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THE DIGITAL TWIN AND OPTIMIZATION
OF CAST METAL STRUCTURES IN ADDITIVE MANUFACTURING

A review of a number of sources of information shows that among the advanced technologies CD is an integrator of almost all "end-
to-end" digital technologies, acts as a driver, provides the prerequisites for development and allows companies and entire industries
to move to sustainable development. CD technology has great prospects because it is necessary not only for the creation and opera-
tion of a modern "smart” product, but also for its regular maintenance, updating and constant adaptation to new requirements and
conditions with the transfer of accumulated data and methods to create new machines, structures and materials.
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Introduction

The urgent task of engineering science should be
to promote the technological development of the
national economy, modernization of its material
and technical base with advanced development of
the processing industry on the basis of its innova-
tive and technological renewal, development of
new products with a higher share of added value.
One of the modern technological trends is the
“digitalization” of production processes. Its fea-
tures will be considered in this article based on the
examples of obtaining cast metal structures by ad-
ditive methods.

The term “digital twin” (DT) has become very
popular recently. It is used in numerous publi-
cations and speeches. It is based on a number of
evolving technologies, in particular, on combining
information technology with operational processes
to create a DT. It is also grounded on the deve-
lopment of concepts of “digital production” and
industrial “Internet of Things” (IoT). Extensive
monograph [1] is devoted to the expansion of the
use of DT in various industries and applications as
the mathematical models development, improving
in the description of physical processes, as well as
in the reflection of complex economic and social
phenomena. Based on [1] the methods of DT for
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optimization of cast metal structures in additive
production will be considered in continuation of
the topic of the article [2].

A number of opportunities that the DT open
up in terms of optimizing the properties of the de-
signed structures have not been implemented until
recently, primarily due to the fact that not all opti-
mized structures could be fabricated by traditional
(subtractive) technologies. According to those tra-
ditional technologies the integral blank is brought
into a given shape by removing part of the mate-
rial, for example, using lathes, milling and other
machines. Possibilities of topological optimization
existed before, but, after the project reached the
technologists, it turned out that it is simply impos-
sible to make a structure of the optimal type on the
existing fleet of equipment.

Additive Development

The traditional engineering school designed parts
and assemblies from the experience and knowledge
of the technological capabilities of equipment for
subtractive processing methods. Therefore, it im-
posed restrictions on the shape of the final struc-
ture. In principle, for topological optimization, it
is possible to change the traditional geometry to a
geometry specially adapted to a certain technolo-
gy, including the casting and additive process. But
it is additive technologies that make the process of
topological optimization the most efficient. With
the spread of additive technologies, the situation
has changed. Nowadays it is possible to produce a
structure of almost any shape.

The history of the development of additive ma-
nufacturing goes back up to 40 years, but the op-
portunity to replace critical parts in mechanical
engineering with parts manufactured by additi-
ve methods has appeared relatively recently. The
first 3D printers based on laser stereolithography
technology (laser curing of liquid photopolymers)
appeared in the late 1980s last century. Fusion
printing of microdroplets of molten thermoplastic
entered the market ten years later, around 1990.
Somewhat later, methods of 3D printing with me-
tals appeared, examples of which are shown in arti-
cles [3, 4]. Selective Laser Melting (SLM) techno-

logy was first developed in 1995 at the Fraunhofer
Institute of Laser Technologies (ILT) in Aachen
(Germany).

Today there are a number of similar technolo-
gies: Selective Laser Sintering (SLS), Direct Metal
Laser Sintering (DMLS), Selective Laser Melting
(SLM), Direct Energy Deposition (DED), Laser
Metal Deposition (LMD), and Metal Binder
Jetting (MBJ). In fact, they resemble a small mel-
ting bath moving along the surface of the growing
layers with the constant addition of a metal charge
to it. However, in order to solve a complex of pro-
blems of physical chemistry, physical metallurgy,
peculiarities of the structure formation of additive
metal growth, time and new solutions were needed,
as noted below.

Topological Optimization

Today, the cost of 3D printing is falling, and its
quality is increasing. Nowadays there are examples
of the use of technology even in highly responsible
structures [1]. The possibility of redesigning, inclu-
ding cast billets [3—6], using topological optimiza-
tion allows you to numerically determine the best
distribution of metal in a particular structure under
known types of loading. The designer establishes
the requirements for the required stiffness and
strength, minimization of stress concentrators that
affect the durability of the structure. On the basis of
these parameters the computer calculates the shape
of the part, where all these factors would be taken
into account.

