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Abstract

Prototyping is an essential part of the product design and development process that
assists in the implementation of a conceptualized design. 3D-printing has been widely
utilized as a prototype method since the 2000s when it became prominent as an additive
manufacturing process. The inherent rapid prototyping ability offered by 3D-printing
coupled with the need to be able to develop customized daily use applications remains to
be the highlight of the present study. This study consists of the development of a hair
clipper comb model, impact test analysis, and fabrication of the product using
commercially available materials. 3D model of comb for Philips hair clipper was
developed using ONSHPAE software, followed by a design study with various materials
to understand the impact resistance of the product. The design study was performed via
finite element (FE) explicit dynamic mode, where two hair clipper comb designs, one
with a solid body and the other with a shell were subjected to drop test simulation in two
orientations: leg and head drop. Two readily available 3D-printable plastic materials,
Acrylonitrile Butadiene Styrene (ABS) and Polylactic acid (PLA) were selected for the
FE simulation while the comb was subjected to free fall from a height of 5 ft (1.67 m).
Simulations reveal that the maximum von Mises stress for solid PLA model in head and
leg drop configurations are 56.4 MPa and 60.4 MPa respectively, while for the hollow
design (shell model), the values are seen to be 40.3 MPa, 30.9 MPa respectively.
Similarly, for solid ABS the stress values are found to be 42.8 MPa (head drop
configuration) and 34.3 MPa (leg drop configuration) whereas in the hollow model
(shell) the values recorded are 30.6 MPa and 26.9 MPa, respectively. To validate the
results, the 4 models were fabricated using 3D Printing and were manually dropped from
the same height. In line with the simulated results, models prepared from PLA material
failed upon the impact while ABS samples having a comparatively better impact
resistance sustained the impact without failure. Moreover, fracture surface morphology
of the failed PLA component and the surface of ABS in a printed condition were
analyzed using Scanning Electron Microscopy (SEM). The microscopic examination

was performed to analyze the quality of 3D-printed clipper comb and correlate the



defects with failure mechanism. The shell model made up of ABS material turns out to
be the most suitable choice out of the various designs considered.

Keywords: 3D Printing; Drop Test; Scanning Electron Microscopy; Additive
Manufacturing; Injection Molding; Finite Element Analysis
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CHAPTER 1

INTRODUCTION

The research work in this dissertation has been presented in two parts. The first part is
related to the detailed study of designing and finite element analysis of component while
second part is related to the 3D- Printing and SEM of 3D printed parts. The objective of
this study is to design, analyze and the fabrication of component and to characterize

surface morphology of 3D printed parts using scanning electron microscopy (SEM).

1.1 Background, Scope, Motivation:

3D printing, also known as additive manufacturing (AM), is an advanced manufacturing
method that entails adding materials layer by layer to create 3D objects explicitly from
computer-aided design (CAD) models [1]-[5]. In the 1980s, 3D printing was first made
available to the general public. Hull [6] designed and patented the first known 3D printer
in 1986. In 1989, Crump [7] invented a new type of 3D printing equipment called Fused
Deposition Modelling (FDM), which employs a different approach than Hull's printer.
Using a photopolymer, Hull illustrate how to make objects by hardening layers of resin.
This technique was named Stereolithography which is different from FDM technique
presented by Crump [7].

Fused deposition modelling is an additive manufacturing method that develops
components layer by layer through heating thermoplastic material to a semi-liquid
condition and extruding it via a tiny nozzle in accordance with 3D CAD designs, which
are typically in STL format, as illustrated in Fig 1 [8]. The filament is typically circular
in cross-section, with particular diameters for each FDM system. The most often seen
dimensions are either 1.75 mm or 3.0 mm. Because of the nature of the FDM process,
several advantages arise, including the capacity to create complicated forms without the
need to invest in dies and molds, as well as the ability to manufacture interior features,
which is difficult to do using conventional manufacturing processes. FDM permits the
minimization of the number of assemblies by manufacturing unified complicated pieces.

The latest developments in technologies of additive manufacturing (AM) for the
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production of small to medium components make it a very appealing process to
industries with frontier technologies industries [9].
FDM extrusion head

Feed mechanisim

Heati
eanng } %@7Fﬂmmm spool

Nozzle— < y .
art

Support

Build bed —{»

Figure 1: Schematic diagram of FDM [8]

The expanded utilization of 3D printing as a learning tool and to produce practical end-
use parts have created the requirement for a better understanding of the mechanical
behavior of 3D printed parts and the improvement of scientific apparatuses and plan
guidelines for engineers [10]-[12]. Because of the flexibility in geometrical freedom,
specifically designed products or components with greater performance may be
manufactured, all using 3D printing technology [13].

AM and IM both technologies have few similarities. Both of these technologies are
intended to make the designer’s vision into reality as effortlessly as could be possible
[14]-[16]. Injection molding (IM) is one such conventional manufacturing method that
produces parts with molten materials and molds. In mass production, IM is typically
employed where parts are to be created thousands or even millions of times. The
geometrical complexities of components and the size of the production run limit the use
of conventional manufacturing methods consecutively forcing one to use tools or
process that rapidly increase the overall cost of produced part [17].

At present, AM technologies competitiveness is well established for small to medium
size production volume predominately for plastic components [18]. Parts are not simply
transitioned as to maintain the design for conventional process rather redesigned for AM

which exploits its capabilities and effectiveness. The adaptability of AM allows it to
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accommodate for customized design and geometrical complexities of part providing
major competitive advantage over any conventional technique.

This subsequent aspect can also be realized as per the application field: fewer assembly
errors, efficient short production runs, ergonomic products, multi-material products,
lighter weight products and, therefore, a more sustainable manufacturing process, an
optimized use of materials, a combination of different manufacturing process, lower tool
investment costs, lower associated cost [19].

In the next few years, AM is deemed to be amongst the key revolutionary industrial
process. The use of AM in mass manufacturing is still stalled due to its speed, cost and
material choice but due to obvious effect of research and development and progression
in technologies, an increase in rapid additive solutions keep emerging. Over the years,
these incremental transformations will continue piling up but still, a long road awaits 3D
printers to meet the speed of conventional manufacturing processes. AM advantage in
flexibility will tip the decision balance in its favor as compared to IM, in case of cost
being the same. The evolution of additive manufacturing (AM) in the span of last six
years, as documented by Sculpteo [20], have categorized the usage of 3D printing into
five major categories: proof of concept, prototype development, production, education,
and marketing samples [20]. While protype development remains to be the dominant
purpose for which 3D printing has been used in the last six years, utilization of AM for
production needs have also seen a continuous upward growth [20] (Figure 2).

