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Abstract: This paper presents an original method of additive manufacturing of cylindrical parts with variable 

circumference thickness, which allows the control of the deposition of molten material using an algorithm for 

decomposing the part geometry into volumetric elements with known dimensional configuration. In the 

absence of a post-processor capable of controlling additive manufacturing on a 5-axis numerical control 

machine, control of the deposition of molten material is done using parameterized programs, which can control 

both the feed speeds of the machine tool axes and the specific functions of the printing equipment. Additive 

manufacturing can make a positive contribution to sustainable development compared to traditional 

manufacturing technologies, thus making a positive contribution for a sustainable future. The aim of the work 

is to make it possible to 3D print parts with variable wall thickness using a CNC machining centre. To obtain 

the variable thickness layer we have implemented an original method of deposition with molten material 

(FDM), the coordination of the system composed of physical elements respectively programmable elements, is 

realized through control functions materialized in parameterized part programs, the generated outputs being 

the variable speed of the machine axes on a circular trajectory, the angular positioning, the filament advance. 

Keywords: additive manufacturing technologies; sustainable development; parametrized 

programs; computer numerical control; variable thickness deposition; mathematical model 

 

1. Introduction 

Additive manufacturing is currently one of the fastest growing technologies by changing the 

production limits of highly complex geometric shapes.  

These technologies are in full expansion today, as they can ensure fast, cheap and high-precision 

production of parts using 3D printing techniques, with arbitrary complexity of shapes (theoretically, 

from any material).  

However, problems related to deformation and strength for products manufactured with these 

technologies remain unresolved [1,2, 3, 4, 5, 6, 7, 8, 9, 10] 

Numerically controlled machine tools, industrial robots have a geometry and accuracy far 

superior to those of a 3D printer, and in the case of 5-axis machines or robots, parts of greater 

complexity than 3-axis ones can be produced, with significantly reduced time and material 

consumption. [11 ,12, 13, 14]. 

Printing equipment that uses plastic or metal material can be adapted to such machines, thus 

turning the machine into a hybrid machine, at a lower cost than purchasing a custom printing 

machine from some manufacturers. [15].  

There are machines that can print parts out of plastic or metal and then be put on the same 

machine, generically called hybrid machines. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.
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These machines are equipped with printing equipment as well as laying tools; however, the price 

of these machines may exceed the expectations of those who would like to implement them. [16, 17, 

18]. 

There are companies that are currently researching and producing hybrid 3D printing machines 

that are used to manufacture parts for industries such as medical, automotive and aerospace that 

cannot be made through conventional processes. [19, 20, 21, 22, 23, 24]. 

3D printers with filament deposition (Fused Deposition Material -FDM) with 3 axes are unable 

to process parts without supporting structures, because the printing direction is limited to the Z axis.  

To solve this problem, hybrid 3D printing machines develop production processes of this type 

in two stages: in the first stage, the part is 3D printed layer by layer with enough additive material so 

that later, in the second stage, it is laid to the exact final size and shape of the part using a CNC 

machine tool. [25] 

At the international level, research is performed in the field of 3D printing of variable wall 

thickness parts that has led to the intensive development of hybrid manufacturing machine tools, 

which combine laying operations with 3D printer operations in a single working environment. 

At the moment there is not sufficient information on the existence of suitable, efficient, cost-

effective hybrid machines capable of producing quality parts at low costs. 

This is primarily due to their very high purchase and production price. 

3D printing of parts with variable wall thickness can be considered an advanced technology that 

involves the use of hybrid machines for 5-axis printing. 

This method can produce parts with a complex configuration involving variable wall 

thicknesses. 

Hybrid printing machines allow the manufacture of unique parts, that are more complex than 

those produced on 3D printers, due to the fact that a hybrid machine has positioning accuracy, a 

working stroke and rigidity far superior to 3D printers. [26, 27, 28, 29, 30, 31,32, 33, 34, 35] 

In order to 3D print on 5-axis hybrid machine tools, in the first phase the 3D model of the part 

is created and converted into a 3D printed extension program using a post-processor capable of 

generating codes (NC-code). 

 To control the movements of the moving parts of the machine: print head, translation and 

rotation axes, while the material is extruded to create the finished part. [36, 37]. 

