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ABSTRACT 
Fused Filament Fabrication (FFF) has gained significant popularity as the prevalent additive 
manufacturing method due to its ability to reduce production time and expenses. However, the 
constraints of limited dimensional precision, poor surface quality, and relatively low Ultimate Tensile 
Strength (UTS) hinder compliance with the stringent regulatory norms of conventional manufacturing, 
necessitating post-processing for enhancement. In this investigation, the response surface method was 
used to optimize annealing and specific printing parameters to enhance the quality of PLA parts 
produced by FFF. Tensile specimens were printed with varying production parameters and annealed at 
varying heat treatment parameters. The following parameters are specified: layer height (0.1, 0.2, and 
0.3 mm), build orientation (0°, 22.5°, 45°, 67.5°, and 90°), annealing temperature (70, 90, 110, and 130 
ºC), and annealing time (60, 120, 180, and 240 min). The optimization technique aimed to enhance the 
UTS and match the CAD dimensions while minimizing surface roughness. The RSM optimization 
analysis identified the optimal parameters as layer height of 0.1 mm, build orientation at 0 degrees, 
annealing temperature of 110 degrees, and annealing time of 180 min. The consistent achievement of 
high levels of agreement between estimated and experimental response values substantiates the proposed 
models. A composite desirability value of 0.80 was derived for the variables due to the optimization 
investigation. 
  
Keywords: Additive manufacturing, Annealing, Response surface method, Optimization, 3D printing. 

 
 

1. INTRODUTION 
The novel technological process of additive 
manufacturing makes physical objects from 
digital 3D models generated through computer-
aided design (CAD) [1]. The FFF is a highly 
prevalent approach in 3D printing fields. It 
involves the sequential deposition of layers to 
fabricate three-dimensional structures, utilizing 
thermoplastic materials as the primary medium 
[2-3]. The FFF technique has demonstrated its 
utility not only in the realm of prototype but also 
in the domain of industrial production, 
establishing itself as a multifaceted and 
invaluable way of manufacturing [4]. The 
precision, consistency, and range of materials 
utilized in 3D printing techniques, such as FFF, 
have advanced to a level suitable for 
implementation in industrial manufacturing 
technology [5]. The materials employed in FFF 
commonly consist of polylactic acid (PLA) [6]. 

This technique is renowned for its capacity to 
manufacture end-use components, rather than 
solely prototypes [6-7]. Nevertheless, the FFF 
technique is a multifaceted procedure that is 
subject to numerous factors that might impact 
the overall quality of the printed output [8-9].  
 
The layer height in FFF has a notable impact on 
the printed parts' ultimate tensile strength, 
surface roughness, and dimensional accuracy. 
The effect of layer height on the mechanical 
characteristics of FFF-printed components has 
been the subject of several investigations. For 
instance, Rajpurohit and Dave varied the line 
width and height of the layers to study their 
effect on the tensile strength of PLA-printed 
parts. It was found that the layer height and line 
width substantially affected the tensile strength 
of the printed parts [10]. Similarly, Magri et al. 
highlighted that process settings, including 
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raster orientation, printing speed, and layer 
height significantly affect the tensile strength of 
FFF printed parts [11]. Furthermore, Vyavahare 
et al. concluded that as the height of a layer 
increases, its tensile strength diminishes, 
indicating a clear relationship between layer 
height and mechanical properties [12]. In 
addition to tensile strength, the layer height also 
influences surface roughness and dimensional 
accuracy. Hua et al. noted that FFF parts printed 
with lower layer heights exhibit better 
mechanical performance [13]. Moreover, 
Vyavahare et al. identified layer height and print 
speed as significant parameters for the 
dimensional accuracy of FFF parts [14]. 
Furthermore, Chohan & Singh found that 
electroplating on FFF parts enhanced tensile 
strength and surface finish, indicating the 
interplay between layer thickness and surface 
characteristics [15].  
 
The build orientation in FFF also significantly 
influences the printed parts' surface roughness, 
mechanical characteristics, and dimensional 
accuracy. Several studies have investigated the 
impact of build orientation on the characteristics 
of FFF-printed parts. For instance, Syrlybayev 
et al. extensively reviewed the effects of various 
process settings, including build orientation, on 
the mechanical characteristics of FFF-printed 
parts. Their review highlighted the critical 
influence of build orientation on the strength 
properties of FFF-printed parts [16]. Similarly, 
Dey & Yodo found that specific build 
orientations and raster orientations were crucial 
for achieving optimum surface roughness in 
FFF-printed parts [17]. Furthermore, Singh et 
al. revealed that build orientation significantly 
impacts the ultimate tensile properties of the 
printed parts [18]. This underscores the 
importance of considering build orientation 
when optimizing the mechanical characteristics 
of FFF-printed parts. Additionally, Huang et al. 
emphasized build orientation as a critical factor 
affecting the quality of the part [19]. In addition 
to mechanical properties, build orientation also 
affects surface roughness and dimensional 
accuracy. Hervan et al. highlighted that part 
build orientation and other settings affect the 
flexural, tensile, and impact strength of FFF-
printed parts [20]. Moreover, Eryildiz 
demonstrated that build orientation 
substantially impacted the printing time and 
tensile properties of FFF-printed parts [21]. 
This further emphasizes the multifaceted 

influence of build orientation on the overall 
quality of FFF-printed parts.  
 