Today on the market there are a number of soft-
ware products for topological optimization [1].
This feature is provided by CAD/CAE packages
from Siemens, Dassault Systemes and Autodesk.
Among the inexpensive solutions, one can single
out the Inspire topological and topographic op-
timization product of the American company
solidThinking, a member of the Altair Group. The
program allows you to find the optimal design of
various structures in terms of mass, stiffness and
strength. Manufacturers of products for parametric
optimization (Heeds, P7, IOSO, ANSYS Design
Explorer) were engaged in such systems produc-
tion, but outside PLM platforms, apart from the
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Fig. 1. Comparison of the design of the parts optimized for traditional metalworking and additive manufacturing [7]

Fig.2. Comparison of the shape of the reflector design, optimized for traditional metalworking and
additive manufacturing [8]

DT, their effectiveness is very limited. Methods
of multicriteria optimization have also been de-
veloped. Within this optimization the number of
optimization parameters, in addition to technical
ones, also includes cost indicators. This approach
allows developers to obtain a variety of products
from which to choose potentially competitive. For
example, it is possible to simultaneously launch on
the market an expensive product with high techni-
cal parameters and a cheap one with more modest
characteristics.

Examples of Topological
Optimization Use

Fig. 1 shows the parts designed for different manu-
facturing technologies: the left one is designed for
manufacturing by standard metalworking meth-
ods, and the shape of the right part is obtained by
topological optimization for additive manufac-
turing [1, 7]. The right-hand part with 28% less
weight has lower maximum stresses and less defor-
mation under load.
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Fig. 3. Diagram of the DT in controlling the process of 3D-printing with metals [1]

Fig. 2 shows the results of redesigning a re-
flector bracket for additive manufacturing ba-
sed on topological optimization (left - before,
right - after), performed using the Integrated
Computer Design and Engineering System
(ICDES, a light version of the CML-Bench sys-
tem) at the CompMechLab Engineering Center,
St. Petersburg Polytechnic Institute [8]. This
redesign succeeded to reduce the weight of the
structure based on topological optimization by
43% compared to the original version. It can be
seen that the structure with an optimized shape
resembles the structures of living nature, where
the material is “optimally” moved by natu-
ral evolution precisely to those zones where it
“works” or “bears the load”.

ISSN 2706-8145, Control systems and computers, 2020, N° 4

Structural Design Approach

In optimal designs (as well as in wildlife), there
are no flat elements and profiles of constant
thickness. In addition, topological optimiza-
tion makes it possible to create lattice, cellular
and foamy structures, which are also common in
nature, for example, found in bone tissue. The
regularity that the parts created by optimization
methods (with mechanical strength at the mini-
mum weight) resemble objects of wildlife led to
the formation of the terms “bionic design” and
“nature-like structures”.

Bionic design is a related concept in relation to
the concept of ,,generative design®“ — an approach
to design (detail, animation, image, etc.) in which
a person delegates part of the processes to com-
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Fig. 4. Used models of 3D-printing of metal products [1]

puter platforms [1]. Generative design technology
changes the nature of human interaction with the
program. Thus it becomes an effective tool for the
creative process. Some generative systems allow the
user to reformulate, correct and refine the problem
based on intermediate results, and also self-learn
in the process of finding solutions. According to
the interpretation of the specialists of the NTI St.
Petersburg Polytechnic Institute Center and the
CompMechLab Group of Companies, generative
design is a part of bionic design, as the design and
production of personalized products using com-
puter engineering, optimization (multi-parameter,
topological, multi-criteria, etc.) and advanced pro-
duction technologies, primarily additive. Under
these technologies the resulting structures are simi-
lar to those observed in nature [1].

The expanded interpretation of the term ,,gene-
rative design® assumes that DT is a tool that uses
generative design methods in the sense that the ac-
tivity of a designer equipped with DT technology
increasingly relies on the intellectual functions of
development tools and the capability of multidi-
mensional optimization of the structure for a set of
specified targets and resource constraints.

