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Abstract: This study consists of the development of a hair clipper comb finite element (FE) model,
impact test analysis on the FE model, fabrication of the product using commercially available
materials, followed by physical impact testing of the comb. Moreover, microscopic examination of
the combs was performed to analyze the quality of the product and correlate the defects with the
failure mechanism. The 3D model of comb for a Philips hair clipper was developed using ONSHAPE
software, followed by a design study to understand the impact resistance of the product. The design
study was performed using finite element analysis (FEA) explicit dynamic module, 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 FEA
simulation while the comb was subjected to free fall from a height of 5 ft (1.67 m). The comb was
dropped in two orientations: the head drop configuration and the leg drop configuration. For all
combinations, the maximum stresses generated as a result of impact were noted and experiments
performed to validate the simulation results. The four models were fabricated using fused deposition
modeling (FDM) technique 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. Finally, fracture
surface morphologies of the failed PLA component and the surface of ABS in as-printed condition
were analyzed using Scanning Electron Microscopy (SEM). Based on the obtained results, the shell
model made of ABS material turns out to be the most suitable choice out of all the designs considered.

Keywords: additive manufacturing; fused deposition modeling; drop test; finite element analysis

1. Introduction

Additive manufacturing (AM) is an engineering process utilized to develop a three-
dimensional solid via layer-by-layer addition from a CAD 3D-model [1–3]. Additive
manufacturing offers promising potential to the manufacturing sector in applications that
require the use of plastics, ceramics, or metals. AM could enable mass customization of
uncommon items, at the same time optimizing material consumption [4,5]. The latest
developments in AM techniques for the production of small to medium components make
it a very appealing option for the manufacturing sector [6]. The medical business is only
one example where AM has been used to create unique products such as artificial organs,
dental supplies, and prostheses [7–9]. The expanded utilization of AM to produce practical
end-use parts has created the requirement for a better understanding of the mechanical
behavior of additively manufactured parts on the part of the engineers and a corresponding
improvement in scientific apparatuses [10–12].

The most extensively used inhouse AM technique is fused deposition modeling (FDM),
in which a thermoplastic filament is extruded through a pre-heated nozzle and the material
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is selectively deposited onto a build platform maintained at room temperature or at an
elevated temperature [13,14]. The 3D structure is constructed by successive additions of
deposited layers as shown in Figure 1 [15]. Polylactic acid (PLA), Polyamide (PA), tough
polylactic acid (tough PLA), polycarbonate (PC), and acrylonitrile butadiene styrene (ABS)
are by far the most popular polymeric materials utilized in the fused deposition modeling
(FDM) technique to build 3D objects [16,17]. PLA and ABS materials have gained popularity
in FDM because of their excellent mechanical characteristics, high dependability, cheap
cost, dimensional precision, and surface quality, as well as the fact that they are made from
renewable resources [18–20].
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Much of the work in FDM has been focused on the effect of printing parameters
and the materials used on the mechanical behavior of the printed product. In an effort
to understand the effect of raster angle and build orientation on the tensile and shear
behavior of FDM products, Cantrell et al. [21] used two different materials, namely PC
and ABS. It was reported that raster angle and build orientation had negligible effect on
the mechanical properties of as printed ABS while the shear strength varied by about
30%. Moreover, in PC samples, raster angle induced anisotropic properties resulting in a
variation of about 20%. Maurya et al. [22] investigated a unique way for reinforcing the
additive structure by incorporating high strength material among matrix materials. PET-G
is utilised for reinforcement, and PLA and ABS are used as matrix materials. The impact of
reinforcing on the strength properties of the additively manufactured part is tested using a
unidirectional tensile test. The experimental data indicate that adding PET-G reinforcing
enhances the tensile strength of ABS by approximately 70% and the tensile strength of
PLA material by around 8%. The FEA findings were somewhat higher than the actual
results, which might be attributed to the existence of voids and air gaps between the layers
of the produced specimens. Majid et al. [23] reported the study on crack propagation in
ABS samples manufactured using the FDM technique with varying infill densities. The
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infill density was seen to have a direct relationship with the amount of voids and thus the
mechanical strength. Similarly, Basurto-Vázquez et al. [24] examined the breaking strength
and energy absorption (EA) capabilities of PET-G honeycomb architectures in depth. The
fractured models and EA capabilities of the structure were seen to be directly affected by
the process parameters in FDM and dynamic anisotropy. The printing settings used in
this work had a significant impact on the tensile characteristics of the 3D-printed PET-G
honeycomb architecture. Overall, optimum results offering the highest EA were achieved
with a 100 percent infill density and an upright printing direction.

