
1

T. Sangkharat and L. Techawinyutham, “Study the effect of process parameters on the material properties of short fiber reinforced 3D 
printing in the Applied Science and Engineering Progress Preprints.”

Applied Science and Engineering Progress, Vol. 17, No. 2, 2024, 7184

Development of Screw-Based 3D Printing Machine and Process Experiments for Short 
Fiber Reinforced Polymer Composites

Thanapat Sangkharat* and Laongdaw Techawinyutham
Department of Production and Robotics Engineering, Faculty of Engineering, King Mongkut’s University of 
Technology North Bangkok, Bangkok, Thailand

* Corresponding author. E-mail: thanapat.s@eng.kmutnb.ac.th         DOI: 10.14416/j.asep.2023.11.005
Received: 8 July 2023; Revised: 14 August 2023; Accepted: 21 September 2023; Published online: 14 November 2023
© 2023 King Mongkut’s University of Technology North Bangkok. All Rights Reserved.

Abstract
3D printing is one of the flexible additive manufacturing (AM) processes that can be used to fabricate parts 
from various types of materials such as polymers, metal, and ceramic. 3D printing process is one of the famous 
techniques for printing the product from the filament causing material degradation. Granule-based 3D printing 
or screw-based material extrusion 3D printing is an alternative process that can create the parts from plastic or 
composite granule raw materials. However, there are limited use and study in the designation of granule-based 
3D printing and process parameters including material temperature, heat bed temperature, nozzle size, and 
printing speed. These process parameters play a significant role in the properties of 3D printing parts. Some 
parameters cannot be adjusted in the commercial 3D printing process. Thus, the purposes of this study are to 
develop a screw-based material extrusion 3D printing machine that can freely adjust the process parameters 
and to investigate the effect of 3D printing parameters on the appearance and mechanical properties of printed 
parts. Pellets of neat acrylonitrile butadiene styrene (ABS) and short glass fiber/ABS composites are used in 
the experiments. Six process parameters were studied, including % fiberglass, printing temperature, printing 
speed, nozzle size, % Infill, and heat bed temperature. Each parameter has 3 levels, which were designed by the 
Taguchi L18 method. The results were evaluated by the main effect plot method and showed that the printing 
speed, nozzle size, and %fiberglass are the top 3 parameters that affect tensile strength. The nozzle size, %infill, 
and %fiberglass are the top 3 parameters that affect Young’s modulus. The granule-based 3D printing machine 
was completely developed; however, the extruded plastic line from the nozzle was difficult to control resulting 
in poor product quality. Thus, the feedback control for controlling the screw-extruder speed and temperature 
will be developed in future work.

Keywords: Short fiberglass reinforced, Granule-based 3D printer, Screw-based material extrusion, Additive 
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1	 Introduction

The machining process of removing unnecessary 
material from the raw part is the conventional process 
which makes a lot of materials waste [1]. Therefore, 
the additive manufacturing (AM) process is widely 
used to replace the conventional process, which uses 
the layer-by-layer concept for fabricating the product 
making less waste of materials [2]. 3D printing is 
one of the AM processes that is widely used in many  

sectors [3], [4]. It is applied in factories, medical [5]–[7],  
aerospace [8], etc. In addition, AM can fabricate parts 
from various materials, such as polymer, composite, 
metal, and ceramic. For this reason, AM is an interesting  
manufacturing process [9], [10]. Material extrusion 
(MEX) or fused filament fabrication (FFF) is one of 
the 3D printing processes, which the melted material 
is printed layer-by-layer to build the product. The first 
FFF process was presented by Crump in 1988, which 
used basic concepts to fabricate complex products  
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called “melted extrusion AM process”. The FFF  
machine includes a filament feeding, a heater, a nozzle, 
and a 3-axis movement machine. 
	 Various low melting temperatures thermoplastics 
such as ABS, polylactic acid (PLA), polyethylene 
terephthalate (PET), polypropylene (PP), thermoplastic  
polyurethane (TPU), and polyamide (PA) can be  
fabricated in complex shapes by FFF process, which can 
reduce the usage of complex equipment or mold [11]. 
However, the products from the FFF process consist of 
porosity and have low mechanical properties [12]. For 
this reason, the FFF process is used for fabricating the 
prototype more than forming a product for applications  
[13]. Many studies are trying to improve the FFF  
process by developing printing machines and materials.  
Choi et al., [14] developed the FFF machine and 
located the nozzle under the moving platform. This 
machine can print on any freeform surface, so it can be 
used for repairing and expanding the product. Mireles 
et al., [15] developed the print head and modified the 
printing tool path; moreover, they printed the low 
melting temperature metal using an FFF machine.  
Lee et al., [16] developed the rapid prototype by 
cooperating with FFF and a 5-axis milling machine, 
which can improve the flexibility for manufacturing 
the product. In addition, this machine can immediately  
finish the product’s surface after the 3D printing 
process. Maidin et al., [17] improved the hardness of 
FFF products by using vacuum assisted system. The 
system can sustain heat for bonding between layers 
which can improve the workpiece strength. Therefore,  
the vacuum for reducing the staircase effect of 
the product from the FFF process was used [18].  
Sorina-Heras et al., [19] presented a real time system 
for detecting filament abnormalities, which was used 
for the FFF machine. They developed an abnormal 
filament detection system by using the mechanical 
system and cooperation with an optical encoder. This 
system can detect abnormal filaments. It can protect 
the print head from wear and damage. Al-Ahmari et al.,  
[20] developed the print orientation optimization 
system. The purpose of the system was to reduce the 
waste of material from support and the printing time; 
moreover, this system can make good quality products. 
Furthermore, the development of 3D printing machines 
can improve product quality. The 3D printing process 
parameters and composite materials were interesting  
to study their influence on product quality [21].  

