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In fused filament fabrication (FFF); the process of 3D 
printing using polymer-based materials; specialised and 
functional parts are designed and manufactured for use in 
engineering and medical industries.  Recognizing the 
impact on the mechanical and tribological behaviour of 
different processing parameters, composite materials, 
internal geometries, and lattices will allow a better 
understanding of the characteristics of FFF end-products. 
However, obtaining this information proves to be 
complicated. The review of current literature and 
research related to the use in real-life applications is 
therefore essential, as this will not only help to identify 
valuable characteristics, vital processing parameters, and 
limitations, but will also help to understand the results of 
these studies. As such, a systematic and classification-
based literature review was performed on the mechanical 
and tribological properties of 3D-printed polymers. 

 
 
1.0 INTRODUCTION 

At present, industries are focusing on shortening the time taken to develop and manufacture 
a product in order to ensure faster market entry and meet the ever-increasing demands. 
According to ASTM52900-15 (2015), this can be accomplished with the help of rapid prototyping 
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technologies (RPT); also known as additive manufacturing (AM). In AM, a 3D-model is first 
designed using computer-aided design (CAD) software and saved in stereolithography (STL) file 
format before the product is finally fabricated layer-by-layer. This method is also used in additive 
layer manufacturing, layered manufacturing, additive fabrication, additive techniques, additive 
processes, and solid freeform fabrication (Hull., 1986). The successful manufacturing of materials 
for use in wear and friction applications are a primary concern for bearings as it is an essential 
component in friction assemblies that operate inside vehicles, textile machinery, food processing 
machinery, and machines used in the chemical industry (Vishnu et al., 2020). 

Fused filament fabrication (FFF) is an additive manufacturing (AM) process that is typically 
used in 3D printing applications. It is a method of manufacturing via extrusion, where the material 
is dispensed via a nozzle. To be more specific, the hydrogen molecules and Van der Waals forces 
within a polymer are temporarily broken when it is heated to a liquid state but is re-established 
once the polymer is injected through the nozzles and it cools and hardens (Peças et al., 2018). At 
present, 3D-printed pieces are currently used to design visual aids, demonstration templates, and 
other components. On the other hand, FFF is being used in the manufacturing sector for the rapid 
production of goods (Aslanzadeh et al., 2018; Liu et al., 2019; Sabahi et al., 2020; Jasiuk et al., 
2018). However, its suitability and stability towards mechanical loading need to be thoroughly 
examined before it can be used in diverse applications. 

Over the years, AM techniques have expanded to fused deposition modelling (FDM), 
stereolithography (STL), powder bed and inkjet head 3D printing, selective laser sintering (SLS), 
selective laser melting (SLM), direct metal laser sintering (DMLS), and laminated object 
manufacturing (LOM) (Prakash et al., 2018). These technologies are being used more often 
because it allows different materials to be embedded in various applications to manufacture 
highly complex geometric parts. In contrast to AM, a single component cannot be manufactured 
using conventional methods such as cutting and casting due to machine limitation (Hiroaki et al., 
2019). In addition, 3D components are now used to make the final product, otherwise used to 
develop the prototype in the early manufacturing process (Tibbits, 2003; Chua et al., 2014). In the 
field of medical education, the application helps to build identical biological and virtual model 
material with each slice of contour organ and completed joined part (Seliktar et al., 2012; Huang 
et al., 2013; Chua et al., 2015 and Murphy et al., 2014). In the case of civil construction, the 3D 
printing can now safely time and transform architecture even better in the design of building 
contoursto reduce theenvironmental construction waste (Hager et al., 2016). Furthermore, their 
versatility in the use ofplastics, alloys, composites, ceramics, polymers, biomaterials, and concrete 
also provide the most vital advantage of material savings and strength.  

There are three FFF method parameters; 1) slicing: where the nozzle diameter/bead width, 
layer thickness/height, flow rate, deposition speed, raster orientation/angle, infill, air gaps 
between, raster pattern, number of contour width, top and bottom thickness are determined, 2) 
orientation: which is commonly horizontal or vertical, or lateral in the case of research specimens, 
although other print angle orientations may also be used, and 3) the temperature at which to print 
test specimens, the extrusion temperature, or the bed platform temperature (Mohamed et al., 
2015). This FFF method parameter better presented in Figure 1. 