80.0%

m2015 w2016 m2017 m2018 m2019 m2020
70.0%

60.0% |

50.0%

40.0%

30.0%

20.0%

10.0%

0.0%

Prrof of Concept Prototype Production Education Marketing Samples

Figure 2: Evolution of 3D printing industry since 2015 [20]
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Nevertheless, there is still much work to be done in order for the production industry to
fully benefit from AM technology. As per the annual reports published on “State of 3D
printing” by Sculpteo in the year 2019 as well as 2020, consistency and quality control
remain to be the single most cited challenge faced by the users of 3D printers (Figure 3)
[20].

Challenges Faced in 3D Printing

Job Preparation 22%24% : ggig

25%

Maintenance 26%

51%

Quality Control 49%

24%
24%

Machine Setup

17%
18%

File Repairs

31%

File Preperation 229

27%
26%

Quotation

0

R

10% 20% 30% 40% 50% 60%

Figure 3: Major challenges faced by 3D printing industry in 2019 and 2020 [20]

1.2 Research Objective:

The objective of the present study is to design a hair clipper comb and assess its
suitability to bear impact loading by performing numerical simulations. It is further
aimed to identify a suitable thermoplastic polymer for the design and manufacturing of
the said component. Lastly, the designed components are to be manufactured using

FDM technique and numerical results are to be verified.

1.3 Thesis Outline:

This thesis is divided into five chapters. Chapter 1 presents the introduction, including
additive manufacturing technology. A brief introduction to FDM technique which was
used in present study is discussed. Chapter 2 discusses the literature review about the
types of additive manufacturing technologies. This chapter also discussed the current
challenges of 3D printing. Chapter 3 presents the materials and methods, in which the
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design of component, numerical analysis on ANSYS (Version 19.2) and the
manufacturing of component is discussed. Chapter 4 presents the results obtained from
the numerical analysis and the characterization of 3D-printed component. Chapter 5
presents the conclusions drawn from the results, limitations of the current studies and

discussion for the future studies.
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CHAPTER 2

LITERATURE REVIEW

2.1 Overview of Additive Manufacturing / 3D-Printing

3D printing, also known as rapid prototyping (RP), is an AM technology that is
constantly seeking attention in terms of creating lightweight, compact and complicated
geometries that seem to be difficult to produce with standard subtractive manufacturing
processes like milling, drilling, turning, etc. A variety of factors have contributed to 3D
printing's rise in popularity in recent years, including its capacity to make minimal-
cost and multipurpose products with sensitive and complicated structures in a short time
frame, as well as its unmatched creative flexibility [21]. For example, during 3D printing
of concrete materials, the process evolves in the reduction of construction waste by 30-
60%, 50-80% less labor costs, and 50-70% less construction time. Therefore, 3D printing
is found to be a viable production method in rapid prototyping and engineering sectors
including mechanical, civil, aerospace, electronics, and biomedical [22]. A wide range of
materials could be 3D printed, such polymers, metals, ceramics, polymer-composites
and cement, using a variety of AM techniques [23]-[26].

There are six major kinds of AM processes defined by the ASTM (ISO/ASTM
52900:2015). On the basis of the operation concept, this division covers jetting, binder
jetting, photopolymerization in a vat, powder-bed fusion, extrusion, and sheet-
lamination. Additionally, AM may be divided into three types according to the kind of

base material used: solid, powder, and liquid (Figure 4).

Fused deposition modelling (FDM), laminated object manufacturing (LOM), electron
beam free form fabrication and wire & arc additive manufacturing are all examples of
solid-based AM. Selective laser melting (SLM), laser metal deposition (LMD), electron
beam melting (EBM) and selective laser sintering (SLS) are all powder-based additive
manufacturing processes [27]-[31]. The expiration of prior patents has allowed

manufacturers to design new 3D printing machines, making this technology more widely
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available. Three-dimensional printers are now more affordable, allowing for new uses in

educational institutions, and research facilities. Due to its speedy

Additive Manufacturing
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Figure 4 : Classification of AM methods based on the type of base materials (FDM, SLS, and

SLA) [32]

and cost-effective prototyping capabilities, 3D printing has been widely employed

by designers and architects to build both aesthetic and practical prototypes. It has been

possible to reduce the cost of producing a product by using 3D printing. There have been

several 3D printing applications in various sectors, from prototypes to finished items,

throughout the last few years. Products customization and change in design have been a

difficulty for producers due to high expenses. Despite this, AM is capable of creating

small batches of customized items at a lower cost than traditional methods.

In 2020,

Wohlers Associates [33] estimated that half of all 3D printing will be used to produce
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commercial items, and this trend is now taking hold. The increasing trend of utilizing the
3D manufacturing method over traditional approaches is ascribed to various benefits,
such as the creation of complicated geometries with extreme accuracy, optimum material
savings, versatility, and personal customization. It is possible to print using a wide range
of materials including ceramics, metals, polymers, and concrete. When printing
composites in 3D, the most common materials are polylactic acid (PLA) and
acrylonitrile-butadiene-styrene (ABS) [34]. In order to receive the full benefits of 3D
printing innovation, more research is required to identify and remove the barriers that
prevent its widespread use. Tools for calculating the total cost of ownership, i.e. AM-
oriented CAD solutions with improved user-friendliness and enhanced simulation
features should be implemented. As a result of 3D printing's ability to mass
customize products, each one may be unique while keeping a low price owing to the
technology's mass manufacturing. AM has the potential for mass production of
complicated geometries, such as lattice structures, where traditional techniques of
manufacturing, such as casting are not easy and need more time-consuming tooling and
post-processing. Machine design must be improved to boost fabrication speed and
reduce costs. In addition, the AM application's higher prices and time-consuming nature
continue to hinder mass manufacturing [35]. There are seven distinct processes from part
design through part application in the standard additive manufacturing process shown in
Figure 5. Orientation and positioning of parts can be done before or during machine

setup, depending on the AM machine and software provider.

