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Abstract

:

Future trends in maritime technology include the application of additive technology in spare parts management. Nowadays, 3D printing has become an integral technology in many fields. Maritime industry is one of the fields where 3D printing has become a focus of research. To prepare Electro-technical Officers (ETOs) for the future, it is necessary to investigate parameters which help with deciding whether to use additive technology or to order a spare part. This paper aims to research parameters influencing spare parts printing as a job carried out by ETOs aboard ships. Conclusions about the filament density and quality of the printed parts are derived and presented. Suggestions for future work and possible applications are given.






Keywords:


additive manufacturing; infill density; printing time; material’s length; marine electrical engineering; spare parts management; material dielectric property












1. Introduction


At the beginning of the 21st century, huge technological advance involving new materials, new chips, smaller processor dimensions, and new mechatronics have occurred. These changes included new educational techniques [1], which have been taken very seriously in militaries [2]. Such advances are the main reason for the development of 3D printing technology and its uses in maritime applications. Lately, additive printing has been considered for maritime applications such as for ships [3,4], off-shore objects and buildings, lighthouses, etc. It is considered to be a new advanced technology. Some or all changeable parts could be printed and assembled instead of being stockpiled at a warehouse, since the spare parts occupy valuable space that could be used for other purposes. This technology is also considered to be an important part of the future due to its role facilitating green ships [5]. Green energy is within the scope of many papers, and 3D printing technology is used to conduct experiments in this field [6]. Applying additive technologies is a problem in the supply chain and imposes transportation costs [7,8]. For example, spare parts at times need to be delivered to remote and distant areas. Some of these areas are not well-connected islands, which makes delivery costs unacceptably high. Hence, it makes sense to have 3D printers at these sites. It is well known that the Port of Rotterdam plans to implement 3D metal printers in the near future, and it has been reported that the pilot project is already finished [9,10]. The so-called “Fieldlab” will be located in the Innovation Dock at Rotterdam’s port, and it will use 3D printers with a metal wire [9]. A metal wire is important to the maritime industry because it one of the main materials used by fleets, and research in this area enables future progress. Some interesting research in this field are [11,12], where Cu-Al and Al-Zn-Mg alloys were used. While [11] uses wire-arc additive manufacturing, some other methods are powder-based, like selective laser melting and laser metal deposition or cold metal transfer [12]. Reference [9] shows that the maritime sector has accepts initiatives in these areas in the field [13]. Also, AP Möller-Maersk Group has implemented 3D printing on tankers, and feedback from the crew was obtained. Reference [14] examined the 3D printed propeller’s quality to see if it is possible to use it reliably. The printed model’s strengths and weaknesses are shown. The application area of the presented paper is in the design phase of the shipbuilding process. Other materials are also useful in the maritime industry, such as composites, polymers, and silicone due to the diversity of materials necessary to construct a ship. Interesting research was published in [15], which presents 3D printed composite materials and properties in the case of interlaminar fractures, which can also be found on board. Mechanical properties were compared. This was performed using the extrusion technique, which was also used for the current paper. The tensile strength of polymer materials was also researched in [16], where a percentage of specimen mass was related to the stress. Mechanical characteristics were also investigated in [17] for silicon-based materials. However, this article also contains a Weibull analysis of failure and reliability, which is important in maintenance applications and for considering the life cycle.



