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ABSTRACT

The article presents analysis of mechanical properties of specimens fabricated by fused deposition modelling
(FDM). The four of considered materials are the well-known 3D printing filaments i.e., polylactide (PLA), Nylon
12 (PA12), acrylonitrile butadiene styrene (ABS), polyethylene terephthalate glycol (PET-G). The other four mate-
rials considered are carbon-fiber composites not described in the literature, i.e. polylactide with carbon fiber (PLA-
CF), Nylon 12 with carbon fiber (PA12-CF), acrylonitrile butadiene styrene with carbon fiber (ABS-CF), polyeth-
ylene terephthalate glycol with carbon fiber (PETG-CF). The paper describes how the specimens were designed,
printed, subjected to static tensile tests and static bending tests, and examined using microscopy. The obtained data
uses to select the optimum material for the rapid manufacturing of lower limb orthoses. Carbon composites were
found to have better mechanical properties of their base material, but the fabrication of composite samples is much

more time consuming, for the reason that the manufacturing process is not stable.
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INTRODUCTION

The rapid development of additive manufac-
turing, or additive molding (AM) technology,
also known as 3D printing, makes it possible to
shape parts with complex geometries and allows
a significant reduction of the time required to pro-
duce a new product. The additive manufacturing
process enables the creation of physical, three-di-
mensional (3D) shapes of almost any complexity
stored in a CAD model [1, 2]. The wide spectrum
of variations of additive manufacturing makes,
it gives the possibility to produce parts from
different types of materials. Compared to tradi-
tional technologies (casting, machining, plastic
molding), AM has several significant limitations

related to performance and quality, and most im-
portantly, chemical and mechanical properties
[2]. As per the ASTM F2792-12 standards [63],
additive manufacturing (AM) is defined as the
process of assembling materials to create objects
from 3D model data, typically layer by layer, as
opposed to subtractive manufacturing methodolo-
gies. Increasingly, the FDM additive manufactur-
ing method is being used to manufacture medical
devices. From a 3D-CAD data set, components
and assemblies are fabricated from thermoplastic
material in just a few work steps. Native software
automatically slices the data, calculates support
structures and creates tool paths. The parts are
then built layer by layer using an additive pro-
cess. The head extrudes molten thermoplastic
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filament, to create each layer with a specific tool
path. Through thermal fusion, the material fuses
with the layer below it and solidifies. This cre-
ates a permanent bond between the two layers [3].
Composites of thermoplastic materials [4, 5] and
FRP composite’s [65] are increasingly being used
in 3D-printing.

FDM technology in medicine

FDM printing has many advantages, the
most important of which are: high strength
of prints, a wide range of materials to work with,
low cost of a single part, and the ability to print
prototypes of mechanisms to test their func-
tionality [18, 19]. Moreover, FDM technology
can be used to create parts without geometric
constraints, and there is no need for drilling or
other machining operations [8, 64]. Finally, it is
possible to eliminate or reduce residual stresses.
Initially, the method was used to create low-cost
prototypes and conceptual models. Today, it is
being used to print high-quality functional proto-
types and concept models. An important advan-
tage is that models can be designed as cellular
structures, such as honeycomb structures, which
strengthen the part but reduce its weight. This
is crucial when such fabricated manufacturing

or assembly tools are operated by human work-
ers [22]. Components made from these plastics
can be as strong as their metal counterparts,
but have less weight [23, 64]. By using special
filaments, it is possible to achieve comparable
strength, impact strength and stiffness with less
material density. Some 3D printing plastics have
sufficient properties to produce parts that are
traditionally made of metals. In addition to high
strength, they are resistant to a variety of chemi-
cals, including lubricants, and can be certified as
non-flammable or bio-compatible. In the rapid
manufacturing of custom polymer parts, there
is no need to prepare an expensive mold, as is
required for casting or injection molding [21].
Anatomical models are used in medical prac-
tice in many fields. Among the most important,
it is worth mentioning preoperative and intraop-
erative support. In addition, models are an ex-
cellent tool for training in surgical procedures
or learning about specific types of pathology at
the level of patient and family education or for
less experienced residents and medical students.
Due to the relatively low cost of producing ana-
tomical models, especially with FDM, the use of
anatomical models at various stages of medical
practice is possible and readily available. This is
evidenced by the preoperative models presented:

Figure 1. Example of the use of physical models in medicine: (a) endoscopic third ventriculostomy surgical
simulator [6], (b) model for liver preoperative planning [7], (c) simulated surgery on the skull [8]
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endoscopic third ventriculostomy surgical simu-
lator [6] (Figure la), a model for perioperative
planning of the liver [7] (Figure 1b), a model for
simulating surgery on the skull (Figure 1c) [8],
and a multi-material model of the kidney [9, 10].
Another example of the application of 3D
Printing in orthopedics is wrist and upper limb
prostheses (Figure 2), the process of which is ful-
ly automated using AutoMedPrint (automated 3D
printing of medical products) and the price is sev-
eral times lower than traditionally manufactured
orthoses [13, 14]. There is already information in
the literature about the possibility of obtaining a
usable and inexpensive 3D-printed hand orthosis
(shown in Figure 3) in less than one working day,
from measurement to finished product, with mini-
mal human operator involvement (e.g., using the
AutoMedPrint system) and minimal competence
required to carry out the entire process [13].
However, FDM can have some disadvantag-
es. For example, the high anisotropy of 3D printed

objects with respect to their internal structure [24,
25] makes it difficult to control their printing
time or their mechanical properties and surface
texture, such as roughness or waviness, depend-
ing on the technology used [26, 27, 28]. The me-
chanical properties of FDM-printed parts made
of pure thermoplastic materials can be improved
by using, for example, carbon-fiber or glass-fiber
reinforcement [29, 30] and/or special additives
whose role is to improve mechanical properties
[31]. Carbon fiber reinforced composites have
excellent mechanical properties, being stiffer and
more resistant to impact and fatigue. Due to the
low density of carbon fiber, all these properties
can be achieved with low product weight. The
use of carbon fiber or in selective laser sintering
(SLS) contributes to the higher strength of the
fabricated parts [32, 33].