The hybrid manufacturing process combining FDM and Digital Light Processing-(DLP) for 3D 

printing of parts with variable wall thickness is an innovative technology that offers many 

advantages over traditional manufacturing technologies through the ability to produce parts with 

complex geometries with a high level of precision, making it possible to manufacture products with 

a minimal material waste compared to traditional (subtractive) manufacturing technologies make it 

an attractive option for different fields. [38, 39]. 

Sustainability in additive manufacturing carried out on hybrid machine tools in 5 axes, refers 

to: the use of eco-friendly materials, recyclability, reuse of recyclable materials, establishment of 

waste collection and reintroduction processes in the production cycle. 

Additive manufacturing allows for the precise deposition of materials, reducing waste to a 

minimum compared to traditional manufacturing methods. [40, 41] 

When additive manufacturing is carried out on a 5-axis CNC machine tool, the print head has 

the ability to move in several directions (3 translations and 2 rotations), which allows the production 

of parts with complex geometries, thus creating the premise of eliminating supports or supporting 

structures.  

In this way the process is detached, qualitatively and quantitatively from 3-axis printing, which 

leads to a reduction in waste and increased sustainability in additive manufacturing. [42, 43] 

By integrating these sustainability considerations into the additive manufacturing process 

carried out on 5-axis CNC machine tools, manufacturers can: minimize waste quantity, reduce energy 

consumption and choose eco-friendly materials (bio-degradable, such as Polylactic Acid-PLA, 

polymer blends, lignin from bio-mass that can be manufactured from renewable sources) with a 

lower environmental impact, contributing positively to a sustainable future. [44, 45, 46] 
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The present work presents an original method of 3D printing of cylindrical parts with variable 

thickness per circumference.  

The method allows the control of the forward speeds of the machine tool axes as well as the 

specific functions of controlling the motion and temperature of the filament involving an algorithm 

for decomposing the geometry of the part into volumetric elements with known dimensional 

configuration. 

This method has been used to develop CNC machine tools, to adapt printing equipment to these 

machines and to optimize manufacturing and production costs in additive manufacturing, thus 

ensuring the sustainability of the technology. 

2. Materials and Methods 

2.1. Study on the deposition of layers with variable height 

The aim of the work is to make it possible to 3D print parts with variable wall thickness using a 

CNC machining centre.  

To obtain the variable thickness layer we implemented an original meth-od of depositing with 

molten material (FDM), the coordination of the system composed of physical elements respectively 

programmable elements, is achieved by the control functions materialized in parameterized part 

programs, the output generated being the variable speed of the machine axes on a circular trajectory, 

angular positioning, filament advance [47]. 

In order to obtain a part that does not show unevenness after depositing, certain settings of the 

printing technology must be used, such as the use of equipment capable of printing in more than 3 

axes, the orientation of the deposited material layers, the thickness of the layer, the melting 

temperature, etc. 

2.2. Example of printing technologies for thin-walled parts 

Fused Filament Fabrication (FFF) on 3D printers with 3-axis in a printing configuration as shown 

in Figure 1 (a), and a new Curved Layer Filament Printing (CLFF) process that is used to improve the 

quality of the layer deposited as shown in Figure 1 (b) [48, 49, 50]. 

 
(a)  

 
(b) 

Figure 1. Comparison between conventional FFF and CLFFF: (a) stepped printing – FFF; (b) printing 

on a radius [50]. 

The deposition of curved profile material as shown Figure 2 (a) is carried out using the multi-

axis 3D printers, which have the possibility to rotate the extruder or worktable on industrial robots 

as shown Figure 2 (b). 
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(a) 

 

(b) 

Figure 2. General presentation of a multi-axis depositing device: (a) 3D printer with rotary table; (b) 

printing of thin-walled parts with the help of a robot [50] 

During orientation-based deposition, this can be achieved by both the nozzle and the mass of 

the printing machine shown in Figure 3. Thus, during material deposition, the extruded thickness of 

the filament will have variable values, depending on the design requirements, so that the final shape 

of the part conforms to the designed one. 

 

(a) (b) 

Figure 3. Deposition/printing by orientation: (a) changing the orientation of the platform by keeping 

the nozzle perpendicular to the printing surface; (b) orienting the printing nozzle while the platform 

remains fixed. 

The post-processors required to printing parts with variable thicknesses of the deposited layers 

are constantly being developed, making it possible to obtain parts with complex configurations due 

to the orientation of the deposited layers. In addition, they must have mechanical and surface 

properties that meet design requirements, parts that can be printed in a shorter time comparable to 

traditional technologies, all with reduced material consumption. 