Designing a 3D CAD Model
Conversion of CAD model in to .STL file format
Slicing the .STL file into thin cross-sectional layers
Machine Setup
Building 3D parts layer-by-layer

Post processing

Verification of build part

Figure 5: Basic steps in additive manufacturing [36]
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2.2 3D-Printing Techniques:

In order to address the need for producing complicated designs with high qualities,
different types of AM methods were developed. Fused deposition modeling is indeed the
most popular 3D printing technique that is based on polymer filaments.
Stereolithography, SLM, liquid binding in three-dimensional printing (3DP), SLS as well
as LOM, inkjet printing, and direct energy deposition (DED) are the basic methods of
AM. Each of these approaches is briefly described, their applicability and materials

needed are presented, and their advantages and disadvantages are explored.

2.2.1 Fused Deposition Modelling:

FDM process utilizes a constant flow of thermoplastic polymer to 3D print layers of
materials (Fig. 6). The material is heated to a semi-liquid condition at the nozzle before
being extruded on to plate or over the layers that have already been printed. The ability
of the polymeric fibers to harden at room temperature after printing is made possible by
their thermo-plasticity, which is a critical attribute for this printing approach [37].
Mechanical weakness was discovered to be caused by inter-layer distortions. FDM's
primary advantages are its low cost, rapid speed, and ease of use. Its principal
shortcomings are poor mechanical qualities, layer-by-layer appearance and a restricted
selection of thermoplastic materials [38]. The mechanical qualities of 3D printed items
have been improved thanks to the development of fiber-reinforced composites made with
FDM [39], [40].

2.2.2 Stereolithography (SLA):

SLA is a 3D printing method, often known as resin 3D printing, has grown in popularity
due to its capacity to generate accurate, symmetric, and waterproof models and
components in a variety of sophisticated materials with fine details and flawless surface
texture. SLA is among the earliest technologies of additive manufacturing, which were
introduced in 1986 [41]. SLA uses a chain reaction by shining an ultraviolet (UV) or
electron beam on a resin or polymer liquid. When activated by UV light, the polymers
(mostly acrylic or epoxy-based) transform into polymer chains immediately

(radicalization).
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Figure 6: Schematic diagram of FDM printer [42]

For the following layers to be securely attached, a pattern is engraved into the resin layer
after polymerization has taken place (Fig. 7). Afterwards, the resin that has not yet
reacted is eliminated. Post-processing may be required for some printed items in order to
get the correct mechanical properties. SLA can print with fine resolution as low as 10 nm
[43], which produces high quality components. However, it is sluggish, costly, and
limited in terms of the kind of materials that may be printed with it. In addition, the
chemical kinetics and the process conditions are complicated. The thickness of each layer
is determined mostly by the intensity of the light source and the length of exposure [41].
Additive manufacture of complicated nanocomposites may be done efficiently with SLA

technology [44].

2.2.3 Powder bed fusion / Selective Laser Sintering (SLS):

In powder bed fusion procedures, fine powders particles are dispersed and compacted on
a bed in a thin layer. With a laser beam or a binder, the particles in each layer are melted
and bonded altogether. After a few layers of powder are rolled over each other and
bonded together, the completed 3D component is created (Fig. 8). Additional treatment
and details, such as coating or sintering, may be required once the powder has been

removed. According to this approach, powder size dispersion and packaging, which
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affects printing densities, are the most important aspects. With a low melting/sintering
temperature, a liquid binder should instead be utilized for powders that are too hard to

Laser Unit ? p—
Laser Beam —————3/ | \

Build
Structure

melt/sinter with the laser.

Reservoir —>

Build Platform e
moves mn X-Y
direction

Photopolymer

T

Figure 7: Schematic of SLA process [36]

Only some metals, such as aluminum and steel, are suitable for selective laser melting,
while SLS may be used for a wide range of metals, alloy and polymers [45]. Because the
powders aren't totally melted during SLS scanning, the higher local temperature on the
grains' surfaces causes molecular fusion. As a consequence of a laser scan, the powders
are thoroughly melted and bonded collectively, resulting in better mechanical

characteristics.

An important factor in 3DP is the binder's chemical and rheological properties, as well as
the shape and size of the powder particles. Parts printed by binder deposition have a
higher porosity than parts printed by laser sintering or melting. The main parameters of
sintering operation are laser power and scanning speed. Powder bed fusion has high
resolution and print accuracy, making it more suitable for printing complicated shapes.
This technique is extensively used in application areas like tissue engineering, lattices,
aviation, and electronics. The main benefit of this method is that the powder bed acts as a

foundation, easing the removal of supporting material. The main disadvantages of
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powder bed fusion are significant expenses and high porosity when using a binder [43],
[45].

2.2.4 Inkjet Printing:

AM of ceramics utilizes inkjet printing as a primary technology. Printing complicated
and advanced ceramic structures like scaffolds is achieved with this technology. The
injection nozzle is used to pump and deposit drops of a ceramic suspension, such as
zirconium oxide powder mixed with water, onto the target [46].

Laser beam

Roller

oo / i s

[ |

Work Plate ——— -
” Control
Piston J Signal
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e

Figure 8 : Schematic diagram of SLS process [47]

Powder

After forming a pattern, the drops eventually harden enough to retain the next layer of
printed material (Fig. 9). For complicated geometry, this technology is rapid and
effective, making it easier to design and manufacture them. Ceramic inks come in two
major forms: wax-based and liquid suspensions. In order to solidify the ink, melted wax-
based ink is deposited on a cool substrate. There is a difference between the evaporation

of liquid and solidification of solids in suspensions.

It is important to consider aspects such as ceramic particle size distribution, ink thickness
and mineral composition, and print speed when determining the quality of inkjet-printed
components [48]. This method's key limitations are its failure to manage flowability, fine
resolution, and layer stickiness. Contour crafting, a printing technique comparable to
inkjet printing, is the most common way of producing huge objects using additive

manufacturing. Larger nozzles and high pressure can be used to extrude concrete paste or
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dirt with this technique. A prototype of contour crafting for use in lunar architecture has
been developed [49].

2.2.5 Laminated object manufacturing:

LOM was the first commercially successful additive manufacturing technique. LOM is
dependent on slicing and laminating strips or reels of polymers layer-by-layer. When
many layers are glued simultaneously, they are sliced accurately with a mechanical
cutting tool or beam and afterwards reassembled.

Inkjet printer head

. (binder delivery)

Power supply Y
platform Fabrication
platform

Figure 9: Schematic diagram of inkjet 3D printing [50]

In thermal bonding of ceramic materials and intermetallic, the form-then-bond process is
particularly beneficial since it enables the development of interior details by eliminating
surplus materials prior to binding. After cutting, the extra materials are retained for
support, and they can be discarded and reused once the operation is complete [51].
Laminated object manufacturing can be used for different kind of materials like
ceramics, metal-filled tapes, polymer composites and paper. In some cases, additional
post-processing, like high temperature treatment, may be necessary.

