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EVALUATION OF PERFORMANCE EFFICIENCY
OF PACKING A GROUP OF PRODUCTS IN THE WORKPLACE
OF ADDITIVE MACHINE USING A GENETIC ALGORITHM

Abstract. Research results of possibilities of packing a group of 3D-models of products in a layered
build space using a genetic algorithm are presented. It is proposed to determine the efficiency of the
optimization problem of rational arrangement of 3D-models group in the workspace of additive
machines depending on the number of loaded products. Condition for efficient use of the layered build
workspace is the minimum number of layers per product and the largest relative filling. Such criteria
are important, for example, for SLS/SLM technologies. Examples of evaluation based on the analysis of
derived voxel 3D model of the workspace with located products are considered. Industrial products
with different geometrical complexity were selected as test 3D models. This approach allowed to
perform a comparative analysis of the results depending on the design features of products. The
practical realization was performed in the subsystem of packing 3D-models in a workspace, which is
part of the technological preparation system for the manufacture of complex products by additive
methods. This system was developed at the Department of “Integrated Technologies of Mechanical
Engineering" named after M. Semko of NTU "KhP1".
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Introduction.

One of the main optimization tasks of technological preparation of additive
processes (Additive Manufacturing) is to determine the rational location of the
product in the working area of layered building [1]. The ability to solve this
optimization problem significantly depends on the geometric complexity of the
products and requirements for effective use of additive machines [2]. When applied
to methods such as SLS and SLA, one of the important factors in the effectiveness
of layering processes is the degree of filling the workspace with products. The
provisional estimate of the product in technological preparation for adaptation to
the task of rational location is of interest to ensure the level of efficiency of
additive processes of layered building [3].

Literature analysis. Rational placement of products 3D models refers to the
problems of packaging, which are characterized by significant complexity of
solution [4, 5]. Product placement problems are solved both for single-build and
multi-build of one or more machines (single- or multi-machine) [6].

In the known works various approaches and algorithms on a rational
arrangement of products group in a workspace of additive technologies machine
are used. The genetic algorithm is one of the most common for solving such a
problem [7-9].
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Choice of rational location of the product in the working space of additive
machine, as a rule, is performed by solving the optimization problem based on one
or many criteria [6]:

- build height [10];

- surface roughness, support volume [11];

- layering time [12];

- total cost [13];

- profit [14];

- nesting rate [15];

- number of products parts obtained during their decomposition [3].

The main problem is that existing works have not created a methodological
basis for a comparative analysis of the effectiveness of algorithms for placing a
group of 3D models, taking into account geometric features of products. Initial
research of genetic algorithm possibilities for the placement of products with
different designs was carried out in [16]. But the problem remains to ensure
sufficiently high efficiency of using the workspace of machine in the manufacture
of small groups of products in one load.

The purpose of the article is to validate the possibility of effectively
performing the optimization problem of rational arrangement of 3D models of
products group with complex geometry in the workspace of additive machines
using a genetic algorithm.

Research methodology.

A study of the possibilities of the solving optimization problem of packing 3D
models of products group was carried out in the system "Technological preparation
of materialization of complex products by additive technologies”, developed at the
Department of Integrated Mechanical Engineering Technologies of NTU "KhPI".
This system makes it possible to assess the technological effectiveness of solving
technological preparation problems based on the statistical analysis of studied
features of polygonal, voxel, and layered 3D models of products [16].

Optimization problem of product placement was performed using voxel
product models [3]. Voxel model consists of an ordered set of voxels, which are
volume elements with a given location in space (coordinates Xvg, Yva, Zv)-
Therefore, the voxel model is a set of elementary volumes V = {v[0], v[1], ...
v[nv]} = {v[i]}. Voxel models offer a quite simple way to process data for given
task.

The developed subsystem provides for the following modes of placing
products 3D models in the workspace of AM machine [16]: manual mode; random
search (Monte Carlo method); using a genetic algorithm.

Placement of products 3D models in the workspace was carried out with a
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step-by-step check of the free space and fixation of orientation using a genetic
algorithm [6, 16, 17].

In fig. 1 are the test 3D models placed in the workspace of Vanguard Si2 SLS
machine (made by 3D Systems).

Figure 1 — Test 3D models
a — shaft, b —auger, ¢ — case, d — souvenir, e — container, f - lid

Research of the possibilities of developed algorithm for packing products 3D-
models (Fig. 1) was carried out by means of comparative analysis by a number of
layers N, coefficient of the relative use of the layered build workspace Kv.
Additionally, a relative number of filled and unfilled subspaces was considered to
evaluate the efficiency of the algorithm for uniform use of the workspace of the
additive machine.

Results of the research.

The study of developed algorithm capabilities described in [16] was carried out
on the example of placing a group of products in an amount of 5-20 pieces.
Envelope sizes were set using the example of Vanguard Si2 SLS machine. The
estimated flow was considered by the number of building layers, and the efficiency
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of the machine was considered by relative used workspace of layered building.
Slicing strategy with a constant building step h; = 0.1 mm, and with a variable step
was carried out with the following characteristics: maximum permissible value of
deflection from the correct shape Asmax=0,1 mm (for a description of slicing
method is in [18]). Parameters of genetic algorithm: probability of crossing
pe = 80%, mutation probability pm = 2%, population size N, = 20 pcs., generations
limiting number (generations) Ng = 50.