3D printing using 5-axis machine tools is a favorable method for obtaining thin-walled parts, 

manufacturing time and material consumption being massively reduced, but it is imperative to solve 

post-processing problems, avoiding possible collisions between the nozzle and the printed part.  

Printing of thin-walled parts, realized with a robot without printing supports. These supports, 

which are used in the case of classical printing (3-axis), require a long manufacturing time, and if they 
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are made of another material (e.g. water-soluble-PVA), two printing devices (heads) are needed, one 

for the base material, one for the support material. 

2.3. Study on printing with variable height layer  

In the case of conventional additive machining, where the deposited layers are of constant width 

(section planes are parallel), a simple volumetric flow model of the material flow through the 

deposition nozzle can be developed.  

The mass flow through a nozzle is related to the pressure drop, nozzle geometry, melting 

temperature and viscosity of the material.  

Assuming that all physical conditions are met, the melting capacity of the material is within the 

prescribed limits, the material flow Q can be expressed as a function of the filament feed rate v_e and 

the filament diameter d_i shown in Figure 4 and equation 1. 

 

Figure 4. Elements of constant height deposition. 

Figure 4 shows the axis notations have been chosen to follow the CNC machine axis notation.  

The E axis is parallel to the Y axis and in the opposite direction indicates the direction of the 

filament movement. This is example 1 of an equation: 𝑄 = 𝜋 𝑑𝑓24 𝑣𝑒 (1) 

This flow ensures the deposition of a layer whose section can be approximated with a central 

rectangle and two semicircular areas shown in Figure 4, and the advance velocity in the direction of 

deposition is noted with v_x 2 as example 2 of an equation: 𝑄 = [𝜋4 ℎ2 + 𝑏𝑝ℎ] 𝑣𝑥  (2) 

Since they represent the same flow, Equation 1 and Equation 2 can be equated to obtain the 

relationship between the filament forward velocity and the deposition velocity (displacement 

velocity on the X axis) as is example 3 of an equation: 

𝑣𝑒 = 4ℎ [𝜋4 ℎ + 𝑏𝑝]𝜋𝑑𝑓2 𝑣𝑥 (3) 

In the case of variable layer thickness deposition, the material flow is no longer constant, but 

will have to be correlated with the change in layer thickness.  
In this way, the filament feed rate v_e will have to be correlated with both the change in 

deposited layer thickness ∆h and the deposition rate v_x, with the notations shown in Figure 5. 
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Figure 5. Schematic representation of deposition in the case with variable-length layer 

In this figure, h_0 is the initial height of the layer and v_y is the nozzle advance velocity in the 

vertical direction. This velocity must also be correlated with the feed rate of deposition and filament. 

The correlation between vertical and horizontal feed rates is shown in example 4-7 of an equation, 

assuming that f(x) is linear as example 4 of an equation: f(x) = h0 +mx (4) m = tanα (5) y = mx (6) dydt = mdxdt  (7) 

The notations used in relationships 4 - 8 are explained in the diagram of Figure 6. 

 

Figure 6. Cross-section variation of the deposited layer 

The advance speed of the nozzle v_y is obtained by deriving equation 6 as a function of time 𝑣𝑦 = 𝑚𝑣𝑥 (8) 

In this case, the flow rate required for deposition of the layer expressed in equation 9 and the 

flow rate provided by the filament advancement expressed as example 10 of an equation must be 

equal.  
By equating the two relations we obtain the correlation between advance rate of filament and 

the deposition as example 11 of an equation. 
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This means that the filament feed rate must be provided by a programmable actuator and that 

it varies according to the variation of the filament supply speed f(x), in this particular case f(x) = mx.  

One problem with this solution is that the filament feed rate is limited due to the drive system 

and also due to the limits of the filament melt speed.  

In this case, one can try to apply a constant filament feed rate but a variable deposition rate as 

example 12 of an equation. 𝑄 = [𝜋4 (ℎ0 +𝑚𝑥)2 + 𝑏𝑝(ℎ0 +𝑚𝑥)] 𝑣𝑥 (9) 𝑄 = 𝜋 𝑑𝑓24 𝑣𝑒 (10) 

𝑣𝑒 = 4 [𝜋4 (ℎ0 + 𝑚𝑥)2 + 𝑏𝑝(ℎ0 + 𝑚𝑥)]𝜋𝑑𝑓2 𝑣𝑥 (11) 

𝑣𝑥 = 𝜋𝑑𝑓24(ℎ0 + 𝑚𝑥) (𝜋4 (ℎ0 + 𝑚𝑥) + 𝑏𝑝) 𝑣𝑒 (12) 

2.4. Study of the deposition for a geometric configuration/shape 

In the additive manufacturing process on a CNC horizontal machining center it is necessary to 

be equipped with rotation axes so that the deposition section is rotated.  