Figure 1. FFF method parameters. 
Many materials are being used in FFF technologies, and the most commonly utilised materials 

are thermoplastics and thermosets. While thermoplastics are recyclable, tough, and easily 
repaired with solvent, thermosets have good chemical and thermal resistance but are non-
recyclable and brittle (Sreenivasan et al., 2013). Thermosets and thermoplastics have different 
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characteristics and chemical structures than metal powders and natural fibres. They are still 
extremely versatile as they can be fabricated into various complex shapes and possess impressive 
viscous properties and are low cost and easy to manufacture. However, thermoplastics are 
stronger than thermosets as they can absorb higher impact energies (Furtado et al., 2012). Due to 
this, and the abovementioned reasons, thermoplastics are a suitable replacement for thermosets 
in the manufacturing industry. The most commonly used thermoplastic filaments are acrylonitrile 
butadiene styrene (ABS) and polylactic acid (PLA). The characteristics of both thermosets and 
thermoplastics are tabulated in Table 1 (Kabir et al., 2012). This paper also focuses on other 
materials; such as polycarbonate (PC), ABS + hydrous magnesium silicate composite, carbon fibre 
reinforced ABS (CFRABS), polyetherimide (PEI, Ultem®), polyether ether ketone (PEEK), Nylon 
12 polyamide (PA12), polytetrafluoroethylene (PTFE), and polyurethane (PU). 

 

 
Figure 1: FFF method parameters. 

 
Table 1: Differences between thermosets and thermoplastics (Kabir et al., 2012). 

Polymers Thermoplastics Thermosets  

Advantages  

-Recyclable  
-Post-formable  
-Easy to restore/repair via welding or 
solvent bonding  
-Tough  

-Low-viscosity resin 
-Excellent thermal 
stability once polymerised  
-Good fibre wetting 
-Chemically resistant  

Disadvantages  
-Must be heated past freezing point for 
processing purposes 

-Non-biodegradable via 
standard techniques  
-Brittle  
-Not post-formable  
-Poor melt flow  

 
The ultimate goal in mechanical engineering is to extend the lifespan of machine parts while 

reducing wear and tear from friction. While the mechanical properties of a material affect the 
load-bearing behaviour, the elastic modulus influences the load-bearing rate of deflection. 
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Moreover, the strength determines the amount of force that the material can withstand before 
failure, and the ductility determines when the material fails once the elastic threshold is exceeded. 
This is because all mechanical properties respond only to loads during operation. Examples of 
mechanical properties are elastic modulus, tensile strength, elongation, hardness, and fatigue 
limit. For tribological properties, friction and wear are dependent on resistance during sliding 
contact. Optimising and reducing friction and wear not only improves energy efficiency but also 
ensures a longer service life. With this mechanical and tribological information, the user will have 
quicker solutions for repairing damaged components by fabricating parts remotely or making on‐
demand modified objects (Hiroaki et al., 2019; Soffie et al., 2020; Mohd et al., 2020). As such, the 
mechanical properties of manufactured parts have become an important factor in the 
manufacturing industry. Therefore, the mechanical and tribological properties of 3D-printed 
polymers warrant evaluation in terms of printing parameters, composite materials, internal 
geometries, lattices, and optimisations. 

 
 

2.0 MECHANICAL PROPERTIES 
The purpose of this section is to provide researchers and FFF users with valuable information 

before they purchase a 3D printer or material. It provides studies that demonstrate a connection 
between mechanical properties and processing parameters as well as the optimal parameter 
settings from different mechanical property viewpoints. As previously mentioned, FFF processing 
parameters significantly affect mechanical properties; particularly the small layer thickness, 
negative raster to raster air gap, raster angle, construction orientation, and 100% infill percentage 
to increase strength. The correlation between these parameters plays a crucial part in the 
mechanical properties (Tymrak et al., 2014; Rankouhi et al., 2016). As such, several researchers 
developed a rank-based categorisation of the parameters. For instance, Kim et al., (2017) state 
that multiple materials significantly influence mechanical properties than single materials. 

Tymrak et al. (2014) studied the mechanical properties of components fabricated with open-
source 3-D printers and found that a layer height of 0.2 mm resulted in a better strength compared 
to layer heights of 0.4 mm and 0.3 mm. They also found the average tensile strength of ABS and 
PLA to be 28.5 MPa and 56.6 MPa, respectively, while the average elastic moduli were 1807 MPa 
and 3368 MPa, respectively. This was due to high temperature of the extruder and filament, which 
created significant thermal bonding between both the raster and the layers, leading to greater 
fusing. Rankouhi et al., (2016) concluded that the layer thickness and raster orientation should be 
as low as possible to improve the mechanical strength and the small airgap to material ratio is the 
main factor contributing to higher strength. Therefore, a minimum layer thickness produces 
higher tensile strength and elastic modulus due to smaller fusing gaps between the thermal 
interlayers. 

