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ABSTRACT
Additive manufacturing (AM), specifically fused deposition modelling (FDM), has emerged as a crucial fabrica-
tion method for polymer components because of its design versatility, material efficiency, and appropriateness for 
quick prototype and functional part production. Polyethylene terephthalate glycol (PETG) is extensively utilised 
in FDM applications due to its advantageous thermal stability, dimensional precision, and mechanical properties. 
Nonetheless, the surface quality and mechanical properties of FDM-printed PETG components are significantly 
influenced by processing conditions, constraining their wider use in load-bearing and functional applications. 
This work seeks to systematically optimise critical FDM printing parameters to enhance surface finish and tensile 
strength in PETG components. A systematic experimental approach was employed to determine process–prop-
erty correlations. Two experimental phases were executed. The initial phase examined the effects of layer height, 
nozzle temperature, and bed temperature on surface roughness. The second phase investigated the relationship 
between surface features and mechanical performance by assessing the tensile properties of PETG specimens 
printed with various infill patterns, specifically rectilinear, concentric, and octagram spiral, as well as differing 
construction orientations. A design of experiments (DOE) methodology utilising response surface methodology 
(RSM) was implemented to create predictive models, with the significance of parameters and model adequacy 
assessed through analysis of variance (ANOVA). The investigation confirmed strong anisotropy where the layer 
height significantly affected roughness at 90° (p=0.03388), but no significant model was found for 0° within the 
tested ranges. Surface roughness (Ra) ranged from 1.76 µm (minimum) to 5.81 µm (maximum) at 0° and from 
6.29 µm to 11.70 µm at 90°. Mechanical testing demonstrated that tensile strength is significantly affected by infill 
pattern and build orientation. The concentric infill design demonstrated superior tensile strength, approximately 
67% higher than the octagram spiral, due to improved load distribution and inter-filament continuity, whereas the 
rectilinear pattern provided an advantageous equilibrium among mechanical performance, material efficiency, and 
decreased printing duration. In all configurations, specimens produced with a 90° construction orientation exhibit-
ed enhanced tensile performance. This research presents a multi-parameter optimization and prediction framework 
for PETG FDM printing, facilitating tailored parameter selection to achieve an equilibrium among surface quality, 
mechanical performance, and production efficiency. The results validate the high-performance PETG components 
for functional-industrial AM applications.
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INTRODUCTION

The rapid integration of AM, especially 
FDM, in high-value sectors, from medical 
devices to functional prototypes, necessitates a 
transition from basic geometric fabrication to 
the dependable manufacturing of end-use com-
ponents [1]. This transition depends on the reli-
able mechanical performance and surface qual-
ity of printed components. A persistent “process-
structure-property” gap remains a significant 
impediment. Suboptimal printing parameters 
result in variable part quality, causing material, 
energy, and time wastage due to unsuccessful 
builds and post-processing demands. Thus, sys-
tematic parameter optimisation has transitioned 
from a specialised research focus to an industry 
necessity aimed at reducing resource consump-
tion, minimising repeated trial-and-error, and 
maximising the potential of FDM for load-bear-
ing applications [2].

Among the FDM material options, PETG has 
surfaced as a significant alternative to connect the 
prevalent polylactic acid (PLA) and engineering-
grade acrylonitrile butadiene styrene (ABS). 
PETG is a modified type of PET enhanced with 
glycol to augment formability, chemical resis-
tance, and durability, rendering it extensively 
utilised as an FDM filament for functional com-
ponents and prototyping [3]. FDM constructs 
components layer by layer; therefore, process 
variables significantly affect interlayer adhesion, 
surface topography, and overall mechanical per-
formance. Hence, systematic parameter investi-
gations and optimizations are prevalent in PETG 
research [4]. In addition, it presents a compelling 
combination of attributes: enhanced toughness 
and impact resistance relative to PLA, improved 
chemical resistance, reduced warping propensity 
and odour release compared to ABS, and excep-
tional optical clarity. These characteristics render 
PETG more appropriate for applications neces-
sitating durability, including specialised jigs, fit-
tings, protective housings, and biological guides. 
Nonetheless, its mechanical and aesthetic capa-
bilities are significantly influenced by the set-
tings of the FDM process, which dictate layer 
adhesion, crystallisation characteristics, and sur-
face morphology [5].

