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Abstract

:

The additive manufacturing process creates objects directly by stacking layers of material on each other until the required product is obtained. The application of additive manufacturing technology for teaching and research purposes is still limited and unpopular in developing countries, due to costs and lack of accessibility. In this study, an extruding-based 3D printing additive manufacturing technology was employed to design and construct a low-cost-high-accessibility 3D printing machine to manufacture plastic objects. The machine was designed using SolidWorks 2020 version with a 10 × 10 × 10 cm3 build volume. The fabrication was carried out using locally available materials, such as PVC pipes for the frame, plywood for the bed, and Zinc Oxide plaster for the bed surface. Repetier firmware was the operating environment for devices running on the computer operating system. Cura was used as the slicing software. The fabricated machine was tested, and the printer produced 3D components with desired structural dimensions. The fabricated 3D printer was used to manufacture some plastic objects using PLA filament. The recommended distance between the nozzle tip and the bed is 0.1 mm. The constructed 3D printer is affordable and accessible, especially in developing nations where 3D printing applications are limited and unpopular.
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1. Introduction


For decades, machines and parts have been constructed using traditional (subtractive) methods, such as welding, folding, soldering, machining, etc. The conventional machining methods include milling, drilling, grilling, and turning [1,2]. The methods fabricate products and parts by removing material from a block of material to achieve the required geometry. The machining methods have helped humankind to create different things [3]. However, several constraints have limited its performance and efficiency—it is challenging to produce intricate parts, fixtures, time and energy-consuming, low precision and accuracy, expensive, and waste materials. The introduction of non-conventional machinings, such as electric discharge and chemical machining and the utilization of computer technology, helps to minimize these drawbacks [1,4].



In contrast, additive manufacturing is constructing an object by making a successive layer of materials to form the object [5,6,7,8]. An example of additive manufacturing is a three-dimensional (3D) printing process - a process of fabricating 3D objects from a numerical file [1,9]. Three-dimensional printing consists of computer-assisted design, added material, and the machine [10]. The printing process starts by making a digital object design using computer-aided design (CAD) software or capturing the object with a 3D scanner. Popular software choices include SolidWorks, AutoCAD, Inventor, etc. [11,12,13]. The CAD design defines the geometry of the object [1,14], and the CAD design quality significantly affects the printer’s production and precision [3]. CAD designs are prepared for printing by slicing the design into a series of horizontal layers using slicing software while uploading into the 3D printer. The slicing software also generates a G-code for each sliced layer and creates a specific tool-path instruction for the extruder head that deposits the material layer by layer [8,15,16]. The American Society for additive manufacturing established standards that categorize the additive manufacturing processes into seven bases: material extrusion, directed energy deposition, vat photopolymerization, binder jetting, sheet lamination, material jetting, and powder bed fusion [17].



Three-dimensional printers use different technology to fabricate the final product layer by layer. Some technology melts the material, while some employ a high-powered ultraviolet laser to cure photo-reactive resin, creating the layer to manufacture the final products [1,17]. Examples of this technology include fused deposition modeling, stereolithography, and selective laser sintering [1,3,10]. The 3D printing technology allows the fabrication of complex and intricate objects without assembly. It saves time, labor, cost, and energy. Three-dimensional printing was initially used for prototyping, but recently it has found more applications in manufacturing processes [14]. Applications of 3D printing can be found in medicine, entertainment, maquettes, industrial and biomedical engineering, architectural model, aerospace, defense, automotive, etc. [1,18].



Several research efforts on manufacturing 3D printers and printing 3D objects have been reported in the literature, including studies on the mechanics and materials characteristics [19,20,21,22,23]. Raja et al. [24] fabricated a calcium-deficient hydroxyapatite bone scaffold at low temperature. The 3D printer conditions were optimized, and outstanding mechanical characteristics were achieved at 70% porosity without sintering after the 3D printing. The essential factor required to complete low-temperature fabrication of calcium phosphate via 3D printing were enumerated in the report. A similar study was conducted by Xiao et al. [25]. They fabricated porous polycaprolactone scaffolds through 3D printing at low temperatures. Polymer printing inks were prepared, and their rheological characteristics printing inks were assessed. The performance of the printing was evaluated. Different porous polycaprolactone scaffolds were constructed using printing inks at different feed ratios. Analyses of the results revealed that the printing ink formulation is significantly affected by the performance of the 3D printer.



