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Abstract

:

The peculiarity of additive manufacturing is that steps are formed on the product surface resulting from the layered building. The steps’ dimensions are determined by the deviations of the real surface from its correct shape specified by 3D model of the product. The orientation of the 3D model of the product in the workspace of the additive machine and the building step are the main factors determining the sizes of the steps. The article presents the results of a statistical analysis of deviations from the correct shape of the product surface obtained by additive manufacturing and based on a 3D model. Industrial products with varying surface complexity were selected as test 3D models. These 3D models were studied in a variety of orientation options in the workspace of the additive machine. Slicing 3D models were used to form a set of layers according to strategies, with a constant and variable step. The obtained results of the statistical analysis allow scientifically substantiated assessment of the efficiency of the joint solution of optimization tasks to determine the slicing parameters and rational orientation of the product in the workspace of an additive machine, depending on its complexity.
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1. Introduction


Despite intensive development of additive manufacturing (AM), efficiency is at a low level in terms of the resulting surface quality, productivity, and production cost [1]. One of the explanations for this is the peculiarities of shaping layer-by-layer building and the complexity of solving optimization problems of technological process planning for additive manufacturing.



One of the main optimization tasks for AM processes’ planning is the orientation of the 3D model of the product, and its placement in the workspace of additive machines, followed by its layered slicing [2]. In solving these problems, the effectiveness of AM processes is quite significantly determined. For example, the number of layers affects the product build time. The accuracy of layered shaping is mainly determined by the layer thickness and the orientation of the surface, which is set upon placement in the workspace [3,4].




2. Literature Review


An overview of AM processing of various materials in various fields of application is presented in papers [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26]. Scientific research focuses on the following issues: rational choice of AM technology [14,17]; process design and 3D modelling [15,18]; hybrid technology [10,16]; AM for biomedical applications [13]; characteristic microstructures and properties of AM materials [5,6,7,8,9,10,11,17]; surface roughness and defects [12]; and manufacturing accuracy [26].



The problem of expanding the diversity of AM materials and their physical and mechanical properties is the most popular issue in publications [5,6,7,8,9,10,11,12,13,14,17]. Particular attention is paid in scientific publications to the following materials: shape memory alloys [5], metals [6,7,8,9,10,11,12,13,14,19], ceramics [8], ceramic-reinforced metal matrix composites [20], high entropy alloys [21], polymeric composites and nanocomposites [22]; functionally graded materials [23], flexible filament materials [24]; and multiple materials [25].



The main problem of AM processes’ planning is that it is customary to consistently perform the optimization tasks of technological preparation. Examples of mathematical modelling of process parameters during machining with the help of RSM are shown in publications [27,28].



Orientation of the 3D model of product in the workspace significantly affects most of the factors of the AM process. However, the choice of optimization criterion essentially depends on the AM technology used. For example, for SLA, SLM, and FDM technologies, the choice of orientation option is carried out taking into account the most important factors, such as minimizing the time of layer-by-layer construction and the volume of auxiliary structures (supports).



In well-known works [3,29,30], the task of the rational orientation of product in the workspace of the layered building is performed, taking into account the selected one or several factors [29].



The analysis of known works made it possible to single out the following main factors based on which the choice of product orientation is performed:




	-

	
surface roughness parameters [3];




	-

	
characteristics of surface quality, construction, complexity, and volume of support structures for overhanging surfaces [31,32];




	-

	
number of layers [33,34];




	-

	
product height along the Z-axis [35,36];




	-

	
area of the surfaces adjacent to supporting structures (area of triangulation model faces with the normal coefficient along the Z-axis—NZ < 0 or NZ < NZcr, where NZcr is a critical value that determines the surfaces for which support is needed) [35];




	-

	
surface error (area of faces with normal not perpendicular and not parallel to the Z-axis, that is |NZ| ≠ 1 и NZ ≠ 0 [33,34], the area of faces with normal |NZ| = 1 и NZ = 0 [37], the difference in volume between initial 3D model and finished product [35]);




	-

	
optimal placement (dense placement of several products) in the building workspace [38,39].









The study of multicriteria optimization in determining the rational orientation was carried out in many works [4,31].