Comprehensive studies have demonstrated 
the fundamental impact of FDM settings on the 
characteristics of different polymers. Significant 
research has shown that factors including layer 

height, nozzle temperature, printing speed, infill 
density/pattern, and raster orientation signifi-
cantly influence tensile strength, flexural modu-
lus, and impact resistance [6–8]. For example, 
elevated nozzle temperatures typically enhance 
interlayer diffusion in semi-crystalline polymers, 
whereas reduced layer heights can increase reso-
lution, albeit at the expense of build time. Litera-
ture has commenced delineating the behavioural 
characteristics of PETG. Research conducted by 
Kumaresan and Valvez has established that the 
mechanical properties of PETG are significantly 
influenced by temperature conditions, owing to 
its glass transition and crystallisation kinetics [9, 
10]. Moreover, studies have indicated that fac-
tors such as printing speed and fan cooling sub-
stantially affect layer adhesion and dimensional 
precision in PETG, setting its ideal processing 
parameters apart from those of other thermo-
plastics [11]. 

Table 1 summarizes key FDM parameters 
evaluated for PETG, standard ranges document-
ed in the literature, and their noted directional 
impacts on surface and tensile properties. The 
table presents succinct parameter ranges and pri-
mary reported effects from various studies. Layer 
height is consistently identified as the primary 
factor influencing surface roughness, whereas 
infill geometry/density and nozzle temperature 
frequently govern tensile properties [3, 4, 12–16].

Previous works have also been done on opti-
mization studies that concurrently address sur-
face and mechanical properties on PETG FDM. 
The quest for high-performance 3D-printed 
PETG components entails navigating a sig-
nificant paradox: the parameters that improve 
mechanical strength, such as increased layer 
adhesion and infill density, frequently com-
promise the aesthetic and functional quality 
of the surface finish. Closing this gap requires 
purposeful optimisation rather than repetitive 
conjecture. As a result, the discipline has uni-
fied around a sophisticated statistical toolkit that 
utilises structured design of experiments (DOE) 
and resilient response modelling. Research-
ers carefully analyse this intricate interaction 
using techniques such as Taguchi screening, 
complete and fractional factorial designs, and 
the predictive power of response surface meth-
odology (RSM). These methodologies surpass 
mere parameter adjustment; they measure causal 
effects through ANOVA and develop empirical 
models to identify the exact operational optimal 
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point where durability aligns with refinement, 
converting a technical compromise into a man-
ageable engineering result (Table 2).

Although previous research has success-
fully employed DOE and RSM to analyse the 
distinct effects of printing parameters on the 
surface quality and mechanical strength of 
PETG, a significant, application-focused gap 
remains. Numerous studies regard the two criti-
cal performance outcomes, surface quality and 
tensile integrity, as distinct, concurrent optimi-
sation objectives, frequently resulting in iso-
lated “optimal” parameter configurations that 
may be inconsistent. In practical engineering, 
components are never evaluated based on a 
singular criterion; they necessitate a harmoni-
ous performance profile customised to particu-
lar functional and aesthetic requirements. This 
study presents an innovative dual-outcome opti-
misation framework that directly addresses this 
disparity. This study transcends singular optima 
by methodically examining and modelling the 
causal link between surface roughness (affected 
by core parameters such as layer height) and 
tensile strength (determined by structural ele-
ments like infill pattern). This framework is 

not merely an additional parameter screening 
method; it is a predictive approach that eluci-
dates how parameter selections simultaneously 
impact both surface properties and mechani-
cal performance. This enables users to traverse 
the trade-off landscape adeptly, facilitating the 
selection of printing parameters tailored not for 
a universal optimum, but for a bespoke perfor-
mance profile, emphasizing extreme strength, 
impeccable finish, or a specific equilibrium 
of both, thus converting generalised process 
guidelines into a decision-support instrument 
for functional part design.

MATERIALS AND METHODOLOGY

Materials

This research utilises PETG thermoplastic 
polyester in FDM. The PETG filament manufac-
tured by Prusa Research, by Josef Prusa exhibits 
excellent mechanical qualities. The PETG mate-
rial utilised is in Jetblack colour and features a 
filament diameter of 1.75 mm with a tolerance of 
0.02 mm. Table 3 presents the printing setup for 
this specific PETG Prusament.