A surface made of a flexible antiadhesive polymer was constructed using a 3D printer [15]. A fused deposition model type was used to make the molds with microgrid arrangements. The shape of the arrangement was controlled by moving the mold (where the filament is printed) circularly. Twelve different antiadhesive surfaces were fabricated by changing the direction of the mold. The adhesive characterization showed that mold with microgrid Y with an internal angle and resolution of 60° and 800 μm, respectively, displayed the best adhesive characteristics. A reduction in adhesive forces of 92.6% and 99.5% was recorded when the Kapton tape was immediately attached and detached, and when the Kapton tape was separated after eighteen days, respectively.



Sevvel et al. [26] designed and constructed a desktop 3D printer by adopting the Fused Deposition Modeling (FDM) principle. The major component of the machine includes an x-y component, timer, extruder, Arduino board, extruder nozzle, extruder head, and fin-fitted extruder nozzle. The display system could show the timer, extruder temperature, and axis position. It functions by utilizing three software: Cura, SolidWorks, and Pronterface. It was reported that the machine performed satisfactorily.



A comprehensive review composed of the basics, types, techniques, advantages and disadvantages of 3D printing can be found in Bhusnure et al. [3]. Also, a detailed report on the comparison of different kinds of 3D printing technologies can be found in Jasveer and Jianbin [2], while a review on the prospects in 3D printing for nanocomposite materials is presented in Patel et al. [27].



Low-cost 3D printers range from $100 to $1000, whereas budget printers cost less than $300, and advanced hobbyist printers’ prices are between $300 and $1000 [28]. On the other side of the spectrum, professional printers cost between $1000 and $5000, and industrial printers cost over $5000. The high-end printers offer more speed, print quality, and reliability. The use of low-cost desktop 3D printers is increasing due to their applications in research, education, and sustainable manufacturing [28]. The most common FDM 3D printing materials are polylactic acid (PLA), acrylonitrile butadiene styrene (ABS), and their different fusions. High-end printers utilize more advanced materials with better properties, such as higher heat resistance, flexural strength, tensile strength, impact resistance, and rigidity.



Ozsoy et al. [29] investigated the mechanical properties of PLA and ABS. A tensile, compression, and 3-point bending test was conducted. It was discovered that both materials’ mechanical properties depend on the infill settings. The mechanical properties were greatly improved by increasing the filling density. PLA had higher compressive strength than ABS, however, ABS showed more ductility due to their difference in molecular structure. Raj et al. [30] studied PLA components to determine if they can be a suitable replacement for ABS components. The PLA components were subjected to various mechanical and degradation tests. It was concluded that PLA was eco-friendly and possessed the strength needed to produce plastic components, especially biomedical ones.



Surface finish is a concern when it comes to using Fused Deposition Modeling (FDM) 3D printers. Objects printed usually need post-processing surface finishing, such as sanding. Optimization of print parameters from the slicing software settings can substantially improve the object surface finish. Gordeev et al. [31] evaluated the impact of significant printing parameters on the surface quality of the resulting print. The parameters considered were wall thickness, type of the internal filling of the walls, print speed, extrusion temperature, and filament flow rate. The experiment showed that thin-walled printed objects needed infills to have a better surface finish. Conclusively, different print parameters need to be tweaked based on the object’s geometry to have a great surface finish that will not require much post-processing.



There are still just a few applications of additive manufacturing, such as 3D printing, in developing nations, despite the growing global switch from subtractive to additive manufacturing. This is because teaching and research in additive manufacturing are unpopular and challenging in higher education institutions in underdeveloped countries, due to the high cost of purchasing and importing 3D printing machines. It is also frequently challenging to maintain imported 3D printing equipment and replace damaged parts. When the need occurs, people often struggle to repair and replace accessories, particularly plastic ones that deteriorate quickly. Therefore, it is necessary to design and build low-cost, highly accessible 3D printing machines utilizing readily available materials to create plastic components and accessories for teaching and research purposes in higher education institutions in developing countries.




2. Methodology


2.1. Materials


Table 1 presents the specifications of the component and materials used to fabricate the 3D printing machine. The components were selected based on design specifications, durability, and availability.