Results of analysis of options for placing 3D-models’ groups of products in the
workspace of the additive machine (Vanguard Si2 SLS) are shown in table. 1.

Table 1 — Researched features obtained in the analysis of options for 3D-models packing in

the workspace

Number of building . Coefficient
Test 3D-model (overall Nug}ber layers h"z?':ﬂ of space
dimensions) models | constant variable I‘?B ' | utilization,
step step Kv

5 600 424 61.0 0.244

Shaft 10 1816 1481 | 1826 | 0.163
(60x216x60 mm?) 15 2958 2086 | 2515 | 0.178
20 3219 2813 | 3229 | 0.184

5 582 503 61.2 0.042

10 1020 901 | 1049 | 0.049

Auger (40x144x40 mm?) 15 1387 1255 | 1417 | 0.055
20 1317 1226 | 134.68 | 0.077

5 1297 679 | 132.2 | 0034

10 2342 1279 | 2367 | 0.038

Case (210x210x125 mm?) 15 3917 2156 | 3930 | 0.034
20 4092 2452 | 4131 | 0.043

5 1072 911 | 1101 | 0.008

. 10 774 633 80.2 0.021
Souvenir (73x51.3x70.1 mm?) | 5 1473 | 1300 | 1511 | 0.017
20 1475 1341 | 1505 | 0.023

5 1005 469 | 1040 | 0014

Container 10 2054 954 | 2089 | 0.014
(102x93.6x125.5 mm?3) 15 4245 2380 | 4281 | 0.010
20 3460 2353 | 3475 | 0.016

5 806 738 843 0.016

. 10 1357 1285 | 1395 | 0.019
Lid (83.9x101.3x43.2 mm?) 15 1883 1817 | 1921 | 0.021
20 2055 2001 | 209.3 | 0.025

Analysis of research characteristics, given in table. 1 shows a clear advantage
of the approach to load more products into the machine workspace. The exception
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is the shaft and container 3D models. For a shaft 3D model, it is not possible to
increase the efficiency of manufacturing. This is due to rather large overall
dimensions in relation to the working space dimensions. This circumstance does
not allow efficient use of the machine’s workspace. The explanation for the
container can be the fact that the model belongs to thin-walled products. In this
case, regardless of the number of models placement, it is impossible to achieve a
noticeable increase of Ky coefficient. We can also suppose that Ky coefficient is
slightly dependent on the choice of a packing algorithm. Models with more
complex geometry - auger, souvenir, lid show an essential increase of Ky with an
increase in the number of loaded products. Container and case show an essential
reduction in the number of layers for adaptive slicing strategy relative to constant
step (common slicing). This circumstance can be explained by greater initial
efficiency from the task performance of rational orientation of part according to the
optimization criterion of minimum of the area with greatest deviations from correct
surface shape.

Comparative analysis of the obtained results (table. 1) was carried out
according to graphs shown in Fig. 2.
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Figure 2 — Dependences of researched features on the number of loaded parts
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Ratio dependence of the number of layers obtained by different cutting
strategies N._v/ NL ¢ on the number of parts loaded into the workspace N, shown
in Fig. 2a. It allows to you identify the conditions for the greatest efficiency of
adaptive slicing in comparison with constant building steps. Using adaptive slicing
for loads of the adaptive machine with a small number of parts is most successful.
Best results are obtained for container and case.

Analysis of filling factor of the workspace with models (Fig. 2b) shows a
significant difference for shaft from other models.

Fig. 2c,d shows graphs of the influence of loaded models’ numbers on a
relative number of building layers on one model. It is known, that building time
and a number of layers are approximately linearly related (within the framework of
using the same slicing strategy with the same parameters) for additive methods
such as SLS, SLM, SLA, DLP, etc. [19]. Therefore, obtained dependencies are of
interest for identifying conditions for increasing productivity of additive processes.
The minimum ratio N__c / Np and, accordingly, Ni v / N, are observed for auger and
souvenir. At the same time, increased productivity, i.e. minimization of building
time will be ensured with a larger load of these models. In general, for all test 3D
models, there is a tendency to increase productivity of layered building processes
and fill factor of the workspace of the additive machine.

As a result of research, the following recommendations were obtained to
improve the efficiency of using additive installation at stage of placing products in
the workspace using a genetic algorithm:

- for products like a shaft and auger, the workspace of the additive machine
should not be filled to the maximum;

- greatest efficiency of adaptive slicing is provided for products with complex
surface geometry and therefore they should be pre-oriented according to criterion
of minimizing surface with greatest deviations;

- for products with complex surface geometry, it is necessary to fill the
workspace of the additive machine as much as possible.

Approbation of the algorithm using the example of packing a small group of
3D models of complex products has demonstrated some improvement in
researched features due to loading a kit of parts into the workspace of the additive
machine. In some cases, it was possible to reduce specific number of construction
layers per part within the range of 9.9 ~ 65.6%. At the same time, the time spent on
the implementation of the optimization problem of parts packing increases
significantly (preliminary researched results are presented in [16]).