The Infill percentage 3D parameter contributes significantly to mechanical strength. For 
example, Samykano et al., (2019) found that ABS had the highest tensile strength of 33.78 MPa at 
a layer height of 0.5 mm, raster angle of 55°, and infill density of 80%. The same parameters also 
yielded the maximum elastic modulus of 787.68 MPa. For 3D-printed PLA, the maximum strength 
was at filling factors of 100% (Perepelkinaa et al., 2020). This was probably due to fill porosity, 
low adhesion between the plastic layers, and stretching of molecular bonds as it is unable to 
stretch due to the initial stage appearance of cross-bridges which gives a low binding energy. As 
a result, the polymer was brittle. Therefore, higher fill percentage increased the strength and 
viscosity due to the formation of adhesive bonds between molecules. 
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Kim et al., (2017) investigated the mechanical properties of single and dual-material 3D-
printed products using PLA and ABS filaments via full factorial design of experiment (DOE) and 
analysis of variance (ANOVA). The investigation was performed by varying the infill percentages 
at 50% and 100% with orientation directions of x-axis, y-axis, and 45° angle. The findings showed 
that dual-material 3D-printed products have an average ultimate tensile strength of 43.26 MPa 
compared to single-material 3D-printed products. 3D-printed materials using PLA in the x-
direction and with an infill percentage of 100% gave the best mechanical properties with a surface 
roughness of 1.938 μm. Moreover, the orientation direction in AM samples contributed to its 
anisotropic properties (Ahn et al., 2002). Hence, these infill and orientation direction factors 
improved the mechanical properties of 3D-printed products making them more rigid and firm. 

The compressive effect of internal structures and pattern on mechanical properties was 
examined by Galeta et al., (2016). A honeycomb structure (H) 3D-printed along the y-axis in a 
plaster-based powder zp130, with an appropriate binder zb56 (Z310 printer) had a maximum 
tensile strength of 13.92 MPa. The maximum (1.78 MPa/g) and minimum (0.21 MPa/g) results of 
specific tensile strengths at failure break were achieved in the same honeycomb data set. 
Similarly, Domínguez-Rodríguez (2018) examined the 3D-printed structures filled with 
honeycomb patterns in the longitudinal direction (0/90 40%) and found that the honeycomb 
structure had the most effective stiffness and strength properties compared to rectangular 
patterns. The combination of local plastic deformation and buckling between interchange layers 
contributed significantly to the properties (Gibson et al., 1991). 

Some researchers have used the DOE, Taguchi, Box–Behnken Design (Soffie et al., 2020), and 
ANOVA methods to optimise the mechanical properties and the after-effect relationships. These 
are known systematic methods that use statistical data to determine the correlation between 
factors affecting a process and its output (cause-and-effect). Sood et al., (2010) used MINITAB 
R14® face-centred central composite design (FCCCD) to study the effect of five important 
processing parameters; 1) layer thickness, 2) orientation, 3) raster angle, 4) raster width, and 5) 
air gap on three responses; 1) tensile, 2) flexural, and 3) impact strength of an ABS P400 test 
specimen. A layer thickness 0.1270 mm, 0° orientation, 60° raster angle, 0.4064 mm raster width, 
0.0080 mm air gap was found to yield the maximum tensile strength, flexural strength, and impact 
strength at 17.92 MPa, 37.80 MPa, and 0.93 Mj/m2, respectively. This is because flexural testing 
creates low strength interactions between 2D-laminates or delaminated layers prior to the 
breakdown of 2D laminates or layers. Delamination is also seen in layered fabrics, with 
differences in pressure (Lee et al., 2007). Onwubolu and Rayegani (2014) examined ABS 
mechanical properties via characterisation and optimisation using DOE and group method of data 
handling (GMDH). They found that minimum layer thickness, part orientation of zero, maximum 
raster angle and raster width, and negative air gap produced the highest tensile strength. 

Multiple studies have investigated the process parameters of composites (Christiyana et al., 
2016, Nor et al., 2018, Ahn et al., 2002). Christiyana et al., (2016) experimentally studied the 
influence of process parameters on the mechanical properties of a 3D-printed ABS + hydrous 
magnesium silicate composite. Samples with a layer thickness of 0.2 mm and printed at a low 
speed of 30 mm/s had the highest tensile strength (28 MPa) and flexural strength (45 N). As Es-
Said et al., (2000) proposed, this could be due to weak interlayer attachment or porosity in AM 
samples. The effect of layer thickness and fill angle on ABS and carbon fibre reinforced ABS 
(CFRABS) materials was explored by Nor et al., (2018) using the Taguchi method, signal-to-noise 
(S/N) ratio analysis, and ANOVA. The optimal tensile stress parameters were found at 0.18mm of 
layer thickness, 90° of fill angle with 32.526 MPa for ABS and 21.619 MPa for CFRABS. 
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In general, owners of 3D printers need to familiarise themselves with the mechanical 
properties of their materials prior to manufacturing components. When working with a different 
type of polymer, the 3D printer will require a different parameter setting, filling pattern, internal 
geometry, and lattice structure which will influence the final component's mechanical properties. 
Azmi et al., (2018) examined the correlation between the compressive strength performance and 
the dynamic behaviour of a strut diameter lattice structure via vibration analysis. The 
compression test results indicate that an increase in strut diameter size could increase 
compressive strength performance (0.8MPa) and provide better energy absorption. It was also 
found that increasing the strut diameter to 1.6 mm significantly increased the Young's modulus 
and lattice structure; 23% and 69% compared to strut diameters of 1.4 mm or 1.2 mm 
respectively.  
 

 
Figure 2: Research map (mechanical properties). 