Several researchers have also focused on optimizing the strength-to-weight ratio
of FDM products by developing optimisation algorithms for partially filled structures.
Wang et al. [25] reported an automated and efficient approach for generating a skin-frame
structure for a 3D model in order to reduce the amount of material needed in FDM and the
quantity of struts in the framework. The algorithm based on multi -objective programming
develops a frame structure, which is close to the geometry of the input model and is proven
to be physically stable and printable. Lu et al. [26] tackled the difficult task of hollowing
out solid objects while improving their strength-to-weight ratios. A hollowing optimization
algorithm based on honeycomb cells structure was developed. To define the internal
structure, the Voronoi diagram was utilized to generate honeycomb-cell like tessellations.
The printability and strength of several 3D items having a lightweight core structure were
assessed by applying the developed algorithm. Similarly, Feng et al. [27] investigated
the development of 3D porous structures using T-spline and triply periodic minimal
surface (TPMS). These structures can function as lightweight infill, porous scaffolds, energy
absorbers, or microreactors. Furthermore, Medeiros e Sá et al. [28] introduced the adaptable
voids algorithm, an automated method for generating a parametric adaptable infill primal
and dual cellular design for AM assuming a volumetric barrier. The result might be used
in a variety of applications, such as design and production, architectural, garments and
safety clothing, furnishings, and biomedical applications.

From the stand alone point of usability several studies have been reported in literature
on the behavior of common day use applications. For instance, Yasin et al. [29] analyzed the
durability of helmet structure upon impact loading using different types of materials (ABS,
PC and GFR) in FEA software. Validation of the simulated results was performed using
a drop test and maximum von Mises stresses were reported to be 41 MPa, 46 MPa, and
16 MPa for ABS, PC and GFR respectively. It was further reported that the safety helmet
developed using GFR provide a maximum safety factor of 9. Similarly, Gandhi et al. [30]
analyzed helmet design for static and dynamic conditions. After comparing the results
for the various cases, it was concluded that the lower or chin side of the helmet had
undergone less strain energy and deformation. Therefore, special attention was called
for in the design of the chin side of the helmet to decrease the risk of serious injuries.
Yeh et al. [31] performed FEA and drop test on two models of an electronic FR-4 test board,
and reported the stress distribution along the width of the test board. FEA results of test
board were obtained from ANSYS using explicit dynamics module and the results were
verified experimentally on drop test apparatus under JEDEC standards. The minimum
stress was reported in the central region, and it was concluded that electronic components
welded in the central part of the RF-4 board were less likely to fail due to sudden overload.

Considering the need to incorporate FDM in the development and assessment of daily
life applications, the contribution of the present work consists in the bringing together of
FEA simulation, fused deposition modeling and experimental validation of a common
household component.

In this work fabrication of a hair clipper comb using the FDM technique and its
structural integrity under impact loading is studied. Two of the most widely used 3D
printable filaments, PLA and ABS have been selected to manufacture the hair clipper comb.
In the first stage, the impact strength of the FDM hair clipper combs is assessed through
numerical simulations while in the second phase the printed combs are subjected to drop
tests to validate the numerical results.
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2. Materials and Methods
2.1. 3D Model

In this work, the strength of a hair clipper comb subjected to a drop test has been
studied. More precisely, the stress behavior of the designed model was investigated by
dropping it from a height of 5ft at different angles. The initial velocity was set as 0 m/s
and the body was subjected to a freefall with gravitational acceleration g = −9.81 m/s2.
The coefficient of friction value was 0.3 and the drop target was set as a fixed concrete
platform. The hair clipper comb was modeled as a homogeneous and isotropic material
while the negligible air resistance was not considered in the analysis. A 3D solid body
model and a shell model of the product were designed by using CAD software ONSHAPE.
The component was designed based on dimensions from an actual commercial product
and a shell having a thickness of 1 mm was introduced in the designed model. The total
volume of the solid body model is 9.37 cm3 while that of the shell body model is 6.72 cm3.
The solid and shell models are shown in Figure 2.
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2.2. Finite Element Analysis

FEA simulations are 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 a customized hair clipper comb as a non-rigid object was investigated using explicit
dynamics analysis.

2.3. Meshing

Mesh generation is an important step in any FEA routine. The mesh details are given
in Table 1 while Figure 3 shows the resulting elements and nodes.

Table 1. Meshing details.