Since the beginning of the 21st century, re-
searchers have been searching for the relation-
ship between various parameters of the FDM

Figure 2. 3D printed complete mechanical prosthesis for patient [14]

-

Figure 3. Orthosis on a two-material forearm phantom [13]

193



Advances in Science and Technology Research Journal 2024, 18(4), 191-215

process and the strength of the resulting models.
A number of research centers around the world are
engaged in this kind of research. This group can
include, among others, the work carried out by a
group of scientists from Korea in cooperation with
the University of Berkeley [36, 37]. These works
show that there are problems with the one with
FDM, so they focus primarily on the variation
of parameters that determine the structure of the
interior of the layers, i.e. how the layers are filled.

The main limitation of the plasticized plastic
modeling technique is its low accuracy in the ver-
tical direction, related to the relatively large layer
thickness. This is related to the formation of the
so-called stair-step effect, which occurs in all prod-
ucts manufactured with incremental techniques.
This effect is related to the discrete division of the
object into layers. In the FDM technique, it is
particularly noticeable and, especially in the case
of curvilinear outlines and free surfaces, affects
the visual quality of manufactured products [38].
Another major limitation of FDM is the varying
and not always favorable mechanical properties of
products made with it. These properties should be
assessed as good in comparison with other incre-
mental manufacturing techniques, but it is worth
noting that, for example, the tensile strength of
products manufactured by the plastic incremental
forming technique never reaches a level higher
than 80% of the strength of the base material,
and is usually much lower (2-3 times), and is
also strongly dependent on the process parameters

[38, 39, 40]. The orientation of manufacturing in
FDM affects impact strength with pronounced an-
isotropy, and this is particularly noticeable with
thicker layers. The effect of layer thickness on im-
pact strength due to build orientation was differ-
ent for flat and edge specimens. In the case of flat
specimens, the impact load was parallel to the ad-
jacent layers and it was the layers that withstood
most of the applied load. Greater layer thickness
promotes greater impact strength [41].

3D-printing of AFOs

FDM is being used in orthopedics as a re-
placement for traditional orthoses or prostheses.
In 2021, the authors produced the first pair of
lower extremity orthoses for a pediatric patient
with spina bifida. Specialized orthoses used on a
daily basis did not allow the patient to use them
in bodies of water. Figure 4 shows their replace-
ment, manufactured using the FDM method from
thermoplastic material, allowing them to be used
during swimming pool activities [12]. The FDM
method has also been used to protrude a fully per-
sonalized ankle foot orthosis for the 11-year-old
patient shown in Figure 5.

Ankle joint orthoses (AFOs) can be used in
the treatment of many injuries, such as in children
with cerebral palsy, as AFOs correct the ankle
joint and neuromuscular buildup, in the case of
a flat foot, in the case of an unstable ankle foot
(e.g., after an ankle sprain) [42]. In order to obtain
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Figure 4. AFO type orthoses used during pool activities
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Figure S. Personalized AFO orthosis

a personalized AFO, the following steps should
be followed: measuring the ankle joint along with
the patient’s foot, making a positive plaster model
using a casting technique based on the negative
plaster impression, modifying the positive plaster
model to fit the patient’s anatomy, then making
a vacuum deformation and fitting the orthosis.
The process of the traditional approach is very
labor-intensive, in addition to carrying many de-
sign limitations, as well as high costs and long

waiting times [43, 44]. These downsides have led
researchers to explore new techniques for manu-
facturing individualized AFO orthoses [45, 46].
Decades of development to replace conventional
AM methodologies have resulted in a variety of
manufacturing methods in which the component
is fabricated layer by layer directly from a digital
model. Layer by layer directly from the digital
model [47, 48]. The use of the FDM method in
the manufacture of orthopedic products, com-
bined with 3D scanning technology, aims to elim-
inate the drawbacks of traditional manufacturing
methods indicated earlier.

Different from the upper limb, the fabrication
of ankle orthoses can be problematic. The ortho-
ses have low strength and impact strength, the lit-
erature reports that the broken part of the orthosis
shows that the direction of separation was not in
the direction of 3D printing path deposition. This
means that the printing pattern of each layer is also
a key issue for the strength of the 3D printed object
[47]. The age of the patient is also an important
aspect, adults or older children should be designed
with a heavier orthosis (Figure 6b) to prevent dam-
age to the AFO, as in Figure 6a [13] FDM is there-
fore often abandoned in favor of more expensive
and less accessible SLS or MJF techniques [50].

The potential use of polymer based compos-
ite materials could provide a solution to these
strength problems, quite a few solutions can be
found in lite-rature using composite filaments,
which prove that the addition of carbon fibers

Figure 6. (a) An orthosis with a lighter design that broke during use, (b) an orthosis with a monolith construction
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increases the stability and stiffness of the product
[51]. Other possibilities include aramid fiber-rein-
forced [52], graphene-reinforced [53] and CFRTP
[54] materials. Attention is also paid to the aspect
of biocompatibility, as well as biodegradability,
which have already been reported in the literature
[16, 55]. There are already successful applica-
tions of biodegradable composites in orthopedics
[16, 56], as well as polymer-based carbon fiber
composites [5].

The following article is the first stage of re-
search aimed at determining experimentally the
geometric and technological parameters that en-
able the requirements for the mechanical, func-
tional and therapeutic properties of AFO ortho-
ses, manufactured incrementally on the basis of
an automatically generated design, while meeting
the condition of low price and rapid delivery of
the product to the patient.