Furthermore, research has shown that adding 
heat treatment can influence FFF printed parts 
mechanical strength [22]. The process of 
annealing in FFF has a noticeably impact on the 
surface roughness, mechanical characteristics, 
and dimensional precision of the printed parts. 
Akhoundi et al. investigated the impact of 
annealing and nozzle temperature on the 
mechanical characteristics of high temperature 
PLA in FFF. Their study provides the impact of 
annealing on the mechanical behavior of FFF 
parts [23]. Torres et al. explored the effects of 
annealing on the roughness of the surface and 
tensile characteristics of FFF-printed ABS 
components. The study emphasized the critical 
aspects of concern pertaining to the annealing 
treatment, particularly focusing on time and 
temperature and its influence on quality of the 
printed parts [24]. Additionally, Shbanah et al. 
found that heat treatment, specifically 
annealing, led to a significant increase in the 
ultimate tensile strength (UTS) of FFF-printed 
PLA polymer specimens, highlighting the 
positive effect of annealing on mechanical 
properties [25]. Furthermore, Rane et al. 
investigated the effects of annealing on the UTS 
of parts printed using FFF. Their research sheds 
light on the impact of thermal annealing on the 
mechanical properties of FFF-printed parts, 
offering significant perspectives on the role of 
annealing in enhancing the mechanical 
performance of printed components [26]. 
Overall, annealing, layer height, and build 
orientation in FFF play an important role in 
determining the printed parts' ultimate tensile 
strength, roughness of the surface, and 
dimensional precision. Understanding the 
impact of annealing, layer height, and build 
orientation on these properties is essential for 
optimizing the FFF process parameters to attain 
the intended mechanical and dimensional 
characteristics of the parts. 
 
The response surface methodology (RSM) can 
be utilized to optimize printing parameters and 
annealing conditions, aiming to boost the 
quality of printed parts [3]. Elkaseer et al. 
(2020) examined the impact of process 
parameters and their interrelationships on the 
resource efficiency and quality of the FFF 
printing method. The authors highlighted the 
possible utility of RSM in the optimization of 
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3D printing parameter values [27]. Magri et al. 
(2020) presented a three-dimensional response 
surface to figure out the target response values 
and comprehend the interplay of printing 
settings, demonstrating the efficacy of RSM in 
optimizing printing parameters [28]. 
Additionally, Ouassil et al. utilized RSM to 
optimize FFF parameters to boost mechanical 
characteristics, highlighting the role of RSM in 
enhancing the mechanical performance of 

printed parts [29]. Furthermore, Tho employed 
RSM to identify the ideal settings for FFF 
printed parts, showcasing the versatility of RSM 
in optimizing various aspects of the 3D printing 
process [30]. The application of RSM for 3D 
printing process parameters and annealing 
parameters offers a systematic and efficient 
approach to optimize the quality, mechanical 
properties, and resource efficiency of 3D-
printed parts. By leveraging RSM, researchers 

can ultimately gain valuable insights into the 
complex interactions between printing 
parameters and annealing conditions. Leading 
to the enhancement of printing processes and 
the quality of printed components. 
 
This study aims to assess the impact of various 
printing parameters, including layer height and 
structure orientation, as well as annealing heat 
treatment parameters, including annealing 
temperature and annealing time, on the 

mechanical characteristic, surface roughness, 
and dimensional precision of PLA components 
printed using FFF. The RSM was employed to 
optimize the experimental settings, while the 
Analysis of Variance (ANOVA) test was 
utilized to examine the results. The study's 
originality is shown by its evaluation of printer 
process parameters in conjunction with 
annealing heat treatment parameters and 
optimization of these parameters using RSM. 

 

 
Figure 1. (a) The build orientations of the test specimens, and (b) the height of the layers. 
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2. MATERIALS AND METHODS 
2.1. Specifications for printing and printers 
All of the specimens utilized in this research 
were manufactured from PLA material by the 
FFF method, printed with a build volume of 200 
× 200 × 220 mm on a cartesian type Zaxe X1 
FFF 3D printer. The following 3D printing 
settings were utilized during the research: 
nozzle diameter of 0.4 mm, nozzle temperature 
of 215 °C, print speed of 70 mm/s, infill density 
of 100%, and bed temperature of 60 °C. A dog 
bone-shaped specimen was created to perform a 
tensile test with the purpose of assessing the 
tensile characteristics, dimensional precision, 
and surface roughness of plastic materials. 
Specimen dimensions were settled upon by 
consulting the ASTM Type I model [31], and 
the CAD model was created within the 
SolidWorks software environment. The print 
parameters used in this study were kept constant 
excluding the build orientation and layer height. 
The doge-bone tensile specimens were 
printed using various angles (0°, 22.5°, 45°, 
67.5°, and 90°) and three-layer heights (1 mm, 
2 mm, and 3 mm), as displayed in Figure 1. The 
entirety of the printed components was made 
with a density of 100% infill. The procedure 
makes use of a number of materials, although 
PLA is among the most used [6-7]. The PLA 
filament, with its properties clearly documented 
in [9], produced by ESUN, was used. 
 