The study of deposition for a geometric configuration was carried out in order to print it on a 

TMA-AL-550 horizontal machining center with CNC shown in Figure 7, which is in the equipment 

of the University of Oradea. 

 

Figure 7. The 3D model for TMA-AL-550 horizontal machining centre with CNC 

Thus, at the beginning of the printing process, the base of the cylinder is made in a horizontal 

plane (parallel to section A1B1) and the layers are deposited in parallel.  

For the curved portion of the cylinders (starting with section A2B1), the method can be applied 

by rotating around the center of curvature O2 in α steps, successively depositing layers of varying 

width along the circular section from a width of BnBn+1 to widths of AnAn+1 shown in Figure 8. 
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Figure 8. Representation of a section for a curved cylindrical part. 

After making the last section on the curved portion, the piece will be rotated 90° from the original 

position and the deposition of the parallel layers will be resumed, and Figure 9 shows the notations 

for the geometric elements of the circular section with variable width that are used in example 13-22 

of an equation. 

 

Figure 9 The geometric elements for the circular section of variable height 

The expression for the layer thickness can be obtained by determining the intersection of the 

cylinder with a plane inclined at an angle α to the base plane XO_1Z. 

The parametric equations of a cylinder are given as example 13 and 14 of an equation: 𝑥(𝜃) = 𝑟1 cos 𝜃 (13) 𝑧(𝜃) = 𝑟1 sin 𝜃 (14) 

The equation of the plane is given as example 15 of an equation: 𝑎𝑥 + 𝑏𝑦 + 𝑐𝑧 + 𝑑 = 0 (15) 

The normal vector to the plane is: 𝑛 = (𝑎, 𝑏, 𝑐), and 𝑑 = −(𝑎𝑥0 + 𝑏𝑦0 + 𝑐𝑧0) 
According to the scheme shown in Figure 9, the expressions for the coefficients of a plane 

equation that are given as example 16 and 17 of an equation: 𝑎 = −sin 𝛼; 𝑏 = cos𝛼; 𝑐 = 0 (16) 𝑥0 = 0 ; 𝑦0 = ℎ0 + ∆ℎ2  ; 𝑧0 = 0 (17) 

Substituting into example 15 of equation, we obtain the expression for the thickness of deposited 

layer as example 18 - 21 of an equation: 
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−sin 𝛼 𝑥 + cos 𝛼 𝑦 − cos 𝛼 (ℎ0 + ∆ℎ2 ) = 0 (18) 

𝑦 = cos𝛼 (ℎ0 + ∆ℎ2 ) + 𝑥 sin 𝛼cos𝛼  
(19) 𝑦 = (ℎ0 + ∆ℎ2 ) + 𝑥 sin𝛼cos 𝛼 (20) 𝑦 = (ℎ0 + ∆ℎ2 ) + 𝑥tan𝛼 (21) 

Then, substituting the expression of the variable x into example 13 of an equation, we obtain as 

example 22 of an equation: 𝑦(𝜃) = (ℎ0 + ∆ℎ2 ) + 𝑟1 tan𝛼 cos 𝜃 (22) 

By deriving example 22 of an equation the nozzle advance speed is obtained as example 23 of 

an equation: 𝑑𝑦𝑑𝑡 = −𝑟1 tan 𝛼 sin 𝜃 𝑑𝜃𝑑𝑡  (23) 

And noting with v_y=dy/dt; velocity on the Y axis and with ω=dθ/dt the angular velocity, the 
relationship between angular velocity and Y-axis velocity results as example 24 of an equation: 𝑣𝑦 = −𝑟1 tan 𝛼 sin 𝜃𝜔 (24) 

or expressing the angular velocity as a function of the tangential velocity v_1 (ω=v_1/r_1) and 
the velocities on the X and Z axes as well as the tangential speed results in the velocity expressions 

on the three coordinate axes as example 25 of an equation: 𝑣𝑥 = 𝑣1 sin 𝜃 𝑣𝑦 = −𝑣1 tan 𝛼 sin 𝜃 𝑣𝑧 = 𝑣1 cos 𝜃 