2.2.6 Direct Energy Deposition:

Direct energy deposition is another additive manufacturing technology that equally
combines material and heat. A plasma arc, electron beam or laser can be used as the heat
source for DED technique while metal in powder form or wire is used as the raw
ingredient for the final product. The coating efficiency of powders is lower than that of

metal wire because only a fraction of the particle is heated and adhered to the substrate
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[52]. A pressure chamber or vacuum is required for electron beam systems to work in
DED, just like the E-PBF, but inert gases must be introduced in a different way.

X-Y plotter

Layer outline
and cross-hatch

Polymer-Coated

Excess Paper

Material

Build Platiorm
Supply Roll

Figure 10: Schematic diagram of LOM process [51]

Inert gas is commonly pumped into the injectors of powdered DED equipment, shielding
the molten area and decreasing oxidation [31]. When comparing to SLS or SLM, the
precision of DED is 0.25 mm and surface texture is both poorer, and it can only make
parts that are simpler in design. As a result, DED is frequently used to repair and replace
big components with low computational complexity. In addition to saving money and
time in the production process, DED offers good mechanical qualities and precise
compositional stability. Turbine engines re-pairing and other specialist operations in the

aerospace and automotive industries can benefit from this technology[51].
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Figure 11: Schematic diagram of direct energy deposition [53]

Materials, uses, benefits, and limitations of different types of additive manufacturing
techniques are summarized in Table 1:
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Table 1: A summary of materials, application, benefits, and limitations of the main methods of additive manufacturing

Method Materials Applications Benefits Limitations Resolution (um)
fiber-reinforced toys . Weak mechanical
FDM polymers, components high speed properties 50 m to 200 pum
. . low cost NP . [43]
thermoplastic polymers | composite parts limitation in materials
. fine powder aerospace . . slow speed
Powder Bed Fusion . high quality X A 80 pm to 250 pm
(SLM, 3DP, SLS) alloys_ elect_ronlcs good resolution porosity rate is higher [43]
ceramics polymers medical expensive

Stereolithography

resin with active

prototyping

high quality

limitation in materials
layer to layer finish

10 um [43]

(SLA) monomers biomedical fine resolution L
slow speed of printing
concreate buildings rint large structure coarse resolution 5 L to 200 UM
Inkjet Printing ceramics large structures Ei h rigts ced requires maintenance [55,] H
soil biomedical gnp P lack of bonding
manufacturing of

paper .

rolls of metals paper I_ess manufacturing I(_ess_ accuracy Depends on
LOM ceramics electronics time limited in complex thickness

metal tanes small structures, low cost structure production

P foundry sector

powdered metals and less manu_f acturing

alloys biomedical cost and time low accuracy
DED hybrid polymer- aerospace good m_echanlcal :?SS. su_rfac_e quaht;: 250 um [51], [53]

CEramics retrofitting properties imitation in complex

accuracy in structures production

wire ceramics

composition




2.3 3D Printing CAD Configuration

The selection of the right CAD software to transform a three - dimensional model into
additive manufacturing format is the most critical phase in the 3D printing technique.
Solid-works, CATIA, Blender, AUTOCAD, Pro-E, 3DS MAX and Fusion 360 are some
of the most common software’s used to convert CAD models into 3D printing format,
The standard formats for transferring mathematical data of CAD model for 3D printing
are STL, IGES, STEP and DXF as listed in table 2. To slice a 3D model into thin layers

for fabrication, mostly STL format is adopted.

Table 2 : Commonly used slicing formats for 3D printing

Interface Full Abbreviation

STL Standard tessellation language

IGES Initial graphic exchange specification

STEP | Standard for exchange of product data

DFX Drawing exchange format

However, developing the geometrical design can be difficult because numerous aspects
in the designed model can delay or even stop the 3D printing process. Tessellation is a
process that converts a 3D CAD model into a triangular mesh model, which is used to
create the object's exterior layers. It takes more effort and time to build a tessellated

prototype which is more accurate in dimensions [55].

The common 3D printing softwares used nowadays are Cura, ZPRINT, Quickslice,
Catalyst, Simplify 3D, XYZ Printing and Creality etc. These software are used to slice
the 3D model into thin layers. The main purpose of these software is to define process
parameters, i.e layer thickness, print speed, raster angle, layer height, shell thickness,
infill patterns and infill density. The determination of process variables is closely related
to the required materials, manufacturing cost, development time therefore this is highly
critical phase and should be addressed with additional attention. The primary function of

slicing software is to build 2D cross-sections of CAD geometry with straight lines to
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make the shape of each layer regardless of any 3d printing techniques being utilized. The
slicing process can be described in four steps as illustrated in the figure 12 [56].

(1) Choosing the z-cordinates of the slicing planes

Uniform slicing Adaptive slicing

(Constant layer thickness) (Variable layer thickness)

J

(2) Mesh slicing: Computing plane-triangle intersections

J

(3) Counter construction: assembling segments into polygons

g

(4) Determining the sense of polygons (clockwise or counterclockwise)

Figure 12: Steps of slicing CAD geometry [56]

Slicing software also generates support structures for a CAD geometry using a 3D
printing software algorithm. However, based on the AM method, such as FDM, SLS, SL
LOM, creating the supporting structure is not an integral step of the process. The data for
polygonal ordering, support structures, standard orientations, is stored in the form of a
file, which is then transferred to the 3D printing machine's language for additional
processing Eventually, the component is constructed using layer by layer deposition, of

the starting material.

2.4 Comparison of 3D Printable Material:

Additive manufacturing technologies are using a wide range of materials, from chocolate
to complex multi-functional materials. Materials such as filaments, powder, wire, sheets,
inks and pastes can be utilized in various additive manufacturing technologies. Polymers
are the most prevalent materials produced for the sports, architecture, aerospace, medical,
toy and automotive industries. Polymers are mostly utilized in 3D printing in the form of
filaments in FDM which is the most popular technology, while auxiliary binders or
powders are utilized in the powder-bed technology or resins in SLA. The most popular
forms of polymers for 3D-printing are thermoplastic polymers like PLA, polymide, ABS,
polycarbonate and different types of thermo-setting polymers such as polyamides,
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photopolymer resin and polystyrene [5]. A summary of the main applications,

advantages, and limitations of some of 3D printing materials is discussed in table 3.