2.2. Annealing 
Following the printing of the specimens, 
annealing is performed in accordance with the 
experimental design matrix. The processes of 
thermal annealing were carried out in a hot air 
oven. Four distinct temperatures (70, 90, 110, 
and 130 ◦C) and four distinct periods (60, 120, 
180, and 240 min) were taken into account for 
the annealing process. Following the 
completion of the annealing procedure, the 
specimen remains within the oven until it 
reaches the ambient temperature.  

 
2.3. Mechanical testing 
The application of various criteria obtained 
from the DOE resulted in the effective 
production of a total of twenty-six distinct 
samples. A tensile test was conducted using the 
AG-50 kN Shimadzu Autograph. The test was 
carried out under standardized conditions, with 
a crosshead speed of 5 mm/min and at ambient 

temperature. Tensile testing was conducted 
following the recommendations presented in 
ASTM D638 [31]. The specimens underwent 
tensile testing until they reached the point of 
fracture. To minimize the influence of 
fluctuations and unpredictable inaccuracies, 
every recorded value in the dataset is based on 
a minimum of three valid tests. Throughout the 
experiment, no instances were observed where 
the samples exhibited any additional peaks in 
strength. Consequently, the UTS was identified 
as the highest stress value ever recorded. 
 
2.4. Dimensional accuracy 
The gauge section of the dog-bone tensile test 
specimen is of the utmost significance. 
Measurements were performed on dog bone 
samples at specified locations, including both 
ends and the middle (a total of three positions), 
as depicted in Figure 2 using digital vernier 
caliper. The objective was to independently 
assess the accuracy and precision of both 
thickness (h) and width (b). Therefore, in order 
to assess the precision, it was necessary to 
compare the produced dimensions with the 
original CAD design. Through the use of the 
standard deviation calculations, the precision 
(consistency) was defined. The weight of all 
samples was measured, and their accuracy was 
confirmed as well. 
 

 

Figure 2. The schematic representation of 
measurement sites for width (b) and thickness (h) 
on the gauge section of the dog-bone specimen. 

 
2.5. Surface Roughness 
The surface finish quality of a component is 
related to its measured roughness. Roughness 
refers to the extent to which the chosen process 
parameters result in the appearance of surface 
irregularities on the printed object. Prior 
research has shown that components generated 
using the FFF process exhibit increased surface 
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roughness values, indicating a below-average 
surface quality [32]. Determining the effect of 
various printing settings on the surface 
roughness of the samples is a complex and 
challenging task. As a result, measurements 
were performed in two separate directions, 
specifically Vertical and Horizontal, relative to 
the tensile direction of the test specimen utilized 
in the tensile test. This is illustrated in figure 3, 
which serves as a schematic representation of 
the surface roughness measurements. The 
inability to measure perpendicular to the 
printing direction solely arises from the fact that 
the printing direction serves as a printing 
parameter, causing a shift in the orientation of 
each sample. The roughness measurements 
were performed using the Mitutoyo Surftest SJ-
210, a needle-tipped inductive roughness 
device. The Mitutoyo SJ-210 table surface 
tester, equipped with a 20-millimeter-long 
probe, allows for effortless inspection of  

 

Figure 3. A schematic representation of the surface 
roughness measurements. 

surfaces. The tester's stylus tip has a radius of 
2 µm, while its detecting force amounts to 4 
mN. The measurement of surface roughness 
was conducted with a "cut-off length" of 0.8 
mm in the Z-axis orientation. Every evaluation 
condition was executed a minimum of five 
times on distinct areas of the FFF 3D printed 
objects' surfaces to ensure that the results 
obtained can be replicated. In order to properly 
evaluate the results, just one result was obtained 
by calculating the arithmetic mean. 

2.6. Response Surface Method 
The printed components are affected by several 
processing parameters, such as layer height and 
build orientation [15,16]. The quality of 
components is affected by a number of 
variables, including the annealing parameters 
and the printing parameters. Specifically, the 
annealing temperature and the exposure period 
to this temperature perform a key role in 
deciding the components' quality [21,23]. The 
criteria for factor selection are established based 
on the extant literature and the corresponding 
degrees of importance attributed to each. The 
aim of this investigation was to assess the 
printing and annealing parameters of FFF-
printed items. An insufficient amount of 
scholarly research has been devoted to the 
comprehensive evaluation of surface roughness, 
mechanical properties, and dimensional 
precision of heat-treated objects produced via 
FFF technology. This situation requires a 
substantial amount of tests. The objective of 
optimization is to optimize specific variables by 
either maximizing, minimizing, or reaching a 
target value, while also adhering to stated 
constraints, in order to get the most optimal 
outcomes. The utilization of RSM, a widely 
used technique, appears to offer benefits in the 
creation of an effective approximation method 
[33]. RSM is a powerful optimization tool that 
combines mathematical statistics to model both 
input and output parameters. As a result, one 
can determine the important elements and their 
respective amounts while also determining the 
best experimental conditions [34]. The use of 
RSM in this study is justified because several 
input and output factors are present.  
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A primary goal of optimization is to enhance the UTS while also minimizing surface roughness and 
achieving the desired CAD dimensions. The purpose of this optimization is illustrated in figure 4

Figure 4. Different optimization goals and objectives correspond to distinct desirable functions.