 
Morocho et al., (2020) subjected rectangular and hexagonal filled ABS polymers to mechanical 

compression tests and found that these structures improved the mechanical properties of 3D-
printed parts and increased tensile strength because of the- internal structures' geometric 
arrangements. In addition, a rectangular fill pattern of 0° and 90° was also found to improve 
mechanical properties in terms of the average compression strength (33.147MPa) and the 
percentage of deformation (5.96%). Lovo et al., (2020) attempted a new mechanical design 
technique that combined the high geometry flexibility of AM with a structured internal geometry 
filled and reinforcement material. Results after optimisationshowed that the part with 50% ABS, 
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49% epoxy resin, and 1% carbon fibre had a flexural strength of 112 MPa. Moreover, the 3D-
printed ABS, without resin reinforcement, had a dense specific weight of 110% from 1.1 g/cm3. 

Cantrell et al., (2017) provided an experimental characterisation of the mechanical properties 
such as tensile strength and shear characterisation of 3D-printed ABS and polycarbonate (PC) 
parts. The degree of anisotropy present in 3D-printed materials was determined by printing the 
specimens with changing rasters (+45/-45, +30/-60, +15/-75 and 0/90) and build concentrations 
(flat, on-edge, and up-right). The shear modulus and shear yield strength of the ABS specimen 
varied by up to 33%. The raster orientations in the flat-built PC specimens displayed anisotropic 
behaviour as the modulus and strengths gone up to 20%. Those all researchers are shown in 
Figure 2 (researcher map). Table 2 provides an overview of other similar findings on the 
mechanical properties of 3D-printed polymer parts. 

 
Table 2: Summary of studies on the mechanical properties of polymers. 

Authors 
Research 
Objective 

Polymer 
Material 

Method Findings 

Uddin M 
et al., 
2017 

Compressi
ve and 
tensile 
strength  

ABS 

Layer 
thickness: 0.39 
mm, 0.19 mm, 
0.09 mm 
Printing plane: 
XY, YZ, ZX 
Printing 
orientation: 
vertical, 
horizontal, 
diagonal 

The highest Young’s modulus (1524 
MPa) was found at layer thickness 0.09 
mm, printing plane YZ, horizontal 
orientation among all the 3D-printed 
tensile specimens. Compression test 
results indicate that printing plane XY 
with horizontal orientation and 
printing plane XY with diagonal 
orientation yielded the highest stiffness 
and yield strength. 

Seidl M et 
al., 2017 

Flexural 
and tensile 
strength  

ABS 
 

Printer type 
Building 
orientation: 0°, 
45°, 90° 

Highest tensile modulus (2294 MPa) 
and flexural modulus (2247 MPa) 
achieved by specimens 3D-printed 
using Fortus 450 at 90°. 

Balderram
a-
Armendar
iz CO et 
al., 2018 

Torsional 
forces  

Stratasys 
ABS-M30™ 

Print 
orientation: 
XYZ, YXZ, XZY, 
ZXY 
Raster angle: 
0°, 45°, 90°, 
45°/45° 

Specimen with YXZ orientation and 0 ° 
raster angle had highest fracture strain 
and ultimate strength. 

Leite M et 
al., 2018 

Water 
absorption 
capacity, 
compressi
on, and 
tensile 
strength 

ABS 
 
 

Build 
direction: Y, Z,  
Raster angle: 
0°/90°, 45°/− 
45°, 0°, 90°, 
45°, − 45° 

Specimen with Z build direction and 
0°/90° raster angle had higher water 
absorption (0.015 gcm2). Specimen 
with 45° raster angle had higher 
compression modulus (800.3 MPa) and 
tensile modulus (849.3 MPa). 

Quan et 
al., 2018 

Compressi
on  

Polyoxyme
thylene 
(POM), 

Part structure: 
solid cube, 3D 
braid 

Solid cube: interlayer 
delamination/crack occurred in 0°- and 
45°-direction specimens at a strain 
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POM + 
30% glass 
fibres 
(GF), POM 
+ 20% 
PTFE, 
Polyamide 
6.6 
(PA6.6), 
PA6.6 + 
30% GF, 
ultra-high 
molecular 
weight 
polyethyle
ne (PE) 

Printing 
direction: 0°, 
45°, Z 

level of around 25%, the difference in 
stress-strain relationships was not 
significant.  
3D braid preforms: 0°- and 45°-
direction specimens had higher initial 
elastic modules (0.018 GPa and 0.015 
GPa, respectively) and yield stresses 
(0.42 MPa and 0.28 MPa, respectively) 
than Z-direction specimens (0.007 GPa 
and 0.21 MPa, respectively). 

Bagsik et 
al., 2011 
 

Orientation 
toolpath 
generation 

Ultem® 
9085 

Raster angles: 
0°, 30°, 45° 
Raster-to-
raster gap: 
+0.001, 0, -
0.001 
Perimeter to 
raster gap: 3 
levels each 
Layer 
thickness: 2 
levels 

Negative raster air gap, thick layer 
thickness, X and Z direction yielded 
best tensile strength (84MPa).   