(25) 

From the example 25 of an equation it can be observed that the velocity v_y depends linearly on 

the v_x velocity, the angle α being constant (the rotational increment around the center O_2) as 
example 26 of an equation: 𝑣𝑦 = −𝑣𝑥 tan 𝛼 (26) 

The advance speed of the filament v is obtained by replacing in example 27 of an equation the 

expression for the function f(x), (given explicitly in example 4, with f(x) = y in example 21) as example 

27 of an equation: 

𝑣𝑒 = 4 [𝜋4 ((ℎ0 + ∆ℎ2 ) + 𝑥tan 𝛼)2 + 𝑏𝑝 ((ℎ0 + ∆ℎ2 ) + 𝑥tan 𝛼)]𝜋𝑑𝑓2 𝑣𝑥 (27) 

Similarly, it can be shown that for any trajectory, the relationship between the rate of thickness 

increase for the layer depends linearly with the rate of advance deposition. 

2.5. Programming of the TMA-AL-550 hybrid machine 

In order to achieve 3D printing of parts with variable wall thickness using a TMA-AL-550 

horizontal machining center, a fixed head printer in spindle was assembled to create a hybrid 

machine.  

The hybrid machine TMA-AL-550 shown in Figure 10, which is located at the University of 

Oradea, is a horizontal machining center with CNC and the control equipment from FANUC series 

310i-A5 with drives, motors and servo motors, equipped with 5 axes that work simultaneously X, Y, 

Z, B, C, axes B and C are rotational 4x90°. 
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(a) 

 

(b) 

Figure 10. The hybrid machine TMA-AL-550: (a) 3D isometric view; (b) 3d isometric view, printer 

head fixed on main spindle at CNC machine. 

2.6. Technical parameters for printing on the TMA-AL-550 hybrid CNC machine 

Additive manufacturing, such as molten material deposition (FDM), is the process by which the 

plastic filament is melted and subsequently deposited on a platform or other platform-like substrate 

or the deposition of a material in the form of a powder, melting it by heat input, which is then 

deposited, layer by layer, through different sequences of additive phases (laser melting). 

By definition, also in additive manufacturing processes, parts are produced by sintering/melting 

the material in complete trajectories (theoretically, the molten layer is considered "complete" if it 

simultaneously covers, and within a very short time from the beginning of the process, the entire 

surface of the deposited trajectory), consecutively on horizontally and vertically, following the actual 

geometry of the part. 

In order to facilitate the printing operation using the horizontal machine centre TMA-AL-550 

with CNC, it was necessary to change the configuration of the axes as shown in Figure 11 so that the 

filament deposition would be on vertical, which resulted in changing the main working axis so that 

the Z axis would no longer be the main axis but the Y axis. 

(a) (b) 

Figure 11. Kinematic comparison of the machines: (a) TMA-AL 550 horizontal machining centre 

virtual concept - chipping mode; (b) TMA-AL 550 horizontal machining centre virtual concept - 

printing mode. 
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Following kinematic modifications to the machine, the printing parameters were set so that 

printing with this hybrid machine is viable. In order to determine the printing speeds using this 

machine, printing temperature tests were carried out with polylactic acid filament (PLA), the printing 

nozzle diameter being ∅ 0.8 mm, the values thus obtained for each variant being those shown in 

Table 1. 

Table 1. Determination for the printing speed as a function of melting temperature. 

Melting 

temperatu

re[°C] 

Type of 

material 

Filament 

flow 

Printing 

time 

[min] 

Time 

[sec] 

Length of 

filament 

printed 

[mm] 

Diameter 

filament 

[mm] 

Printing feed 

[mm/s] 

220 PLA 100% 7,12 432 1000 1,75 2.31 

230 PLA 100% 6,34 394 1000 1,75 2.53 

240 PLA 100% 2,4 160 500 1,75 3.12 

245 PLA 100% 2,21 141 500 1,75 3.54 

Based on the values shown in Table 1, the axis motion feeds and filament deposition feeds were 

determined, and software was developed to use the data in Arduino, which then controlled the 

filament feed during deposition. 

The additive manufacturing equipment, being connected to the TMA-AL-550 horizontal 

machining center, operates based on the logic diagram for the printing operation, shown in Figure 

12, with each step involving the activation of functions and commands from both the PLC form CNC 

machine and the printing equipment, as follows: 

 

Figure 12. Logic diagram for the CNC printing operation 

To print a part using more than 3 axes in the 5 axis situation, it is necessary to use printing 

programs to control the movements of the machine. 