Advantage of Using Additive

It is important to note that the possibility of using
3D printing is limited not only by the possibilities
of creating a structure of a certain quality, but also
by economic considerations. If by using additive
technology to print the same element that was de-
signed for non-additive technologies, then this so-
lution will almost always be more expensive than
the traditional one, since production on the basis
of traditional CNC machines has already been op-
timized for the minimum cost. However, the more
designing elements a designer involves for optimi-
zation, the more likely it is that the move to additive
technology will be economically viable. In total, if
we take several dozen elements that are connected
using traditional technologies, including bolted,
welded and other joints, then the same structure
using additive technologies can be made not from
100 parts, but from 10, using much fewer compo-
nents, which already leads to significant savings.
Then, it makes sense not to make an existing tra-
ditional part with the help of additive technologies,
but to redesign the structure for additive technolo-
gies. Here the question already arises of a paradigm
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shift, of a transition to new design principles. An
experienced designer during the design process
keeps in mind the limitations of the equipment he
got used to, automatically introducing design con-
straints. But in the case of additive manufacturing,
many restrictions are removed, the form can be al-
most any, and, as a rule, it is beyond the intuition,
experience and knowledge of the designer. And
in the case of sufficiently large metal structures
manufactured in the foundry, foundry workers and
thermists are exposed to the same conditions.

If previously the temper in structures subjected
to technological operations (casting, welding or
heat treatment) were determined by calculation,
today, using 3D-printing with metals, it iS possib-
le to solve the inverse problem - to set a favorable
distribution of internal stresses during the printing
process. Moreover, by controlling the parameters
of the 3D printing process (for example, such as
the cooling rate of the metal), it is possible to in-
fluence the formation of the microstructure during
the crystallization of the metal, to influence the
tendency to the formation of microdefects, cold
and hot cracks.

Fundamentally new opportunities are emerging
at the intersection of DT technologies, 3D prin-
ting and Al. Namely, the possibility to print a real
object (the physical part of the twin) practically
real-time according to the digital model (the vir-
tual part of the twin) opens up. Also it is possible
to analyze its properties with the help of sensors
and correct these properties immediately [9]. All
the elements of the DT are present in the Fig. 3.
There are a mathematical model of the formation
of a physical object (process model), a statistical
model based on machine learning based on data
received from sensors from a real physical object,
and the physical object itself, formed in the pro-
cess of 3D printing. And the most important thing
is that in the process of printing, not only the desi-
red shape of a physical object (metal structure) can
be created, but also its internal structure with given
operational properties and a field of internal stres-
ses (Fig. 4).

The approaches that are used to create the DT
of the 3D printing process with metals (Fig. 3) are
based on modeling the effect of moving heat sour-

ces (laser beam, electron beam, or electric arc) on
the metals used for printing. The calculations take
into account the analysis of temperature fields us-
ing the finite element method or other methods
[2]. The microstructures formed in accordance
with different rates of melt cooling are estimated
by the way of calculation. The mode of deforma-
tion of the metal structure is numerically analyzed.
Infrared cameras for remote temperature mea-
surement are used as sensors. Acoustic emission
control devices are used to assess the presence of
internal defects.

The Use of 4D And 5-D Printing
Technologies in Production

With the development of additive technologies,
new possibilities for mathematical modeling and
programming of the properties of future physical
structures appear. Recently, new terms such as 4D
and 5D printing have appeared. The method of
4D-printing assumes that the time as the fourth
coordinate is added to the three ones, that is, the
printed three-dimensional structure in the future
may change in a special way under the influence of
certain external factors [1]. Certain materials can
change under the influence of water, heat, light,
mechanical stress, and can be programmed for
specific actions.

For example, researchers at MIT’s Self-
AssemblyLab are researching the creation of pro-
grammable materials that can be used in medical
implants. In 5D printing technology (3D printing
on a platform capable of swinging in two axes),
using the same CAD model, a much stronger fi-
nished structure can be obtained if the method of
applying the material changes in such a way that
the deposited layers turn from smooth to tortuous
[1]. Such technologies open up new possibilities for
managing the physical part of the DT.

Creation of Custom Designs

Additive technologies are actively developing in
Russia. In particular, in the engine industry there
are companies that use 3D printing technology for
the manufacture of individual parts. The enterpri-
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ses of the nuclear industry also begin to introduce
3D printing technologies in production. Additive
technologies using the DT technology give a pos-
sibility to create a design according to individual
requirements in a short time. Technologies develop
in a spiral (Fig. 5), and in today’s turn, develop-
ers are faced with the task of creating highly custo-
mized (custom-made) products (designs) in order
to return to a new level of possibilities similar to
handicraft production of individual products for
each of the customers.

In the initial period of handicraft production
(Fig. 5), the customization of goods was maximum
(1700 on the curve), then the development pro-
ceeded in the direction of increasing the mass pro-
duction and creating products “that are suitable for
everyone.” The maximum of the curve (based on
the volume of products per design option) falls on
the mass conveyor belt production of cars, the time
when the famous phrase of Henry Ford was born:
“The color of a car can be any, provided it is black.”