Slicing strategies are available with a constant and variable step of layered building. The variable step is determined, taking into account the specified criterion by analysing the 3D model in the current layer.



The usual slicing strategy is carried out with a constant step, that is, with the same thickness of all layers [40]. This approach does not take into account the peculiarities of product geometry and, therefore, leads to a decrease in manufacturing accuracy. Adaptive strategies based on the use of variable steps are being developed to eliminate this drawback [41].



Analysis of known works made it possible to identify the following approaches to implementing strategies for 3D model slicing:




	-

	
uniform slicing by a set of planes of product STL-file (polygonal model) using piecewise linear curves to describe the section contour [42,43];




	-

	
adaptive slicing STL-file using piecewise linear curves to describe the section contour [44,45];




	-

	
adaptive slicing CAD model with subsequent use of piecewise linear approximation of the contour [46,47,48,49,50]; and




	-

	
uniform or adaptive slicing CAD model with an accurate or approximate analytical description of the contour by curved lines [51,52,53].









The work [54] presents a comparative analysis of known methods of adaptive slicing of 3D models in terms of build time, volumetric error, and visual assessment of surface quality.



Improvement of adaptive slicing is performed using step-by-step correction, taking into account surfaces parallel to the XY-plane [45,55] and local application of adaptive slicing [56], and indicating non-uniform requirements for Ra for product surfaces [57]. The work [58] proposes an adaptive slicing based on a tree-like cluster analysis (k-d tree) with a determination of deviations from the correct shape and volumetric error.



Variable step hi for adaptive slicing is determined, taking into account the following characteristics:




	-

	
protrusion height or depression depth, which is formed on the product surface as a result of step effect [41,59,60,61,62];




	-

	
relative difference in the areas of adjacent sections [63];




	-

	
parameters of surface roughness Ra [3,64,65];




	-

	
error consisting of two components of deviation of product surfaces from the CAD model (vertical or horizontal deviations determined by steps size on the surface) [66];




	-

	
volumetric error of product [67]; and




	-

	
octree structure on the distribution of product material in space [68].









In the process of evaluating characteristics of the resulting surface, its profile is considered in the form of steps [41,59,60,61,62] or the form of radius sections [69].



Taking into account the possibility of applying general criteria for evaluating the effectiveness for rational orientation of a product and the parameters of its slicing, it seems expedient to combine the performance of these tasks [2]. In this case, it becomes possible to determine previously undetected areas of optimal values of process characteristics of a layered building.



It is likely that, based on data of the statistical distribution of build step and shaping error (correct shape deviations), it is possible to combine the tasks with the position of ensuring the productivity of AM-process and the resulting surface quality. It is taken into account that in the case of adaptive slicing, the distribution of inclination angles of surface normal relative to Z-axis has a decisive influence on building step statistical characteristics, separate from the building layers; this can also be considered a studied feature.



The following hypothesis is considered: a combination of two optimization tasks of technological preparation (product orientation and its layered slicing) will increase the efficiency of AM processes in this work. Statistical analysis of 3D model characteristics of dissection, such as build step and deviations from the correct surface shape, will make it possible to scientifically select the orientation of the product and the parameters of its layered slicing to ensure the specified accuracy of surfaces and reduce the build time of the product.



The purpose of the article is to reveal the influence of product orientation and the parameters of its adaptive slicing on the shaping error by means of statistical analysis of deviations from the correct shape of the resulting surface, using the example of a group of 3D models of industrial products which vary in surface complexity to substantiate the effectiveness of combining optimization problems of technological preparation.




3. Research Methods


The research was carried out in a system of technological preparation of complex products’ materialization by additive manufacturing, developed at the Department of Integrated Engineering Technologies, NTU “Kharkiv Polytechnic Institute”. This system makes it possible to assess the manufacturability of design and the effectiveness of solving the tasks of technological preparation, based on a statistical analysis of the studied features of the polygonal, voxel, and layered 3D model of product. To solve this problem, a subsystem of statistical layered analysis has been improved. An illustration of the subsystem with visualization of the distribution of the studied features of build layers is shown in Figure 1.