Model Solid Body Shell Body

Mesh quality High High
Element size 0.62 mm 0.62 mm

Total elements 350,734 192,986
Total nodes 77,024 63,122
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Mesh convergence analysis was performed using different mesh sizes to compute the
results and compare the calculated von Mises stresses. The stresses were stable from a
mesh size of 0.54 mm to 0.62 mm (see Figure S1 in Supplementary Materials). The 0.62 mm
mesh size was selected as the converged value. According to Mesh Metric developed
by Ansys Inc. (Canonsburg, PA, USA) [32], the mesh quality factor is important in terms
of reliability of the results. High skewness values or low orthogonal quality are not
recommended. Skewness mesh metrics spectrum and orthogonal quality mesh metrics
spectrum are summarized as Tables S1 and S2 in Supplementary Materials [33]. In this
analysis, the average skewness value was calculated as 0.231 (Figure S2 in Supplementary
Materials). According to Table S1, this value is excellent (0–0.25). The average orthogonal
quality value was calculated as 0.767 (Figure S3 in Supplementary Materials). According to
Table S2, this value is very good (0.70–0.95).

2.4. Material Selection

The polymeric materials used for the drop test analysis were Acrylonitrile butadiene
styrene (ABS) and Polylactic acid (PLA). Material properties are selected as per ASTM D638.
The relevant material properties are given in Table 2 [34–36].

Table 2. Material properties of the filament materials used for additive manufacturing.

Material PLA ABS

Model Solid Body Shell Body Solid Body Shell Body

Mass (g) 11.71 g 8.40 g 9.74 g 6.99 g

Mass density (kg ∗ m−3) 1250 1040

Tensile Strength (MPa) 54.1 41.4

Ultimate Tensile Strength (MPa) 59.2 44.3

Young’s Modulus (MPa) 3450 2390

Poisson’s ratio 0.39 0.399

2.5. Analysis Setup

The parameters of the drop test setup include the drop height and the orientation of
drop. The model was dropped from the height of 5 ft (1.67 m) under the gravity of earth.
The two drop orientations are shown in Figure 4. The velocity (in m/s) of impact with the
ground is given in Equation (1).
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v =
√

2gh (1)

where h is the height (m) and g is the gravitational acceleration (m/s2).
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Explicit time integration was used for the drop test analysis, which automatically
calculates the response starting from the moment of impact.

2.6. Fused Deposition Modeling

Fused Deposition Modeling (FDM) via Creality Ender-3 printer was used to fabricate
the designed part. With this setup, a wide range of materials can be used to print any
designed part with accuracy and customized settings. The fixed basic FDM parameters of
the Creality Ender-3 printer are given in Table 3. A total of four samples (two solid samples
and two shell samples for PLA and ABS) were fabricated using this setup.

Table 3. Parameters used for FDM of hair clipper comb.

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 0.2 mm

Infill Density 100% 100%

Print Speed 50 mm/s 50 mm/s

Slicing Software Creality 3D Creality 3D

Nozzle Diameter 0.4 mm 0.4 mm

2.7. Scaning Electron Microscopy

The strength of any material is inexorably linked to its microstructure. Therefore,
the examination of the microstructure of the cracked or fractured surface is crucial to
understand the cause of failure in the material. In this study, the fractured surfaces of the
hair clipper comb after the drop test were analyzed. Furthermore, the external surfaces
of additively manufactured hair clipper comb were also examined to identify any defect
formed during the FDM process. A scanning electron microscope (SEM) was used at
an acceleration of 5 kV in the high vacuumed mode to examine the microstructures of
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fractured surfaces and plain surfaces of the material. The samples were carefully prepared
for SEM analysis. A thin layer of gold-palladium alloy was coated in a vacuum chamber
to remove the charging effects of the surface. This thin layer is significant as it provides a
homogeneous surface for the examination leading to clear SEM images [37,38].

3. Results and Discussion
3.1. Drop Test Analysis of the PLA Model

First, the FEA of the designed hair clipper comb was performed to check the maximum
strength for the two materials in head and leg impact using ANSYS. The two orientations
for the drop, namely head and leg, were chosen because they correspond to the sharpest
corners which are expected to give rise to potentially destructive stress concentrations. In
the leg there is the additional factor of minimum material that is not supported by ribs
owing to the constraint of assembly with the main body of the clipper. The additively
manufactured hair clipper comb was then dropped on the floor to validate the results from
FEA. Figure 5 shows stress distribution on the 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 magnified views. The maximum stresses were
found for Figure 5a,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) [25].
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After the solid model, a modified 1 mm shell model was created. Figure 6 shows stress
distribution on the shell model under head and leg drop test on 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 magnified figures. The maximum stress values were
40.3 MPa and 30.9 MPa for Figure 6a 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 the hair clipper comb.
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3.2. Drop Test Analysis of the ABS Model

Figure 7 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 7a,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).
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Figure 7. Solid body ABS simulation result: (a) Stress distribution while head drop; (b) Stress
distribution while leg drop.