Table 1. Summary of key FDM parameters evaluated for PETG

Parameter Typical range 
reported Main observed effect Representative findings

Layer height 0.06–0.30 mm
Strong control of surface roughness; 
finer layers tend to improve tensile 

strength after annealing

Layer height explained ~82% of 
roughness variance and 13–> 

significant effect on tensile strength in 
separate studies [3,12,16]

Infill density & 
pattern

20–100% density; 
patterns: gyroid, 

grid, zig‑zag, 
triangle

Higher density increases UTS; pattern 
strongly influences load paths and 

strength (gyroid often best)

Infill geometry accounted for ~63.6% 
effect on tensile strength; gyroid 

outperformed zig‑zag/grid/triangle for 
UTS in one Taguchi study [12]

Nozzle/extrusion 
temp 220–250 °C

Higher nozzle temps generally 
increase interlayer bonding and UTS 

within studied ranges

Tensile strength increased up to ~250 
°C in multiple studies; typical optimum 

around 240–250 °C reported [4,12]

Printing speed 30–80 mm/s
Higher speed can reduce filament 
fusion and lower strength; effect 

magnitude variable

Studies report speed as a secondary 
factor compared with temperature and 

infill

Build orientation & 
raster angle

0°–90° relative to 
load

Dominant influence on anisotropy and 
failure location; flat/print‑along tensile 

axis improves apparent UTS

Build/orientation included among 
five key parameters affecting tensile 

behavior in statistical models [4]

Bed temperature Ambient to ~90 °C
Influences warping, dimensional 
stability and first‑layer adhesion; 

warmer beds reduce curl

Bed temperature used to control 
dimensional accuracy and first‑layer 
bonding in experimental setups [4]

Cooling/part fan Off to 100%
Can affect crystallinity and interlayer 

fusion; low cooling often favors PETG 
bonding

Fan speed was found to have minor 
effect on tensile in one Taguchi study 

(≈2.7%) but can influence surface 
solidification [12]

Postprocessing / 
annealing

60–100 °C for 
30–90 min

Can increase modulus and UTS and 
reduce internal stresses; interacts 

strongly with layer height

Optimal annealing combos improved 
PETG UTS and reduced dimensional 

change in multi‑factor study [16]
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FDM printer specification

The selection of a 3D printer depends on its 
compatibility with specific filament materials 
and the range of process parameters available 
for experimental evaluation. This research uti-
lised a PRUSA I3 MK3S+ 3D printer, selected 
for its accuracy, dependability, and customis-
able parameter settings. A fundamental require-
ment for printing PETG is the hot end’s ability 
to exceed the material’s melting temperature, 
which is met by the printer’s maximum nozzle 
temperature of 300 °C. Additionally, a heated 
build plate is crucial for ensuring proper layer 
adhesion and reducing warping. The printer is 
equipped with a heated bed that can sustain tem-
peratures within the ideal range for PETG. Pru-
sament PETG Jet Black filament was employed 
for all specimens due to its uniform diameter 
and material characteristics. Ultimately, due to 
the likelihood of material wear over prolonged 
usage, the printer’s employment of conventional, 
easily accessible V6-style brass nozzles enables 
uncomplicated maintenance and replacement, 
thereby ensuring consistent printing throughout 
the experimental campaign.

Design of experiment using RSM

To scrutinize the paraphernalia of printing 
parameters on surface quality, surface rough-
ness was selected as the measured response 
and assessed in accordance with the ISO 4288 
standard. An RSM approach was adopted to 

structure the experiment. A three-factor DOE 
was implemented, with nozzle temperature, 
bed temperature, and layer height defined as the 
independent variables, as visualized in Figure 1. 
The selection of factor levels for the DOE was 
based on a combination of the material manu-
facturer’s recommendations and empirical rang-
es established in prior PETG FDM studies. The 
range of 240–260 °C for the nozzle temperature 
and 70–90 °C for the bed temperature was cho-
sen as it encompasses the recommended printing 
temperature for the specific Prusament PETG 
Jet Black filament (per datasheet: 250±10 °C 
for nozzle temperature and 80±10 °C for bed 
temperature) while allowing investigation of 
under- and over-temperature effects. These fac-
tors, along with their corresponding low (-1), 
center (0), and high (+1) levels, are detailed in 
Table 4 and were used as inputs for analysis in 
Design-Expert® software to generate a set of 20 
experimental runs. 

The FDM method commences with the digi-
tal design of the specimen. A rectangular test cou-
pon measuring 25.0 × 25.0 × 2.4 mm was created 
utilising computer-aided design (CAD) software. 
The three-dimensional model was subsequently 
exported in the standard tessellation language 
(STL) file format, which depicts the object’s 
surface geometry as a mesh of interlinked tri-
angles. The STL file was thereafter imported into 
specialised slicing software. In this software, 
essential production parameters, including layer 
height, print speed, infill pattern, and density, and 

Table 2. Summary of statistical toolkit for FDM parameters optimization
Method Purpose Representative studies

Taguchi L16
Efficient screening and ranking of 

multi‑factor influence (4 factors × 4 
levels common)