The developed subsystem provides the user with the following basic capabilities:




	-

	
creating a set of layers with 2D sections based on a polygonal 3D model of the product (STL-file) according to a given building strategy (with a constant or variable step);




	-

	
visualization of product section contour for the current layer;




	-

	
statistical analysis and construction of histograms of studied features distribution;




	-

	
determination of the main statistical characteristics of studied features, which are displayed in a single table for all layers;




	-

	
output of a visualization form of analysis results in the form of density, integral probability function or dependence on the coordinates of layers along the Z-axis.









The transition from the original triangulated 3D model product to a set of layers was carried out according to procedures that were developed taking into account existing works [44,45,47,61], implementing strategies with a constant and variable step of slicing.



Slicing with a constant step was performed at hi = 0.1 mm. Adaptive slicing with variable, with steps in the range of hi ∈ [0.1, 0.3] mm. Building steps for adaptive slicing were determined, taking into account the permissible (maximum) error of layered shaping ΔS = 0.1 mm (which arises as a result of stepped effect on the surface) based on the following constraints [36]:


   h i  =      h  min   ,    h  i C   <  h  min        h  i C   ,        h  min   <  h  i C   <  h  max        h  max   ,    h  max   <  h  i C       ,  



(1)




where hiC is the calculated value of building step,    h  i C   =    Δ S   /  cos  φ  N Z min      ;    φ  N Z min     is the minimum angle between Z axis and normals of the faces in current layer; and hmin, hmax are the acceptable range of the variable step, minimum (hmin = 0.1 mm) and maximum (hmax = 0.3 mm).



The study of the possibilities of statistical analysis of the characteristics of the layered building was performed using products with complex surfaces. Four of these products are presented in Figure 2.




4. Results


The research consisted of several stages. At the first stage, a set of models with different orientations in the workspace was created. Transformation of the coordinate system of 3D model was carried out by rotating around the X and Y axes [70]. Rotational angles αx, αy ∈ [0°, 180°) were set with a discreteness of 30°. As a result, the set contained 36 models with different orientations. At the second stage, by 3D model slicing according to strategy with a constant or variable step, a set of layers was obtained for each variant of product orientation. At the third stage, we performed a statistical distribution analysis of the values of the following research characteristics of the sets of layers: the building step hi (only for adaptive slicing with a variable step) and deviations from the correct form of surfaces ΔSi. Standard indicators [36] were also considered: the building height HBuild, height of gravity centre of the product HC, and the number of layers Nl. Table 1 shows the results of statistical analysis of research characteristics for all orientations of test 3D models (see Figure 2).



Based on the results of model research (Table 1), particular patterns have been identified which are determined by the design features of certain product. This situation requires preliminary analysis for each 3D model that is undergoing technological preparation for additive manufacturing. For some technologies, the number of layers is the main characteristic that determines the production time. For example, for SLS technology, construction time Twork does not particularly depend on the cross-sectional area; therefore, dependence Twork = f(Nl) is approximately linear, regardless of the selected slicing strategy (with a constant or variable building step) [36].



Figure 3 shows the graphs of revealed dependences of the number of building layers Nl on the angles αx, αy of rotation of the 3D model (see Figure 2c) around the coordinate X and Y axes. Dependences Nl = f(αx, αy) were considered for two strategies: 3D model slicing with a constant (Figure 3a) and with a variable (Figure 3b) step. When building with a constant step, the number of layers Nl is determined by the ratio of the building height HBuild to the step hi (layer thickness). For a strategy with a variable step, the number of layers Nl is determined by the HBuild and geometric complexity of product, taking into account dependence (1).



Model data (Figure 3) show that the strategy with variable building step, determined by dependence (1), makes it possible to reduce the number of layers by 8–29% depending on the product orientation. Thus, the scientific hypothesis put forward about the need to combine two optimization tasks—model orientation and adaptive slicing—is confirmed.



Comparative analysis of distributions of the studied characteristics is quite informative when using box-and-whisker plots. Such charts show information on the quartiles of the studied values’ distribution. Comparison of several variants of slicing for test models on one diagram (Figure 4) expands the possibilities of visual analysis.