Dogru et al., [22] studied the effect of aging and infill 
patterns on mechanical properties. They reported  
parallel printing to tensile direction got a lower tensile 
strength than cross printing. Abeykoon [23] studied the 
mechanical properties of various materials, such as PLA, 
ABS, CFR PLA, CFR ABS, and CNT ABS. They studied  
the effect of infill density, infill speed, infill pattern,  
and printing temperature on the product strength. It 
was found that Young’s modulus increased when the 
infill density and printing temperature were increased. 
Kamaal [24] studied the tensile and impact strength of 
composite carbon fiber and PLA. They modified the 
build direction, infill percentage, and layer height. The 
results showed that the tensile strength increased when 
increased the infill percentage and layer height. The 
impact strength increased when the infill percentage 
was increased, and layer height was decreased. Omer 
[25] performed experiments to determine the effects 
of layer thickness, layer position, and infill percentage  
on tensile strength. The composite material of short 
fiber and PLA were used in the experiment. They 
reported that an increase in layer thickness and infill 
percentage improved the tensile strength. Moreover, 
Artificial Neural Network (ANN) was developed for 
the prediction and optimization of the tensile strength. 
V. Durga Prasada Rao [26] discussed the effect of print 
temperature, layer thickness, and infill pattern on the 
PLA printing workpiece. They found that an increase in 
the printing temperature from 205–225 °C can enhance 
the tensile strength. Besides composite materials that 
can be used to fabricate industrial parts, they can be 
applied in medical applications, such as biosensors 
and biomaterials [27]–[30]. Thus, the composited 
composite material is still an interesting research issue. 
	 In this study, the granule-based 3D printing machine  
was developed consisting of a screw feeder and a 3-axis  
machine to print ABS and glass fiber/ABS composites.  
The granule-based 3D printing machine was used to 
study the effect of process parameters on the mechanical  
properties of workpieces. The studied process parameters  
are % fiberglass, printing temperature, printing speed, 
nozzle size, % infill, and heat bed temperature. 

2	 Materials and Methods

2.1		 3D printing machine

This study developed the granule-based 3D printing 
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machine by using a screw-based extrusion machine. 
The machine was used to print dog-bone specimens 
for the tensile test. Due to the limitation of commercial 
3D printers for adjusting the printing parameters, the 
screw-based material extrusion machine was built. 
The machine was a collaboration of polymer screw 
extrusion and 3 axis CNC machine. The machine was 
controlled by a control box and computer.
	 The single screw extruder was used. The outside 
diameter and inside diameter of the screw cylinder 
were 40 mm and 30 mm, respectively. The 4 sets of 
heaters and temperature sensors were installed outside 
of the cylinder. The heater set 1 to set 3 were clamped 
on the cylinder and the last set was located at the nozzle 
as shown in Figure 1. All the heater sets can adjust the 
heating temperature via the control box.
	 The stepping motor was located at the end of the 
screw extruder for rotating the screw extruder. The  
rotating speed of the motor can be adjusted ranging 
from 0–60 Rev per min. The 3-axis mini-CNC was 
used for moving the nozzle to the printing position. 
The movement resolution of the machine was 0.1 mm  
on the X, Y, and Z axes. The movement positions were 
controlled from MACH 3 software. This software 
was installed on the computer and cooperated with 
SOLIDWORK and PRUSA software. The printing and 
moving parameters can be adjusted from the software.
	 The 3 sets of heaters and sensors were located in 
the extruder cylinder. The position of the first heater and 
sensor was 130 mm from the end of the cylinder. The 
second and the third heaters and sensors were 190 mm  
and 250 mm. The heaters were 220 VAC/350 W, K-type  
thermocouple temperature sensors. The measuring 
range was 0–350 °C. The fourth set of heater and sensor  
was placed at the nozzle. This heater was 12 VDC/ 
40 W, and the sensor was a K-type thermocouple. 
Figure 2 shows the installation of heaters and sensors.

