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Abstract: The article presents an analysis of the time-
consuming, energy-consuming, and cost-consuming nature 
of 3D printing a three-dimensional polymer components 
made in two separate approaches: assembly and monolith 
structure of various materials (automatic filament change 
required). The introduction includes the definition of 3D 
printing, its advantages and examples of practical 
applications, as well as the reason for undertaking the 
researches described in the article. The justification of the 
form of 3D sample models was discussed in detail, as well 
as the methodology adopted by the authors for comparing 
the print characteristics and the steps of the printing cycles 
(print preparation, the course of the printing process and 
post-processing). A comparison of the materials 
consumption in the phasess of manual and automatic 
filament change in the mixer were also described. The test 
printout was made on the Prusa i3 MK3S printer for 
filament deposition (FDM or FFF methods). For automatic 
filament mixing, the Palette 2 Pro device was used.  The 
conclusions also include guidelines for the design and 
production of models made in one continuous printing cycle 
(using automatic filament feeding devices). Monolithic 
elements are less accurate, while elements with replaceable 
filaments are cheaper, less energy-consuming and the 
material consumption is lower. 
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1. INTRODUCTION  
 
3D printing is a production process in which three-
dimensional objects are created, most often used in 
rapid prototyping [1-3]. The advantage of 3D printing 
is the ability to create physical models of objects using 
layers of different materials to create a complete three-
dimensional object [4-7]. 3D printing has found many 
applications in production applications (including mass 
minimization, fast production, rapid prototyping, 
production and testing of prototypes and agile 
instrumentation), medical applications (bio-printing, 
making prototypes and medical devices, printing pills), 

industrial (printing of clothes, production of works of 
art and jewellery on an industrial scale, applications in 
the automotive industry, construction, development of 
prototypes and parts of firearms, production of parts 
and components of computers and robots, 
prefabrication of sensors and actuators, applications 
dedicated to space and aviation and sociocultural (art 
and jewellery production, communication techniques, 
home printing, education and research, environmental 
protection, cultural heritage, printing from special 
materials) [8-10]. 
The unquestionable advantage of the 3D printing is 
the ability to manufacture monolithic components 
with complex shapes (without the need to make 
multi-element assemblies), use many variants of 
construction materials colours and permanently 
combine certain groups of materials (with similar 
physicochemical properties) [11, 12]. 
In the initial phase of using additive methods, the 
components were printed only as three-dimensional 
monolithic structures (from one type of material). If it 
was necessary to make an assembly, the printed parts 
were joined using detachable (shaped, less often 
threaded or drilling) or non-detachable (e.g. gluing) 
connections. Due to the possible print parameters 
(including the accuracy of reproducing dimensions 
and shapes, roughness, flatness and parallelism of 
surfaces, deviations of the axis (in case of cylindrical 
components), the elements require a lot of time spent 
on processing and adjusting the mating surfaces [13]. 
At the current stage of 3D printing development, 
fabrication of monolithic parts is not a challenge. 
There are dedicated mixer solutions on the market 
that allow to automatically change the filament 
without interrupting the printing process [14]. The 
disadvantage of such solutions is the relatively long 
time of changing the filament and the large volume of 
waste generated at the stage of changing the material 
[15]. The unquestionable advantage, however, is the 
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elimination of the assembly, which also reduces the 
number of steps in the production process and 
minimizes the total time of manufacturing the 
element [16]. The article compares the values of 3D 
printing parameters (time-consuming, energy-
consuming and total cost) for the production of a 
printed element with and without automatic filament 
change (printing of assembly components) [17, 18]. 
 
2. DEVELOPMENT OF TEST SAMPLES 
 
In terms of the tests, two different approaches were 
considered: 
 monolith of various materials (automatic filament 

change required; P1 type) - made during one 
printing cycle (without change of the filament, a 
nozzle and other manual activities during printing), 

 assembly of components (P2, P3 types) - made of 
several parts made by 3D printing, while using 
well-known methodologies (Lean management, 
SMED, Poka Yoke – used to minimize the number 
of assembly errors and shortening the assembly 
time): 
 P2 - components of the assembly printed in two 

cycles (without the use of the Palette 2 Pro mixer), 
 P3 - assembly components printed in one cycle 

(using the Palette 2 Pro mixer). 
 
