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Abstract. This article discusses the approach to developiegular software for real-time
control of an industrial construction 3D printehelproposed structure of a two-level software
solution is implemented for a robotic system thates in a Cartesian coordinate system with
multi-axis interpolation. An algorithm for the foation and analysis of a path is considered to
enable the most effective control of printing thybudynamic programming.

1. Introduction

In today’'s world, the issues of new constructioshtelogies are most acute when addressing
efficiency and resource-saving aspects. Additivietimg of building structures and products is very
urgent and is actively explored by the world engiimgy science. At present, there are a number of
prototypes of construction 3D printers capable riviting entire buildings [1, 2], but the reliabjliof
such robotic systems, the complexity of designtemis and the simplicity of obtaining the final
product from the project to the printed designsiilea long way from meeting the requirements [3].

Modern robots, on the one hand, demonstrate qodepsable performance indicators for building
structures based on additive printing technologied justify the reduced cost of such structures, bu
on the other hand, they show the need for improtiiegtechnology [4]. Some studies involve the use
of data mining when controlling construction pristeonline to improve the accuracy of their
positioning [5]. Others are devoted to the develeptrof new methods and algorithms to control a
printer and build a path using high-performance pating tools, such as FPGA [6]. Still others are
associated with experiments aimed to select seitallding materials [7, 8].

Since most of construction printing solutions difeative only when relied on a human being, an
important task is to create a full-fledged softwpeekage that enables one to analyze inputs in the
form of graphic project files, calculate the mosteetive paths and evaluate the possibility of
reproducing such project in real conditions.

This article presents software solutions that emalnle to perform the entire preprocessing cycle
and conduct efficient construction, relying on isttial reliability and capabilities of automation
components.

2. Task statement
The article mainly considers the development ofvemfe:

— to analyze and design an effective path of theudgr of a construction 3D printer under its
multi-axis interpolation;
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— to ensure simultaneous control of raw mixtureppration and feeding;

— to keep track of work member contamination aadimely clean-ups;

— to control the quality of printed structure.

The construction 3D printer as such is a four-gdetal structure [9], where translations occur
along the orthogonal axes and two of the four aesco-directional, but different in scale (Fig. 1)
Let us denote the principal axis of translatiomglohe rails as variabl§ and its co-directional axis
of small translations axs.

The X coordinate of the platform with an extruder is wected with the_ andXs coordinates by
the following relation:

X= X|_ + Xs_. (1)

When moving the platform with an extruder, the ltatanslation along th&; axis should be as
small as possible, since it involves the use @idatisplacement drives, which, due to greater &atl
inertia, are less precise and lead to large errors.

Working platform

with an extruder
current coordinates

Figure 1. CAD model and motion axes location of main movetsi@mit for construction 3D-printer

Mathematically, this requirement can be descrilsetha problem of minimizing the functional:

n-1
Q= §|Axu|,

whereAX; is theX_ axis increment when passing from ith@oint of the toolpath specified by the G-
code to thei+l point, n is the total number of toolpath points consistioiglinear or circular
interpolation sections.

In this statement, it is necessary to achieve anmoim value of the functiond&):

Quin = ﬂp(gmxuo : 2)

3. Modular control software

To solve this problem, it is proposed to apply adoiar two-level structure. Its consolidated
scheme is shown in Fig. 2.
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Figure 2. Modular two-level structure of construction 3D+#&r control software

Low level software modules are powered by the n#kreal-time OS of the industrial Schneider
Electric LMCO058 logic motion controller (PLC). Infufor G-code processing module is the trajectory
of the extruder, its speed and consumption of imgldnaterials in the form of G-codes, which can be
supplemented by back-up commands requesting fotradoof the printed layer, or specifying the
actions of the codes. Outputs from this moduleti@mresmitted to the other two: the main movements
control module and the control module of preparatind feeding of the raw mixture. The former is
mainly responsible for generating corrective andticdling impacts on the drives of the construction
printer based on the inputs and real-time data tfwrsensors, as well as providing security comfol
the working area. The control module of preparatind feeding of the raw mixture also interacts with
the control module for extruder cleaning to enstwatinuous uninterrupted printing. The printing
quality control module works independently and éesito generate signals into high-level software
modules thus informing on the current state ofpitieted object or emergencies.