Table 3: Summary of materials applications, advantages, and limitations used for 3D printing

Materials Applications Addvantages Limitations
medical weak mechanical
sports . properties
automobile cost effectlve_ limitation in polymer
Polymers AeroSDace fast prototyping selection
P complex geometries . . .
toy anisotropic mechanical
biomedical properties
multi-function
optimization limitation in alloy
automobile mass-customization selection
less material waste .
Metals & Alloys aerospace less assembly _bad surface_ﬁm_sh .
biomedical inaccuracy in dimension
components X
army processing may be needed

easy to repair damaged
metal parts

after finishing

chemical sector

low porosity of lattices
complex geometries like
scaffolds for human

limitation in 3D-printable
ceramics selection

Ceramics aerospace organs, inaccuracy in dimensions
automobile low fabrication time bad surface finish
biomedical good control on processing required after

composition and production
microstructure
appearance of layers after
printing
.. poor layer adhesion,
mass-customisation ) . ;
. anisotropic mechanical
construction and Less labour needed X
Concrete properties

infrastructure

Useful in harsh
environment

difficulties in construction
of larger structures
limitations in printing
techniques

2.5 Scanning Electron Microscopy:

SEM uses a concentrated electron laser to inspect the surface of a specimen to generate
structural images. Electrons come into contact with atoms through the specimen,
generating a wide includes details

range of signals which regarding the

specimen's surface characteristics and morphology [57]. Since the invention of SEM in
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1926 [58], it has been an essential part of the research, making considerable contributions
in medicine, biology, and engineering materials field. Scanning electron microscope
capture the images of specimenat higher magnification up-to 10,000x [59]. The
basic framework of SEM includes an anode, scanning coils, detectors, electron gun,

electro-magnetic lens and a specimen holder.

Electrons are generated near the upper end of the section and accelerated to travel
through a sequence of electromagnetic lenses to produce a focused laser of electrons that
impacts the specimen’s top surface (fig 13) [60]. The sample is placed on a sample holder
within the chamber region, and the microscope is operated at low vacuum, with both the
column and the chamber evacuated by means of vacuum pump. The suction level is
dictated by the design of the microscope. The position of the electron beam on the
sample is controlled by scanning coils situated directly above the objective lens. These
coils allow electron beam to be traced over the surface of the material. Electron beam
scanning allows data about a specified location on the material to be captured. As a
consequence of the electron sample interaction, a plethora of signals are generated.

Sensors are then used to quantify those signals [60].

2.5.1 Interaction between Specimen & Electron Beam:

SEM creates high-resolution images while examining the material with the electron gun.
Electric charges, back-scattered charged particles, and distinctive X-rays are produced as
the electron interacts with the material. Several detectors capture those impulses to
produce images, that are subsequently seen on the computer display. As the beam of
electrons strikes the specimen's surface, it penetrates to a depth of a few microns, based
on the applied potential voltage and density of the specimen. As a result of this contact
within the specimen, several signals, such as backscattered electrons and X-rays, are
generated (see Figure 14) [60]. A variety of factors, such as the diameter of the electron
beam and the volume of the beam's contact with the sample, influence the highest
resolution achieved in a SEM. Although it is capable of approaching to particle’s
precision, certain SEMs may obtain resolutions of less than 1 nm. Nowadays, SEM’s
typically resolution varies from 1 to 20 nm, however workstation devices generally have

a resolution of 20 nm. [61].
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Figure 13: Schematic diagram of the SEM build structure [60]

2.5.2 Sample preparation for SEM:

A beam of electrons is directed straight down a series of objective lenses inside a highly
vacuumed chamber by an electron emitter at the head of the microscope. The lenses are
housed in a highly vacuumed chamber to prevent ionization and contaminating the
sample from extraneous particulates. These lenses aid in directing the electrons onto the
specimen. The electron sample interaction is then transformed to a 3D representation of
the material that is computationally produced. SEM specimens must be conductive or, at
the very least, its surface should be. This is due to the fact that non-conductive objects
collect electrons on to their surfaces. Image artifacts result from the accumulation of
charge on to the sample surface. As a result of their natural ability to conduct an electric
current, metallic specimens need no extra processing. Non-metal specimens, on the other
hand, must be coated with a conducting substance during SEM specimen preparation in
order to be SEM compatible. A thin coating of gold is generally adequate. The
conducting substance is deposited onto the specimen using a device known as a sputter

coater [62]. Before inserting sample in SEM machine, evaluate the specimen's
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dimensions, geometry, condition, and conducting ability. The smallest possible samples
size should be used whenever possible. The detection range of the microscope is up to 1
um from the sample surface. It is important to consider critical aspects of sample

cleaning, drying, mounting and storage before initiating the imaging process [63].

Electron beam

sample
surface

Auger electrons —

Secondary
electrons

Backscattered
electrons

Characteristic X-rig >
.\

: -
" Continuum X-rays

Fluorescent X-rays

Figure 14: Schematic diagram of Electron beam and specimen interaction [60]

2.6 Research Gap:

In the light of the literature review of published articles, following aspect was identified,
which proved to be very helpful in the present study. Earlier researchers focused either
on a single process variable or a single material at a time. For instance Khan et al. (2005)
[64] as well as Sood et al. (2010) [65] reported that the tensile modulus of 3D printed
components deteriorated with the increase in layer thickness. There is little existing
literature on the effect of multiple design (material/geometry) variable on the
performance of everyday use applications. For better understanding on the effective
utilization of 3D printing process, it is essential to investigate the impact of multiple

design (material/geometry) variables on the behavior of final product.

Thereby in the present study an explicit dynamic module was used to investigate the
impact strength of a customized hair clipper comb developed using two different
thermoplastics (PLA/ABS) and two different infill percentages (solid model and shell

model).
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CHAPTER 3

MATERIALS AND METHODOLOGY

3.1 Introduction:

In this chapter, methodology of the whole study is discussed. The chapter is divided into
4 sections including 3D modelling, numerical analysis, 3D printing and characterization.
This work presents, the impact strength of a hair clipper comb under the drop case.
Designed components was subjected under numerical analysis using explicit dynamics
module in ANSYS (version 17.2). More precisely, the stress distribution of the designed
model was investigated by dropping it from a height of 5ft at different angles. Then the
sample were fabricated using FDM and surface morphology was analyzed by SEM.