A few navies have implemented 3D printing technology at sea on several ships since 2014. A scenario of 3D printing near the point of demand is considered in [18], where an impact of 3D spare parts being printed for a supply chain is considered. Acceptance in the maritime industry is studied in [19]. Benefits of such a scenario are presented as better response times, reducing inventory (as there is no need to stockpile spare parts), and transportation cost reductions [19]. The influence of 3D printing on ship systems’ availability has been considered, where the Markov model was used for calculations [20]. The top 10 printing applications for the maritime sector are presented in [21], including printing prototypes, 3D printing of spare parts, 3D printed yachts, navy drones printing, and printing current turbines. Researchers have seriously considered 3D printing for other maritime affairs [22], including for various applications in oceanography [23]. Also, it has to be stated that 3D printing’s influence on spare parts management is considered in [24], where maintenance implications are discussed, as well as reliability and cost outsets, and production structure. This includes the reduction of the assemblies’ number by merging components through AM (Additive Manufacturing). Social implications are covered by [25]. The usage of 3D scanners is considered in [26] to scan and print necessary parts. Two prototype boats were measured using a 3D scanner, and close-range photogrammetry was used for benchmarking purposes. Quantitative analysis results were verified to improve the accuracy of terrestrial laser scanner measurements. The developed calibration method is expected to be valuable for the shipbuilding industry.



A STEM learning environment for mariners is presented in [27], where a 3D printing-centered approach was used to stimulate the innovative thinking of marine engineers, e.g., Electro-technical Officers (ETOs). Additive manufacturing has also been investigated further for applications in maritime areas. For example, additive manufacturing of miniature marine structures for crashworthiness verification is presented in [28]. Mechanical characteristics have been tested such as stress-strain curves of AM stainless steel 316L obtained from specimens with different thicknesses, using high and low strain rate tension tests [28]. Modeling necessary parts has been studied using soft actuators [29] and components for robotics [30]. However, most of these papers can be related to marine engineering or shipbuilding, not to marine electrical engineering.



Work in [31] showed that it is possible to print some specific spare parts from currently available technology. Research in [32] investigated the electrical and thermal properties of 3D printed materials and showed that it is a very interesting research field.



These examples show how close the implementation of additive technology is in the maritime sector. This paper aims to research dependencies between printing time, material lengths, and infill density as a part of the automation engineer’s daily ship maintenance. To our best knowledge, such a research topic has not been published yet. Related, but not the same research is presented in [33]. Researchers investigated the influence of infill density (ID) on the microstructure and flexural behavior of 3D printed parts by conducting the three-pointing test. Other research was provided in [34], where 3D printed part’s strength was a function of infill patterns, rather than of infill density like in our research. By learning about infill density and printing time dependencies, one could estimate functions to calculate what is optimal to do in industry (traffic, maritime) situations. In the case of a ship’s part failure, the main variable is time needed to replace the damaged part. If we choose to 3D print this part, then this is directly related to the printing time. This is considered as a tool in ship’s maintenance used by ETO. The paper investigates the increase of printing time with infill density and material length as a function of one and two variables, which are regression and multiple regression hypotheses. Our research has been conducted on plastic materials as a framework for other materials. In some emergencies, 3D printed plastic replacements could be sufficient for a short period, and they are cost-effective.



The paper is organized as follows. The Introduction section reviews references and motivation for the research. The second section describes the experimental settings and uses mathematical calculations to analyze the results. The third section presents statistical analysis of the results and discussion. Finally, conclusions are given.




2. Methods and Experimental Settings


Once 3D printing becomes standard aboard ships, the mariners will face a trade-off between printing speed and other properties, such as the infill density. So, the task is to test and learn how infill density influences the printing speed. Furthermore, it should be possible to calculate whether there is enough material (length) to print a necessary spare part.



An Ultimaker S5 device model has been chosen as a device that is used in the experiments. The chosen 3D printer can use PLA (Polylactic acid) or ABS (Acrylonitrile Butadiene Styrene) types of filament as working pieces. The characteristics of the Ultimaker S5 device are:




	
a satisfactory precision of the print layout,



	
a dual extrusion for the filament (two would be better),



	
a auto-leveling heated bed (no need for additional heaters),



	
a supported standard STL (Standard Tessellation Language) files, and



	
a communication to the computer by a USB port, which is standard nowadays.








The CAD (Computer-Aided Design) programs used to draw the model and to export into STL format were Autodesk Inventor Professional 2015 and 123D Design [35], which are free and on-line available programs that are simpler for use and smaller in size on a hard disk.