2.2. Methods


2.2.1. Design Consideration


The essential factors considered in the design of the 3D printing machine are the cost of construction, size, sturdiness, assembling, availability of materials, and application. The machine’s overall cost must be low to be affordable for people in developing countries. The design of the 3D printer was carried out considering the print build volume of 10 × 10 × 10 cm3, which is the maximum geometry size of an obtained object. The machine was designed to print objects with polylactic acid (PLA), a bio-plastic and thermoplastic monomer made from agricultural produce, such as corn starch or sugar cane. Since it does not emit toxic fumes when heated, PLA is considered safer to use for experiments on 3D printing in schools and colleges.



Semi-permanent assembly method was adopted in the design. This ensures the machine’s structural stability, easy maintenance, and durability. Materials that are readily and locally available were considered for the fabrication of the machine. This is to ensure the easy replacement of parts when the need arises. Also, materials that can withstand the vibratory forces due to the motion of the electric motion were considered. The design stage also considered the machine’s durability and structural stability.




2.2.2. Design Calculation


Design of the Stepper Motor



The linear velocity v of the stepper motor is calculated using Equation (1) [32].


  v =  r ω  ;    ω    =   2 π N   60    



(1)




where r is the radius of curvature of circular path = 6.25 mm; ω is the angular speed of the motor; N is the constant speed of the motor = 600 rpm. By computation, v = 392.69 mm/s.



The force due to the electric motor is calculated using Equation (2).


   Force    =   Torque    The   radius   of   curvature   of   the   circular   path       



(2)







By computation, force = 67.2 N.



Therefore 6.72 kg can be pulled over a distance of 392.69 mm in one second using NEMA 17.




2.2.3. Design of Timing Belt


The width of the belt is calculated using Equation (3) [32].


  w =   F f    σ t     



(3)




where  w  is the width of the belt;     σ    is the ultimate strength of polyurethane = 20.77 MPa;  F  is the force of the electric motor;  f  is the factor of safety = 2;  t  is the belt thickness = 1.3 mm. By computation,  w  = 4.98 mm. The standard width = 5 mm.



The allowable tensile load on this belt is 134.4 N, and since the force exerted by the motor is 67.2 N, which is far less than the allowable tensile load, the selected belt would not fail under the design conditions.



The length of each belt is calculated using Equation (4) [32].


  L =  π 2   (  D + d  )  +   4  c 2  +  D 2  +  d 2       



(4)




where  D  is the diameter of pulley;  d  = diameter of bearing;  c  = centre distance between two pulleys;  L  = length of timing belt; T = thickness of timing belt.



For belt 1 (x-axis), D = 16 mm, d = 12.5 mm, c = 310 mm, and T = 1.3 mm. Using Equation (4),    L 1    (x-axis belt) = 665.10 mm.



Belt 2 (y-axis) has slightly different dimensions (D = 16 mm, d = 12.5 mm, c = 290 mm, and T = 1.3 mm). Using Equation (4),    L 2    (y-axis belt) = 625.12 mm.




2.2.4. Deflection of Frame


The 3D printer frame was analyzed, and reaction forces in the frame section was determined. The maximum deflection occurred at the x-axis movement assembly section, which carries the extruder head. The natural frequency of a body is directly proportional to the square root of stiffness, and stiffness is inversely proportional to deflection. In other words, deflection is inversely proportional to the natural frequency. The maximum deflection was determined to be 14.3 microns, which is considered negligible [13]. Hence, vibratory forces were ignored.




2.2.5. Slicing Software and Firmware


Firmware is a computer program that provides an operating environment that allows devices to run on the operating system. It helps the device perform all monitoring functions associated with the 3D printing machine. Repetier, open-source firmware for most RepRap family 3D printers, was used as the firmware of the 3D printer. The firmware supports printing from both USB and SD cards with folders, and utilizing look-ahead trajectory planning. It runs via the printer’s mainboard. It controls all the activities on the machine and coordinates the buttons, heaters, steppers, lights, sensors, LCD, etc., using G-code as the control language.



Cura, produced by Ultimaker, was used as the slicing software. The software was selected because it supports STL, 3MF, and OBJ 3D file formats. Also, Cura can import and convert 2D images (.JPG, .PNG, .BMP, and .GIF) to 3D extruded models. It allows the user to work and print multiple models. Figure 1 and Figure 2 show the CAD model of the 3D printing machine.