The upper level of the software package includemrarol and visualization module that uses
SCADA technology. It implements the operator's gosi human-machine interface. HMI screen
layout of generation module for control and corirectactions on the robotic system actuators is
shown in Fig. 3. The displayed G-codes are prehmiyn processed and checked in the software
module for converting the 3D design project inteeguence of control commands. This module calls
for a modern approach to the construction of autechhuilding systems based on BIM-models [10].
The functioning algorithm of this module is desedlin detail in Section 4 of this paper.

In addition, the control and visualization moduleakles real-time monitoring and control of the
low-level module for preparation and feeding of thes mixture using the window shown in Fig. 4.
The proposed software implements a three-stageeguoe that includes the selection of raw mixture
composition and parameters using a ceramic bimdiing and feeding of the raw mixture using a
hydraulic binder and signal pickups on their stfateon-line monitoring and control via computer
interface.
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4. Development of the G-code gener ation algorithm for construction printer control program
The proposed G-code generation algorithm for theswaction printer control program comprises
3 stages:

1.  Solid modeling of a building structure in one oé texisting software packages, including
SolidWorks [11], Autodesk Inventor [12], etc. folled by the reception of .stl file.

2. Import of the constructed model into printhead pgherators for a standard 3D printer and
generation of an intermediate G-code (.gcode Banplify3D [13], Slic3r [14], Ultimaker Cura [15],
etc. can be used as such software package. Shd3Ubimaker Cura are freeware applications. The
source code in Perl located on the GitHub platffit6]j is available with the first package. Slic3nca
be used both with a GUI application with a stepstgp printing visualization, and with an invoke in
the command line, which is convenient for integnmatinto third-party applications. Slic3r has a
number of limitations related to configure fillired solid model boundaries. Ultimaker Cura does not
have an open source code and works only as a Qilicapon, visualization possibilities of large 3D
printers are also limited. Simplify3D is an inexpa@ commercial application that has more extensive
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functionality in terms of providing various prinbfigurations, more fill types and settings. Howeve

it does not provide an in-line mode, which lowess possibilities to be embedded into third-party

applications. At the same time, it has high po#igds for visualizing the printing process andighth

speed of path generation, which is important fackjuerification of the desired solid printed model
Printhead path generation based on the intermeGtatede is visualized in Fig. 5.

a b
Figure 5. Printhead path of construction printer (green coleans outer borders, orange means infill)
generated by intermediate G-code: a — for singler|eb — for several layers

3.  Conversion of the intermediate G code into the @ector the developed control system,
where theX-axis movement is divided into two independent owi along the<, coordinate (large
displacement) ands (small platform displacement) according to therfola (1).

At the output, the converted G-code is stored ¢octtrresponding .gcode file.

Solving for optimal motion of the construction gen along theX, coordinate to minimize the
functionalQ will be carried out in accordance with the prireipf dynamic programming [17].

In this case, the decision to choawd; (the X, increment) will be taken at each iteration as one
move valugAX; to be the minimum possible (see the example in@Jig

1. To do this, let us first find the maximum possilisplacement of th& platform with the
extruder along th¥, coordinate in the path segment between #re ( + 1) points:

Sx — {Xmax_ xLi’ if Xi+1 2 xLi )
Xmin - XLi’ if Xi+1 < XLi’
whereXmax andXy, are respectively the maximum and minimum valugbeK coordinate in the path
segment between thend ( + 1) points.

If the path segment is represented by linear iolatjpn, then:
Ximax= max (K, Xi+1), Xmin= min (X, X+1)
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Figure 6. Example of transition fromX coordinate of intermediate G-code to tHg and Xs
coordinates of construction 3D-printer in the cakknear interpolation.

If the path segment is described by circular irgkfon [18], let us assume that it representsran a
connecting thé and { + 1) points, and the angle change does not exceedHi§07).

Y Y
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Figure 7. Various cases of determining the maximum and miminX coordinates in the case of
circular interpolation

In the case of circular interpolation, not only theY, Zcoordinates of the platform are formed in
the intermediate G-code, but also relative cootdslaandJ of the center of the circle of radiRs the
arc of which connects theand ( + 1) points of the trajectory. In Fig. 7, the coordemof the center
of circle Xci, Yci) are equal to:

Xei =Xitli, Yei = Y+

The radius of the circle is equal to:

R =X, =X +(% ~Ye)”
The angles between the segments connecting theragtthe circle and thieand ( + 1) points of
the trajectory and th® axis are equal, respectively:
¢, =arccos; — X¢;)/ R) [sign(y; —Yei),
@41 =arccos ;. — X¢i)/ R) [sigr(Yi,, —Yc;).
If condition @i-pi1) <O and @i — ¢i1|<n) is satisfied, i.e. the situation shown in Fig. iga
observed, then segme®,(Y;; Xi+1, Yi+1) is divided into two:
(X, Yi; Xei+ R, Yoi) With Xinax = Xei + R 1 Xinin = Xi;
(XCi + Riv YCi; Xi+11 Yi+1) W|th Xmax= XCi + R| H Xmin = Xi+1-
If the condition §i-¢i+1)<0 and @ — ¢i1|>m), IS satisfied, i.e. the situation shown in Fidp. i3
observed then the segmeH, (Y;; Xi+1, Yi+1) is divided into two:
(X, Yi; Xci—= Ry, Yei) With Xinax = Xi 1 Xinin = Xci— R;
(Xei= Ry, Yei; Xir1, Yier) With Xinax = Xisq 1 Xinin = Xci— R
If the condition §;-¢i.1)>0, is satisfied, i.e. the situation shown in Fg.and Fig. 7d is observed,
then similar to linear interpolation, one has:
Xmax: max O(iv Xi+l)- Xmin= min (Xi- X+1)-
2. If value S, is greater than threshold, - the maximum possible displacement of the platfor
along theXs coordinate, i.eSc > Ly, then let us recalculate tbg coordinate so that it changes to the
minimum possible value:

AXi = Sx= Ly,
If value S, is negative, then:
AX(i = Sx.
Otherwise X, coordinate remains the same.
Thus, the newX;.; coordinate is calculated by the formula:
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X *+S¢ - L,if S, >Ly,
X = Xy +5,1f S, <0,
X, If otherwise.

3. In accordance with (1), th§ coordinate of the small displacement at ithe 1 point will be
equal to:
Xsirr = Xisz— Xiirt.
Repeating steps 1-3 for all otherl segments, let us eventually obtain the optinoéuten the
entire trajectory through with respect to minimgite functional (2).
Table 1 shows an example of converting an interatedG-code into a G-code to control the
proposed 3D construction printer.

Table 1. G-code conversion

Intermediate G-code Resulting G-code for constoncgirinter control

G1 X400.000 Y400.000 E0.000 G1 X400.000 Y400.000000 E0.000

G1 X8000.000 Y400.000 E3.200 G1 X4000.000 Y400.08000.000 E3.200

G2 X8000.000 Y4000.000 1-1120.00@2 X4000.000 Y2200.000 US5000.000 [-1120.000
J1800.000 E5.350 J1800.000 E4.275

G2 X3000.000 Y4000.000 U5000.000 1-2120.000
J0.000 E5.350

G1 X400.000 Y4000.000 E8.550 G1 X0.000 Y4000.0000)@00 E8.550
G1 X400.000 Y2800.000 E9.150 G1 X0.000 Y2800.0000)@00 E9.150
G1 X400.000 Y1200.000 E9.150 G1 X0.000 Y1200.000@a00 E9.150
G1 X400.000 Y400.000 E9.750 G1 X0.000 Y400.000 Ug00 E9.750

G1 and G2 commands designate, respectively, limear circular interpolation of the path
segments [19]. Th& coordinate in the resulting G-code correspondsh&Xs coordinate of the
selected 3D printer in mm, theandZ coordinates correspond to the same coordinatéggirinter in
mm (see Fig. 1), andJ are the displacements in mm alongXhandY coordinates of the center of the
circle for the path segment with circular intergiga, the additionall coordinate corresponds to the
X, coordinate of the construction printer in miis the volume of the consumed building mixture in
conventional units. In the example considetgds assumed to be 4 m

5. Conclusion
The analysis of existing sources and developmditwsaus to conclude that the proposed software
package of a modular two-level structure can stheemain tasks facing a modern 3D construction
printer. The algorithm developed for the softwam@diie for 3D-model conversion into a sequence of
control commands allows the generation of G-codéls mear and circular interpolation and provides
the minimum possible transfer of the most energgrisive degree of mobility of the robotic system
under consideration based on the dynamic programapproach.

The software package allows one to make the 3Dtgsricontrol system more stable, to avoid
abnormal functioning due to a number of modulesratpgy on the basis of industrial hardware and
the analysis of additional information from the tohsensors.
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