MATERIALS AND METHODS

Research concept and plan

The overall goal of the ongoing research is to
determine by experimental method whether the
strength properties of the carbon fiber compos-
ites are good enough to use them to manufacture
functional AFO orthoses. The research is part
of the project “Automation of design and rapid
manufacturing of individualized orthotic and
prosthetic products based on data from anthro-
pometric measurements” and “Determination of
technological parameters and properties of se-
lected incrementally manufactured orthopedic
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products”. The orthosis were designed and man-
ufactured in 3D using the AutoMedPrint system.
The main stages of using the system are: 3D
scanning of patient limb, automated data pro-
cessing, automated CAD design of a selected
product (based on 3D scanning data), semi-auto-
mated preparation of 3D printing process and its
realization, and fitting with the patient. The prin-
ciple of operation of the AutoMedPrint system is
shown in Figure 7 [12, 43].

The main aim of the research is to improve
the production process of customized ankle foot
orthoses in the AutoMedPrint system by en-
abling new material choices and assuring that
the produced orthoses will meet all the evalua-
tion criteria stated in the available standards [ISO
13485:2016]. Basing on the available literature,
it was proposed to utilize composite materials
as basic materials for building the orthosis shell
- potentially overcoming the strength barriers ob-
servable while using standard thermoplastic poly-
mers. As such, a series of experiments were pro-
posed in order to verify if the carbon-fiber filled
thermoplastic materials will prove to be more
durable, while maintaining the acceptable accu-
racy, as well as low manufacturing cost and short
time of manufacturing using the widely available
FDM technology.

The tests were carried out on four pairs of
typical FDM materials (ABS, PETG, PA12, PLA)
and their composites with the addition of CF
(ABS + CF, PETG + CF, PA12 + CF, PLA + CF).
The printed specimens were subjected to non-
destructive testing - roughness testing and mi-
croscopic structure testing, as well as destructive

automatic
design

semi-automatic
3D print planning

Figure 7. The principle of operation of the AutoMedPrint system
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Figure 8. Testing process: (a) 3D printing, (b) roughness testing, (c)
microscopic imaging, (d) static strength testing

testing — static tensile testing. The testing process
is shown in Figure 8.

Characteristics of used materials

In the realized study, four types of the most
commonly used materials and their composites
for 3D printing: PLA, PET-G, ABS, and PA12
were tested. Only commercially available mate-
rials were considered, with wide availability and
potentially low or medium price (to maintain the
low-cost production aspect of the AutoMedPrint
system, in accordance with research goals and
concepts). The first material used in the study
was PLA and its composite PLA with carbon
fiber. Polylactide (PLA) is the most extensively
researched and utilized biodegradable and re-
newable aliphatic polyester [57], widely popular
in the FDM technology, due to its low thermal
shrinkage, allowing to realize stable layer deposi-
tion process on most machines available on the
market, including the cheapest ones.

Moreover, PLA has many advantages, which
include:

e environmental friendliness — in addition to
being derived from renewable raw materials
(e.g. corn, wheat), PLA is biodegradable, re-
cyclable, compostable [57];

e biocompatibility — the most attractive aspect
of PLA, especially for biomedical applica-
tions. A biocompatible material should not
cause toxic or carcinogenic effects in local tis-
sues. In addition, degradation products should
not interfere with tissue healing [57].

PLA (Spectrum premium filaments, Spectrum
Group, Sosnowiec, Poland) and PLA-CF (F3D
filament, FINNOTECH, Katowice, Poland) fila-
ments were used in the study. According to the
manufacturer, the PLA-CF filament contained
15% carbon fibers.

ABS (acrylonitrile butadiene styrene) is a
common thermoplastic that is amorphous in na-
ture and has high impact resistance, heat resis-
tance and toughness, low thermal conductivity.
The high moulding behavior of ABS makes it one
of the best thermoplastic for possible preparations
of nano-porous material in energy conversion and
storage units [58]. It is also a very popular material
in FDM technology, although it requires machines
with closed chamber and heated building table, to
prevent disjoining of partially completed prints
from the table as a result of thermal shrinkage.
ABS (Spectrum premium filaments, Spectrum
Group, Sosnowiec, Poland) and ABS-CF (KIMYA
(HQ), Nantes, France) filaments were used in the
study. According to the manufacturer, the ABS-
CF filament contained 10% carbon fibers.

PA 12 (Polyamide 12) is one of the most re-
sourceful materials in professional 3D printing.
For its mechanical parameters, flexibility, and
heat resistance, it is a great option for functional
prototypes. Nylon 12 is chemical resistant and not
sensitive to stress cracking [59]. In the FDM tech-
nology, PA12 is considered moderately difficult in
processing, requiring closed chamber machines,
with usually higher extrusion temperatures than
ABS and PLA, as well as properly prepared table
surface due to low adhesion and increased risk of
disjoining during layer deposition process. PA12
(Fiberlab S.A., Brzezie, Poland) and PA12-CF (Fi-
berlab S.A., Brzezie, Poland) filaments were used
in the study. According to the manufacturer, the
PA12-CF filament contained 15% carbon fibers.

PET-G (Polyethylene Terephthalate Glycol)
is another very popular material used in 3D print-
ing processes. It has good elasticity and impact
strength, compared with PLA and ABS. It is also
easy in processing using the FDM technology,
allowing to obtain a glossy surface of produced
parts. It can be printed on most available ma-
chines, including low-cost ones.
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PETG (ROSA 3D Filaments, Hipolitow,
Poland) and PETG-CF (KIMYA (HQ), Nantes,
France) filaments were used in the study. Accord-
ing to the manufacturer, the PETG-CF filament
contained 10% carbon fibers. The basic properties
of the selected materials are presented in Table
1. They have been taken from the characteristics
supplied by their manufacturers.