3.2 3D Modelling:

A 3D solid body model and a shell model of the product were created on CAD software
ONSHAPE. The component was designed based on dimensions from an actual
commercial product and a shell having thickness of 1 mm was introduced in a designed
model. The volume of the solid body model is 9.37 x 10®m3 and the volume of the

shell body model is 6.72 x 10~°m3. The solid and shell models are shown in Figure 15

(a-c).

(@) (b) (©)

Figure 15: 3D model of hair clipper comb: (a) full model: (b) cut model of solid design: (c) cut
model of shell design
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3.3 Finite Element Analysis:

FEA simulation is extensively used for the analysis of designed components under
various loading conditions to minimize experimental testing. In this work the designed
model was exported from ONSHAPE to FEA software ANSYS. The free fall motion
(drop test) of customized hair clipper comb as a non-rigid object was investigated using

explicit dynamics analysis on ANSYS.

3.3.1 Meshing

After designing the geometric model, mesh generation was performed, the software
divides the model into small elements connected on a common point called nodes. The

mesh details are given below in Table 2 and Fig 16 shows the mesh elements and nodes.

Table 4: Mesh details

Model Solid Body Shell Body
Mesh type Solid Mesh Solid Mesh
Mesh quality High High
Element size 0.62 mm 0.62 mm
Total elements 350734 192986
Total nodes 77024 63122

~ o (mm)0002

(@) (b)

Figure 16: Meshing: (a) mesh applied on full design: (b) meshing zoomed view

Mesh convergence analysis was performed manually using different mesh sizes to

compute the results and comparing the calculated von mises stresses. From the results
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shown in Figure 17 the stresses converge from mesh size 0.54 mm to 0.62 mm. So, 0.62
mm mesh size was selected. According to Mesh Metric developed by Ansys, Inc [66],
mesh quality factor is important in terms of reliability of the results. High skewness
values or low orthogonal quality are not recommended from scale in figure 18 & 19.
Generally, we need to keep minimum orthogonal quality >0.15, or maximum skewness
<0.94. However, these values may vary depending on the location and physics of the
cell. Skewness mesh metrics spectrum and orthogonal quality mesh metrics spectrum are
given in Figs. 18 and 19 [67]. In our analysis results, average skewness value was
calculated as 0.231 in Fig. 20 (a). According to Fig. 18, this value is excellent (0-0.25).
Average orthogonal quality value was also calculated as 0.767 in Fig. 21 (a). According
to Fig. 19, this value is very good (0.70-0.95).

Mesh Size vs Stresses

0

0.45 0.46 0.47 0.48 0.49 0.5 0.51 0.52 0.53 0.54 0.55 0.56 0.57 0.58 0.59 0.6 0.61 0.62
Mesh Size (mm)

w w b b~ U
o Uu1 O U1 O

N
o

Von Mises Stress (MPa)
& &

[y
o

Figure 17: Mesh convergence analysis

Excellent Very good Good Acceptable Bad Unacceptable
0-0.25 0.25-0.50 0.50-0.80 0.20-0.54 0.95-0.97 0.98-1.00

Figure 18: Skewness mesh metrics spectrum

Unacceptable Bad Acceptable Good Very good Excellent
0-0.001 0.001-0.14 0.15-0.20 0.20-0.69 0.70-0.95 0.95-1.00

Figure 19: Orthogonal quality mesh metrics spectrum

39



Number of Elements

Number of Elements

Quality
Check Mesh Quality Yes, Errors
[ Target Quality Default (0.050000)
Smoothing High
Mesh Metric Skewness
CIMin 1.3057e-010
I max 0.98953
[JAverage 0.23144
[C]standard Deviation 0.12744
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Figure 20: (a) Calculated average skewness value; (b) graph presentation of skewness

Quality
Check Mesh Quality Yes, Errors
[ Target Quality Default (0.050000)
Smoothing High
Mesh Metric Orthogonal Quality
] Min 1.0466e-002
I max 1.
[ Average 0.76719
[Jstandard Deviation 0.12575
(a)
108602.00
75000.00
50000.00
25000.00 l
0.00 — .
0.01 0.13 0.25 0.38 0.50 0.63 0.75 0.88 1.00
Element Metrics
(b)

Figure 21: (a) Calculated average orthogonal quality value; (b) graph presentation of

orthogonality
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3.3.2 Material Selection:

The polymeric materials used for the drop test analysis were Acrylonitrile butadiene
styrene (ABS) and Polylactic acid (PLA) to investigate the impact stress distribution on
the designed model by dropping it from 5ft heights at different angles. Material
properties are selected as per the ASTM D638. The important material properties are
given in table 5 [68]-[71].

Table 5: Material properties

Material PLA ABS
Model Solid Body | Shell Body | Solid Body | Shell Body
Mass (g) 11.71¢g 8.40¢ 9.74 ¢ 6.99 g
Mass density (kg.m”-3) 1250 1040
Tensile Strength (MPa) 54.1 41.4
Ultimate Tensile Strength 59.2 44.3
(MPa)
Young’s Modulus (MPa) 3450 2390
Poisson’s ratio 0.39 0.399
3.3.3 Analysis Setup:

The next step after meshing and material selection is to setup the drop test settings by
manually setting the drop height, the orientation of drop plan. In the study the model was
dropped from the height of 5 ft while subjected to gravitational pull. The model was
dropped from two different orientations specified in figure 22. The software calculates

the velocity of model at the moment of impact with ground from Eqgn (1)

v =,/2gh 1)

where h is the height (m) and g is the gravitational acceleration (ms~2). ANSYS use the
explicit time integration to solve the drop test analysis which automatically calculates the

response starting from the moment of impact.
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3.4 3D-Printing:

Creality Ender-3 printer that operates on the principal of FDM technique was used to
fabricate the designed part. The 3D printing machine setup is shown in Figure 23. Wide
range of materials such as PLA, ABS etc can be used to print any designed part with
accuracy and customized settings. The printing parameters for Creality Ender-3 printer

are given in Table 6.

(@) (b)

Figure 22: Orientations for drop test analysis: (a) head drop: (b) leg drop

Figure 23: Creality Ender-3, 3D Printer
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Table 6: 3D printer specifications

Fixed FDM parameters

3D Printer Creality Ender-3
Material Used PLA ABS
Bed Temperature 60 °C 100 °C
Nozzle Temperature 210 °C 240 °C
Layer Height 0.2 mm
Infill Density 100 %
Print Speed 120 mm/s
Slicing Software Creality 3D
Nozzle Diameter 0.4 mm

A total of 4 samples (two solid samples and two shell samples for PLA and ABS) were

fabricated using this setup. These samples are shown in Figure 12 below.