The relevant experimental study was developed 
using Minitab, an RSM-based program. Each 
input parameter is assumed to be calculable and 
can be expressed as follows within the context 
of RSM [35]. 
 
𝑦𝑦 = 𝐹𝐹(𝑥𝑥1, 𝑥𝑥2, … , 𝑥𝑥𝑚𝑚)                                         (1) 
 
In the above situation, the variables x1, x2, ..., 
xm, and y indicate the input and output factors, 
respectively. Within the framework of RSM, the 
primary phase entails establishing a robust 
connection between the two variables. The 
connection is clarified by employing a model 
based on second-order equations [35]. 
 

𝑦𝑦 = 𝑏𝑏0 + �𝑏𝑏𝑖𝑖𝑥𝑥𝑖𝑖

𝑚𝑚

𝑖𝑖=1

+ �  
𝑚𝑚−1

𝑖𝑖=1

�𝑏𝑏𝑖𝑖𝑖𝑖𝑥𝑥𝑖𝑖

𝑚𝑚

𝑖𝑖≥𝑖𝑖

𝑥𝑥𝑖𝑖

+  �𝑏𝑏𝑖𝑖𝑖𝑖

𝑚𝑚

𝑖𝑖=1

𝑥𝑥𝑖𝑖2 + ε       (2) 

 
The equation provided indicates the linear 
coefficient (i), the coefficient for the second 
order term (j), the regression coefficient (b), the 
total number of parameters (m), and the error 
associated with the response variable (ε). It is 
recommended to utilize RSM to investigate 
three dependent responses and three 

independent variables (one of which is a 
categorical factor and two of which are 
continuous factors) with a total of 26 
experiments. Surface roughness, dimensional 
accuracy, and UTS are the output factors chosen 
for the settled RSM model. However, 
considering the model is configured with the 
following input parameters: build orientation, 
layer height, and annealing parameters 
(temperature and time). The annealing 
parameters, time and temperature are 
interdependent categorical factors. On the other 
hand, the printing parameters, layer height, and 
build orientation are continuous parameters. All 
other printing and post-processing factors that 
could affect printed component quality are kept 
constant. 

 
3.RESULTS AND DISCUSSIONS 

The present part examines and analyzes the 
outcomes of tensile testing, specifically 
focusing on the impact of layer height, build 
orientation, and annealing process parameters 
(time and temperature) on ultimate tensile 
strength (UTS). Table 1 presents the design 
table, which contains data from 26 tests and 
their corresponding responses. 
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Table 1. The values of the experimental response variable and the experimental design matrix. 

Run 
Order 

Layer 
Height, 

mm 

Build 
Orient-
ation, ° 

Temperature,°C
-Time, min 

UTS, Mpa 
(± SD) 

h, mm (± 
SD) 

b, mm (± 
SD) 

Ra(H), µm 
(± SD) 

Ra(V), µm 
(± SD) 

1 0.1 0 0-0 54.65±0.7 3.17±0.02 13.43±0.04 0.95±0.16 7.46±0.3 
2 0.1 22.5 70-60 46.31±0.7 3.28±0.02 13.54±0.14 8.04±0.15 8.41±0.24 