The adopted 3D model is a prism measuring 
40x40x24 millimetres. The concept of the modelled 
elements (tested samples) is presented in Figure 1. 
 

 
Fig. 1. Diagram of samples used for tests: a) monolithic 
(made in one cycle, with automatic filament change), b) 
composed of two elements, c) assembly method; where:  

A, B - surfaces requiring treatment before assembly 
 
In the first case (Figure 1(a)), a mixer (Palette 2 Pro by 
Mosaic Manufacturing) was used for automatic 
filament change, and the printout was made during one 
working cycle. In this way, a monolith with a variable 
colour of the geometric structure was obtained. 
In the second of the analysed cases, two separate 
approaches were used: 
 printing of two components with the use of a 

colour mixer (P2) - elements placed on the table 
made in one cycle with automatic filament 
change, 

 printing of two components in two separate cycles 
(P3). 

In order to prepare the samples, 3D models (Figure 2) 
were made in CAD software (Inventor Professional 

2017).  
The adopted constructional form of 3D models (Figure 
2) allows for a quick verification of the assumptions, 
with a simultaneous elimination of an influence of 
factors disturbing the research subject (e.g. the 
influence of supports on the printing time and the 
generation of waste, which are strongly dependent on 
the complexity of the printed model) [19-21]. 
 

 
Fig. 2 Solid models of manufactured parts: a) monolith,  

b) assembly 
 
The basic parameters used to determine the 
profitability of making a part using 3D printing 
include cost, energy and time. In connection with the 
established evaluation criteria, the following 
activities were distinguished in the process of making 
the element using 3D printing (Table 1). 
 
Table 1. List of activities in the process of making a 

finished component (x - activity necessary to be 
performed in the process) 

Step Action P1 P2 P3 
1 Preparation of the 3D model x 
2 Generating GCODE x 

3 
Preparation and calibration 

of the Palette 2 Pro 
x  x 

4 
Preparation and calibration 

of the Prusa i3 MK3S printer 
x 

5 Printing process x x x 

6 
Removing the element from 

the 3D printer table 
x 

7 Filament replacement  x  
8 Cleaning the table x 

9 
Post-processing of mating 

surfaces (mechanical 
processing with hand tools) 

 x x 

10 Assembly  x x 
 
The stages of preparation of the 3D model, post-
processing and assembly were excluded from the 
scope of the parameter comparison due to the strong 
dependence on the degree of complexity of the printed 
component or variable assembly complexity. 
However, they were indicated as steps necessary to 
make a fully functional assembly. The main focus is 
the print cycle, especially the automation of filament 
replacement. 
 
3. MATERIALS AND METHODS 
 
In order to determine the parameters influencing the 
3D printing process, tests were carried out on the test 
stand shown in Figure 3. The stand consists of: 
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 the Prusa i3 MK3S printer for filament deposition 
(FDM or FFF methods), 

 an automatic filament mixer, the Palette 2 Pro 
device enabling the use of four different filaments 
while the 3D printer nozzle remains unchanged. 

 

 
Fig. 3. View of the test stand 

 
The UltraPLA filament (Noctuo) with a variable 
colours was used for the research. 
The next step, after modelling the samples, was to 
prepare the model for the 3D printing process 
(selection of the appropriate file format, appropriate 
scaling, division into components to minimize the 
number of supports, selection of print parameters) 
[22, 23]. The prepared files (in g-code format) were 
configured with the same parameter values (Table 1) 
for all considered cases. 
 