Manufacturing of the ASTM standard sample

The manufacturing was realized using the
3D printer Zortrax M200 Plus (Zortrax, Olsz-
tyn, Poland). The specification of the used 3D
printer is presented in Table 2. The 3D-printed
specimens (Fig. 9) of the selected materials

were compatible with the ISO standard for test-
ing the strength of polymer materials [ISO 527-
1]. For static tensile testing, they were used the
dogbone-shaped samples (Fig. 9a), while for the
bending test, they were the rectangular beam
samples (Fig. 9b). The samples were printed
in the two series of 5 samples each. Figure 10
shows one of the series of printing of the ABS
samples. Table 3 contains standard manufactur-
ing parameters for all materials for the tensile
test samples and bending test samples. Tables
4 and 5 show the manufacturing parameters for
different materials for tensile test samples and
bending test samples. The parameters’ values
were selected according to the recommenda-
tions of material and machine producers, as

Table 1. Characteristics of manufacturing data sheets of used materials

No. Name

Properties

1 PLA

Density: 1.22 g/cm?®
Extrusion temperature: 185-230 °C
Build platform temperature: 0—45 °C

2 PLA-CF

Density: 1.30 g/cm?®
Extrusion temperature: 255-270 °C
Build platform temperature: 50-70 °C

3 ABS

Density: 1.05 g/cm?®
Extrusion temperature: 230-255 °C
Build platform temperature: 100 °C

4 ABS-CF

Density: 1.045 g/cm?
Extrusion temperature: 250-270 °C
Build platform temperature: 90-110 °C

5 PA12

Density: 1.01 g/cm?®
Extrusion temperature: 255-270 °C
Build platform temperature: 100 °C

6 PA12-CF

Density: 1.07 g/cm?
Extrusion temperature: 265-270 °C
Build platform temperature: 90-110 °C

7 PETG

Density: 1.29 g/cm?®
Extrusion temperature: 220-260 °C
Build platform temperature: 60-80 °C

8 PETG-CF

Density: 1.28 g/cm?®
Extrusion temperature: 220-260 °C
Build platform temperature: 60-100 °C

Table 2. Specification of Zortrax M200 Plus

Data sheet

Technology

LDP/FFF

Working area

200%200%180 mm

Supported materials

M Series dedicated materials (recommended) + new Z-SEMIFLEX

Nozzle size 0.4 mm

Filament diameter 1.75 mm
Extruder Single

Storage temperature 0-35°C

Printer size (excluding spool holder)

350%x360x505 mm

Cooling system

Double fan and extruder cooling
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Figure 9. Dimensions of specimens for experimental strength tests: a) tensile test, b) bending test
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Figure 10. Samples from the Z-SUITE (ver. 2.26.0.0)) program: (a) tensile test, (b) bending test

Table 3. Standard manufacturing parameters for all

materials and both sample types

Parameter Value
Nozzle diameter [mm] 0.4
Layer [mm] 0.19
Fan speed Auto
Contour-infill gap 0.4
Contour-top gap 0.25
Surface layers top 7
Surface layer bottom 4
Max. wall thickness [mm] 3.13

well as the experience of the team of authors, to
ensure stable processes. Tables 6 and 7 present
the estimated times and material consumption
of the manufacturing of the tensile and bending
test specimens calculated using the Z-SUITE

program version 2.26.0.0.

Non-destructive testing methodology

Initially after manufacturing the samples,
their quality was visually assessed to check
if the shape was properly recreated and if there

Table 4. Manufacturing parameters for different materials — tensile test samples

Specification ABS/ PETG/ PLA/ PA12/
ABS + CF PETG + CF PLA + CF PA12 + CF
First layer gap [mm] 0.32 0.47 0.49 0.45
Raft layers 8 4 5 4
Platform - raft gap [mm] 0.32 0.25 0.32 0.3
Support density [mm] 3.50 3.00 3.00 3.00
Table 5. Manufacturing parameters for different materials — bending test samples
Specification ABS / PETG/ PLA/ PA12/
ABS + CF PETG + CF PLA + CF PA12 + CF
First layer gap [mm] 0.32 0.43 0.49 0.43
Raft layers 8 7 5 5
Platform - raft gap [mm] 0.42 0.25 0.32 0.3
Support density [mm] 3.50 3.00 3.00 3.00
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Table 6. Estimated times and consumption of material in the tensile test

Specification ABS / PETG/ PLA/ PA12/
ABS + CF PETG + CF PLA + CF PA12 + CF
Time 2 h 17 min 1 h 50 min 1 h 56 min 2h
Material usage 10.8 m (26 g) 8.53 m (26 g) 9.33 m (27 g) 8.13m (16)
Table 7. Estimated times and consumption of material in the bending test
Specification ABS / PETG/ PLA/ PA12/
ABS + CF PETG + CF PLA + CF PA12 + CF
Time 2h 15 min 2 h 56 min 2 h 50 min 2 h 14 min
Material usage 8.47 m (20 g) 10.01 m (28 g) 10.66 m (30 g) 8.45m (16 g)

are no major structural errors (resulting, e.g.,
from machine errors) which would heavily in-
fluence the further testing procedures. If such
defects were identified, they were written down
and a decision was made if such a specimen
should be rejected and printed again or kept
for further experiments. The digital microscope
ISM-PM200SA (Insize Co., Ltd., Suzhou New
Distric, China) was used to inspect the surface
of the dogbone-shaped specimens to detect any
surface defects or cracks that may affect the de-
structive test results. The digital microscope can
provide high-resolution images of the specimen
surface, allowing for the identification of even
the smallest defects. After the digital microscope
examination, the tensile test was performed on
the specimens. Once the tensile test was com-
plete, the specimens were again subjected to
microscope testing, to visualize the fracture area

and compare it for different materials. Figure 11
presents the course of the test. The second non-
destructive test performed on the specimens was
the roughness test. The roughness was tested by
use of a certified roughness tester. All the speci-
mens were measured with the PowerSurf ART-
300 Surface Roughness Tester (PowerTech s.c.,
Grojec, Poland). The device is compatible with
appropriate EN ISO 4287 and EN ISO 4288 stan-
dards. The fracture surface was measured, which
can provide valuable information about the ma-
terial’s fracture behavior. The roughness test
was performed on both the tensile and bending
samples, only after the destructive testing. The
measurements were made along a constant dis-
tance of 2.5 mm, with a velocity of 1 mm/s, in
locations presented in Figure 12a and 12b. Three
repetitions were performed for each sample. Fig-
ure 12c presents the course of the test.