3 0.1 67.5 110-240 18.96±1.4 3.34±0.03 12.78±0.08 8.71±0.77 7.72±1.04 

4 0.1 90 130-120 10.99±1.1 3.28±0.03 12.64±0.08 9.16±1.07 2.60±1.7 

5 0.1 0 70-240 58.69±0.5 3.17±0.01 13.90±0.04 1.16±0.27 10.57±0.4 

6 0.1 22.5 130-60 45.78±1.6 3.35±0.04 13.51±0.09 8.20±0.13 9.99±1.26 

7 0.1 67.5 90-240 19.64±1.8 3.27±0.04 12.78±0.07 8.13±0.27 7.74±0.03 

8 0.1 90 0-0 38.65±2 3.28±0.03 12.96±0.02 7.88±0.28 2.29±0.12 

9 0.2 0 90-120 52.88±0.4 3.25±0.03 13.62±0.05 1.11±0.25 14.87±0.42 

10 0.2 22.5 110-240 37.52±6.9 3.44±0.06 13.43±0.2 11.74±0.84 14.41±0.99 

11 0.2 45 0-0 38.76±1.6 3.54±0.03 13.39±0.07 14.94±0.39 14.56±0.46 

12 0.2 67.5 130-180 24.93±1 3.53±0.05 13.10±0.12 14.94±0.53 12.04±0.8 

13 0.2 0 110-60 53.89±0.2 3.31±0.04 13.66±0.06 1.22±0.29 14.86±0.29 

14 0.2 22.5 0-0 50.42±1 3.38±0.02 13.46±0.09 12.31±1.44 14.85±0.28 

15 0.2 45 70-120 28.43±2.9 3.47±0.03 13.33±0.04 14.62±0.19 14.53±0.19 

16 0.2 67.5 130-240 18.53±1.4 3.46±0.04 13.10±0.05 14.55±0.18 11.67±0.46 

17 0.2 90 90-120 32.13±0.3 3.56±0.06 13.17±0.06 14.98±0.19 1.81±0.32 

18 0.3 0 130-180 42.28±2.3 3.27±0.03 13.45±0.09 1.87±0.45 24.36±0.56 

19 0.3 22.5 90-60 45.03±2.1 3.50±0.04 13.68±0.07 12.58±2.08 22.87±1.82 

20 0.3 90 110-120 9.31±1.9 3.70±0.07 13.28±0.06 22.95±0.46 1.25±0.22 

21 0.3 0 90-180 43.61±1.3 3.24±0.04 13.51±0.07 0.84±0.11 24.13±1.37 

22 0.3 22.5 0-0 41.88±3.83 3.42±0.03 13.45±0.03 13.11±1.3 22.85±0.58 

23 0.3 45 130-60 26.81±0.9 3.61±0.07 13.56±0.12 20.89±0.49 19.91±0.35 

24 0.3 67.5 70-240 24.52±0.6 3.71±0.05 13.29±0.05 22.88±0.72 12.92±1.33 

25 0.3 90 130-240 16.7±3.1 3.67±0.07 13.32±0.05 23.18±0.8 1.04±0.31 

26 0.3 0 110-180 50.92±1 3.37±0.02 13.48±0.01 1.08±0.32 22.54±0.63 

 
It also analyzes the influence of these factors on 
surface roughness and dimensional precision. 
Variance analysis can be employed to derive 
numerical data pertaining to the probability 
value. ANOVA can accurately predict the 
optimal combination of process variables and 
identify the main contributing factors. Models 
with a p-value larger than 0.05 are widely 
regarded as insignificant. The resulting model is 
significantly influenced when a factor's p-value 
is less than 0.05 [33]. The ANOVA results in 
Table 2 indicate that all of the p-values for the 
linear coefficients of the build orientation are 
below 0.05. All the p-values for the linear 
coefficients of layer height are below 0.05, 
except for UTS. All p-values for the linear 
coefficients of the categorical factor 
temperature-time are greater than 0.05 for 

dimensional precision and surface roughness 
measured in the vertical direction. However, p-
values are less than 0.05 for UTS and surface 
roughness measured in the horizontal direction. 
The p-values for layer height and build 
orientation, in relation to UTS and surface 
roughness, are less than 0.05, except for surface 
roughness measured vertically. However, the p-
values for layer height and build orientation are 
greater than 0.05 for dimensional precision and 
surface roughness measured horizontally. In the 
case of 2-way Interaction, the p value is over 
0.05 for UTS and b, and below 0.05 for surface 
roughness and h. The significance of the term in 
the proposed correlations of response becomes 
more pronounced as the p value decreases and f 
value increases. The primary factor that 
significantly affects all responses is the build 
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orientation, as evidenced by the ANOVA table. 
Furthermore, it is seen that the categorical 
variable of time-temperature has a greater 

impact on the UTS compared to the layer 
height. Conversely, the opposite holds true for 
surface roughness and dimensional correctness.

Table 2. Results of ANOVA include the p value, f value, and R2 value. 
 UTS (MPa) h (mm) b (mm) Ra(H) Ra(V)  
 F 

value 
P 

value 
F 

value 
P 

value 
F 

value 
P 

value 
F 

value 
P 

value 
F 

value 
P 

value 
Model 22.90 0.001 28.05 0.001 6.87 0.021 161.00 0.000 39.84 0.000 
Linear 25.48 0.001 26.39 0.001 6.98 0.021 129.60 0.000 34.77 0.000 
X-Layer height 1.77 0.241 93.04 0.000 6.68 0.049 420.41 0.000 31.86 0.002 
Y-Build 
orientation 

62.12 0.001 126.3
6 

0.000 19.86 0.007 690.26 0.000 166.30 0.000 

CT-
Temperature-
Time 

5.88 0.030 1.84 0.260 1.25 0.433 5.74 0.032 1.13 0.484 

Square 5.96 0.047 12.56 0.011 2.38 0.188 59.02 0.000 18.82 0.005 
X2 6.99 0.046 2.72 0.160 4.31 0.093 15.89 0.010 0.69 0.443 
Y2 11.90 0.018 2.56 0.170 4.21 0.096 9.33 0.028 19.25 0.007 
2-Way 
Interaction 

0.36 0.576 25.47 0.004 0.68 0.446 91.30 0.000 35.04 0.002 

X*Y 0.36 0.576 25.47 0.004 0.68 0.446 91.30 0.000 35.04 0.002 
R2, % 98.92% 99.12% 96.49% 99.84% 99.38% 
Adj. R2, % 94.60% 95.58% 82.44% 99.22% 96.88% 