The research aim was to determine relations between the printing time, infill density, and material spent on printing. Figure 1a,b shows an example of the printed model parts with two infill densities. Figure 1c shows an example of printing when a design is not well adopted (software created the bridge to support the construction).




3. Results


The next investigated task was to determine the relationship between the required filament, infill density, and printing time. Instead of printing the model with all filament settings, we used actual software to simulate printing, which meant that everything was performed as in printing except for the last stage (actual printer operation). Simulated infill densities were: 10%, 20%, 30%, 35%, 40%, 50%, 60%, 70%, 80%, 90%, and 99%. Results are shown in Figure 2. Figure 2 shows an interpolation line between the simulated points. It can be seen that the greatest distance from the interpolation line (see Figure 2) occurs at high infill densities. As can be seen from Figure 2, there was no significant change in printing time versus infill density, which is surprising. On the other hand, the filament required for printing increased with the infill density. This was expected because a denser infill means that more material is necessary. To establish some relations and obtain conclusions for the printing process, the following measurements were taken. Firstly, infill density was measured as a function of printing time. Simultaneously, filament usage, i.e., material spent, was also measured as a printing time function.



3.1. Relationships between Infill Density, Printing Time, and Material’s Length


To draw a relationship between infill densities vs. printing time and material’s length vs. printing time, the least-squares method (LSM) was applied [36].



If the system is overdetermined, i.e., it has more equations than unknowns, then the LSM can be employed. In this case, nine points of the printing time have been used to obtain the values for infill densities and filament usage variables (see Figure 2). In a mathematical sense, we used a data set from two-dimensional vector space, R2, where it was assumed that yi = f(xi) where i = 1, 2, 3, …, 9. Figure 2 shows 2D plots of infill density vs. printing time, the material’s length vs. printing time, and the material’s length vs. infill density. Figure 2 shows that data do not lie on the line, otherwise data fitting must be employed. To get the best approximation, the sums of squared differences between data values and their corresponding modeled values must be minimized. If we assume linear dependence, then


  y =  α 1  × x +  α 0   



(1)




where y and x are measured parameters and α1 and α0 unknown parameters. If we substitute y and x with infill densities and printing time, and filament length and printing time, the squared difference can be defined as:


   e i  =  [   y i  − (  α 1  ×  x i  +  α 0  )  ]   



(2)




where i = 1, 2, 3, …, 9. So, the sum of squared differences between data values or the sum of squared errors is then defined as:


  S (  α 1  ,  α 2  ) =   ∑  i = 1  9    e i 2  =     ∑  i = 1  9      [   y i  − (  α 1  ×  x i  +  α 0  )  ]   2     



(3)




where yi and xi are measured, and α0 and α1 are unknown parameters. The Least Square Criteria (LSC) is used for minimization, where the sum of squared error (SRR) is minimized.




3.2. Dielectric Property Measurements


This experiment’s scope was to investigate changes in the relative dielectric constant based on infill pattern and density. The relative dielectric constant was measured with a method of parallel capacitors, and it was performed with L-C Meter HM8018.



To calculate the relative dielectric constant value, Equation (4) was used [37]:


   ε r  =   C d    ε 0  A    



(4)




where C is the measured sample capacity, A contact surface (here was 0.001963 [m2]), absolute dielectric constant (8.8541878176 × 10−12 F/m), and sample thickness.



Figure 3 shows the results of the experiments for PLA and ABS filaments. Three types of infill patterns were used (square, triangle, and gyroid).



From Figure 3, it can be seen that the relative dielectric constant increases with the increasing infill density, regardless of the infill pattern. Therefore, it can be observed that the infill pattern is a function of the relative dielectric constant. Furthermore, PLA is more sensitive to changes in patterns than ABS, which can be concluded due to the better focus of three lines in Figure 3b than in Figure 3a.