Wu et al., 
2015 
 
 

Layer 
thickness 
and raster 
angle 

PEEK and 
ABS P430 

PEEK: custom 
3D printer 
ABS P430: 
uPrint SE 3D 
printer 

The tensile, compression and bending 
strengths of PEEK samples were higher 
than those of ABS samples by 108%, 
114% and 115%, respectively. 

Motaparti 
et al., 
2016 
 

Effect of 
processing 
parameter
s on 
compressi
on 
properties 

Ultem® 
9085 

Build 
direction: 
0.508 mm 
Raster angle: 
45°, -45° 
Air gap: 2.54 
mm  

Vertical build with 0°, 90° raster angle 
had 15 to 30% flexural strength, 15 to 
40% compression test. 

Zaldivar et 
al., 2017 
 

Processing 
parameter
s and 
orientation 

Ultem® 

Flat 0°, flat 90°, 
edge, upright, 
edge 45°, flat 
45° 

X-orientation (0°) had tensile strength 
of 71.03MPa and 85.8% strength 
utilisation.  



Jurnal Tribologi 29 (2021) 11-30 

 

 19 

Xiaoyong 
et al., 
2017 
 
 

Temperatu
re 

PEEK and 
PLA 

Temperature: 
130°C, 110°C, 
25°C,  
Filling ratio: 
100%, 50%  

Maximum tensile strength of PEEK was 
around 77Mpa, which was much larger 
than the tensile strength of PLA, and 
has good forming properties in thin 
layer parts. 

Deng et 
al., 2018 
 
 
 

Mechanical 
properties 

PEEK 

Printing speed: 
20, 40, 60 
Layer 
thickness: 0.2, 
0.25, 0.30 
Printing 
temperature: 
350°C, 360°C, 
370°C 
Filing ratio: 20, 
40, 60 

PEEK specimens had optimal tensile 
properties at a printing speed of 60 
mm/s, layer thickness of 0.2 mm, 
temperature of 370°C and filling ratio 
of 40%.  
Tensile strength was 40MPa, Young’s 
modulus was 522.9MPa, and 
elongation  was 14.3%. 

Knoop et 
al., 2015 
 
 

Mechanical 
properties 
 

PA12 

Orientation: X, 
Y, Z 
 
 

X-direction had highest tensile strength 
(55MPa). 

Verdejo et 
al., 2020 

compressi
on 
modulus 

Short 
carbon 
fibre 
reinforced 
PA6 

manufactured 
using FDM and 
polymer 
injection 
moulding 
(PIM) methods 

The compression modulus of the FDM 
printed fibre composite and injection 
moulded composite was 3931 MPa and 
1950 MPa, respectively. 

Gavali et 
al., 2019 

Mechanical 
and 
thermomec
hanical 
properties 

PLA and 
CF 

Studied by 
varying the 
percentage of 
12%, 15% and 
20% of 
chopped 
carbon fiber 

6.11 kJ/m2 reduction of the absorbed 
energy (87%) by the 20 wt% CF 
composite as compared to the pure 
ASA. PLA 20 wt% of CF Notched 6.11 
kJ/ m2 Increment of impact strength 
was observed when the CF content 
increased from 15 wt% to 20 wt%. 

Wang et 
al., 2020 

 

PEEK and 
short 
carbon 
fibre 
(average 
length of 
205 μm) 
and glass 
fibre 
(average 
length of 
96 μm) 

fibre 
reinforcements 
of 5, 10, and 15 
wt% 

Glass fibre composites exhibited better 
thermal stability than the carbon fibre 
composites due to enhanced interfacial 
bonding. A minimum weight loss of 
43% was noted for 10 wt% glass fibre 
composites, while for 10 wt% carbon 
fibre composite the same was 47%. An 
increase in the melting point, thermal 
decomposition temperature, and 
crystallisation temperature was noted 
on the composites when increasing the 
fibre content 
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Gavali et 
al., 2020 

flexural 
strength 

PLA and 
CCF 
composite 

PLA and 
varying 10%, 
12% and 15% 
CCF composite. 

The PLA exhibited flexural strength of 
66 MPa and on reinforcing 10 wt% of 
carbon fibre, the strength increased to 
67 MPa. When the weight percentage 
increased to 15%, the flexural strength 
was ca. about 78 MPa 

Pertuz et 
al., 2020 

tensile 
strength 

PA 
composite 
with 
carbon, 
kevlar, and 
glass fibre 
reinforcem
ents 

The 
composites 
were printed 
at varying 
orientations 
0°, 45°, and 
60°. 

Carbon fibre composites with 0◦ fibre 
orientation displayed a maximum 
tensile strength of 165 MPa. 