Table 2. Basic parameters of printed parts according to the 

manufacturer's recommendations 
Parameter Value Unit 

The percentage of filling 15 % 
Table temperature 60 oC 
Head temperature 210 
Stroke print speed 45 mm/s 
Fill printing speed 80 mm/s 

Layer height 0.15 mm 
The height of the first layer 0.20 mm 

 
Prepared configuration files were uploaded to 
memory and printer, test prints were made (in the 

provided variants). In the P1 and P3 variants, 
additional waste were created due to the automatic 
filament change (Figure 4).  
In the case of an object consisting of parts, the 
surface after printing was machined (external 
surfaces of pins and contact surfaces, Figure 1(c)) due 
to adjusting the dimensions of the elements required 
for proper assembly. 
 

 
Fig. 4. View of the printer table after the completed 3D 

printing process using the Palette 2 Pro mixer 
 
As regards post-production activities, the stage of 
external surface treatment of printed elements was 
omitted. The effect of manual finishing is presented 
in Figure 5(a).  
 

 
Fig. 5. View: a) parts after manual finishing, b) assembly 

of components 
 
After processing, the elements were assembled 
(Figure 5(b)). In order to eliminate assembly errors, 
the variability of the geometrical dimensions of the 
pins was used in accordance with the Poka-Yoke 
methodology, which enables the assembly to be 
performed in one possible way [24-27]. The assembly 
shows a slight shift of the side surfaces of the 
assembly components (Figure 5(b)), which is due to 
the inaccuracy of the method. 
The description of the P1 type element has been 
omitted due to the simplicity of the course of action 
and the significant similarity to the presented variant. 
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4. RESULTS AND DISSCUSIONS 
 
In the field of research, the following process 
parameters were analysed: 

 total printing time of elements - defined as the 
time counted from the moment of starting the 
3D printer until the end of the printing process 
(in the case of assembled type, the sum of the 
times of execution of two components was 
assumed), 

 total material consumption - in the scope of 
one printing cycle (in the case of assembly, the 
sum of the production times of two 
components was assumed), 

 energy consumption - resulting from the 
operation of the test stand, 

 time-consuming - covering all activities 
indicated in Table 1 (excluding the time 
required for model preparation, post-
processing and assembly). 

In the case of P2, P3 variants the values of the total 
printing time and the total material consumption were 
taken as the sum of the execution times of all 
components of the assembly. 
Figure 6 shows a comparison of the times of 
individual activities (Table 1) in relation to the three 
analysed variants P1, P2 and P3. 
 

 
Fig. 6. Time-consumption diagram (numbering of 

activities in accordance with Table 1) 
 
The values of the preparation and calibration times of 
the test stand in both cases assume similar values. 
However, the time-consuming process of 3D printing 
with the use of a mixer is much greater. 
This condition results from the necessity to clean the 
nozzle of filament, and to make a waste. 
Parts made with the use of the Palette 2 Pro device 
additionally require longer machining due to the 
lower precision of the dimensional values (in 
particular the diameter of the connecting pins) related 
to the mixing process and the use of other software 
(Slicer) to generate the GCODE [28- 31]. 
Consecutively, the material consumption was 
determined during one printing cycle (Figure 7). 
The analysis shows that the printing of elements with 
the use of the device requires the use of more material 

(33.3 m) than using only a 3D printer (6.09 m). 
 

 
Fig. 7. Material consumption chart 

 
The reason for this is the automatic replacement of 
the filament, resulting in the formation of a large 
amount of waste (Figure 4). 
The conducted research also allowed to determine the 
energy consumption of the production cycles of 
individual elements, Figure 8). 
 

 
Fig. 8. Graph of energy consumption 

 
The cost of the material of printing a spatial detail 
made of plastic made in two separate approaches, 
assuming the cost of: 

 filament (Table 3), 
 electricity of the printer (assembly of P2 

type), printer and mixer (P1, P3 types). 
 