4. Statistical Analysis and Discussion


The previous section introduced experimental results, which must be evaluated. In order to check the credibility of data and conclusions, statistical analysis was performed. There are three parameters, therefore the correlation between them was calculated. The results are presented in Table 1.



From Table 1, it can be seen there are strong correlations between the variables. The correlation coefficient between the infill density and the material length was almost one (0.9975). Such a strong correlation coefficient could imply that the data from the variables come from the same source. The table shows that the hypothesized independent variables (the infill density and material length) have strong correlations (0.8219 and 0.8517, respectively) with the dependent variable, the printing time. Such strong correlations imply that the independent variables, the infill density, and the material length could form suitable regression analysis bases. Next, to check the observed variables’ hidden correlations, an ANOVA test was performed, as shown in Table 2.



Table 2 shows there were no hidden correlations between the observed variables, which implies that all of the variables did not come from the same source. From the table, F = 26,288.2, Fcrit = 3.4028, and p < 0.001. Furthermore, two separate t-tests were performed between the independent and dependent variables to test the variabilities of the data statistically. If the t-test is performed between the printing time and infill densities, the following values can be obtained: T = 1509.116, tcrit(one-tail) = 1.8595, tcrit(two-tails) = 2.306, p(one-tail) = 2.08 × 10−23, and p(two-tail) = 4.16 × 10−23. From the performed analysis, it can be seen that the variability between data is statistically significant. Also, if the second t-test analysis is performed, i.e., between the printing time and material length variables, the following values are obtained: T=107.77, tcrit(one-tail) = 1.859, tcrit(two-tail) = 2.306, p(one-tail) = 3.07 × 10−14, and p(two-tail) = 6.14 × 10−14. From the performed analysis, it can be concluded that the variability between data is also statistically significant, as in the previous case. Since there are no hidden correlations between the dependent and independent variables, there is significant variability between data, and there are strong correlations between the printing time and independent variables, the multiple regression analysis is performed. Equation (5) shows the dependence between the dependent variable printing time as a function of the infill densities and material length:


tp = 499.068 − 37.493 × ID + 0.902 × Lm,



(5)




where tp is the printing time, ID denotes the infill density, and Lm denotes the material’s length.



From Equation (5), it can be seen the variable ID has a negative coefficient, while the variable Lm has a positive coefficient (see again t 2). Also, the variable ID has a stronger influence than the variable Lm. Furthermore, to determine how much data can be explained with Equation (5), the coefficient of determination (r2), and the adjusted coefficient of determination (adj r2) metrics were calculated. From data r2 = 0.8795 and adj r2 is equal to 0.8394, it can be concluded that 87.95% or 83.94% (if the number of samples is taken into account) can be explained using Equation (5). Next, an ANOVA test performed on regression shows F = 21.907, which corresponds with p = 0.00174. It can be concluded that the multiple regression Equation (5) has significant explanatory power. Further, if the t-test is performed on coefficients of Equation (5), the following values are obtained; for the variable ID, T = −2.7707 which corresponds with p = 0.0323, and for the variable Lm, T = 3.1878, which corresponds with p = 0.01888. From the obtained values, it can be seen that both variables have a significant p-value, which supports the previous conclusion about the explanatory power of Equation (5).



From the performed analysis, it can be concluded that the printing time of the 3D-printer depends on both variables, i.e., ID and Lm.



To validate the derived equation’s explanatory power, Equation (5) was assessed using the following analysis. First, the variable printing time was presented as a function of the variable infill densities, and then the printing time was given as a function of the variable material densities. Then, the statistical analysis was performed, and the results were compared with Equation (5), and the appropriate conclusions were drawn.



If the regression analysis was performed with printing time as a function of infill densities, then Equation (6) is obtained:


tp = 865.638 + 5.833 × ID.



