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Abstract-- These days, numerous decisions and efforts are
contributing to cerebral palsy (CP) cases. Patient with spastic
or dyskinetic CP has to survive independently, where most of
the time is spent in a wheelchair. An extension headrest must
be applied to maximize independence and functionality in the
sitting position for routine activities. This study aims to
investigate the effects of material selection in fabricating the
3D-printed adjustable headrest. Expected headrest users
would be children (age seven to nine years old). There are five
materials in this research: Polycarbonate (PC), Polylactic
Acid (PLA), Acrylonitrile Butadiene Styrene (ABS),
Polyamide (Nylon), and Polyethylene Terephthalate (PETG).
In the designing process, Computer-Aided Design (CAD)
software focuses on designing the structure and Finite
Element Analysis (FEA) software to analyze various parts. To
conclude this study, PLA is chosen as the best material based
on the best stress, deformation, and safety factors.

Keywords-- Adjustable headrest; finite element analysis;
material selection; 3D printing

I. INTRODUCTION

Cerebral palsy refers to a group of conditions with
variable severity that experienced certain developmental
features in the standard [1]. It affects the motor function of
children and has more psychological difficulties than
normal children [2]. Cerebral palsy is incurable, but the
rapidly growing advancement in medical management has
assisted the patients in living a better quality of life and, in
some cases, independently.

Children with cerebral palsy can have several problems
such as muscle weakness, stiffness, slowness, shakiness,
and difficulty balancing. The severity of the issues can be
ranged from mild to severe conditions [3]. Zulkapli et al.,
2016 [4], good sitting positions are required for CP
children to stabilize their head and trunk together with
alignment.
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A reasonable postural control condition is needed to
achieve a stabilized resting. However, the situation was
also associated with functional neuromuscular alterations,
contributing to the lack of head control in resting position
[5]. Thus, a suitable headrest with improved functions such
as attach ability, economically inclined, and user friendly is
essential to improve their sitting position and posture.

The development of an adjustable headrest was proposed
in this project to fulfill the CP children's needs. This paper
focuses on predicting the best material selection to
fabricate the adjustable headrest using 3D printing
technology. In this study, five types of 3D printing
materials are proposed for the fabrication process using a
3D printer. The materials are ABS (Acrylonitrile Butadiene
Styrene), Nylon (Polyamide), PETG (Polyethylene
Terephthalate), PC (Polycarbonate), and PLA (Polylactic
Acid). Polylactic Acid (PLA) is one of the common
materials used for the 3D printing process. PLA can be
considered a renewable resource and biodegradable plastic
because it is manufactured from corn starch as a raw
material. PLA is an affordable and versatile plastic that
makes it helpful in making large-sized prototypes, pattern
making, and many more. ABS (Acrylonitrile Butadiene
Styrene) is a thermoplastic polymer. It is a strong, durable,
heat-resistant, and somewhat flexible plastic with
remarkable impact mechanical properties. Therefore, ABS
can be used for mechanical purposes and electrical
purposes. Nylon is a synthetic linear thermoplastic
polyamide with excellent mechanical characteristics that
make it exceptionally durable, strong, and versatile. It
serves many purposes, from clothing to industry. Another
type of 3D printing material in the thermoplastic family is
PETG (Polyethylene Terephthalate), which combines PET
and glycol. PETG has both the combination of simplicity of
PLA 3D printing and the strength of ABS.
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Hardness, impact and chemical resistance, elasticity, and
transparency and among the characteristic of PETG.
Polycarbonate (PC) filament is very different from the
other four filaments. It is lightweight but solid [6-9].
Although it is transparent, it has high impact resistance and
tensile strength.

The current product available in the market was in
universal sizes, heavy and rigid [6,7]. Thus, the objective of
this project was to propose a customized product that
managed to be designed for patient-specific, lightweight,
good strength, and safe products using 3D printing
technology.

The headrest factored adjustability heavily into its
design to better facilitate individuals who are using it. A
press-fit assembly is chosen for its uncomplicated
mechanism as well as ball locking bolts. The headrest
should be capable of accommodating all shapes and sizes.
A clamp mechanism [6] is used to secure the headrest to
any wheelchair in use. A buckle strap to tighten the
headrest to the user's head is optional.

MATERIAL & METHODS

A. Material Properties

There are five 3D printing materials considered,
specifically ABS (Acrylonitrile Butadiene Styrene), Nylon
(Polyamide), PETG (Polyethylene Terephthalate), PC
(Polycarbonate), and PLA (Polylactic Acid). A set of
predetermined loading conditions is applied to the headrest,
given by 1.8 kPa [7], 5 kPa, 10 kPa, 15 kPa, 20 kPa, and 25
kPa, respectively. Mechanical properties have been
compiled [8] and summarised in Table 1. All materials are
subjected to a loading condition of 1.8kPa as most
materials failed at 5kPa, rendering any analysis for other
pressures null.