   
 
3.0 TRIBOLOGICAL PROPERTIES 

Friction and wear are mechanisms that remove material from solid surfaces via contact and 
sliding. As polymers generally offer low frictional resistance when sliding, they are frequently 
used in dry sliding conditions and provide better understanding when compared to wet 
conditions. Failure to consider tribological interactions as well as a lack of information has 
significantly contributed to the poor performance of high-end machine parts and a waste of 
resources. Therefore, the extensive use of polymers in final products has motivated researchers 
to investigate the fundamental mechanisms of friction and wear in polymers (Dearn et al., 2013; 
Franklin et al., 2001; Jia et al., 2007) 

The tribological properties of 3D-printed polymer components are generally improved when 
using optimal printing parameters (Gurrala and Regalla, 2014; Garg at al., 2015; Norani et al., 
2020), incorporating surface modifications such as filament-reinforced carbon materials 
(Pawlak., 2018) and taking into account filament temperature and colour (Hanon et al., 2019). 

Gurrala and Regalla (2014) explored the friction and wear behaviour of ABS polymer parts 
made of FFF. They considered the effect of three parameters: 1) load, 2) speed, and 3) orientation 
using FCCCD on the wear rate and friction coefficient of FFF parts. Sliding speed affects friction 
more than orientation at a fixed load. The parts produced via FFF have asperities, however, as the 
surface roughness smoothes out over time, the coefficient of friction (COF) decreases and 
becomes stable as most of the material is worn out in the form of powder. Damage to contact 
surfaces is usually caused by wear patterns; such as abrasion, tiredness, ploughing, corrugation, 
erosion and cavitation. Abrasive wear often results in irreversible changes to the contours of the 
body due to changes in the gaps between the solids that are in contact. Wear rate will usually jump 
from a minimum value to a value at which it stabilises and obey a fixed linear rate. 

A study of the wear and COF of PLA-graphite composites in 3D printing technology by Pawlak 
(2018) found that PLA had a higher wear rate and COF; 15.2μm/km and 0.492, respectively; than 
50% PLA-graphite (15.2μm/km and 0.288). As such, the 50% PLA-graphite was much more 
brittle and caused difficulties upon dosing the filament. 

Norani et al., (2020) attempted to determine the most optimal 3D printing parameters by 
analysing the friction and wear coefficient properties of an ABS polymer using the response 
surface methodology (Box–Behnken Design). The study found that layer height significantly 
affected the COF and wear rate. It was discovered that a layer height of 0.10 mm, a nozzle 
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temperature of 234°C, and using a triangle printing pattern were the most optimal parameters to 
minimise COF (0.2788) and wear rate (2.1136 10-4 mm3/N m). 

Garg et al., (2015) compared the wear behaviour of an ABS part with a Nylon6−Fe powder 
composite part prepared via FDM. ABS was found to have a higher COF (0.35μ) than the Nylon6-
Fe composite (0.26μ). It was also noted that the μ decreased as the load increased. The resistance 
friction forces presented through the bodies under sliding conditions. At the beginning of the 
friction tests, the frictional force was found to be higher before it slowly decreased and stagnated. 
This was due to the formation of transition layers on the sliding surface. Therefore, it can be 
concluded that speed greatly impacts wear resistance and can be useful in anti-wear applications. 
The wear of the ABS (0.15g) was much higher than that of the composite (0.01g). The Nylon6-Fe 
composite had a much lesser loss of mass which indicates that it has a very high wear resistance. 
This can be attributed to the presence of Fe in the composite. The wear that did occur was due to 
a combination of abrasion and adhesion. Therefore, the higher wear occurred at higher sliding 
velocities. This was the true for both the ABS material and the composite material. 

Hanon et al., (2019) examined the tribological behaviour of ABS and PLA polymers that had 
been 3D-printed with different colours at various printing temperatures (low, optimum, and 
maximum). The operating ranges and failure modes of the 3D-printed polymer samples were 
determined at regular and overload conditions. The dynamic friction coefficient results of the ABS 
specimen (0.27) were lower than the PLA specimen at all three temperature ranges. The 3D-
printed PLA specimen was tested with various settings; which found some inconsistencies; 
however, the use of different colours showed a clear dissimilarity. 

Studies indicate that it is vital to improve the tribological performance of 3D-printed ABS 
components and traditional manufacturing processes (Amiruddin et al., 2019; Hanon et al., 2019). 
Both studies found that 3D-printed ABS had higher COF values and wear rates. Amiruddin et al., 
(2019) concluded that intrinsic micro-sized hollow spaces inside the samples were caused by   
100% infill which improved fluid absorption capacity as 3D-printed samples had an absorption 
rate that was two to four times greater than moulded ABS samples. Elsner et al., (2010) suggest 
that this higher absorption rate will facilitate micro-elastohydrodynamic lubrication (EHL) as 
well as cushion bearing capacity. Nonetheless, due to breaks or ruptures in the asperity surface 
finish, 3D-printed ABS had higher COF (0.040 to 0.055) and caused an increase in the actual 
contact area. This led to an increase in temperature and a decrease in the strength of the material 
resulting in an increase in friction. The main mechanisms of wearing in polymers and their 
composites is abrasive wear (Dawoud et al., 2015). As the wear progresses, the surface asperities 
are likely to compress and reduce the wear effect on the initial surface conditions and provide a 
more stable wear rate. Simultaneously, an increase in load will smooth the sliding surfaces 
through plastic deformation and breakage of asperity. This is likely to increase adhesive wear and 
decrease the wear rate as the sliding surfaces become smoother. 