The general results obtained (see Figure 4) comparing slicing strategies with a constant and variable step show a clear advantage of adaptive slicing. The most successful building is the first product (Figure 2a), which allows us to reduce the number of layers depending on selected orientation by 7.3 ÷ 53.5% (an arithmetic mean value of 16.0%). The fourth product (Figure 2d), which has complex surfaces and a slightly different build height for orientation options, belongs to the least successful building (see Table 1). For this product, both tasks—rational orientation and slicing—are not relevant, since they do not allow us to significantly reduce the number of layers. The decrease in the number of layers is, depending on the chosen orientation, by 0 ÷ 2.8% (the arithmetic mean is 0.3%). Thus, the significance of the influence of product construction on the efficiency of solving the problems under consideration is confirmed. It can also be concluded that there is no need to solve both separately considered tasks and jointly considered tasks for products with complex surfaces and ambiguously determined orientations in the workspace of layered manufacturing.



The model was verified by assessing deviations from the correct shape ΔS, given by the 3D model, resulting from steps formed on the surface due to layered building. The value of ΔSi by (1) depends on the angle of inclination relative to the Z-axis of the surface normal vector and building step. Examples of distribution of shaping errors (deviations from the correct shape) of the original 3D model are shown in Figure 5.



Statistical analysis of the distribution of values of deviation from the correct shape of surfaces ΔSi was carried out on basis of layer-by-layer consideration of the studied features. We consider this approach to be correct for the layer-by-layer process of building a product. In each layer, the distribution of deviations ΔSi was analysed separately. Figure 5a shows an example of the analysis of the distribution of deviations from the correct shape ΔSi for a single n-th layer in relation to the model shown in Figure 2c. Figure 5b shows the distribution of arithmetic mean values of deviations ΔSi over all layers.



The arithmetic mean value      Δ  S i    ¯    of deviations from the correct shape of surfaces is quite acceptable for assessing the validity of build step selection. Taking into account the significant influence of the geometric features of the product on the choice of slicing parameters, a comparative statistical analysis was performed to test 3D models (see Figure 2). Figure 6 and Figure 7 show the analysis results for orientation options of the 3D models for a constant and variable build step.



In all cases, products obtained with a variable building step have large deviations      Δ  S i    ¯    in comparison with a constant building step.



The first test 3D model allows us, due to the selection of a rational orientation, to significantly reduce the number of building layers and, accordingly, increase the values      Δ  S i    ¯    by 76.8 ÷ 174.5% (with a constant step). With a variable step, compared with a constant step, they increase      Δ  S i    ¯    by 7.8 ÷ 114.0%. Joint solution of tasks leads to a change      Δ  S i    ¯    of 114.0 ÷ 210.8%.



For the second test 3D model, depending on the orientation, the values      Δ  S i    ¯    increase by −64.1 ÷ 25.2%. With a variable step, the values      Δ  S i    ¯    are additionally increased by 5.5 ÷ 72.3%. Joint solution of tasks leads to a change      Δ  S i    ¯    by −38.2 ÷ 36.4%.



Standard deviation from the mean value ΔSi over build layers varies in the range of values σ{ΔSi}  ∈  [0, 0.04] mm for all orientations of the 3D model, as shown in Figure 2a. In most cases of orientation, σ{ΔSi}  ∈  [0.010, 0.028] mm.



According to the analysis results for the third test 3D model (Figure 2c) in the considered orientation options, most (75 ÷ 100%) of the building steps are in the range hi  ∈  [0.10, 0.16] mm, with the maximum allowable value hmax = 0.3 mm. At the same time, the analysis of deviations from the correct form ΔS (Figure 7a) with different orientations made it possible to reveal the following ranges of the value      Δ  S i    ¯    by −13.6 ÷ 46.9% (at a constant step). With a variable step, the values      Δ  S i    ¯    are additionally increased by −14.7 ÷ 56.3%. Joint solution of tasks leads to a change in      Δ  S i    ¯    by 1.4 ÷ 6.1%.