Multiple studies used Taguchi for tensile and 
roughness optimization and reported effect‑size 

percentages for parameters [3,12,15]

Response surface method 
(RSM) / regression

Develop predictive models and find 
continuous optima with interaction 

terms

Regression models used to relate layer height and 
annealing to tensile outcomes with validation errors 

≈5% in one study [16]

ANOVA Statistical significance testing and 
effect size estimation

ANOVA used alongside Taguchi and RSM to identify 
dominant parameters and interactions in tensile/

roughness studies [4,12]

FEM and specimen 
geometry studies

Assess stress distributions and 
failure initiation to improve test 

repeatability

Comparative study on specimen geometries and 
slicer approaches recommended standardized 

methods for effective property measurement [17]

Table 3. Normal printing setup for PETG Prusament
NozzleTemperature 250 ±10 °C

Heatbed Temperature 80 ±10 °C
Recommended Steel Sheet Textured / Satin
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build plate adhesion settings, were established. 
The slicer algorithmically divides the model into 
distinct horizontal levels and produces toolpath 
instructions, encompassing extrusion trajectories 
and temperature controls, which are assembled 
into a machine-readable G-code file. This G-code 
governs the physical printing procedure, in which 
a thermoplastic filament is supplied to a heated 
extrusion nozzle. The material is liquefied and 
selectively applied in layers onto a build plat-
form following the designated trajectory. Subse-
quent to deposition, the material swiftly hardens, 
adhering to the prior layer to progressively con-
struct the ultimate three-dimensional component 
(Figure 2, Table 5). 

Surface roughness and tensile test

The experimental methodology began with 
the implementation of a structured DOE. The 
specimen printing parameters were obtained 
from the experimental matrix created by Design-
Expert® software. After manufacture, the sur-
face roughness (Ra) of each specimen was quan-
titatively evaluated using a Mitutoyo Surf Test 
SJ-210 Series 178 Portable Surface Roughness 
Tester (profilometer). Measurements were per-
formed with the instrument’s integrated  stan-
dard diamond stylus  (tip radius: 5 µm) under 
its default measuring force of 4 mN (0.4 gf). In 
accordance with ISO 4288 standards for additive-
ly manufactured surfaces, a  cut-off length (λc) 

of 0.8 mm  was selected. The  evaluation length 
was 4.0 mm (5 × λc), and the traverse length was 
6.4 mm. Each reported Ra value is the arithme-
tic mean of  five separate measurements  taken 
along the gauge length of each specimen. The 
instrument’s calibration certificate confirms a 
measurement accuracy of ±5% of reading for the 
specified range. To guarantee statistical reliabil-
ity and address potential directional anisotropy 
associated with the FDM process, five distinct 
measurements were conducted along the 0° build 
direction (designated as Ra,0) and an additional 
five along the 90° direction (designated as Ra,90) 
for each specimen, as depicted in Figure 3. All 
measured values were exhibited on the device’s 
LCD screen and subsequently sent and docu-
mented on a connected computer for analysis. 
The obtained surface roughness data were subse-
quently input into the Design-Expert® software 
for statistical modelling and optimisation. An 
ANOVA was conducted to ascertain the signifi-
cance of each printing parameter and to estab-
lish the ideal combination for reducing surface 
roughness. ANOVA systematically partitions the 
overall variation in the response data into compo-
nents associated with the controlled factors (noz-
zle temperature, bed temperature, layer height) 
and unexplained experimental error, facilitat-
ing the evaluation of each parameter’s impact. 

Table 4. Parameter correspondence level

Parameter
Level

-1 0 1

Nozzle temperature (˚C) 225 235 245

Bed temperature (˚C) 70 80 90

Layer height (mm) 0.15 0.175 0.2

Figure 1. Independent factor parameters 

Figure 2. Size of the specimens
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The characteristics of these influences and the 
interrelations among parameters were modelled 
utilising RSM. The amalgamation of ANOVA 
and RSM enabled an exhaustive investigation, 
allowing for the discovery of critical elements, 
the formulation of a predictive model for surface 
roughness, and the numerical optimisation of 
printing settings.