Hanon et al., (2019) compared the tribological behaviour of ABS polymers manufactured via 
turning and 3D printing. They found that the dynamic friction coefficient of turning manufactured 
ABS (0.257) was lower than 3D-printed ABS (0.266) while the wear levels of 3D-printed ABS 
(0.411 mm) was lower than turning manufactured ABS (0.442 mm). The adhesion wear 
mechanism on the turned surface changed to smooth and stronger at the beginning of the test 
than in the 3D-printed surface even though the surface pressure of the printed surface was 
smaller than the turned surface. 

Apart from these methods, other studies have concluded that the implementation of 
internal/inner structures signify a significant reduction in friction and wear (Tahir et al., 2018; 
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Murashima et al., 2017; Abdollah et al., 2020; Norani et al., 2020). These studies also found that 
the lowest COF in inner structures was around 0.34 compared to the unstructured COF (No Hole) 
3D-printed pin (0.71). The lowest wear rate (6.5 x 10-4 mm3/Nm) was found in inner structures 
Hole A (2mm) (Tahir et al., 2018). Murashima et al., (2017) explains that the presence of internal 
structures produces a small and apparent of Young's modulus which increases the contact area. 
In other words, a small contact area under sliding increases the surface temperature more than a 
large contact area under sliding (Lim and Ashby, 1987) which affects the friction in polymer 
materials (Grosch et al., 1963). This mechanism could be considered for decreasing surface 
temperatures and friction coefficients. 

Abdollah et al., (2020) investigated the dry sliding behaviour of ABS pins that had been 3D-
printed with different internal geometries under varying normal loads and sliding speeds. The 
result showed that, at testing conditions of 58.68 N and 800 rpm, pins with a triangular flip 
internal structure had a minimum COF (0.27) value and wear rate (2.7 × 10−5 mm3/Nm). This 
indicates that wear rate and COF values are relatively dependent on the normal loads, sliding 
speeds, and internal geometries. Triangle flip internal structures had lower maximum stresses 
distributed on the contact surface while there was no statistically significant correlation between 
the tribological and mechanical properties of ABS pins that had been 3D-printed with different 
internal geometries. Delamination, abrasion, and lower fatigue wear were seen as the main wear 
mechanisms that caused mild and serious wear.  

As inclined or curved contact is intertwined between two surfaces, ploughing takes place 
during the sliding process (Kato et al., 2001) which removes a certain volume of material from 
the surface and results in the formation of a groove in the weaker surface. A single sliding pass 
does not generate wear particles in the ploughing mode and only results in a shallow groove. 
Repetitive sliding as well as the accumulation of plastic flow on the surface are required to 
generate wear particles. Delamination, which occurs when layers of material are separated from 
the surface of the bulk material, is thought to arise as a consequence of plastic deformation, high 
stress and the initiation of subsurface cracking. ABS pins that had been 3D-printed with an 
internal triangular flip structure were found to have the most favourable shortest run-in period 
and the lowest COF with high wear resistance. Research map and additional findings on 3D-
printed polymer parts' tribological properties are tabulated in Figure 3 and Table 3, respectively. 
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Figure 3: Research map (tribological properties). 

 
Table 3: Summary of studies on the tribological properties of polymers. 

Authors 
Research 
Objective 

Polymer 
Materials 

Methods Findings 

Panin et 
al., 2019 

Different solid 
lubricant filler 
loads on 
mechanical and 
tribotechnical 
properties 
under dry 
sliding friction 
conditions 

PEEK loaded 
with organic 
PTFE and 
molybdenum 
disulphide 
(MoS2) 
microparticles 

Different filler 
loads were 
tested using 
Pin-on-disk 
with (10 N) 
load and V 
(0.3m/s) 
sliding velocity 
The use of 
metal and 
ceramic balls 
was 
tribotechnically 
tested: PЕЕК, 
PЕЕК + 10 wt 
% РТFЕ, PЕЕК 
+ 1 wt % MoS2, 
PЕЕК + 10 wt 

PTFE was found to be an 
effective solid PEEK matrix 
lubricant (the wear resistance of 
the composite increased by 8 
times with metal-polymer tribo-
pair while it enlarged by 15 
times with ceramic-polymer). 
When the content of the former 
does not exceed 0.5 wt % 
loading of MoS2 together with 
PTFE microparticles ensures 
maximum wear resistance of the 
composite to maintain the basic 
strength properties at the level 
of the neat polymer. PEEK + 10 
wt % PTFE + 0.5 wt % PTFE + 
0.5 wt % MoS2 is recommended 
as an effective antifriction 
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% PTFE + 0.5 
wt % MoS2 
Traveling 
distance: 3 km 

material for use as a friction unit 
component for both metal 
polymer and ceramic polymer 
friction units. 