Table 3. Costs of the material used 

Name of the element 
P1 P2 P3 

Cost [EUR] 
Printout of a monolithic 

element 
0.55 - - 

Element with holes - 0.26 0.26 
Element with protrusions - 0.29 0.29 
Waste from a 3D printer - 0.03 - 
Waste from Palette 2 Pro 2.09 - 2.44 

Sum: 2.64 0.58 2.99 
 
Table 4 shows the costs of electricity for the 
components of the configured test stand. P3 is the 
most expensive to produce. It costs 0.12 [eur]. The 
cheapest is P2. The cost of production of this element 
is 0.02 [eur]. 
Additionally, the mass of the printed elements was 
measured in order to compare the material 
consumption more precisely. 
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Table. 4. Costs of electricity consumption 

Name of the element 
P1 P2 P3 

Cost [EUR] 
Prusa i3 MK3S printer 0.01 0.02 0.06 

Palette 2 Pro device 0.04 - 0.06 
Sum: 0.05 0.02 0.12 

 
The measurement results are presented in Table 5. 
 
Table 5. The weight of individual items or the assembly 

Name of the element 
P1 P2 P3 

Weight [g] 
Print out of a monolithic 

element 
18 - - 

Element with holes - 9 9 
Element with protrusions - 10 10 
Waste from a 3D printer - 1 - 
Waste from Palette 2 Pro 64 - 83 

Sum: 82 20 102 
 
The analysis of the parameters listed in Table 5 
shows that: 

 the part made of monolith is lighter than those 
made in separate parts, 

 the largest waste is generated with the P3 trial, 
which generates an additional cost. 

Another solution is to make a series of items using 
the Palette 2 Pro. The advantage of this solution is a 
better possibility of planning the production process 
(Figure 9). The production price of one item is also 
reduced. The basic limitation, however, is the overall 
dimensions of the table, which determine the 
maximum number of elements produced in one cycle. 
 

 
Fig. 9. Slicer menu showing the production of a series of 

40 monolithic parts (the P1 type) 
 
It is worth mentioning that in the case of the P1 type 
element, a different orientation (Figure 9) of the 
model was used than in the case of the P3 element 
printout. The proposed setting reduced the volume of 
waste, but the volume is still not acceptable from an 
economic point of view. 
 
5. CONCLUSIONS 
 
An element made in the form of a monolith (during 
one cycle) is characterized by a lower accuracy of the 
printout. This is due to the Slicer used and the 
material (filament) replacement process. The cost, 

energy, time and material consumption in the case of 
printing cycles with automatic filament replacement 
are greater than in the case of making elements with 
the use of a 3D printer alone [32].  
At this stage of the research, it can be concluded that 
the printout with automatic filament change has the 
following advantages: 

 minimization of design activities when making 
a 3D model, as there is no need to design 
connections, 

 elimination of the time of pre-processing 
activities (uploading the model, setting printer 
parameters, calibration, etc., in relation to 
individual components of the assembly), 

 elimination of assembly activities, and thus the 
post-processing of fastener elements, 

 avoidance of dimensional inaccuracies caused 
by assembly. 

The biggest disadvantage of prints with automatic 
filament change is the volume of waste (and thus the 
cost and time) of the printout. In the case of the 
existing configuration of the station, there is no 
possibility of a significant reduction the waste 
generated during the 3D printing process [33, 34]. 
The next planned research step is to check the impact 
of the printing parameters settings (i.e. the percentage 
and shape of the filling, the degree of geometry 
complexity and the material used) and the dimensions 
of the printed element on the volume of waste. 
The process of 3D printing by making parts with the 
help of a device for making multi-colour elements 
always produces waste. Exist possibility of minimal 
impact on the amount of the waste by arranging the 
printed element in an optimal way. The P3 element is 
the most material-consuming to manufacture. This 
parameter results from the generated waste. The 
cheapest material is P2, because there is no waste in 
these elements. The same is true for 3D printing time. 
Research on this issue should be continued. 
Further research should be continued using other 
materials and the geometry of the sample. The 
execution of elements with complex geometry using 
four filaments at the same time should be also tested. 
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