Figure 11. Procedure for testing the tensile test sample using the microscope
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Figure 12. Places where the roughness measurement was carried out, sample type:
a) bending, b) tensile; ¢) roughness testing on the bending test specimen

Methodology of destructive testing

Strength measurement was realized using a Uni-
versal Testing Machine (SUNPOC, Guiyang, China)
at room temperature and a crosshead speed of 20
mm/min. To ensure accuracy and reproducibility, ten
samples of each type were tested. A picture illustrat-
ing the test setup is shown in Figure 13. After the
samples were prepared, they were attached to the
grips of the universal testing machine. The grips
were adjusted and tightened to ensure a stable and
secure grip on the specimen. The support spacing
was set at | = 64 mm.

Next, a tensile test was carried out on the
specimens. During the tensile test, the specimen
was subjected to an increasing tensile load until
it was broken. A universal testing machine mea-
sured the load applied to the specimen and, using
the introduced specimen dimensions, stress and
strain values were calculated automatically.

The bending test was performed by placing
the specimen on the support of the universal test-
Figure 13. Test setup — tensile test ing machine and applying the load at the center

F

h

|
|
|

: 12 | 12
- >

| -

Figure 14. Test setup — three point flexure strength, h=10; 1= 64
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of the specimen (Fig. 14), with the feed rate as-
sumed 1 mm/min. The test was finished in one of
two cases: when the sample fractured or when 10
mm of deflection was reached. In the bending test,
the load applied to the specimen and the resulting
displacement was measured, which was used to
calculate the stress and strain values in bending.

RESULTS

Manufacturing results

The manufacturing of specimen was realized
according to the assumed plan. All the specimens
were acquired, although not without certain prob-
lems with process stability. The manufacturing er-
rors that occurred were divided into two categories:
1. Major errors — they caused the specimens to
be unusable in further tests, e.g. major shape
errors, layer disjoint etc.

2. Minor errors — visible with the naked eye and
possibly could have influenced the results of
testing, but the main shape and function of the

manufactured specimens was sustained. The
minor errors are illustrated in the further part
of the text with microscopic images, for clarity.

Regarding the specific material pairs (thermo-
plasts and their CF-filled counterparts), certain ob-
servations were made, described below. In the case
of ABS material — the ABS-CF was the least stable
and most problematic of all the materials considered
in this study. 7 processes were required to obtain the
complete set of samples for the tensile tests (2 batch-
es per 5 specimen), which is a very low success ratio
of ~30%. In the case of bending tests, it was a bit bet-
ter, but the process was still not perfectly stable and
the nozzle of the machine was regularly clogging.
Here, adding CF had the biggest impact on process
stability, as pure ABS was manufactured without any
problems. However, pure ABS material samples had
the most minor errors of all the materials. Examples
of major errors while printing ABS-CF samples are
shown in Fig. 15a, while minor errors of pure ABS
are shown in Fig. 15b. In the case of PLA material
— the pure PLA was very stable and the manufactur-
ing was 100% successful (all the batches produced

Figure 15. (a) Major errors of printing ABS-CF samples: (1) rolled up corner, (2) and (3) detachment of
raft from the table, (4) underextrusion caused by clogging, (b) minor errors of printed ABS samples

a) b)

c)

Figure 16. (a) Minor error of printed PLA-CF samples — lack of material thread, (b) minor
error of printed PA12-CF samples, (c) minor errors of printing PETG-CF samples
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at first attempt). Slight problems occurred with the
PLA-CF material — 2 attempts at tensile test speci-
mens manufacturing were unsuccessful (samples
disjoined from the table mid-print, despite proper
preparation of table surface and using recommended
parameters), which gives a success ratio of 50% for
this material. Similarly as in the ABS-CF, the nozzle
was clogging regularly. Examples of minor errors in
manufactured samples are presented in Figure 16a.

When manufacturing PA 12 material no stability
problems occurred, the printouts were not disjoin-
ing from the machine working table, no major errors
were recorded (100% success ratio for both types of
samples produced). However, nozzle clogging was
also observed for the CF-filled material. Examples of
minor errors in manufactured samples are presented
in Fig. 16b. In the case of PET-G material — similarly
as in the case of PA12, the processes both for pure
and CF-filled material were generally stable, without
major errors occurring. Examples of minor errors are
shown in Fig. 16c. Tables 8 and 9 present estimated
times and material consumption for two types of pro-
duced samples. It can be observed that the printing
PETG and PETG-CF samples for tensile and bend-
ing tests took the longest time and the most amount
of material was used in their manufacture. Time of
printing tensile samples of ABS and ABS-CF was
the shortest of all of used materials and composites,
but PA12 and PA12-CF were used the least amount
of material in their manufacture.

Time of bending samples of PA12 and PA12-CF
was the shortest of all of used materials and com-
posites, and the least amount of material was used
in their manufacture. The bending samples of PA12
and PA 12-CF were used the most amount of material
in their manufacture. The actual times were exactly
the same as predicted. The times were well estimated
by the Z-SUITE program. This allowed a very good
estimate of the real time necessary to produce all the
samples. Post-processing for carbon fiber materials
turned out to be much easier and therefore faster. Iso-
lation of the raft from the specimens is done in one
stroke and no more processing is required, because
the specimens are already ready for testing, in con-
trast to samples from base materials, at which the raft
breaks and has to be levered several times.