3. Results and Discussion


Figure 3 shows pictorial views of the constructed 3D printer. The machine was first tested by verifying the motion system, followed by printing an object. While testing the printer’s motion system, it was discovered that the primary method of checking the correctness of the x, y, and z axes motion system is to manually move the print head and bed fully through the x, y, and z axes, respectively. A smooth movement with no obstruction shows that the axes’ positioning is correct, provided the frame holding the elements is in position.



Operation of the Fabricated 3D Printer


These steps can be followed to print an object using this 3D printer:




	
design the model using any Computer-Aided Design (CAD) software and ensure the model is exported in a 3D printing compatible format such as .STL or .OBJ;



	
load the model file into a slicing software with the necessary settings, such as the speed, temperature, layer height, shell, thickness, fill, support, and filament settings;



	
save the model G-Code, and automatically the G-Code of the model following earlier inputted settings will be generated and saved as a file;



	
transfer the saved file to an SD card and then insert it into the slot on the printer’s motherboard;



	
connect the printer to the power source and calibrate the printer by ensuring the bed is leveled and all axes movement mechanisms are functioning correctly;



	
insert the filament and print the model from the file on the SD card and after the model has finished printing, retrieve it from the bed and, if necessary, post-process the print.








Different test models were printed to determine the accuracy and efficiency of the 3D printer, and it’s suitability for replacing the imported 3D printers. Objects and parts from different fields of studies (engineering - gears; medical - prosthetics and nose masks) were printed to evaluate the applicability of the printer, and components of the 3D printer were printed to tests the printer’s self-replication. All the printer’s parts, except for the electrical components, could be printed.



There are certain geometries that are difficult to print. This is because an FDM 3D printer functions by depositing semi-molten plastic layer by layer to create an object, and the layer supports each new layer underneath it. Therefore, if the preceding layer does not support an overhang structure, the new layer falls, resulting in a catastrophic print. Before printing starts, the object design and geometry are analyzed to determine the need for a support structure. If support is needed, it can be simply incorporated from the slicing software input settings. After the printing, the support structure is carefully removed from the object. The support structures are designed to be broken off easily. Figure 4 shows the human foot and outer ear with their support structures. Samples of other printed objects are shown in Figure 5. The specification of the constructed 3D printing machine is presented in Table 2, while the bill of engineering materials and evaluation is shown in Table 3.



Total price equivalence in dollars is $233 ($1 = ₦450). It should be noted that these are retail prices, and the cost of fabrication could be about 50% cheaper when parts are purchased in bulk for mass production.





4. Conclusions


A low-cost-high-accessibility fused deposition modeling 3D printer was designed and constructed in this study using locally available materials. The following conclusions could be drawn from the study:




	
The design of the frame was made robust using PVC pipes, and commercial off-the-shelf components were used where possible, especially for the electrical parts.



	
The 3D printer is self-reproducible, which means all parts of the machine may be manufactured using the same 3D printer since the fixtures are made of PLA plastic, except for the PVC frame, wooden bed, and electrical parts.



	
The recommended distance between the nozzle tip and the bed is 0.1 mm.



	
The printer’s accuracy level was shown by the printed object’s dimensions correctness compared to the digital design, which gave a percentage error of 0.74%.



	
The machine performed satisfactorily with a total cost of ₦104,650 ($233) and can be used in place of imported 3D printers in developing nations.
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Figure 1. Assembly CAD Model- (a) z-axis Movement, (b) x-axis Movement, and (c) y-axis Movement. 
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Figure 2. The isometric view of the 3D printer CAD model. 
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Figure 3. The constructed 3D Printer—(a) front view and (b) side view. 
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Figure 4. Illustration of overhangs: (a) human foot with a support structure; (b) human outer ear with a support structure. 
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Figure 5. Designed objects printed using the fabricated 3D printing machine: (a) calibration cube; (b) bevel gear, spur gear, outer human ear, and foot; (c) nose mask; (d) fixture holding the electric motor controlling the z-axis. 
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Table 1. Component and material used for the fabrication of the 3D printing machine.






Table 1. Component and material used for the fabrication of the 3D printing machine.