	 The ABS polymer (GA400 Polimaxx, IRPC PCL, 
Thailand) reinforced with short fiberglass was used in 
this study. The average diameter and length of glass fiber  
(YTD fiberglass, China) were 11 and 155 μm, respectively.

2.2		 Experiments

The 6 process parameters were tested in this study: 
1) the mixing ratio between glass fiber and ABS  
(% fiberglass), 2) the nozzle temperature (printing 
temperature), 3) the speed of the nozzle movement  
(printing speed), 4) the size of the nozzle (nozzle size), 
5) the percentage of the material infill in the 3D printing  
process (% infill) and 6) the heat bed temperature. Each 
parameter has 3 levels. This study used Taguchi L18 to 
design the 18 experimental cases. The details of testing 
parameters in each case are shown in Tables 1 and 2.

Table 1: The process parameters were studied
Factor Level 1 Level 2 Level 3

(A) % Fiberglass: % 0 20 25
(B) Maximum temperature for 
printing: °C

205 210 215

(C) Speed for print moves: 
mm/sec

8 12 16

(D) Nozzle size: mm. 0.3 0.4 0.5
(E) % Infill: % 90 95 100
(F) Heat bed temperature: °C 40 50 60

	 The glass fiber and ABS were mixed in various 
ratios (Table 2) by using a co-twin screw extruder. 
The composites were extruded and cut to the granule 
(Figure 3) for printing the dog-bone shape by a screw-
based material extrusion machine. Then, the granule 
was printed to the dog-bone shape and tested the tensile 

Figure 1: Overview of the 3D printing machine.

Figure 2: The installation of heaters and temperature 
sensors.
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properties with a universal tensile testing machine 
(Cometech, QC-506M1) with a gauge length of 50 mm  
and tension speed of 10 mm/min. The tensile test  
followed the ASTM D638-14 [31]. Three experiments 
were performed. The tensile strength and Young’s 
modulus were analyzed and discussed.

Table 2: Taguchi L18 design table
Case A B C D E F

1 0 205 8 0.3 90 40
2 0 210 12 0.4 95 50
3 0 215 16 0.5 100 60
4 20 205 8 0.4 95 60
5 20 210 12 0.5 100 40
6 20 215 16 0.3 90 50
7 25 205 12 0.3 100 50
8 25 210 16 0.4 90 60
9 25 215 8 0.5 95 40
10 0 205 16 0.5 95 50
11 0 210 8 0.3 100 60
12 0 215 12 0.4 90 40
13 20 205 12 0.5 90 60
14 20 210 16 0.3 95 40
15 20 215 8 0.4 100 50
16 25 205 16 0.4 100 40
17 25 210 8 0.5 90 50
18 25 215 12 0.3 95 60

3	 Results and Discussion

3.1		 3D printing machine 

This study succeeds in developing a granule-based 3D 
printer as presented in Figure 1. The machine including  
a single screw extruder and a 3-axis min-CNC machine 
can print various pellet types such as PP, ABS, and 
fiberglass/ABS composite. Figure 3 shows the samples 

that were printed from the granule-based 3D printer. The 
extrusion and printing temperature can be changed by 
setting 4 sets of heaters and sensors. Figure 4 shows the 
temperature distribution in the extruder cylinder with 
setting heater 1 = 150 °C, heater 2 = 180 °C, heater  
3 = 210 °C, and heater 4 = 210 °C. The distances in the 
graph are measured from the end of the extruder to the 
nozzle. These heating temperatures and temperature 
distribution were similar to the results from Kumar et al.,  
[32], [33]. Thus, the graph shows the temperatures at 
different positions along the extruder cylinder. The 
trend of temperature increases step by step. The actual 
temperatures of the cylinder increased nearly to the 
setting temperature. The temperature at heaters 1 and 2 
positions are slightly lower than the setting temperature 
because of the transferring of temperature to plastic 
pellets since this position is located near the hopper.
	 This granule-based 3D printing machine can be 
used for printing various types of materials; therefore, 
filament preparation is unnecessary. This 3D printing 
machine successfully printed the specimens as shown 
in Figure 4(a). Figure 4(b) shows the sample image 
from the optical microscope with a smooth printing 
track and polymer line. However, the size of each 
layer was not equal, and it was difficult to control 

Figure 3: Granule of short glass fiber/ABS composites.