As a summary, it can be stated that the process
of manufacturing samples from all composite mate-
rials, except ABS-CF is stable and there is no prob-
lem with printing the set product. Sample fabrica-
tion time oscillates around 2 hours for all materials
except PETG-CEF, for which this time is almost an
hour longer. A significant difficulty in manufactur-
ing carbon fiber composites is nozzle clogging and
much faster (nearly 2.5 times) nozzle wear.

Destructive testing results

The results of tensile tests are presented in
Tables 10 and 11. The tables contain both raw

Table 8. Estimated times and consumption of material in the tensile test

Specification ABS/ PETG/ PLA/ PA12/
ABS + CF PETG + CF PLA + CF PA12 + CF
Time 1 h 50 min 1h 53 min 1 h 56 min 2h
Material usage 23.089g/23.53¢g 29.229/2881g 24.259/2524¢g 18.14g/19.11 g
Table 9. Estimated times and consumption of material in the bending test
Specification ABS / PETG/ PLA/ PA12/
ABS + CF PETG + CF PLA + CF PA12 + CF
Time 2 h 15 min 2 h 56 min 2 h 50 min 2 h 14 min
Material usage 20.229g/20.84 g 30.34g/30.10g 31.279g/31.55¢g 18.329/19.27 g

Table 10. Strength testing results — tensile test, pure polymer filaments

Material F.. IN] dL,, . [mm] o, [MPa] €, [%]
ABS 570.9 3.28 27.87 5.47
PLA 780.8 3 39.13 517
PA12 4975 15.7 25.27 24.86

PETG 660.4 4.1 3238 6.13
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Table 11. Strength testing results — tensile test, polymer filaments with carbon fiber

Material F e [N dL.,..[mm] o,.. [MPa] € 0 (%]
ABS-CF 611 3.37 31.43 5.62
PLA-CF 511.5 5.42 23.51 9.03
PA12-CF 735.6 5.04 35.81 10.12
PETG-CF 906.1 3.45 45.61 5.18

Results of tensile testing
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Figure 17. Results of tensile testing

data from testing machine sensors (forces and de-
flections), as well as calculated stress and strain
values. Figure 17 presents juxtaposition of results
contained in Tables 10 and 11. Figures 18a and
18b present example diagrams for pair of PETG
and PETG-CF materials. Analyzing these results,
the following observations can be made:

1. In the case of almost all tested materials, adding
carbon fiber increased the tensile strength (maxi-
mum recorded stress). An adverse effect was ob-
tained in the case of PLA material — here the ten-
sile strength was lower — so composite material is
actually worse in terms of recorded strength.

2. Considering the elongation, it almost did not
change for the ABS material and slight change
was observed for the PETG material (comparing
pure and composite filaments). This is also re-
flected in the change of tensile strength values for
these two pairs of materials. However, for PLA
material, observable increase was registered when
testing samples of composite, CF-filled filament
— inversely to the change in tensile strength (so,
for PLA, strength of CF-filled material is lower,
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but elongation is higher than in the case of pure
polymer). The highest difference here is observed
for PA12 — the elongation is much lower for com-
posite material than for the pure material. Judging
from both the diagrams (Fig. 17) and calculated
values, it can be observed that pure PA12 is both
more elastic and plastic than the same material
filled with carbon fiber.

. Inthe group of pure polymers, PLA samples had
the highest tensile strength (with PETG ranked
second). In the CF-filled materials, PETG has
the highest tensile strength (with PA12 ranked
second), while PLA is the last. Considering the
relative increase in strength, PA12 and PETG
benefitted the most from adding carbon fiber
— their relative strength increase was approx.
40%. In the case of ABS, this increase is also
observable (13%), but not as significant.

In Figures 19a, b and 20a, b, broken samples of
PETG-CF, ABS-CF, ABS and PLA are presented.
Analyzing the fractured samples, a general obser-
vation can be made, that all the samples, except
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Figure 18. (a) Stress-strain diagram of PETG, (b) stress-strain diagram of PETG-CF

Figure 19. (a) Broken samples of PETG-CF, (b) broken samples of ABS-CF
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Figure 20. (a) Broken samples of PLA, (b) broken samples of ABS

ABS-CF, failed by layer disjoint (so-called “brittle
fracture”, characteristic for FDM printed parts),
with no or little observable material deformation
— the fracture surfaces are small and even at the
macroscopic visual observation. For the ABS-CF,
behavior was different, as presented in Fig. 19b
— clear deformation of material threads is visible
(with accompanying change of color). For all the
other materials, no deformation is visible. The
results of bending tests are presented in Tables
12 and 13. The tables contain both raw data from
testing machine sensors (forces and deflections),
as well as calculated stress and strain values. Fig-
ures 21a and b present example diagrams for pair
of PA12 and PA12-CF. Analyzing these results,
the following observations can be made:

e for two materials, adding carbon fiber actually
reduced registered bending strength (measured
as maximal stress during bending). For ABS,
the reduction was very slight, but for PLA
it was significant — approx. 50% of strength

reduction. For the other two materials, notable
increase in bending strength was observed;
taking into account the deformation, in all four
material pairs, CF-filled materials deformed
slightly less than the pure polymers. The dif-
ference is visible mostly for PETG and PLA
materials, with a very slight decrease for ABS
and PA12. It means that the CF-filled materi-
als are more rigid and less prone to bending,
which is also visible when comparing loading
diagrams from the machine (Fig. 21);

as with the tensile test, for pure (non-composite)
material group, PLA was the strongest one, with
PA12 having the lowest maximum force and
stress registered in the test. Considering the com-
posite material group, the ranking is again differ-
ent—PETG is apparently the strongest, with ABS
the weakest, comparably with PLA. The two
materials that benefit most from adding carbon
fiber, in terms of raw strength (in both tests) are
therefore PA12 and PETG.