 
The influence of printer parameters 
(specifically, build direction and thickness of 
layers) in conjunction with annealing process 
parameters on the UTS result is illustrated in 
Figure 5. The results indicated a negative 
relationship between the UTS and the increase 
in layer thickness without any post-processing. 
The decrease in UTS found when the thickness 
of layers in 3D printed parts increases, without 
any post-processing, can be due to many 
variables that have been explained in the 
existing literature. An extensive study has been 
conducted on the correlation between layer 
height and the UTS of 3D printed components. 
Hua et al. (2023) noted that FFF specimens 
printed with lower layer heights exhibit better 
mechanical performance [13]. Choudhary et al. 
[36] also discovered an inverse interaction 
between layer thickness and the decrease in 
UTS. Furthermore, it was noted that decreasing 
the layer height resulted in a higher level of 
bonding, perhaps leading to an enhanced UTS 
[37]. It is observed that the UTS value exhibits 
a decreasing trend initially and subsequently 
rises with increasing layer thickness, owing to 
the thermal diffusion features [38]. These 
findings indicate that the thermal characteristics 
related to varying layer thicknesses can impact 
the bonding between layers and the overall 

structural strength of the printed objects. Grasso 
et al. [39] revealed a significant correlation 
between stiffness and strength, which was 
influenced by the infill orientation and 
temperature values. This indicates that the 
mechanical characteristic are affected by the 
printing parameters. Figure 5 demonstrates that 
in the samples without post-processing, the 
UTS initially drops and subsequently stabilizes 
as the structural orientation increases. The 
stability of the UTS can also be influenced by 
the variability in the height of each layer. The 
scholarly literature provides clarification on the 
phenomenon under consideration by employing 
the terms interlayer fracture and intralayer 
fracture [40]. The UTS results of annealed heat-
treated samples varied depending on the 
printing parameters. Upon analysis of the 
sample with a layer thickness of 0.1 mm and a 
printing angle of 0°, it was seen that the sample, 
which underwent heat treatment at 70° C for 
240 minutes, had a tensile strength roughly 10% 
higher than the untreated sample. The value 
shown represents the maximum UTS achieved 
in the experiments. A decrease in UTS is 
observed, particularly at a construct orientation 
of 90°, despite alterations to the annealing 
process parameters, as indicated by the graph. 
The UTS is significantly decreased by the 
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annealing heat treatment at 130°, and this 
reduction becomes more noticeable with longer 
durations. During the annealing heat treatment 
process at temperatures of 90° and 70°, it can be 
observed that the ultimate tensile strength 
(UTS) generally increases with longer 
durations. Nevertheless, establishing a universal 
correlation is not possible because to variations 
in layer thickness and build orientation. The 
ultimate tensile strength (UTS) of samples 
produced by FFF printing is influenced by the 
level of crystallinity in the printed object. The 
non-linear changes in UTS values can be 
attributed to the temperature-dependent 
modification of crystallinity during the printing 
process [41]. 
 

 
(a) 

 
(b) 

Figure 5. The surface roughness interaction plot 
with layer height, build orientation, and annealing 
parameters. 

The correlation between printer parameters and 
annealing process parameters as they pertain to 
the surface roughness outcome is visually 
represented in Figure 6. Consistent with 
expectations, the samples utilizing the identical 
direction of printing and measurement exhibited 
the lowest surface roughness values. 

Conversely, as the angle between the printing 
orientation and the direction of measurement 
increased, the surface roughness value 
increased as well, reaching its maximum value 
in the fully perpendicular measurement. As 
mentioned in the literature [16,18], it was found 
that specific build orientations and raster 
orientations were crucial for achieving optimum 
surface roughness in FFF-printed parts. As 
expected, the graphs clearly indicate that 
altering the height of the layers has no effect on 
the roughness of the surface when the direction 
of measurement and the direction of printing are 
identical. However, when the orientation of 
printing and the direction of measurement were 
at at 90 degrees to each other, the roughness 
exhibited an upward trend with increasing layer 
height. This rise is roughly similar to the rate of 
increase in layer height. Several studies have 
highlighted the effect of layer height on 
roughness of the surface in FFF-printed parts. 
Several investigations have emphasized the 
influence of layer height on the surface 
roughness of objects produced using FFF 
printing. For instance, Mushtaq et al. 
highlighted the importance of layer thickness in 
determining surface roughness [42]. Similarly, 
Singh et al. [43] conducted investigations using 
an orthogonal array and concluded that layer 
height was the most dominant factor influencing 
roughness of the surface. Furthermore, Garg et 
al. [44] studied the effect of layer height and 
part deposition orientation on roughness of the 
surface using an artificial neural network, 
further emphasizing the importance of layer 
thickness. Consistent with findings in some 
existing literature [45,46], the surface 
roughness positively correlated with both the 
temperature and time of the annealing heat 
treatment. On the other hand, Novotný et al. 
reported that thermal annealing maintained the 
complicated three-dimensional structure of 
PLA produced through 3D printing, suggesting 
a multifaceted connection between annealing 
and surface roughness [47]. The annealing 
process, layer height, and build orientation are 
all critical factors in defining the roughness of 
the surface of parts in FFF technology. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6. The surface roughness interaction plot 
with layer height, build orientation, and annealing 
parameters. 