@)

(©
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Figure 24: 3D printed samples: (a) PLA solid: (b) PLA shell: (c) ABS solid: (d) ABS shell



3.5 Scanning Electron Microscopy:

The strength of any material is directly linked to its microstructure. Therefore, the
examination of microstructure of the cracked or fractured surface is very important to
understand the reason of failure in material. In this study, the fractured surfaces of the
hair clipper comb after drop test was analyzed. Furthermore, the external surface of 3D
printed hair clipper comb was also examined to identify any defect formed during 3D
printing. SEM was used at an accelerating voltage of 5 KV in the high vacuum
atmosphere to examine the microstructure of fractured surface and as printed surfaces of
the sample. The samples were carefully prepared for SEM analysis. The thin layer of
gold was coated in a vacuum chamber to prevent the charging effect on the surface. This
thin layer coating is significant as it provides a homogeneous surface for examination
and clear SEM images [72], [73].
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Chapter 4

Results and Discussions

4.1 Drop test analysis of the PLA model

First the Finite Element Analysis of the designed hair clipper comb was carried out to
check the maximum strength with different material selection in head and leg impact
using ANSYS. The 3D printed hair clipper comb was then dropped on the floor to
validate the results from FEA. Figure 25 (a-b) shows stress distribution on hair clipper
comb for the PLA solid model under head and leg drop. Results show that the maximum
stresses are generated along the corner and middle of fins as shown in the enlarged
views. The maximum stresses were found for Figure 25 (a) & (b) to be 60.4 MPa and
56.4 MPa respectively. These stress values are greater than the ultimate tensile strength
(UTS) of PLA (59.1 MPa) [68].

A: Explicit Dynamics
Equivalent Stress
Type Equivalent (von-Mises) Stress
Unit: MPa

Time: 5.e-003

Cycle Number: 277503
8/9/202111:59 PM

60.386 Max
53.676

46.967

40.257

33.548

26.838

20.129

13.419

6.7097
0.00013152 Min

A: Explicit Dynamics
Equivalent Stress
Type Equivalent (von-Mises) Stress
Unit: MPa

Time: 5.e-003

Cycle Number: 278400
8/9/202111:59 PM

56.432 Max
50.163

43.893

37.624

31.354

25.085

18.815

12.546

6.2764
0.0069081 Min

(b)
Figure 25: Solid body PLA simulation result: (a) stress distribution while leg drop: (b) stress
distribution while head drop
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After the solid model, a modified 1 mm shell model was created. Figure 26 shows stress
distribution on shell model under head and leg drop test using the same material. The
result shows that the maximum stress concentration was at the centre and sides of the
hair clipper comb as highlighted in the enlarged view. The maximum stress values were
40.3 MPa and 30.9 MPa for Figure 26 (a) and (b) respectively. The maximum stress
value for hollow design (shell model) in both cases is less than the UTS of PLA. The
results point to the suitability of the shell model made of PLA material for hair clipper

comb.

A: Explicit Dynamics
Equivalent Stress
Type Equivalent (von-Mises) Stress
Unit: MPa

Time: 5.e-003

Cycle Number: 488112
8/10/202112:27 PM

40.307 Max
35.829
31.350
26.871
22.393
17.914
13.436
8.9572
4.4786

0 Min

(@)

35.00 70.00(n

1750 5250

A: Explicit Dynamics
Equivalent Stress
Type Equivalent (von-Mises) Stress
Unit: MPa
Time: 5.e-003
Cycle Number: 827089
8/11/2021 11:51 AM
30.913 Max
27.478
24.044
20.609
17.175
13.740
10.305
6.8709
3.4363
0.0016697 Min

()

Figure 26: Shell body PLA simulation result: (a) stress distribution while head drop: (b) stress
distribution while leg drop
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4.2 Drop test analysis of the ABS model:

Figure 27 shows the stress distribution resulting from the free fall drop test for the solid
model made of ABS. The stresses generated on the front face and in the corner of the hair
clipper comb are highlighted in Figure 27 (a) & (b) respectively. The maximum stresses
are found to be 42.8 MPa and 34.3 MPa respectively. These values are less than the UTS
of ABS (44.2 MPa).

A: Explicit Dynamics
Equivalent Stress
Type Equivalent (von-Mises) Stress
Unit: MPa

Time: 5.e-003

Cycle Number: 262351
8/9/2021 11:40 PM

42.799 Max
38.043
33.288
28.532
23.777
19.022
14.266
9.5108
4.7554

0 Min

A: Explicit Dynamics
Equivalent Stress
Type Equivalent (von-Mises) Stress
Unit: MPa

Time: 5.e-003

Cycle Number: 261447
8/10/202112:50 PM

34.342 Max
30.527
26.711
22.895
19.079
15.263
11.448
7.6317
3.8159 0.00 40.00 80,00 (mm)
0.7080e-5 Min —  — ]

()

Figure 27: Solid body ABS simulation result: (a) Stress distribution while head drop: (b) Stress
distribution while leg drop

Figure 28 (a) and (b) show the stress distribution on the shell model with the leg and
head drop tests respectively. The maximum stresses are generated on the front face,

having stress values 30.6 MPa and 26.9 MPa respectively. These values are also less than
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the UTS of ABS. This means that ABS is suitable for impact in both solid and shell

models. Table 7 summarizes the stress values from numerical analyses for all the cases.

A: Explicit Dynamics

Equivalent Stress

Type Equivalent (von-Mises) Stress

Unit: MPa

Time: 5.e-003

Cycle Number: 459786

8/10/2021 12:48 AM
30.652 Max
27.246
23.840
20.435
17.029
13.623
10.217
6.8116
3.4058 35.00 70.00(mm)
0 Min 17.50 52.50

A: Explicit Dynamics
Equivalent Stress
Type Equivalent (von-Mises) Stress
Unit: MPa

Time: 5.e-003

Cycle Number: 779260
8/11/202111:48 PM

26.989 Max
23.991

20.992

17.993

14.994

11.995

8.9966

5.9978

2.9990
0.00017099 Min

(b)

Figure 28: Shell body ABS simulation result: (a) Stress distribution while head drop: (b) Stress
distribution while leg drop:

Table 7. Stress distribution on all design

) Maximum Stress Solid Model (MPa) | Maximum Stress Shell Model (MPa)
Material Head Drop Leg Drop Head Drop Leg Drop
PLA 56.4 60.4 40.3 30.9
ABS 42.8 34.3 30.6 26.9

4.3 Drop test of 3D printed PLA & ABS Model

3D printed solid and shell models were dropped from the height of 5ft for validation of
numerical results obtained earlier. Figure 29 (a-c) shows the manual drop test of 3D
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printed customized hair clipper combs made of PLA and ABS. A crack originated in 3D
printed PLA solid model after the impact. The crack originated exactly from the area
where stress concentration was found to be maximum in the numerical simulation. This

can be seen by comparing the highlighted area in Figure 29 (c) with that in Figure 25 (a).