Tensile test specimens were produced utilis-
ing the identical fixed printing parameters estab-
lished for the surface roughness investigation 
to maintain process consistency. The geometry 
of the tensile specimens adhered to the ASTM 
D638 standard (Standard test method for tensile 
properties of plastics) with specific dimensions 
depicted in Figure 4. The manufacturing process 
entailed creating a solid model in computer-aided 
design (CAD) software, exporting the model to 
PrusaSlicer for G-code generation with specified 
parameters as illustrated in Figure 5, and executing 
final fabrication with an FDM 3D printer utilising 
1.75 mm diameter PETG filament. To assess the 
impact of interior structure on mechanical perfor-
mance, all tensile specimens were fabricated with 
a 100% infill density. A 100% infill density was 
utilized to evaluate the maximum potential tensile 
strength and failure characteristics of each pattern 
topology, minimizing the variable of porosity. 
This establishes a controlled baseline essential 
for isolating the geometric contribution of the 

infill pattern, though it is recognized that practi-
cal applications often employ lower densities for 
material efficiency. According to the results of the 
surface roughness optimisation, the determined 
optimal parameter set (nozzle temperature, bed 
temperature, layer height) was chosen to fabri-
cate specimens with the highest attainable surface 
quality. A comparative mechanical investigation 
was performed using ideal parameters by fabri-
cating specimens with three different infill pat-
terns: concentric, octagram spiral, and rectilinear, 
as illustrated in Figures 6 (a), (b), and (c), respec-
tively. To guarantee statistical reliability, five 
identical replicates were produced and evaluated 
for each infill pattern configuration.

Tensile testing was conducted with a uni-
versal testing machine (Instron 3369). All tests 
were performed at ambient temperature with a 
uniform crosshead displacement rate of 2 mm/
min and a maximum load cell capacity of 50 kN. 
Throughout each test, the machine’s integrated 
data acquisition system captured load, exten-
sion, strain, and time data in real-time. Key 
mechanical parameters, including ultimate ten-
sile strength, yield strength, Young’s modulus, 
and fracture strain, were derived from the raw 
data to assess the performance of each specimen. 
In this study, ultimate tensile strength (UTS) is 
defined as the maximum engineering stress sus-
tained by the specimen before fracture.  Yield 
strength was determined using the  0.2% offset 
method  applied to the engineering stress-strain 
curve, in accordance with ASTM D638. This 
method involves drawing a line parallel to the 
initial linear elastic portion of the curve, offset 
by a strain of 0.002, with the intersection of 
this line and the stress-strain curve defining the 
yield point. Figure 7 displays the manufactured 
ASTM D638 specimen before mechanical test-
ing and Figure 8 shows the fracture condition of 
the specimens after the tensile testing.

Table 5. Fixed printing parameters

Fixed parameter Value 
Volumetric flow rate 8 mm3/s 
Nozzle diameter 0.4 mm 
Fan speed 0% 
Print speed 90 mm/s
Fill density 100% 
Travel speed 150 mm/s 
Fill pattern Rectilinear 

Figure 3. Graphical explanation for measurement [13]
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RESULTS AND DISCUSSION

Surface roughness test by DOE

Table 6 presents the measured surface rough-
ness results for both the 0° and 90° orientations. 
These data pertain to the 20 experimental tri-
als established by the RSM design. To enhance 
measurement reliability, the reported Ra value 

for each specimen is the average of five separate 
profilometer measurements, thus minimising ran-
dom error. For 0° direction, the minimum surface 
roughness of 1.7564 µm was achieved in Run 2, 
utilizing a nozzle temperature of 240 °C, a 90 °C 
bed temperature and a 0.20 mm layer height. 
Conversely, the maximum roughness for this ori-
entation was recorded at 5.8140 µm in Run 18 

Figure 4. Dimensions of ASTM D638

Figure 5. ASTM D638 in Prusa slicer

Figure 6. Infill pattern: (a) concentric, (b) octagram spiral, and (c) rectilinear
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at 260 °C, 80 °C, and 0.175 mm, respectively. 
For the measurements taken in the 90° direc-
tion, the minimum roughness was observed 
to be 6.2856 µm in Run 1, under the parameters 
of 250 °C, 80°C, and 0.175 mm. The maximum 
roughness for this direction reached 11.7010 µm 
in Run 6, utilising settings of 260 °C, 90 °C, 
and a layer height of 0.15 mm; these values 
are indicated in green within the table. An 
ANOVA was subsequently conducted to statis-
tically validate the significance of the reported 
impacts of the printing settings.

Analysis of variance (ANOVA) for surface 
roughness direction 0° (Ra 0°) and direction 
90° (Ra 90°)

The primary objective of this investigation 
was to determine the key printing parameters that 
influence surface roughness. In this orientation, 
the p-values related to factor A (nozzle tempera-
ture), factor B (bed temperature), and factor C 
(layer height) all surpassed the conventional sig-
nificance threshold of α = 0.05. P-values greater 
than 0.05 suggest that the observed fluctuations 
associated with these factors lack statistical sig-
nificance, indicating they are likely the result of 
random error rather than a systematic influence. 