The analysis results for the fourth 3D model are fundamentally different due to the complex geometry of the product surface and almost constant build height for all orientation in the workspace. Depending on the orientation, the values increase      Δ  S i    ¯    by 0.5 ÷ 2.5% (at a constant step). With a variable step, the values      Δ  S i    ¯    are additionally increased by 0 ÷ 1.4%. Joint solution of tasks leads to a change in      Δ  S i    ¯    by 0.8 ÷ 2.8%.



The obtained results of model studies confirm the correctness of chosen direction of research to create the foundations of a comprehensive solution to optimization tasks.




5. Conclusions


Statistical analysis of the characteristics of the layered slicing of the 3D model made it possible to evaluate the effectiveness of the implementation of the joint solution of optimization tasks to determine the parameters of the adaptive slicing of 3D models and their orientation in the workspace of the additive machine.



Joint solution of the considered optimization tasks made it possible to test 3D models to reduce their number of building layers, depending on the chosen orientation, by 54%, with an increase in the arithmetic mean of deviations from the correct surface shape      Δ  S i    ¯    to 211%. At the same time, the specified requirements for the maximum permissible deviation      Δ  S i    ¯   , given by triangulated 3D model of the product, were satisfied.



The geometry of the product significantly affects the resulting efficiency of the joint solution of the considered problems of technological process planning for additive manufacturing. For a test 3D model of a product with complex geometry and insignificant differences in overall dimensions, regardless of the selected orientation, it is not advisable to use adaptive slicing to perform a joint solution with the task of determining rational orientation.



Further research should be aimed at assessing the effectiveness of the joint solution of three optimization problems for the additive manufacture of a group of products rational orientation, placement (packing) and adaptive slicing. Also of interest is the comparative statistical analysis of studied features when using optimization criteria based on the characteristics of the physical and mechanical properties of resulting products.
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Figure 1. Subsystem layered analysis of 3D model. 
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Figure 2. Test 3D models of products: (a) the 1st test 3D model; (b) the 2nd test 3D model; (c) the 3rd test 3D model; (d) the 4th test 3D model. 
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Figure 3. Dependence of the number of building layers Nl on the angles αx, αy of rotation of a 3D model coordinate system by slicing with (a) constant step and (b) variable step. 






Figure 3. Dependence of the number of building layers Nl on the angles αx, αy of rotation of a 3D model coordinate system by slicing with (a) constant step and (b) variable step.



[image: Machines 11 00348 g003]







[image: Machines 11 00348 g004 550] 





Figure 4. Statistical analysis of the number of layers for building test models for all orientations. 
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Figure 5. Densities of distribution of investigated characteristic of the layered building: (a) deviations from the correct form ΔS in the 8th layer; (b) arithmetic mean values ΔS over build layers. 
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Figure 6. Statistical layered analysis of the arithmetic mean value of deviations from the correct surface of the 3D models: (a) Analysis results from the 1st test 3D model (Figure 2a); (b) Analysis results from the 2nd test 3D model (Figure 2b). 
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Figure 7. Statistical layered analysis of the arithmetic mean value of deviations from the correct surface of the 3D models: (a) Analysis results from the 3rd test 3D model (Figure 2c); (b) Analysis results from the 4th test 3D model (Figure 2d). 
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Table 1. Statistical analysis of studied characteristics for a set of orientations of test 3D models.
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Research Characteristics

	
3D Model




	
1 (Figure 2a)

	
2 (Figure 2b)

	
3 (Figure 2c)

	
4 (Figure 2d)






	
Building height HBuild, mm

	
Min

Max

Mean

	
93.59

148.03

122.60

	
26.00

93.42

84.30

	
51.29

80.83

63.13

	
88,53

97,26

94,71




	
Height of gravity centre HC, mm

	
Min

Max

Mean

	
46.80

76.67

61.19

	
8.66

46.80

42.00

	
10.78

53.82

31.69

	
44,27

48,63

47,36




	
Number of layers Nl (constant step), pcs

	
Min

Max

Mean

	
937

1481

1226

	
260

935

843

	
513

809

632

	
886

973

948




	
Number of layers Nl (variable step), pcs

	
Min

Max

Mean

	
584

1356

1042

	
152

883

779

	
463

715

555

	
882

972

944
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