(b) (©)

Figure 29: Drop of 3D printed samples: (2) leg drop: (b) head drop: (c) crack originates in solid
PLA model

4.4 Scanning Electron Microscopy
Fracture surface morphology of solid PLA model and ABS solid model in as-printed
condition were analyzed using Scanning Electron Microscopy. SEM micrographs of

fractured PLA and 3D printed ABS are shown in Figure 30 (a) and (b), respectively.

@)
Figure 30: SEM images: (a) neat surface of ABS 3D printed part: (b) fracture surface PLA 3D
printed part
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4.5 SEM of fractured PLA

Figure 31 shows that the extruded fiber string roughly 0.3 mm matches with the diameter
of the extruder nozzle. The region encompassing surface morphology of single fiber
selected for examination at higher magnification is highlighted in the red box. The
central region of the surface of single fiber showing a relatively rough patch stretching
over a span of about 100um was in turn examined at a higher magnification as
highlighted bt in the green box. Obvious signs of porosity perpendicular to the direction
of extrusion were visible. Non-homogenous surface finish, bulging out of the PLA
filament and corresponding porosity indicates defects induced during the manufacturing
of the filament.

The region outlined in yellow doted line in figure 31 clearly represents poor adhesion
between the subsequently printed fibers within the same layer. The interfacial bonding
between neighboring filament passes starts when the interface temperature is above the
glass transition temperature, which allows easy flow of the polymer material. The heated
interface allows for diffusion to take place at the point of contact between neighboring
filament passes during the 3D printing of polymeric materials via FDM, the semi-melted
polymer is directed out of the nozzle at a temperature which is above its glass transition
temperature. This filament gets deposited next to the previously deposited pass which is
at a considerably lower temperature. Thereby, the interface temperature rises
momentarily and then falls below the glass transition temperature, resulting in poor
adhesion between neighboring filaments, which promotes the formation of voids and
defects. A long internal void as seen at the exterior end of the part (outlined in yellow) is
associated with the lack of temperature dependent interfacial diffusion/bonding as well as
stresses associated with the sharp geometric corners prohibiting maximum interfacial
contact.

The sharp corner region of stress concentration as observed in the impact test simulation,
indicating internal fibre failure (highlighted in orange) is shown in Figure 31 (a). Inner
region of single fiber shows a through crack originating from the exterior surface (region
of high stress). The fractured surface region was further examined at higher
magnification to analyze the presence of any internal defects as shown in the enlarged

view in the green box. There are obvious signs of uniformly spread internal porosity with
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a flat fracture surface indicating brittle fracture triggered by high stress and facilitated by
the internal defects within the PLA filament.

(d) ©

Figure 31: SEM image acquired from the fractured surface of impact tested PLA sample

4.6 SEM of as printed ABS

Figure 33 show the SEM images of as printed ABS. Visible signs of interfacial porosity

suggest weak bonding between the fiber layers. SEM images clearly indicate that
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interfacial bonding between neighboring filament is weak which was also the case with
the PLA filament. The interface temperature is above the glass transition temperature
here as well, which allows filament an easy flow while printing. The filament gets
deposited next to the previously deposited layer whose temperature has in the meanwhile
dropped, which results in poor bonding between neighboring filaments and promotes the

formation of voids and defects.

Figure 32: SEM images acquired from the surface of as-printed ABS sample

However, the examination of the surface of a single ABS fiber shown in Figure 33 (as
shown in the enlarged view in yellow) suggests that it was free from any evident signs of
air bubbles/porosity, which is unlike the case of PLA. It can be fairly concluded that the
impact strength of the material (44.41 MPa) as well as limited number of manufacturing

defects helped the hair clipper comb to absorb the impact stress without failure.
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Chapter 5

Conclusion and Future Work

In this study, two types of customized hair clipper comb were designed using CAD
software ONSHAPE, one having a solid body and the other with a hollow. Finite
Element analysis was done on both designs using the explicit dynamics module in
ANSYS (version 17.2) for drop test using PLA (polylactic Acid) and ABS (acrylonitrile
butadiene styrene) as printing materials. Solid model and shell model were dropped in
both leg and head orientations using PLA and then ABS material which makes a total of
8 cases. The maximum stresses obtained in numerical analysis were comparable to the
UTS of PLA and ABS except in case of head and leg drop of solid design using PLA
where the maximum stress (60.3 MPa) exceeds the UTS of PLA (59.2 MPa) due to
which the numerical results predict fracture. The results were validated using a drop test
conducted from the height of 5 ft. and it was verified that in case of solid design, for both
head and leg drop the crack originated exactly from the area where the maximum stress
was observed in the numerical simulations. The fractured surface morphology of PLA
sample and surface of ABS in as-printed condition were analyzed using scanning
electron microscopy. In case of PLA sample, obvious signs of uniformly spread internal
porosity and a flat fracture surface characteristic of brittle failure was observed.
Facilitated by internal fibre failure, the crack originated from the sharp corner region
experiencing highest stress as suggested by the impact test simulation. Clear signs of
porosity perpendicular to the direction of extrusion were visible, due to which the surface
appearance was non homogenous, and the corresponding porosity indicates that most
likely the defects were induced during the manufacturing of PLA filament. While

analyzing the ABS fibers there was no porosity observed.

Better and optimized results can be achieved in future studies by using higher values of
extrusion width which in our study was not possible because of limitations of 3D printing
machine available. Moreover, different raster orientation, i.e. 90° & 0° which from

literature suggests have greater impact on mechanical strength, can be used for further
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investigations on the impact strength of the hair clipper comb. It would be an interesting
study to simulate and assess the suitability of other 3D printable (PETG, Nylon, Carbon
fibre) materials for common day applications such as hair clipper comb. More FDM
parameters can be used such as layer height, printing speed, build orientations etc. to

understand their effect on mechanical behavior of the component upon impact.
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