Thus, throughout the examined parameter ranges, 
none of these individual parameters exhibited a 
significant effect on the surface roughness record-
ed at 0°. This indicates that other, unassessed 
variables or experimental noise may significantly 
influence the results in this particular direction. 
Despite Figures 9 and 10 indicating an optimal 
parameter combination (240 °C nozzle tempera-
ture, 90 °C bed temperature, and 0.15 mm layer 
height), this numerical prediction lacks statistical 
validation from the model. The regression model 
for the 0° direction surface roughness is deemed 
inaccurate due to the absence of substantial 
model terms, rendering its predictions unsuitable 
for optimisation.

The ANOVA model for surface roughness 
evaluated at the 90° direction was statistically 
significant, with a model p-value of 0.03388 
(α = 0.05). An analysis of the individual factor 
p-values indicates that layer height (p = 0.0349) 
was significant, although bed temperature (p 
= 0.0587) and nozzle temperature (p = 0.2160) 
were not significant at the 0.05 level. Conse-
quently, within the evaluated design parameters, 
layer height emerged as the principal factor mark-
edly affecting surface roughness in the 90° ori-
entation. Figure 11 graphically substantiates this 
discovery, demonstrating that optimal surface 

Figure 7. ASTM D38 Specimen. (a) Concentric, (b) Octagram spiral, (c) Rectilinear

Figure 8. ASTM D638 Specimen after Tensile test. (a) Concentric, (b) Octagram spiral, (c) Rectilinear
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roughness is attained with minimal layer height 
with reduced bed and nozzle temperatures, which 
is consistent with previous work [18]. Similarly 
determined that reducing layer height is essential 
for decreasing surface roughness in FDM pro-
cesses. The numerical optimisation in the model 
determines that a parameter set of 0.15 mm layer 
height, 240 °C nozzle temperature, and 70 °C bed 
temperature produces the anticipated optimal sur-
face finish for this orientation (Figure 12).

The analysis demonstrates a basic directional 
anisotropy in the impact of printing parameters 

on surface roughness. The model demonstrat-
ed statistical significance in the 90° direction 
(p = 0.03388) but not in the 0° direction, high-
lighting a crucial observation: the influence of 
nozzle temperature, bed temperature, and layer 
height is not uniform but is significantly con-
tingent upon the measurement orientation in 
relation to the printing direction. The absence 
of significance in the 0° direction model consti-
tutes a significant constraint. This indicates that 
within the selected parameter ranges, these fac-
tors do not consistently regulate roughness in that 

Table 6. Result for surface roughness test (Ra,0°, Ra,90°)

Std Run Block 
Factor 1: Factor 2: Factor 3: Response1: Response 2: 
Nozzle 

temperature (◦C) 
Bed temperature 

(◦C) Layer height Ra, 0°
(μm) 

Ra, 90° 
(μm) 

15 1 Block 1 250 80 0.175 2.2024 6.2856 
7 2 Block 1 240 90 0.2 1.7564 13.9312 
6 3 Block 1 260 70 0.2 5.1350 10.0664 

13 4 Block 1 250 80 0.15 5.7704 7.2746 
9 5 Block 1 240 80 0.175 5.0458 7.4668 
4 6 Block 1 260 90 0.15 4.3078 11.7010 

18 7 Block 1 250 80 0.175 3.7828 7.7114 
1 8 Block 1 240 70 0.15 4.6018 7.5376 

17 9 Block 1 250 80 0.175 3.9866 8.2020 
2 10 Block 1 260 70 0.15 4.3042 7.5140 

12 11 Block 1 250 90 0.175 4.1550 7.6368 
3 12 Block 1 240 90 0.15 4.9552 6.704 
8 13 Block 1 260 90 0.2 5.6462 11.0746 
5 14 Block 1 240 70 0.2 3.8172 7.7290 

14 15 Block 1 250 80 0.2 4.0936 9.5764 
16 16 Block 1 250 80 0.175 3.2124 9.4684 
20 17 Block 1 250 80 0.175 5.4600 8.5066 
10 18 Block 1 260 80 0.175 5.8140 9.5216 
11 19 Block 1 250 70 0.175 4.5180 7.9056 
19 20 Block 1 250 80 0.175 4.7476 6.8634 

Figure 9. Bed temperature vs nozzle temperature graph for Ra,0°
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Figure 10. Interaction between bed temperature and nozzle temperature in contour view (Ra, 0°)

Figure 11. Bed temperature vs nozzle temperature graph for Ra, 90°

Figure 12. Interaction between bed temperature and nozzle temperature in contour view (Ra, 90°)
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orientation, either due to predominant noise from 
other unaccounted variables (e.g., vibration, fila-
ment consistency) or an inadequately large effect 
size. This constrains the model’s predictive capa-
bility and general application across all surface 
orientations, which is a vital factor for intricate 
components.