2.7. Additive processing using parameterised NC programmes 

By combining the TMA-AL-550 horizontal machining centre with the additive manufacturing 

equipment, it has become a hybrid machine on which both chipping and printing/additive 

manufacturing operations can be performed. 

In this paper, a parametric programming approach is presented because existing post-processors 

do not offer solutions for 3D printing using this type of CNC horizontal machining centre. In order 

to obtain a 3D printing program on a CNC horizontal machining centre, it is necessary to create a 

post-processor dedicated to the model used (machine configuration as well as equipment model: 

control and drive system), in order not to compromise the codes already implemented in the machine 

PLC (for example: defining modular functions). The advantages of using parametrized programs are 

beneficial because they can be easily tracked while running on CNC machine tools, and in the absence 
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of a postprocessor, they can be used to write programs for parts. One of the major disadvantages of 

using this type of programs is that the operator who writes such programs must have very advanced 

knowledge in areas such as trigonometry, technical drawing, and skills in using logic functions. 

Following the definition of the inputs/outputs based on the Ladder diagram necessary for the control 

of the printing equipment by the PLC of the CNC machine, the auxiliary codes (M-codes) will be 

included in the part programs, thus facilitating control of the printing equipment and additive 

manufacturing using the TMA-AL-550 horizontal machining centre. 

The M codes as well as the connections to the CNC horizontal machining center have been 

defined so as not to coincide with the codes defined by the machine tool manufacturer, (Ex-M03 - 

main spindle rotation to the right; M06 - tool change which are, the defined codes being: 

- M23/M24- Filament feed - start/stop 

- M27/M28- Print head heating - start/stop 

4. Results and Discussion 

Compared to the methods mentioned above, the authors of the paper propose a more 

advantageous technical and economic solution compared to the variants on the market by using an 

algorithm for decomposing the geometry of the part into volumetric elements with a known 

dimensional configuration for printing parts with variable wall thickness, which is necessary for 

printing 4-5-axis for parts with complex profiles, such as the curved part shown in Figure 13. In 

section axis area is circular, and in order to be able to print in 5 axes it is necessary to change the 

advance for the filament or for the machine axes. 

 

 (a) 

 

(b) 

Figure 13. Part with curved profile: (a) 3D model of the whole part; (b) curved area 

Figure 14 shows the 2D and 3D model of the cross-sectional sized surfaces for the study of 

printing with variable wall thickness, which is considered to be a cylindrical part. Figure 14 (a) shows 

the wall thickness dimensions of this part, which increases from 0° to 180° and decreases from 180° 

to 360° (0°). 

 

(a) 

 

(b) 

Figure 14. Circular area wall thickness dimensions: (a) 2D model; (b) 3D model 
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The printing methods of this wall thickness area have been divided into two categories, as 

follows: 

4.1. Printing the part with a curved profile using a 3D printer 

In order to realize a circular piece shown in Figure 15, with variable wall thickness, in the initial 

version was used a 3D printer from Creator, the program for the piece was realized in Flash-Print5 

software. 

 

Figure 15. Simulation of 3D printing with Flash print 5 software 

After simulating the piece in program, it can be observed that as the thickness of cylinder wall 

increases (to 180°), the number of passes of the printing nozzle increases, so that the filling of the 

respective area can be achieved. 

At the same time, if we use the 3D printer to realize a part shown in Figure 16 (a), it is necessary 

to use a support structure shown in Figure 16 (b) to support this part, as their use leads to an increase 

material consumption and time. 

 

(a) 

 

(b) 

Figure 16. Equipment’s used for printing: (a) 3D printer from Creator; (b) Simulation of printing using 

a support structure. 

4.2. Printing of curved profile parts using the TMA-AL-550 hybrid machine 

For the printing of the part with variable wall thickness, we used a horizontal machining center 

TMA-AL-550 with CNC in a 5-axis and the equipment as shown in Figure 17. 
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(a) 

 

(b) 

Figure 17. The equipment used for 3d printing on machine : (a) 3D model printer head ; (b) 3D 

printing head attached to the TMA-AL 550 horizontal machining centre. 