The dimensional accuracy of the dog bone 
tensile test specimen was determined by the 
proximity of the thickness and width values in a 

gauge zone to the CAD dimensions and the 
actual dimensions of the specimen. Based on the 
CAD measurements, the value of b should be 13 
mm and the value of h should be 3.2 mm. The 
interaction plots demonstrating the influence of 
printing and annealing parameters on the values 
of b and h are shown in Figure 7. When 
analyzing the graphs, it becomes evident that 
the b value exhibits more dimensional precision 
when the build orientation is set at 90°, whereas 
the h value demonstrates higher dimensional 
accuracy at 0°. The natural tendency of molten 
matter to flow downward explains this 
phenomenon. Cojocaru et al. [48] highlight that 
the accuracy of 3D-printed PLA parts can be 
affected by alterations in material volume and 
the presence of residual stress resulting from 
PLA crystallinity. The graphs also clearly 
indicate that there is a greater level of 
dimensional precision when the layer thickness 
is smaller. While the annealing process 
parameters generally have an adverse impact on 
dimensional accuracy, the impact of these 
variables on precision in dimensions does not 
exhibit a linear rise. The ANOVA results also 
confirm this. 
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(c) 

 

 
(d) 

Figure 7. The dimensional accuracy interaction plot 
with layer height, build orientation, and annealing 
parameters. 

The Insize ISM-PM200SA digital microscope 
was used to obtain macroscopic pictures of after 
tensile fractures, along with the previous 
findings. Figure 8 displays several images taken 
of the post-fracture specimens. Although the 

build orientation and layer heights are same 
between run 1 and run 5, the annealing process 
produces noticeable differences in the two 
samples. The sample that underwent annealing 
shows greater uniformity in its structure. 
Results from samples run 4, 8, and 17 indicate 
that the 90° build orientation performs better at 
lower layer thicknesses and lower annealing 
temperatures. The best results are achieved 
without any annealing. Furthermore, an 
intralayer fracture is seen on the fracture surface 
of sample number 4. This result indicates that 
the printing temperature and other printing 
settings for the filament are suitable. When 
comparing all angles, it is evident that the 
results improve as the angles approach zero. It 
becomes less effective as it nears a 90° angle. 
When samples with low build orientations are 
analyzed, samples at run 5, 9, and 13 exhibited 
the highest shape integrity with minimal gap 
between layers in low build orientations. As the 
building angles of the samples approach 0⁰, the 
tension in the tensile test will align with the 
layers of the sample being formed. Rupture 
occurs when the tensile stresses increase as the 
cross-sectional area of the layer decreases. The 
layers are created by stretching fibers in the 
direction of a pulling force and then breaking 
them into chopped layers. 

 
Figure 8. Microstructure of tensile specimen rupture surfaces.

An analysis of the results obtained from RSM-
based multipurpose optimization is conducted 
as part of this investigation. The guiding 

principle of the optimization procedure is to 
minimize or maximize the output responses, 
which include dimensional accuracy, surface 

0,300,250,200,150,10

3,7

3,6

3,5

3,4

3,3

3,2

3,1

X * CT

X

M
ea

n 
of

 h
 (m

m
)

70/120
70/240
70/60
90/120
90/180
90/240
90/60

0/0
110/120
110/180
110/240
110/60
130/120
130/180
130/240
130/60

CT

Interaction Plot for h (mm)
Data Means

Displayed terms are not in the model.

9080706050403020100

3,7

3,6

3,5

3,4

3,3

3,2

3,1

Y * CT

Y

M
ea

n 
of

 h
 (m

m
)

70/120
70/240
70/60
90/120
90/180
90/240
90/60

0/0
110/120
110/180
110/240
110/60
130/120
130/180
130/240
130/60

CT

Interaction Plot for h (mm)
Data Means

Displayed terms are not in the model.



Alabd and Temiz, /INTERNATIONAL JOURNAL OF 3D PRINTING TECHNOLOGIES AND DIGITAL INDUSTRY 8:2 (2024) 185-201 

196 

irregularity, and UTS. The basics of 
optimization involve achieving dimensional 
accuracy, approaching the desired size, 
minimizing surface roughness (specifically 
Ra(V) and Ra(H)), and simultaneously 
maximizing the UTS. The RSM optimization 
study, shown in Figure 9 (a), determined the 
ideal values for the layer height, build 
orientation, annealing temperature, and 
annealing time as follows: 0.1 mm for the layer 
height, 0 degrees for the build orientation, 110 
degrees for the annealing temperature, and 180 
dk mm for the annealing time. The values of 
Ra(V), Ra(H), b, h, and the UTS are determined 
to be 7.19 μm, -2.99 μm, 13.32 mm, 3.28 mm, 
and 52.40 MPa, respectively, given the 
specified optimal variable conditions. 
Desirability quantifies how well a process or 
product metric complies with specifications 
using a standardized scale. The weighted 
geometric mean may then be used to aggregate 
the individual desirability evaluations into a 
multiresponse composite desirability score. 
This index gives a single numerical value for 
requirement conformity, making it easy to 
evaluate options and improve the design of a 
process or product. 