Statistical analysis for the 90° direction con-
firms that the layer height is the only signifi-
cant factor influencing surface roughness, with 
p = 0.0349. Bed temperature (p = 0.0587) is mini-
mal and should be considered a potentially rele-
vant factor rather than a conclusively contributing 
one. The statistical analysis indicates that layer 
height and bed temperature exert the most signifi-
cant influence on the observed surface roughness. 
This accuracy is crucial for effective knowledge 
transfer. The outcome is consistent with exist-
ing theory, indicating that reduced layer heights 
diminish stair-stepping effects, and is further sup-
ported by agreement with Pérez [18], enhancing 
external validity.

Tensile-yield strength

The ANOVA results, as outlined in the meth-
odology section (surface roughness and tensile 
test), were utilised to establish the printing set-
tings for the tensile (dog bone) specimens. The 
parameter selection was exclusively determined 
by the investigation of the 90° surface roughness 
direction, as the model for the 0° direction was 
statistically insignificant. This result is a con-
straint of the present experimental design, which 
did not capture a significant effect value for the 0° 

orientation within the chosen parameter space. It 
does not preclude the existence of such relation-
ships but defines a clear boundary for the current 
model’s applicability and a focal point for future 
work. Accordingly, the specimen printing condi-
tions were established with a layer height of 0.15 
mm, a nozzle temperature of 240 °C, and a bed 
temperature of 70 °C. 

Figure 13 illustrates that both ultimate tensile 
strength (UTS) and strain at break are significantly 
influenced by the infill geometry. The concentric 
demonstrated exceptional performance, with the 
highest mean ultimate tensile strength (41.4 MPa) 
and strain (4.4388%). This outcome is ascribed 
to its continuous, contour-oriented deposition 
trajectory, which optimally aligns filament layers 
with the applied tensile load, thus reducing inter-
layer separation and enhancing uniform stress 
distribution [19]. Conversely, the rectilinear pat-
tern yielded a reduced ultimate tensile strength of 
32.7 MPa and a strain of 3.585%. The distinctive 
alternating 0°/90° raster orientation results in just 
a fraction of the deposited routes being perfectly 
aligned with the tensile axis, leading to inherent 
stress concentrations and diminished overall effi-
cacy. The octagram spiral configuration had the 
lowest mechanical parameters, featuring a UTS 
of 28.9 MPa and a strain of 2.9396%. This inad-
equate performance arises from its discontinuous, 
radial geometry, which causes the structural lay-
ers to be susceptible to separation under tension, 
resulting in premature failure [20]. The maximum 
UTS is consistently linked to the infill pattern that 
achieves optimal alignment between the filament 
deposition trajectory and the major tensile stress 

Figure 13. Tensile strength of the PETG specimen with respect to three infill patterns
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direction, determined by the effective layer orien-
tation during manufacturing [21].

The findings further demonstrate that yield 
strength exhibits the same trend as shown in Figure 
14, being substantially affected by the infill design 
and its corresponding effective build orientation, as 
shown in Figure 14. The concentric design had the 
greatest yield strength (32.7 MPa), followed by the 
rectilinear (27.4 MPa) and octagram spiral (22.9 
MPa) patterns. This hierarchy is directly related to 
the orientation of deposited layers concerning the 
tensile stress axis (Z-axis, as illustrated in Figure 
14). The concentric configuration, with a nominal 
layer orientation of 90° to the build plate (see Fig-
ure 15), ensures optimal alignment with the applied 
load as shown in Figure 16. The rectilinear pattern, 
orientated at 45°, provides only partial alignment, 

whilst the octagram spiral pattern, orientated at 0°, 
results in the least favourable alignment, causing 
diminished load-bearing capacity and premature 
yielding. Thus, yield strength is optimised when 
the effective construction orientation is at a 90° 
angle to the tensile axis. This verifies that the geo-
metric configuration dictated by the infill pattern, 
particularly the angle between laid roads and the 
load direction, is the primary determinant of yield 
performance, regarding build orientation as a cru-
cial process parameter [22].