TABLE 1.
Mechanical Properties of Selected Materials

Young Poisson Yield
Material Modulus ratio strength

(MPa) (MPa)
ABS 2.3 0.36 35.9
Nylon 2.0 0.35 39.0
PC 2.2 0.43 53.0
PETG 3.3 0.39 27.8
PLA 2.6 0.36 62.1

B. Loading & Boundary Conditions

A set of predetermined loading conditions is applied to
the headrest. Distributed pressure at the headrest is
assigned at 1.8 kPa [7], representing the expected load
during the headrest. Increment of pressure magnitudes of 5
kPa, 10 kPa, 15 kPa, 20 kPa, and 25 kPa are also
considered to predict the product's safety at a higher impact
load. Figure 1 illustrates the pressure loading at the
headrest and fixed constraint at the distal end.

C. 3D Printing

The headrest was fabricated using a 3D printer. The
finalized design CAD files were converted to an STL
(Standard Triangle Language) file format before calibrating
the process parameter in a slicer software, in this instance,
Ultimaker Cura 4.3. Processing parameters such as
extruding temperature, bed temperature, and infill speed
were calibrated to achieve a uniform layer height of 0.24
mm. The infill density used is reduced to 10%, as an infill
density between 10% and 20% will suffice for basic 3D
prototypes [9]. It is corroborated by Redwood et al., 2017
[10], for a prototype where the form is essential, it can be
printed with very low infill (10%), saving significantly on
cost and time. To conclude the process, fabrication is
completed using the Ender Creality CR-10S5 3D printer.
The parameter for the Ender Creality CR-10S5 3D printer
is shown in Table 2.

TABLE 2:
Ender Creality CR-10S5 Parameter
Machine type CR-10S5
Print size 500x500x500mm
Package weight 22.8Kg
Nozzle diameter 0.4mm

Control system Win, xp, mac, vista, Linux

Cura, Simplify3D, Repetier-

Software h
ost
File format Obj, Stl, G-code
Print speed 60mm/s -100mm/s
Filament diameter 1.75mm
Support filament PLA/ABS/TPU/wood/carbon
fiber/Copper

Input:110V-220V, Output

Power requirement 12V, Power 270W
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I1l. RESULTS & DISCUSSION
A. Effects of Material Selections

Five 3D printing materials, namely ABS, Nylon, PETG,
PC, and PLA, have been subjected to a load of 1.8 kPa [7].
Table 2 shows the stress and deformation distribution in
ABS, Nylon, PC, PETG, and PLA. It can be established
that PETG with 25.45 MPa has the lowest stress compared
to other materials utilized and most likely the least to yield
under pressure. The material that will most likely be the
fastest to yield under pressure is ABS with 28.80 MPa. It is
in line with Jones, 2009 [11], indicating that a significant
Von Mises stress implies the material is closer to the yield
point, thus exacerbating fracture. A low value denotes
material is least likely to fracture due to the material being
closer to the yield point.

Subsequent FEA analysis yields the stress distribution in
the headrest, as shown in Figure 1. The color contour scale
shows blue as the minimum stress and red as the maximum
stress, a range of values from 0 to 26.80 MPa. The affected
area is the adjustable mechanism of the headrest, where the
more prevalent red color represents the maximum stress in
PETG.
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Figure 1: Stress distribution in the headrest

The more prevalent blue color denotes the material has a
distribution of minimum Von Mises stress, thus do not
yield under the loading pressure applied. While the red area
shows the maximum stress endured, the material has not
undergone failure. The color grey represents failure or
yield. Theoretically, failure happens when the Von Mises
stress exceeds the value of yield strength of any given
material. The portion of the color scale is adjusted to
distribute evenly across the stress range, the value being
lower than 26.80 MPa. The adjustment added shows that at
the specific grey color contour, the height adjustment part
of the headrest will yield under pressure.
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Within the confines of deformation, it is established that
ABS will be most likely to yield under pressure with a
displacement of 0.9964 mm as opposed to nylon with
0.6017 mm. ABS is known for its strength and printability
[12]. The high deformation substantiates the fact. The FEA
analysis in Figure 2 indicates the deformation the materials
can withstand when subjected to pressure. The principle of
color contour affected to Von Mises stress is applicable
here. The deformation can easily be distinguished in where
it can be seen the exact place failure will occur because of
the more prevalent red color contour.
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Figure 2: Deformation in the headrest