Hybrid machine TMA-AL-550 

Printing piece that have variable thickness is possible using a hybrid machine, applying the 

following two methods:  

A. Modifying the electrical part - so that the speed of the Nema 23 motor can be variable (adding 

new electrical and electronic components, modifying the Arduino source code, establishing 

connections between the part program and the Arduino program). 

B. Modification of the part program - so that the advance of the machine axes during deposition is 

variable (on the circle, the advance cannot be set as variable, only by creating parameterized NC 

programs). 

In order to obtain a NC program in which the feed speed can be controlled, were used 

parametrized programs and the specific codes presented in Table 2.  
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Table 2. Parameterized Program O2024. 

% 

O2024 (R=100 

on a circle 

GOTO10 

(top half circle) 

N10 #10=100 

(radius of half 

circle) 

N20 

#11=180(startin

g angle) 

N30 #12=0 (end 

angle) 

N40 #13=2 

(angular 

increment) 

% 

  

N50 #17=100 (starting 

increment) 

N60 #18=5 

(incremental feed 

increment) 

N70 G0 G17 X-100 Y0  

N80 G1 Z0 F1000 

N90 while [#11GE#12] 

DO 1 

N100 #15= 

#10*COS[#11] 

N110 #16= #10*SIN[#11] 

N120 G1 X#15 Y#16 

F#17 

N130 #11=#11-#13 

N140 #17=#17+#18 

N150 END 1 

(lower half circle) 

N160 #10=100 

(radius of 

semicircle) 

N170 #11=0 

(starting angle) 

N180 #12=180 (end 

angle) 

N190 #13=2 

(angular 

increment) 

N200 #17=100 

(STARTING 

INCREMENT) 

N210 #18=5 

(incremental feed  

INCREMENT) 

N220 G0 G17 X100 

Y0  

N230 G1 Z0 F1000 

N240 WHILE 

[#11LE#12] DO 1 

N250 #15= 

#10*COS[#11] 

N260 #16= -

#10*SIN[#11] 

N270 G1 X#15 Y#16 

F#17 

N280 #11=#11+#13 

N290 #17=#17-#18 

N300 END 1 

N310 M02 

For the printing of a circular piece with variable wall thickness, the second modification option 

was chosen, by creating a parameterized program that allows printing with variable advance.  

The G codes (G02-Circular, Spiral, Clockwise-Helical Interpolation, G03-Circular Interpolating, 

Counterclockwise) are established for circular movement on CNC machine tools. 

 In addition to the codes written in the O2024.nc program, the codes specific to the control of 

the printing equipment (M23, M24, M27, M28) and the necessary coordinates for the axes not 

included (Z, B, C) will be added to this program, and each program parameter can be changed 

depending on the dimensions of the parts to be printed as shown in Table 3. 
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Table 3. Program O2023 for printing a cylinder with variable wall thickness. 

% 

O2024 (R=50 

ON A CIRCLE) 

N5 T2 M06 

(PRINT HEAD 

CALL) 

N6 G0 G54 G90 

G80 G18; 

 (WORK 

SYSTEM 

SETTING,  

WORK PLAN, 

ABSOLUTE 

PROGRAMMI

NG) 

N10 #1=0.5 

(START [Z]) 

N20 #2=20 

(END [Z]) 

N30 #3=0.5 

(INCREMENT 

ON [Z]) 

N40 WHILE 

[#1LE#2] DO 2 

 

(UPPER SEMICIRCLE) 

N50 #10=50 (RADIUS 

OF SEMICIRCLE) 

N60 #11=180 

(STARTING ANGLE) 

N70 #12=0 (END 

ANGLE) 

N80 #13=2 (ANGULAR 

INCREMENT) 

N90 #17=100 

(STARTING 

INCREMENT) 

N100 #18=5 

(INCREMENTAL 

FEED INCREMENT) 

N110 G0 G18 X-50 Y0 

M27 (START 

HEATING) 

N120 G1 Z#1 F1000 

M23 (FILAMENT 

FEED START) 

N130 WHILE 

[#11GE#12] DO 1 

N140 

#15=#10*COS[#11] 

N150 

#16=#10*SIN[#11] 

N160 G1 X#15 Y#16 

F#17 

N170 #11=#11-#13 

N180 #17=#17+#18 

N190 END 1 

(LOWER HALF 

CIRCLE) 

N200 #10=50 

(RADIUS OF 

SEMICIRCLE) 

N210 #11=0 

(STARTING 

ANGLE) 

N220 #12=180 

(END ANGLE) 

N230 #13=2 

(ANGULAR 

INCREMENT) 