Table 12. Strength testing results — bending test, pure polymer filaments

Material F . [N] dL,,... [mm] a. .. [MPa] & o1 %0]
ABS 68.02 9.50 39.25 5.36
PLA 121.8 6 74.27 3.98
PA12 49.32 9.85 27.7 5.99

PETG 76.68 9.79 45.02 5.51
Table 13. Strength testing results — bending test, polymer filaments with carbon fiber

Material 1\ dL.,... [mm] o, [MPa] & ox [ %]

ABS-CF 66.78 9.57 37.34 5.22

PLA-CF 73 5.21 39.21 3.29

PA12-CF 78.64 9.91 48.77 5.7

PETG-CF 102.3 7.57 59.79 4.53
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Examples of samples after the test are presented
in Figure 23. Due to a different nature of the test, no
sample in bending test was damaged or failed, just
heavily deformed, as in the case of PETG specimen
visible in Fig. 23a. In the case of that particular speci-
men it can also be observed, that its deformation is
asymmetric, despite load being put exactly in the
middle of the sample. This could be caused by ini-
tial stress and microdamage caused during removal
of the sample from the machine and support struc-
ture (raft) removal. In the case of other materials, the
asymmetric deformation is also visible in some spec-
imens, but not as clearly as in this example. Other
causes of asymmetric deformation may include non-
uniform distribution of carbon fibers in the material
(when considering the CF-filled materials).

o
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Figure 22. Results of bending testing
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Figure 23. Examples of samples after the test: (a) PETG, (b) ABS-CF
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PETG-CF

PA12-CE

Figure 25. Microscopic imaging of composite polymer samples (after tensile
test — fracture surface); black threads of carbon fiber visible

Non-destructive testing results
Microscopic images

The results of microscopic imaging of tensile
test specimens are presented in Figures 24 and 25.
Samples of all materials are presented. The focus
was on fracture areas, so it can be compared how
different materials look like after fracture caused by
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tensile stress. Analyzing the microscopic images of
CF-filled material specimen, interesting observa-
tions can be made regarding the material color. Orig-
inally, all the CF polymers in the experiment were
black. In the case of PETG-CF and PA12-CF, this is
visible in microscopic imagery. However, in the case
of ABS-CF and PLA-CF, the color of polymer is
white in microscopic image, with black fibers clearly
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distinguishable. This is due to the crazing phenom-
enon, which occurs mostly in amorphous polymers
(ABS and PLA), and not in crystalline polymers
(PETG and PA12). This is not visible in pure (non-
composite) polymers, mostly because ABS and PLA
materials selected for the experiments were of white
color. However, this phenomenon is confirmed in
available literature [60].

Surface roughness testing results

Results of surface roughness tests (mea-
sured before destructive test) for the tensile
samples are presented in Table 14 and in dia-
gram in Figure 26. Table 15 and Figure 27 pres-
ent results for the bending test samples. Figures

28 and 29 present juxtapositions of R rough-
ness parameter for pairs of materials, illustrat-
ing change in roughness after adding carbon
fiber to a polymer material, for two types of
samples. Analyzing these results, the following
observations can be made:

1. For all the materials except PLA, adding carbon
fibers had positive effect on measured rough-
ness, reducing it (surface was smoother). For
PLA, no changes were observed in the tensile
test samples, while bending test samples had
higher roughness when dealing with the CF-
filled material.

2. Comparing the materials, it can be observed
that pure (no composite) PA12 and PETG

Table 14. Surface roughness tensile testing results (Ac = 2.5 mm x 2)

Type R, [Hm] R, [um] R, [um]
ABS 7.371 38.037 8.682
ABS-CF 4.696 29.167 6.021
PLA 9.296 50.359 11.887
PLA-CF 9.119 55.080 11.240
PA12 15.687 87.567 19.817
PA12-CF 7.563 53.639 10.476
PETG 11.747 48.844 13.273
PETG-CF 3.293 23.602 4.106
100
_ 80
é 60 M Ra (um)
3
'§° 40 Jj J M Rz (um)
) 5 Rq (um)
20 -
;L 1k L n L
ABS  ABS+CF  PLA  PLA+CF  PA12 PA12+CF PETG PETG +CF
Figure 26. Roughness results of tensile testing
Table 15. Surface roughness bending testing results (Ac = 2.5 mm x 2)
Type R, [um] R, [um] R, [um]
ABS 9.198 46.981 10.761
ABS-CF 4.506 27.826 5.469
PLA 8.067 32.521 9.046
PLA-CF 12.218 69.812 15.027
PA12 10.134 47.105 12.138
PA12-CF 5.615 46.757 7.63
PETG 13.615 52.148 15.079
PETG-CF 3.408 21.714 4.226

209



Advances in Science and Technology Research Journal 2024, 18(4), 191-215

100
80
£
=
2 60 ® Ra (um)
[
c
£ 10 - M Rz (um)
2 # R (um)
20 -

ABS ABS+CF PLA PLA+CF PA12 PA12+CF PETG PETG +CF

Figure 27. Roughness results of bending testing

have the highest roughness parameters (for DISCUSSION
both sample types) and they also have the
highest roughness reduction after adding car- It must be emphasized, that in the performed
bon fibers to the materials. In direct tactile  tests, aspect of usability of the material was of
assessment these two materials were noted as highest importance. Less attention was paid to ac-
“soft and pleasant” in touch, which is an im- tual phenomena happening in the loaded material,
portant observation from the viewpoint of the and purely empirical approach was taken, also
orthosis 3D printing, as the material will be in ~ having in mind application of the tested polymers
skin contact. (production of usable ankle foot orthoses). The
3. Comparing the sample types, it can be observed ~ discussion towards the obtained and presented
that for the bending test samples, the roughness ~ results, taking this approach into account, is sum-

is generally lower for PA12 and PETG materi- marized in the main points, listed below.
als. For the ABS and PLA, the roughness of 1. Of all the tested materials, considering all the
tensile samples is smaller than in the case of recorded material properties, it would be recom-
bending test samples. mended to produce leg orthoses of PA12 and
520
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Figure 28. Juxtaposition of Ra roughness parameter (tensile test)
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Figure 29. Juxtaposition of Ra roughness parameter (bending test)

210



Advances in Science and Technology Research Journal 2024, 18(4), 193-215

PETG carbon fiber composite materials. PETG-
CF has the best tensile strength of all materials,
best bending strength of all the composite ma-
terials and the lowest roughness, meaning less
need for polishing before allowing skin contact
in use of the orthoses. PA12-CF has also consid-
erably high tensile and bending strengths, high-
est elongation of all composite materials and a
considerably low roughness.