The study’s primary merit is its explicit, quan-
titative illustration of a performance hierarchy 
among infill types. The data strongly corroborates 
the conclusion that the concentric pattern produces 
the maximum ultimate tensile strength (41.4 MPa), 
yield strength (32.8 MPa), and ductility (4.44% 

Figure 14. Yield strength of the PETG specimen with respect to three infill patterns

Figure 15. Build orientation for the PETG specimen
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strain). The association of this exceptional perfor-
mance with advantageous layer alignment (about 
90° to the load axis) is substantiated by compos-
ite mechanics theory. The recognition of the rec-
tilinear pattern as the optimal compromise, which 
is supported by the printing time vs material con-
sumption graph presented in Figure 17, delivering 
adequate strength with reduced material consump-
tion and printing duration, offers essential practi-
cal guidance for engineers, emphasising resource 
efficiency rather than maximum performance. The 
research identifies a significant trade-off: the con-
centric design, although the most robust, utilises 

the least material (3.86 m) and has the shortest 
printing duration (49 min), establishing a perfor-
mance benchmark. The rectilinear pattern neces-
sitates merely 2% additional material and 8% extra 
time compared to the concentric design, while pro-
viding significantly greater tensile strength than the 
octagram spiral, which incurs the longest printing 
duration without any advantages in material effi-
ciency or strength. The correlation between UTS 
and yield strength trends enhances the internal 
validity of the findings, affirming that infill geom-
etry significantly influences both elastic and plastic 
deformation behaviour.

Figure 16. Stress direction for the PETG specimen 

Figure 17. Printing time vs material consumption graph for each infill pattern
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CONCLUSIONS

This study presents two significant, veri-
fied discoveries that enhance the comprehen-
sion of PETG FDM. A fundamental directional 
anisotropy is present: layer height significantly 
influences surface roughness perpendicular to 
the print direction (90°), however, the examined 
parameters did not produce a significant model 
for in-layer roughness (0°). Secondly, mechani-
cal performance is determined by a distinct rela-
tionship, wherein the type of infill pattern, rather 
than surface parameters, serves as the primary 
influence on tensile strength. The results fur-
nish a mathematical foundation for application-
specific decision-making: practitioners may pri-
oritise minimal layer heights for smooth vertical 
surfaces, opt for concentric infill to maximise 
strength, and employ rectilinear infill to achieve 
an efficient balance of attributes. A key meth-
odological restriction is the limited statistical 
power of the 0° surface roughness model, which 
confines its predictive capacity for that particu-
lar orientation. The study also concentrated on 
parameter interactions at a constant 100% infill 
density, restricting direct extrapolation to light-
weight, efficiency-oriented applications.

The primary innovation of pursuing a dual-
outcome optimisation paradigm is praiseworthy. 
Nevertheless, the data elucidate its intricacy. The 
“optimal” parameter for surface finish, such as 
reduced layer height, may vary from the ideal 
configurations for enhancing mechanical integ-
rity, which may rely more on infill and adhesion. 
The practical utility of the “prediction system” 
depends on its capacity to openly quantify these 
trade-offs. The current results establish a basis 
by demonstrating specific parameter impacts 
on roughness and autonomous infill effects on 
strength. The journey to mastering PETG in FDM 
involves strategically navigating intrinsic and 
anisotropic trade-offs rather than seeking a univer-
sal “best setting”. The results reveal a fundamen-
tal truth: surface quality and mechanical perfor-
mance are determined by separate, and frequently 
conflicting, process-property relationships.

This work’s contribution is not a univer-
sal optimum, but rather a shown and quantified 
decision-making framework. By elucidating 
these discrete process-property relationships, 
where surface quality, mechanical strength, and 
printing efficiency are dictated by unique and fre-
quently opposing parameters, it imparts essential 

knowledge for prioritising among competing fac-
tors. This shifts practice from broad guidelines to 
performance-oriented manufacturing. This frame-
work logically progresses towards the develop-
ment of a full multi-objective model, essential for 
sophisticated predictive tools in FDM.

To directly mitigate the limitation of limited 
statistical power in the 0° direction model and to 
enhance the suggested optimisation framework, 
future research should concentrate on broaden-
ing the experimental parameter space. A principal 
objective is to execute a follow-up investigation 
utilising an enhanced design of experiments that 
encompasses a broader spectrum of layer heights, 
printing velocities, and cooling rates. This would 
augment the effect size and strengthen the model’s 
robustness for both surface orientations. More-
over, to achieve a holistic multi-objective optimi-
sation system, future research must incorporate 
additional essential parameters beyond surface 
roughness and tensile strength, such as dimen-
sional accuracy (shrinkage/warping), into a cohe-
sive predictive model. This progression is crucial 
for creating the authentic digital twin of the FDM 
proposed here, which can accurately forecast the 
unique balance of characteristics required for 
functional components.
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