	Item
	Quantity
	Specification
	Function





	Frame (PVC pipe and fittings)
	17
	As determined by the calculations and print volume
	Serves as chassis on which components are placed



	Stepper motor
	5
	NEMA 17, 420N mm, 600 rpm
	Generates torque for the movement of parts



	Filament
	1 Spool
	Poly-lactic Acid (PLA)
	Material from which part is printed



	Extruder
	1
	MK8, 0.4 mm
	Deposits the plastic filament on the bed



	Bed
	1
	150 × 120 × 10 mm of wood
	A platform where the molten plastic is deposited



	Timing belt
	2
	V-Belt, 5 mm wide
	Transfers motor drive to move bed and extruder along y and x-axis, respectively



	Pulley
	2
	2 mm pitch, 12.5 diameter
	Serves as a point of attachment to transfer motion to the belt



	Leadscrews
	2
	2 mm lead, 240 mm
	To move the extruder head along z-axis



	Steel rods
	6
	8 mm and 6 mm
	Serves as a rail on which the bed and extruder move



	Ball bearings
	2
	5 × 16 × 5 mm
	Supports rotating belt



	Linear bearings
	7
	8 mm and 6 mm
	Carriage is mounted upon them and slides along a steel rod



	Coupler
	2
	5 mm to 8 mm
	Transfers the motor drive to the leadscrew



	End stop
	3
	Mechanical type
	Prevents the bed and extruder from moving past their range



	Fan
	1
	DC 12V
	Provides active cooling of the top printed layer



	User interface and connectivity
	1
	LCD
	Controls the 3D printer without a computer connection



	Controller board
	1
	ATMEGA1284P
	Directs the motion components based on commands sent from a computer and interprets input from the sensors



	Printed Parts
	1 set
	As determined by the structure of the attached components
	Holds components in place
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Table 2. Specification of the constructed 3D printer.






Table 2. Specification of the constructed 3D printer.





	Items
	Specifications





	Build volume
	100 × 100 × 100 mm3



	Method
	Fused deposition modelling



	Printer size
	500 mm (L) × 380 mm (W) × 425 mm (H)



	Printer weight
	3.95 kg



	Number of extruders
	1



	Filament diameter
	1.75 mm



	Nozzle diameter
	0.4 mm



	Filament type
	PLA



	Layer resolution height
	100 microns



	Power supply
	DC12 V, 5.0 A



	Power consumption
	240 V, 50-60 Hz



	Connectivity
	USB, SD card
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Table 3. The bill of engineering material and evaluation.






Table 3. The bill of engineering material and evaluation.










	Material
	Quantity
	Cost (Naira, ₦)





	Frame (PVC pipe and fittings)
	17
	4200



	NEMA 17 stepper motor
	5
	15,000



	PLA filament
	1 Spool
	17,000



	MK8 extruder
	1
	3300



	Bed
	1
	1000



	Timing belt and pulley
	2
	1500



	Leadscrews
	2
	3000



	Steel rods
	6
	7200



	Ball bearings
	2
	500



	Linear bearings
	7
	8750



	Coupler
	2
	1000



	End stop
	3
	2200



	DC fan
	1
	500



	User interface and connectivity
	1
	15,500



	Printed parts
	1 Set
	20,000



	Screws, bolts, nuts, and springs
	1 Set
	1000



	Miscellaneous
	
	3000



	Total
	
	104,650
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
BRI e

=

Frame (PVC Pipe)
stepper Motor
Filament
Extruder

Bed

Timing Belt
Pulley
Leadscrews
Steel Rods

. Ball Bearings

. Linear Bearings
. Coupler

. End Stop

. Fan

. User Interface

. Controller Board
. Printed Parts






nav.xhtml


  jcs-06-00265


  
    		
      jcs-06-00265
    


  




  





media/file11.png
(a)

100 pixels





media/file2.png





media/file10.jpg





media/file5.jpg





media/file3.jpg
Frame (PVC Pipe)
Stepper Motor
Filament

Extruder

Bed

Timing Belt
Pulley.

Leadscrevs

Steel Rods

Ball Bearis
Linear Bearings
Coupler

End Stop

x Interface
Controller Board
Printed Parts






media/file1.jpg





media/file7.jpg





media/file12.png
100 pixels






media/file9.jpg
100 pixels





media/file0.png





media/file8.png
100 pixels






media/file6.png