(a)

(b)
Figure 4: Photograph of (a) workpiece samples from 
the experiments and (b) the image from an optical 
microscope at 40x.
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the consistency of the printed polymer line from 
the 3D printing extruder because many parameters  
influence the flow rate, pressure, and temperature in 
the extruder. Besides, the nozzle is small (0.3–0.5 mm.) 
so the variation in flow rate, pressure, and temperature 
played a significant effect on the consistency of the 
printed polymer line (Figure 5). Thus, the quality of 
the workpiece surface can be improved by improving 
the consistency of the printed polymer line.

3.2		 Taguchi method 

The 3D printing machine was used to conduct the  
experiments. The Taguchi method was used to design 
the experiment in this study as presented in Table 2. 
The tensile strength and Young’s modulus were studied 
as presented in Table 3. The main effect plots were 
used for analyzing the results and the large-is-better 
signal-to-noise (SN) type was used.

Table 3: Tensile strength and Young’s modulus
Case Tensile Strength Young’s Modulus

1 38.66 1285.37
2 29.42 1201.57
3 26.78 1170.67
4 37.87 1054.02
5 26.08 1152.34
6 17.12 1073.69
7 30.57 1373.92
8 26.00 1224.22
9 22.15 1074.33
10 34.70 1125.35
11 30.57 1229.34
12 35.34 1065.50
13 21.49 975.95
14 22.32 1299.57
15 36.44 1224.22
16 29.29 1303.07
17 28.22 1104.70
18 31.20 1336.11

3.2.1 Main effect plots 

The main effect plots of tensile strength and Young’s 
modulus are shown in Figures 6 and 7, respectively. 
The 6 process parameters are studied: 1) % fiberglass, 
2) printing temperature, 3) printing speed, 4) nozzle 
size, 5) % infill, and 6) heat bed temperature. The 
printing speed, nozzle size, and %fiberglass are the 
top 3 parameters that show the highest effect on tensile 
strength. The samples with a printing speed of 8 mm/s 
have the highest tensile strength value of 30.03 MPa. 
The samples with a printing speed of 16 mm/s provide 
the lowest tensile strength value of 28.11 MPa since 
high printing speed caused high variation of extruded 
plastic size and small gap between layers. The samples  
without fiberglass presented the highest tensile 
strength value of 30.19 MPa. However, the samples 
with %fiberglass of 20 %wt showed the lowest tensile 

Figure 5: The temperature distribution of the extruder 
cylinder.

Figure 6: Main effect plot of tensile strength.

Figure 7: Main effect plot of Young’s modulus.
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strength value of 28.24 MPa, which was probably 
because of poor fiber-matrix adhesion reducing stress 
transferring. Corresponding to the work of Jiang et al.,  
[34], the tensile strength of short fiber-reinforced  
samples decreased when the load direction did not  
apply in the fiber direction. This study printed the sample  
by using an infill direction equal to 45 degrees which 
is not the load direction. The samples with a nozzle  
size of 0.4 mm had the highest tensile strength value 
of 30.13 MPa; however, the samples with a nozzle size 
of 0.5 mm provided the lowest tensile strength value 
of 28.38 MPa since it was probably because the large 
nozzle extruded a high amount of plastic which was 
difficult to control the consisting of extruded plastic.
	 The nozzle size, %infill, and %fiberglass are the 
top 3 parameters that affect Young’s modulus as shown 
in Figure 7. The samples with a nozzle size of 0.3 mm  
had the highest Young’s modulus value of 62.02 MPa;  
however, the samples with a nozzle size of 0.5 mm 
showed the minimum Young’s modulus value of  
60.82 MPa. The increase in nozzle size decreased 
Young’s modulus, which was also examined in 
tensile strength results. The samples with %infill of 
100% provided the maximum Young’s modulus value 
of 61.87 MPa. However, the samples with nozzle  
%infill of 90% got the lowest Young’s modulus value 
of 60.96 MPa. Thus, the increase in %infill slightly 
enhanced the Young’s modulus because the specimens 
were completely full-filled which can support more 
load. The samples with %fiberglass of 25 %wt had 
the highest Young’s modulus value of 61.80 MPa. 
However, the samples with %fiberglass of 20 %wt had 
the lowest Young’s modulus value of 61.02 MPa since 
fiberglass improved the rigidity of its composite. The 
results are in the same direction as other research re-
ported that %infill and %Fiberglass affect the strength 
of 3D printing parts [24]–[26], [35].

