , -e
1000 |- : : : 1
| ' N
87,5 T O VNN, SRR (N, N
| '
P N R NN | | R 1 ./ 1, O U U Y S S
625 ' %
50,0 1
37'5 ................................................
250
125 1
0 4 — - - - ; - - - - .
0 04 08 1,2 1,6 20 24 28 3,2 36 40
Extension (mm)
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Appendix 4 Tensile test result of the twisted shape

Product  :ehe Load Range :1000N
Batch : Extension Range :3,000 mm
Date :17.05.2021 Gauge Length : 50,00 mm
Operator Speed : 5,000 mm/min
Approach Speed  : 2,000 mm/min
Preload :ON
No. Yield Force  Elong at Yield Max Force  Elong at Max Force at Break
N % N % N
1 1104 2200 1214 2,460 1214
2 167 0.740 247 1,340 16.7
3 13 0546 243 1,338 23,0
4 54.7 1.540 86,7 2,880 86,3
5 124 2541 124 2,541 124
Mean 611 1513 739 2112 719
Modian 547 1,540 86,7 2,460 86,3
Maximum 124 2541 1214 2,880 121.4
Minimum "3 0546 243 1338 16,7

87,5
75,0
62,5
50,0 -
375
25,0

125
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