An incremental loading pressure is applied to predict the
product's safety at a higher impact load, specifically to 1.8
kPa, 5 kPa, 10 kPa, 15 kPa, 20 kPa, and 25 kPa,
respectively. The resulting analysis is presented in Figure 3
and Figure 4, where both the Von Mises stress and
deformation are directly proportional to the pressure
applied. It can be observed that by cross-referencing Figure
3 with Table 2, as a result of comparing the yield strength
of the selected materials with Von Mises stress obtained
Greene et al., 2016 [13], all materials except PLA will
fracture at 5 kPa. The lower stress obtained is concurrent
with Gibson et al., 2009 [14], where parts made using these
materials on FDM machines may display lower strength
areas than the initial value because of interfacial regions in
the layers and possible voids in the elements.
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Figure 3: Stress distribution by different loading conditions
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Figure 4: Deformation displacement by different loading magnitude

The most straightforward and widely used approach in
addressing variability and uncertainty in engineering design
is the factor of safety (FoS), or sometimes a unanimous
term safety factor [15]. The use of safety factors to assure
that a structure can perform its intended function constrains
failure risk to an acceptable level [16]. The findings are
summarized in Table 3 and Figure 5. The PLA and PC
materials are recognized for a safety factor of 2.33 and
1.99, respectively, suggesting both as suitable materials for
the headrest. Ultimately ABS, nylon, and PETG would be
considered objectionable materials as the ratio did not fall
into the acceptable safety factor for this design relative to
all materials. They are too close to the value of 1.00. It can
be observed PETG has the lowest safety factor ratio with
1.09, followed by ABS with a ratio of 1.34, and nylon with
aratio of 1.49.
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Any value less than 1.00 signifies that the material does
not comply with the safety factor. For that matter, said
material is considered to fail and unsafe to be used for the
intended application. It is supported by Sarma et al., 2020
[17], where three materials were compared for their safety
factor using the same boundary conditions and fixed
constraints.

TABLE 3
: Factor of Safety for Selected Materials

Yield Max.  von
Material strength Mises Stress FoS

(MPa) (MPa)
ABS 35.9 26.80 1.34
Nylon 39.0 26.18 1.49
PC 53.0 26.66 1.99
PETG 27.8 25.45 1.09
PLA 62.1 26.66 2.33

Safety value

2.5
- ' 2
_ o x\\ § .
N/ .
I I I I I I )
0
BS LA

PC PETG P
Materials

A Nylon

. Yield strength . Max von misses stress FoS

Figure 5: Comparison of yield strength, maximum stress, and safety
factor for five different materials

B. 3D Printed of Headrest Orthosis

Apart from the findings in finite element analysis,
parameter setting in 3D printing activity is also to be
considered. The results suggested PLA as the most
appropriate material selection as summarised in the factor
of safety criteria. Table 4 indicates the projected parameter
in fabricating the headrest at different infill settings for
PLA material.
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Figure 6 shows the fabricated headrest product using 3D

printing technology at different views. The model is \ a
designed and ready with the capability to be customized =
based on the patient. An additional parameter can be set to ] -
meet the customer requirement at preferable weight, time to -~ ’ <
fabricate, including color and material selection. . ___ I
TABLE 4: 4 ’
Projected Parameters Based on Infill Density
Infill Weight () Time
20% 1041 3d 1h 21m Left Vi
40% 1273 3d 10h 47m _ _ (@LeftView _ _
60% 1505 3d 20h 22m Figure 6: 3D printed model of headrest at different views
80% 1738 4d 5h 22m V. C

The improvement of adjustable headrest for total body
involvement in CP children has been successfully analyzed
and fabricated. Consequently, the effects of material
properties in ABS, Nylon, PC, PETG, and PLA have been
determined and evaluated. In terms of Von Mises stress,
PETG has the lowest stress at 25.45 MPa. It made for an
excellent material for high-impact mechanical parts.
Subsequently, concerning deformation, ABS with the
highest deformation of 0.9964 mm is the least likely to
yield under pressure, owing to its strength. About the safety
factor, conversely, PLA has the highest ratio in safety
factor with 2.33, connoting it a highly reliable material. As
a result, the PETG, ABS, and PLA are considered for
fabrication from the five materials tested. Considering
, several factors such as mechanical properties, cost, printing

time, durability, and evaluating data compiled, PLA is the
most optimum choice to print the headrest. The model also
was successfully fabricated using 3D printing technology
employing the FDM process. Later research that can be
conducted is the effect of infill density as other beneficial
factors.

(a) Front View
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