Dangnan 
et al., 
2020 

Effect of varying 
contact loads on 
friction and 
wear  

ABS and 
VeroGray™ 
polymers 

Loads of 1, 5 
and 10 N were 
applied under 
dry sliding 
contact with a 
52100-steel 
counter face at 
room 
temperature 

At 1 N load, the frictional 
performance was shown to be 
strongly (1.2) dependent on the 
3D ABS surface with 
perpendicular orientation, 
where surface asperities during 
the reciprocating sliding were 
seen to play a major role. 
However, at higher loads; 5 and 
10 N; the mechanical properties 
of the bulk affected COF to a 
greater degree than surface 
roughness. 

Sable et 
al., 2020 

Yield strength 
and friction 
phenomena at 
high strain-rate 
using uniaxial 
and oblique 
impact 
configurations  

PU and epoxy 

Impact 
velocities: 
50 to 120 m/s 
for oblique  
Up to 1200 m/s 
for uniaxial 

At a high strain rate, the COF for 
both polymers was found to be 
inversely proportional to 
pressure. For PU and epoxy, 
respectively, minimum values of 
0.11 and 0.26 were measured 
under maximum pressure.  
Pressure dependency of shear 
strength persisted at high 
strain-rate for both PU and 
epoxy. 

Marathe 
et al., 
2020 

Performance 
and  
tribological 
properties  

50 wt % 
PEEK, 30 wt 
% 3 mm (GF), 
and 20 wt % 
synthetic 
graphite 

Injection 
moulding (I) 
and 
compression 
moulding (C) 

Final fibre length of 200–300 μm 
and 1.5 mm were observed for I 
and C composites, respectively, 
based on thermal degradation of 
composites at 600°C. Low 
specific wear rate (K0) (~10-16 
m3/Nm) and friction coefficient 
(μ) (~0.03–0.05) were observed 
in both composites. Similarly, 
~10-10 m3 /Nm and ~0.5–0.7, 
correspondingly, were observed 
for abrasive wear, K0 and μ. In 
both cases, the μ of the I 
composite was smaller. The C 
composite was superior to the I 
composite in adhesive wear 
efficiency, but not in abrasive 
wear. 
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Rathaur 
et al., 
2019 

Mechanical and 
tribological 
characterisation  

Epoxy resin 
blended with 
graphite/talc 
micro fillers 

Epoxy resin 
blended with 
graphite/talc 
micro fillers for 
15 minutes at a 
constant speed 
of 1200 rpm 
and an applied 
load of 100 N 
as per the 
ASTM D4172 
under dry 
conditions 

Graphite (10 wt%) /talc (10 
wt%)/epoxy demonstrated a 
significant reduction by ~63% 
(0.103 to 0.276) in COF and a 
moderate increment by ~34% 
in wear resistance in 
comparison to pure epoxy 
bearing balls under dry 
conditions. Hardness improved 
by ~5% in the graphite (10 
wt%)/talc (10 wt%) /epoxy 
composite bearing ball. 

 
 

4.0 CONCLUSIONS 
The Fourth Industrial Revolution (or Industry 4.0) has increased the demand for technological 

breakthroughs in additive manufacturing (AM) as it is capable of increasing output and 
manufacturing high quality prints and complex components at a fractional of the cost. Therefore, 
this paper focused on literature exploring the effects of diverse process printing parameters, 
composite materials, internal geometries, lattices, and optimisation on the mechanical and 
tribological properties of polymer test specimens and their after effects. Although most of the 
studies analysed were mainly based on experimental data, some compared the mechanical and 
tribological properties of different polymers.  

It was concluded that a minimum layer thickness, an orientation of zero, maximum raster angle 
and width, and negative air gap yields the highest mechanical strength. This indicates that while 
a polymer has high strength, it has low adhesion, plastic deformation, buckling, and weak 
interlayering which will generate thermal bonding towards itself. Although 3D-printed polymers 
have anisotropic porosity behaviours, its elasticities are better than its absorption capacity. In 
terms of tribological properties, 3D-printed polymers exhibit low friction and wear due to 
increased contact area, plastic deformation, and asperities breaks under specific sliding 
conditions. This is similar to findings by Aher et al., (2020) where the mechanism of wear and 
deterioration are abrasion, asperity break, ploughing, delamination, and cracking. Therefore, it is 
vital to the gather and understand information regarding the correlation between processing 
parameters and composite materials with the mechanical and tribological behaviour of 3D-
printed FFF polymer specimens and components in order to accurately determine if these parts 
can meet the specific mechanical requirements for which they are produced. 

In conclusion, the mechanical and tribological properties of 3D-printed polymers can satisfy 
the much-anticipated needs of users and manufacturers. 
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