Conclusions.
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Results of research of genetic algorithm possibilities for effectively solving
the problem of packing a group of products 3D models in the workspace to fill it as
much as possible showed an increase in productivity of their layered building. At
the same time, the time spent does not increase so significantly compared to the
task of packing a small 3D models group located directly on the platform of the
additive machine.

Based on the analysis of researched features of the workspace with placed 3D
models in the workspace, rational quantities of loaded parts have been identified,
depending on their design features. Under certain conditions, it is possible to
reduce specific number of building layers per part to 65.6%.

Findings create the basis for further consideration of joint solution of the
problems of rational orientation and placement of a large group of complex
products in the workspace using a genetic algorithm to expand possibilities of
technological preparation of additive manufacturing.
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SApocnas [apamenko, Xapkis, Ykpaina

OIIHKA EOEKTUBHOCTI BUKOHAHHS 3AJTAYI
POSMIIIEHHSA I'PYIIM BUPOBIB Y POBOYOMY ITPOCTOPI
AJUTUBHUX YCTAHOBOK 3 BUKOPUCTAHHSM
TFEHETUYHOI' O AJITOPUTMY

Awnotanis. [Ipedcmaeneno pezyromamu OOCHONCCHH MONCIUBOCMEN POIMILyeHHs. (YNAKOGKU) epynu
3D-mooeneil 6upobie y pobouomy npocmopi nowaposoi nodyoosu 3 GUKOPUCHIAHHIM 2CHEMUYHO20
aneopummy. 3anNPONOHOBAHO BUSHAYAMU epeKMUSHICb ONMUMI3AYIIHOI 3a0ayi  payioHarbHO20
poszmawyeanns epynu 3D-modeneti y pobouomy npocmopi aOumueHux YCMaHo8oK Y 3a1elCHOCMI 6i0
KIIbKOCMI  3A8AHMAdCEHUX 8Upo0i8. YM068010 eekmusnoco 6UKOpUCMAaHHA pobo4o2o npocmopy
nowapogoi no6y00su € MIHIMAIbHA KIIbKICMb Wapie HA 6upid ma Haubinbuie IOHOCHE 3ANOGHEHH.
Taxi xpumepii € eadicnueumu Onsa makux mexnonozii sax SLS/ISLM. Pozensmymo npuxnadu oyinku
ehexmugnocmi po3poobleHo20 aneopumMy Ha OCHOGI aHanizy noxionoi eokcenvroi 3D-modeni pobouoeo
npocmopy 3 po3smawiosanumu upobamu. B axocmi mecmosux 3D-modeneii 0b6paro npomuciogi upoou
3 PI3HOI0 2e0MempPUYHOIO CKAAOHICMIO nosepxonb. Takuil nioxio 003607U6 GUKOHAMU NOPIGHANLHULL
aHaniz pe3yIbmamie 6 3aNedCHOCMmi 8i0 KOHCMPYKMUBHUX ocobauseocmell 6upobis. Anpobayis
aneopummy 3 npukiady posmiwenns hegenuxoi zpynu 3D-modenell ckraonux eupobie y pobdouuil
npocmip aoumugHoi MawuHu NPOOEMOHCMPYBANd OOCMAMHbLO CYMMEGe NOTNUIEHHS OOCTIONCYBAHUX
O3HAK, WO 6NIUBAIONb HA NPOOYKMUBHICMb npoyecié ma cobisapmicmy eucomosnenus.llpakmuyna
peanizayis UKOHy6anach y niocucmemi payionaivhoco posmawysanns 3D-mooeneil y pobouomy
npocmopi, wo 6xooumv 00 CUCEMU MeXHONOSIUHOT NIO2OMOBKU BUSOMOBIEHHA CKIAOHUX 6Upobie
aoumueHumu  memooamu.  Cucmemy  po3podoreno Ha  Kageopi  «Inmezposani  mexHono2ii
mawunodyoysannny im. M.®. Cemxa HTY «XIIl». [ana cucmema 0038015€ SUKOHy8amu OYIHKY
MEXHON02IYHOCTNT KOHCIPYKYIT ma epexmueHocmi gupiuienHs: OnMuMi3ayitinux 3a0ay mexHoI02iyHol
nio2omoeKu  AOUMuUeHO20 BUPOOHUYMEA HA OCHOBI CMAMUCIMUYHOZ0 MA  BI3YANLHO20 AHANIZY
00CTIONCYBAHUX  (c€OMEMPUUHUX A  MEXHOIOSIYHUX) O3HAK NEepeicHOi NOMI2OHANbHOL, NOXIOHOT
goKcenvHoi ma Kinyesoi nouwapogoi 3D-modeneil supobis.

KurouoBi ciioBa: mexuonoziyna niocomosxka; aoumueHi mMexHoa02ii; MpIaHSYIAYIUHA MOOeb;
B0OKCENbHA MOOENb; POIMIWeHHs SPYNU 6UPOOIE Y POOOHOMY NPOCMOPI; 2eHeMUYHULL ANOPUMM.
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