Figure 9. Predicted responses based on the best 
parameters for optimal results 

The determined desirability levels for each 
response and the composite desirability are also 
displayed in Figure 9. The optimization 
investigation resulted in a composite 
desirability value of 0.80 for the variables. The 
maximum level of desirability assigned to 
Ra(H) is 1.0, while the minimum level of 
desirability assigned to b is 0.64. The 
corresponding levels of desirability for h, 
Ra(V), and UTS are 0.82, 0.73, and 0.87.Figure 
10 displays surface plots illustrating the UTS, 
dimensional accuracy, and surface roughness 
based on the optimal annealing conditions.As 
illustrated in Figure 10, the UTS value reaches 
its maximum across all construction 
orientations when the layer height approaches 
0.2 mm in the optimal annealing parameters. 
The parts manufactured with a 0.3 mm layer 
height have a minimum UTS. Additionally, the 
maximal UTS is observed in the 0° build 
direction; as the build direction increases, the 
UTS initially decreases and then rises around 
90°. Lowering layer heights improves 
dimensional precision and reduces surface 
roughness. In accordance with the anticipated 
relationship, roughness of the surface is 
greater when measured in a direction 
perpendicular to the printing orientation. 
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Figure 10. Surface plots displaying UTS, dimensional accuracy, and surface roughness. 

 
The anticipated optimal results of this study 
were in comparison to the actual results, and the 
discrepancies between the two were 
determined. The objective of this procedure was 
to validate the precision and efficacy of the 
optimized results. Additionally, validation 
research was implemented in order to verify the 
confidence of the optimization results. The 
dataset for validation is presented in tabular 
format in Table 3. Subsequently, a comparison 
was performed between the experimental 

results acquired and the input variables' optimal 
values obtained through the optimization 
procedure. The error rates for dimensional 
accuracy (b and h) and UTS are notably low 
among all the recorded responses, falling 
precisely below 5%. Regarding surface 
roughness, the error rate in the vertical direction 
is 4.03%, while the error rate in the horizontal 
direction is considerably higher at 151.50%, 
suggesting a comparatively decreased degree of 
dependability. 

 
Table 3 The validation results for the expected and observed values. 

Build 
orient-
ation, 
° 

Layer 
height, 

mm 

Annealing 
Temperature, 

°C 

Annea-
ling 

Time, 
min 

Value UTS, 
MPa 

Ra(V) Ra(H)  b h 

0 0.1 110 180 Anticipated 52.40 7.19 -2.99  13.32 3.28 
0 0.1 110 180 Experimental 51.18 7.48 1.54  13.46 3.12 
- - -  Error (%) 2.33 4.03 151.50  1.04 4.87 

4. CONCLUSIONS 
This research investigated the impact of 
annealing heat treatment parameters, build 
orientation, thickness of layers, and FFF 3D 
printed PLA samples on dimensional precision, 
mechanical characteristics, and surface 
roughness. The parameters for the annealing 
and printing were optimized by means of the 
response surface method. The following 

conclusions could be derived from the 
outcomes of those experiments: 

• The RSM optimization resulted in an 
overall desirability number of 0.80, 
leading to optimal values for printing 
and annealing variables: 0° for build 
orientation, 0.1 mm for layer height, 
110°C for annealing temperature, and 
180 minutes for annealing time. The 
optimal variable values resulted in 
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responses of 7.19 μm for Ra(V), 2.99 
μm for Ra(H), 13.32 mm for b, 3.28 
mm for h, and 52.40 MPa for the UTS. 

• The validation investigation showed
that the maximum error percentage
between the optimal and experimental
values for UTS and dimensional
accuracy was less than 5%, utilizing the
printing and annealing variables
determined through RSM optimization.
The maximum percentage error
between the optimal and experimental
values exceeded 5% for surface
roughness. This model's consistency
with experimental data demonstrates
the reliability and strong predictive
capability of the established models for
UTS and dimensional accuracy.

• The R2 and adjusted R2 values for each
response were 96.49% and 82.44%,
respectively, indicating that the model
produces statistically significant
results.

• The factor that has the most significant
impact on all responses is the build
orientation. Annealing parameters have
a greater impact on the UTS compared
to the layer height parameter.
Annealing factors have the least
influence on dimensional precision and
surface roughness.

• The sample that underwent annealing
exhibits not only a greater UTS value
but also greater structural homogeneity
and reduced volumes of voids.

• The samples with a 90° build
orientation exhibit improved
performance at decreasing layer
thicknesses and annealing
temperatures, reaching their peak
performance without annealing. This
occurs due to the printing temperature
being ideal for this filament, resulting
in strong interlayer adhesion.

• Positive outcomes were observed
throughout the annealing process in
samples oriented at a 0° build angle,
whereas negative outcomes were noted
when increasing the layer thickness.
The most favorable results were
attained with a thickness of 0.1 mm.

Comparing all angles reveals that the 
closer they are to zero, the more 
favorable the outcomes. It becomes less 
effective as it nears a 90° angle. 
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