N240 #18=5 (FEED 

INCREMENT) 

N250 G0 G18 X50 

Y0 

N260 G1 Z#1 F1000 

N270 WHILE 

 [#11LE#12] DO 1 

N280 

#15=#10*COS[#11] 

N290 #16=-

#10*SIN[#11] 

N300 G1 X#15 Y#16 

F#17 

N310 #11=#11+#13 

N320 #17=#17-#18 

N330 END 1 

N340 #1=#1+#3 

N350 END 2 

N360 M02  

N370 M24 

(HEATING OFF) 

N380 M28 

(FILAMENT 

ADVANCE STOP) 

N390 M30 

% 

The simulation of the program presented in Table 3, was validated by running it on the TMA-

AL-550 horizontal machining centre, with the machine axis feed rate being variable, allowing a part 

with variable wall thickness to be printed as shown in Figure 19 

 

(a) 

 

(b) 

Figure 19. Simulated program O2023.nc: (a) simulated in Cimco; (b) simulated in Fanuc 30 and TMA-

AL-550 machine tooling. 

Using parameterized programs, the steps for printing the part using the TMA – AL- 550 hybrid 

machine are shown below. Depending on each area of the printed elbow, Figure 20 shows the steps 
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required to print the final elbow area completely, to which are also added the cylindrical areas that 

will define the complete printing of the part. 

The present work paper comes with a solution to automate the 3D printing process of parts with 

variable wall thickness using a horizontal machining centre in 5-axis with CNC.  

To obtain the layer with variable thickness we implemented an original method of deposition 

with molten material (FDM), the coordination of the system composed of physical elements 

respectively programmable elements, is realized through control functions materialized in 

parameterized part programs, the outputs generated being the variable speed of the machine axes on 

a circular trajectory, the angular positioning, the filament advance. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 20. Steps required to print the final elbow area completely: (a, b) printing the bending area (c, 

d) printing of the upper cylindrical area. 

5. Conclusions 

In this paper, an original method of additive manufacturing for cylindrical parts with variable 

thickness per circumference was presented, by which it is possible to control the deposition of the 

molten material using an algorithm for decomposing the geometry of the part into volumetric 

elements with a known dimensional configuration. 

In the absence of a post-processor capable of controlling additive manufacturing on the 5-axis 

numerical control machine, the control of the deposition of the molten material was done using 

parametrized programs, by which both the forward speeds of the machine tool axes and the specific 

functions of the printing equipment can be controlled. 

Additive manufacturing uses environmentally friendly materials, and energy consumption and 

manufacturing time are lower than subtractive manufacturing. In addition, it is known that the 

implementation of additive manufacturing can have decisive influences on both product design and 
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additive manufacturing technologies, considering the manufacturing process through the prism of 

sustainability. In this way additive manufacturing can contribute positively to sustainable 

development compared to traditional technologies, thus this manufacturing process making a 

positive contribution for a sustainable future. 

The aim of the work is to make it possible print in to 3D parts with variable wall thickness using 

a numerical control processing center. To obtain the variable thickness layer we implemented an 

original method of depositing with molten material (FDM), the coordination of the system composed 

of physical elements respectively programmable elements, is achieved by the control functions 

materialized in parameterized part programs, the output generated is the variable speed of the 

machine axes on a circular trajectory, angular positioning, filament advance. 

Additive manufacturing was carried out using a horizontal 5-axis machining centre to which a 

melted filament printing (FDM) equipment was attached. 

Numerical control machine tools and industrial robots have much better geometry and accuracy 

than a 3D printer, and in the case of machines with more than 3 axes or robots, complex parts can be 

produced with low time and material consumption. 

Starting from this idea, a lot of companies and universities have started to build hybrid CNC 

machines and add printing equipment to shear machining machines. In order to be able to 3D print 

complex surfaces, to reduce material consumption and to shorten working time, it is necessary for 

the machine to perform complex movements, which leads to the need to print parts with variable 

wall thickness. To control the CNC machine for printing, parameterized part programs were used, 

due to the lack of a post-processor for this type of machine. 

The authors of this paper aim to perform adaptation of the printing equipment to vertical 

machining machines, industrial robots and development of applications from Matlab to obtain a post-

processor for numerical control machines so that additive manufacturing equipment can be mounted 

on them, consequently being able to control and control the 3D printing process, development of a 

graphics interface to be connected to the PLC of the numerical control machine. 
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