Figure 8a,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 the UTS of
ABS. This means that ABS is suitable for impact in both solid and shell models. Table 4
summarizes the stress values from numerical analyses for all the cases.

Table 4. Stress distribution on all design.

Material UTS (MPa)

Maximum Stress Solid
Model (MPa)

Maximum Stress Shell
Model (MPa)

Head Drop Leg Drop Head Drop Leg Drop

PLA 59.2 56.4 60.4 40.3 30.9
ABS 44.3 42.8 34.3 30.6 26.9
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Figure 8. Shell body ABS simulation result: (a) Stress distribution while head drop; (b) Stress
distribution while leg drop.

3.3. Drop Test of PLA & ABS Fused Deposition Models

Additively manufactured solid and shell models were dropped from the height of
5 ft for validation of numerical results obtained earlier. A crack appeared in the FDM
PLA solid model after the impact. The crack initiated exactly from the area where stress
concentration was found to be maximum in the numerical simulation. The location of the
initiation of crack is not surprising but the agreement between the experiment and the
numerical simulation validates the accuracy of the numerical simulation.
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3.4. Scanning Electron Microscopy

The fracture surface morphology of the solid PLA model and ABS solid model in
as-printed condition were analyzed using Scanning Electron Microscopy (SEM). SEM micro-
graphs of fractured PLA and FDM ABS samples are shown in Figures 9a and 9b respectively.
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PLA part; (b) As printed surface of FDM ABS part.

3.4.1. SEM of PLA

In Figure 10, the extruded fibre string roughly 0.3 mm matches with the diameter of the
extruder nozzle. The region encompassing the surface morphology of a single fibre selected
for examination at higher magnification is highlighted in the red box. The central region of
the surface of a single fibre showing a relatively rough patch stretching for about 100 µm
was in turn examined at a higher magnification highlighted 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 indicate defects
induced during the manufacturing of the filament.
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Figure 10. SEM image acquired from the fractured surface of impact tested PLA sample; red and
green regions highlight highly rough and porous surface of a single PLA fiber observed under
higher magnification.

The region outlined in yellow dots in Figure 10 clearly represents poor adhesion
between the subsequently printed fibre 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 additive manufacturing 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 simula-
tion, indicating internal fibre failure (highlighted in yellow) is shown in Figure 11. The inner
region of a single fibre 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 a flat fracture
surface indicating brittle fracture triggered by high stress and facilitated by the internal
defects within the PLA filament.
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Figure 11. SEM image acquired from the fractured surface of impact tested PLA sample; green
region highlights visible signs of internal porosity in a single PLA fiber as observed under
higher magnification.

3.4.2. SEM of as Printed ABS

Figure 12 shows the SEM images of as printed ABS. Visible signs of interfacial porosity
suggest weak bonding between the fibre layers. SEM images clearly indicate that the
interfacial bonding between neighboring filaments 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 the filament 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. However, the examination of the surface of a single ABS fibre shown
in Figure 12 (as shown in the magnified 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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4. Conclusions

Adjustable combs that come with commercial hair clippers keep falling to the ground
and break frequently, while the hair clipper itself typically remains functional for a much
longer time. This study demonstrates the potential of using fused deposition modelling of
two readily available thermoplastic filaments, namely ABS and PLA, to manufacture an
economic hair clipper comb. In the first phase a customizable CAD model of the hair clipper
comb was subjected to a finite element drop test simulation using the explicit dynamics
module in ANSYS. In case of PLA material, the maximum stress upon impact was observed
to be greater than the ultimate tensile strength of the material while for ABS the maximum
impact stress was well within the UTS of the material. In the next phase, to utilize their
improved strength-to-weight ratio, shell based (hollow) designs were also subjected to drop
test simulations. The maximum stress upon impact for the shell designs were observed to
be 40.3 MPa and 30.6 MPa for PLA and ABS respectively. The simulated results suggest
that shell-based hair clipper combs are likely to absorb the impact force without failure.
These simulation results were validated using a drop test conducted from a height of 5 ft,
the typical height at which the product is used. It was verified that the crack in failed
specimens originated exactly from the area where the maximum stress was observed in
the numerical simulations. Out of all the tested designs, the shell model made of ABS tuns
out to be most suitable in terms of likelihood of withstanding the fall without breaking.
Assessing the suitability of other 3D printable (PET-G, Nylon, Carbon fibre) materials for
common applications such as the hair clipper comb suggests itself as an interesting study
for the future.
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//www.mdpi.com/article/10.3390/su14138071/s1, Figure S1: Mesh convergence analysis; Figure S2:
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Skewness mesh metrics spectrum; Table S2: Orthogonal quality mesh metrics spectrum.
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