. Of the pure materials, if no access to compos-
ites is possible, PLA is the best choice of mate-
rial, with high tensile and bending strength and
acceptable roughness, with considerably low
elongation. However, use of PLA-CF compos-
ite is counter effective — obtained properties are
worse than in the pure material, while process-
ing is more difficult. This is confirmed by ava-
ilable literature [61].

. The length of CF fibers depend on the pro-
ducer, what also affects the strength of the
samples. It is also described in the literature
[61]. The plasticity of samples with the addi-
tion of carbon fibers should decrease slightly,
and the strength should increase, but in the
case of PLA this has not been confirmed (the
second serie also confirmed that the samples
have lower strength and higher plasticity), ac-
cording to the manufacturer, the composite
should combine the ease of PLA printing and
significantly increased mechanical strength by
adding carbon fibers.

. Considering the processing properties, it
would be the most difficult to produce an or-
thosis using the ABS-CF material. It clogs the
nozzles of extruders, disjoints from the ma-
chine table during manufacturing and contrib-
utes to a very unstable manufacturing process
using accessible, low-cost FDM machines
(which is the requirement for low-cost and
widespread orthosis production, assumed in
this paper). Taking into account also the me-
diocre properties (strength, roughness below
of those achieved in the case of PA12 and
PETG), it is not recommended to use it in or-
thosis production via 3D printing.

. It is worth noting that times of manufactur-
ing are comparable for all the material types,
and the simulated times are compatible with
real times, at least for the samples of simple
geometry. As such, this part of the whole eco-
nomic factor does not influence the choice of
the material. The only difference between
pure and CF-filled materials is the price of

Figure 30. Destructive test of a complete orthosis
made of PETG-CF composite filament

the material filament itself, as composite fila-
ments are considerably more expensive (al-
most double the price, considering market
availability in mid-2023).

. The manufacturing of samples with carbon fi-

bers caused clogging of the nozzle. After print-
ing two batches, the nozzle had to be replaced
immediately to be able to print samples from
subsequent composites. As for pure materials,
this problem was not noticed and one nozzle
was used to print all ABS, PLA, PETG and
PA12 samples.

. Post-processing is much easier and shorter for

carbon-added materials than for pure materials.
Raft was removable in a much easier manner,
so there was no mechanical damage. However,
this is probably caused by weaker adhesion and
cohesion in the material in the presence of car-
bon fibers and it might be a reason behind more
difficult manufacturing, with frequent disjoint
of the whole printouts from the working table
(weaker adhesion of the raft to the table).

. Samples from PTEG and PA12 with CF

were much more pleasant to the touch than
out of pure polymer, so it is possible that
when making orthoses from these compos-
ites, there will be no need to line them with
foam, which is a currently accepted and im-
plemented method.
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CONCLUSIONS

This paper presents results of manufacturing,
destructive and non-destructive testing of samples
made of pure polymers and the same polymers
with added carbon fiber. As such, it was found out
how the composite filaments perform in various
basic tests as opposed to typical polymer materi-
als used in FDM technology. The results are in-
teresting and sometimes surprising — for typical,
popular materials (PLA and ABS) adding carbon
fibers can be assessed as counterproductive, bas-
ing on the experimental results — the resulting
properties are worse or barely comparable, with
much higher costs and more troublesome manu-
facturing. However, for nylon (PA12) and PETG,
it was found that adding carbon fibers is a promis-
ing direction, as the resulting properties are better.

While evaluating the obtained results, it is
also important to consider their weaknesses and
limitations. The used filaments were bought
commercially — as such, their chemical proper-
ties and method of preparation were neither in-
spected nor controlled. The differences, e.g., in
carbon fiber length, or in course of polymeriza-
tion processes of different suppliers, could in-
fluence the visible differences in properties be-
tween pure and CF-filled materials. In the future,
it would be worth testing composites from other
manufacturers and comparing their properties,
because they may have longer or shorter fibers,
which also affects the strength and plasticity of
the samples. It would be also advisable to con-
sider preparing the filaments from the scratch,
maintaining full control and similar conditions
in the process, to properly and precisely evalu-
ate how adding carbon (and possibly other, like
glass) fibers influence the obtained properties.
Also, it would be worth testing the materials on
various machines. Here only Zortrax 3D printers
were used, to maintain similar conditions and
parameters — however it would be worth observ-
ing how the composite filaments could be pro-
cessed on various other 3D printers.

The tests were oriented mainly at future produc-
tion of leg orthoses, as orthoses previously made by
the authors of pure polymers were not having suf-
ficient strength properties to sustain prolonged use
by teenage or adult patients (they were suitable only
for children below age of 13, on average). In the fu-
ture studies, that have already commenced, instead
of samples, whole orthoses will be tested. Partial re-
sults of these studies focused on a single material are
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already described [4]. Tests on full orthoses are pre-
sented in Fig. 30. The experiments will be realized in
the future as a part of development of the AutoMed-
Print system. The search for a proper polymer to en-
dure prolonged use of 3D printed AFO by an adult
injured patient will continue, until full functional
products will be obtained.
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