3.2.1 Interaction plot and ANOVA 

An interaction plot as presented in Figure 8 presents the 
impact of changing one parameter value with an effect 
on the other parameters. In this study, the interaction  
plot of the top 3 parameters that show the highest  
effect on tensile strength (printing speed, nozzle size, 
and %fiberglass) and Young’s modulus (nozzle size,  
%infill, and %fiberglass) are drawn to confirm the  
interaction effect. The non-parallel lines in the interaction  

plot of nozzle size and %fiberglass show that the  
effect of nozzle size on the tensile strength depends 
on %fiberglass. Similarly, the non-parallel lines in the 
interaction plot of printing speed and %fiberglass show 
that the effect of printing speed on the tensile strength 
depends on %fiberglass. 
	 Figure 9 presents the interaction plot of nozzle 
size, %infill, and %fiberglass with effect on Young’s 
modulus. The non-parallel lines in the interaction plot 
of nozzle size and %infill show that the effect of nozzle 
size on Young’s modulus depends on %infill.

Table 4: ANOVA for tensile strength
Source DF Adj SS Adj MS F-Value

% Fiberglass 2 110.60 55.30 1.48
Printing temperature 2 82.94 41.47 1.11
Printing speed 2 118.43 59.22 1.59
Nozzle size 2 106.32 53.16 1.42
% Infill 2 16.02 8.01 0.21
Heat bed Temperature 2 0.76 0.38 0.01

R2 = 69.97%

Figure 8: Interaction plot for tensile strength.

Figure 9: Interaction plot for Young’s modulus.
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Table 5: ANOVA for Young’s modulus
Source DF Adj SS Adj MS F-Value

% Fiberglass 2 33814 16907 2.2
Printing temperature 2 6124 3062 0.4
Printing speed 2 4253 2126 0.28
Nozzle size 2 82535 41268 5.37
% Infill 2 43699 21850 2.84
Heat bed Temperature 2 3041 1520 0.2

R2 = 81.87%

	 Tables 4 and 5 show the two-way ANOVA for 
tensile strength and Young’s modulus. The results 
indicated that printing speed, %fiberglass, and nozzle 
size are the top 3 parameters that affect tensile strength. 
The nozzle size, %infill and %fiberglass are the top 3 
parameters that affect Young’s modulus. In summary, 
the results of ANOVA are similar to the result of the 
main effect plot. 

4	 Conclusions

This study succeeded in developing the screw-based 
material extrusion 3D printing machine which can 
completely print the specimens from pellets of ABS 
and fiberglass/ABS composites. There were six studied 
process parameters: 1) the mixing ratio between fiber 
and ABS (% fiberglass), 2) the nozzle’s temperature 
(printing temperature), 3) the speed of the nozzle 
movement (printing speed), 4) the bore size of the 
nozzle (nozzle size), 5) the percentage of the material 
infill in the 3D printing process (% infill), and 6) heat 
bed temperature. The printing speed, nozzle size, and 
%fiberglass are the top 3 parameters that affect tensile 
strength. It was found that the nozzle size, %infill, 
and %fiberglass are the top 3 parameters that affect 
Young’s modulus. The optimum process parameters 
of neat ABS for tensile strength are %fiberglass = 0%,  
printing temperature = 205 °C, printing speed = 10 
mm/s, nozzle size = 0.4 mm, %infill =100%, heat 
bed temperature = 70 °C. The optimum process  
parameters of glass/fiber ABS composite for Young’s 
modulus are %fiberglass = 25%, printing temperature 
= 210 °C, printing speed = 18 mm/s, nozzle size = 0.3 
mm, %infill =100%, heat bed temperature = 70 °C.  
The limitation of screw-based material extrusion  
3D printing machine is the difficulty in controlling the 
consistency of extruded plastic line from the extruder  
resulting small gap between layers and reducing  

properties. The future work plans to develop feedback 
control to completely control the process parameters 
of screw-extruder speed and temperature.
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