(6)







Equation (6) is illustrated by Figure 2. Performing an ANOVA analysis, F = 14.575, which corresponds with p = 0.0065, r2 = 0.6755, and adj r2 = 0.6292. From the calculated statistics, it can be seen that the explanatory power of Equation (6) is only 67.55% or 62.92% (if the number of samples is taken into account). From the p-value, it can be concluded that Equation (6) has statistically significant explanatory power. Further, performing t-test on Equation (6) coefficients shows that T = 3.817 corresponds with p = 0.0065. If a similar analysis is performed with printing time as a function of material length, Equation (7) is obtained:


tp = 816.775 + 0.12 × Lm.



(7)







This is illustrated by Figure 2. Performing the same methods as in previous cases, the following values are obtained: F = 18.496, which corresponds with p = 0.003, r2 = 0.7254, and adj r2 = 0.6862. Considering all of the statistical values, the equation’s explanatory power is 72.54%, which is better than for Equation (6). The p-value shows statistical significance, and when performing the t-test, the value T = 4.3 is obtained, which corresponds with p = 0.0035.



Comparing all three equations, i.e., (5), (6), and (7), it can be concluded that the printing time as a function of the infill densities and material length variables has the best explanatory power regarding the other two, as can be seen from Table 3.




5. Conclusions


It is shown that there is no significant change in the printing time vs. the infill density at rates of up to 90%. Further investigations should be performed for infill densities of 90-100%. Hence, if the mechanical and electrical characteristics are satisfied, there should be no obstacles to using 3D printed spare parts aboard ships.



Further research should be used to find a minimum infill density that satisfies electrical and mechanical characteristics necessary for spare parts. Furthermore, from derived results, the infill density is linearly proportional to the material’s length and infill density, which is not often the case. However, multiple regression is the best way to calculate how much time is needed to print a spare part in this case. Signal analysis practice often results in better metrics for single regression than for multiple regression. In this case, ANOVA provided the proof that there are no hidden correlations between independent variables, which resulted in better metrics for multiple regression. Hence, the printing time is better evaluated by taking into account dependencies with both the infill density and the material’s length.



An interesting topic for further research is the influence of an actual ship’s conditions on the 3D printing process. Namely, a ship faces many vibrations and disturbances, such as waves, winds, sway, yaw, roll, etc. How would a 3D printer be able to compensate for such vibrations and displacements? It is notable that 3D printers have vibration dampeners, but these are suitable for printer-made vibrations, not environmental ones.
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Figure 1. (a) Printed engine part with an infill density of 20%, (b) the same engine part as at (a) with infill density of 30%, (c) a bridge that was printed by the software, the authors did not design this. 
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Figure 2. 2D plots of: (a) infill density vs. printing time, (b) material’s length vs. printing time, (c) infill density vs. the material’s length. Circles are experimental results and full line is the interpolation line. 
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Figure 3. Results of relative dielectric constant measurements with various infill densities: (a) PLA filament, (b) ABS filament. 
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Table 1. Correlation between parameters.
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	Printing Time
	Infill Density
	Material’s Length





	Printing time
	1
	
	



	Infill density
	0.8219
	1
	



	The Material’s length
	0.8517
	0.9975
	1
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Table 2. An ANOVA analysis between the three observed variables.
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	Source of Variation
	F
	p-Value
	Fcrit





	Between Groups
	26228.2
	   8.37 ×   10   − 41     
	3.402826
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Table 3. Comparison of test parameters for regression and multiple regression.






Table 3. Comparison of test parameters for regression and multiple regression.





	Regression Type
	T
	F
	P
	r2
	adj r2





	tp = f(ID)
	3.817
	14.575
	0.0065
	0.6755
	0.6292



	tp = f(Lm)
	4.3
	18.496
	0.003
	0.7254
	0.6862



	tp = f(ID, Lm)
	N/A *
	21.907 **
	0.00174
	0.8795
	0.8394







* available in text for separate variables. ** this is total F. Separate Fs are in the text.
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