Since the 60s.of the last century, customization is
growing. The number of models pre-configured
to the preferences of small groups of consumers is
increasing. In 2000, the curve approaches the em-
branchment: there is an increase in the complexity
of mass goods, on the one hand, and an increase in
product customization, on the other.

Conclusion

The importance of using DT for additive manufac-
turing is as follows. Customized fabrication of com-
plex metal structures using 3D printing has been
recognized as a potentially transformative tool for
the healthcare, automotive and aerospace indus-
tries. However, after about a quarter of a century of
research and development, only a few commercial
alloys have been printed, and the market value of
all 3D printed products now accounts for a fraction
of the manufacturing economy [9]. This difficulty
is explained by a significant variety of the structure

62 ISSN 2706-8145, CHCcTeMH KepyBaHHA Ta KoMN'toTepH, 2020, N° 4



The Digital Twin and Optimization of Cast Metal Structures in Additive Manufacturing

and properties of printed metal products, as well
as their susceptibility to defects. In addition, the
current practice of evaluating metal products was
carried out through lengthy trial and error using
expensive printing equipment and raw materials.
Although, neither the metal material that limits the
3D printing market niche, nor the high cost of pro-
duction, nor the duration of product qualifications
are critical factors. The creation of a DT for a 3D
printing machine gave a possibility to reduce the
amount of trial and error testing in order to achieve
desired product characteristics and reduce the time
required for qualifying a part to make additive me-
tal products cost-effective. [9] has been shown that
a complex DT of a 3D printing machine, consis-
ting of mechanistic, control and statistical models
of 3D printing, machine learning and big data, can
reduce the volume of trial and error testing, reduce
the number of defects and shorten the time between
design and production.

We will summarize this review with the following
paragraph. The collection of large amounts of data,
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HHU®POBUN IBIMHUK I ONTUMIBALIA TUTUX
METAJIOKOHCTPYKIIIN [TPU ATUTUBHOMY BUPOBHULITBI

Beryn. AKTyaabHMM 3aBIaHHSIM iHXXEHEPHOI HAayKU € CIiBIIpallsl TEXHOJOTiYHOIO PO3BUTKY HalliOHATbHOI €KOHOMIKH,
MOJIepHi3allisl il MaTepiaJibHUX Ta TEXHIYHUX 0a3 MepepoOHOi MPOMUCIOBOCTI. 3POCTaAHHS CKJIAJHOCTI MPOAYKIii Mally-
HOOY/IyBaHHSI MiHSIE CTpaTerito ii BUpOOHULITBA. ONTUMI3allis TUCSY TapaMeTPiB ISl CTBOPEHHS KOHKYPEHTOCITPOMOX-
HMX BUPOOIB CHOTOMHI MPAKTUIHO HEMOXJIMBA 0€3 BUKOPUCTAHHS TexHoJorii mrdposux asiitHukis (LIJ1), xoua cama
texHosorisg LI, 30kpeMa B TMBapHO-MeTanypriiiHiil raiysi, Bce 1€ 3HaXOAUThCS Ha paHHil cTafii po3BUTKY. AKIIO 1151
3a0e3MeYeHHs] HaJiifHOCTI i1 6e3MeKu MalllvMH i MeXaHi3MiB Ta iXHiX JUTHUX KOHCTPYKIIili HEOOXiqHO 3HAuHE 30iIbIIeH-
HS1 yucjia BUIIpoOyBaHb, TO iX LIBUALIE i AelIeBIlIe POOUTH Y BipTyaJbHOMY IPOCTOPi Ha CTalii MPOEKTYBaHHSI, HixK Ha
OisbllI Mi3HiN cTanii B MeTasti. B omisini po3risiHyToO AesiKi MpUKJIaau 3acTocyBaHHs TexHousorii LI nist mpoekTyBaHHS
JINBAPHUX METAJIEBUX 3arOTOBOK, ONTHUMi3allii IXHiX KOHCTPYKIIiil MpU BUTOTOBJIEHHI aIUTUBHUM METOJIOM.

Mertolo crarTi € poBeneHHs orsay TexHosoriii LIJI ta po3pobka mporno3uuiii 3actocyBaHHs TexHosorii LI/ ans
ONTUMI3aLlil TUTUX METATOKOHCTPYKIII MPpY aAMTUBHOMY BUPOOHMIITBI.

Pesyabrari. OnHMM i3 CydJaCHUX TEXHOJOTIYHMX TPEHIIB € «LIM(POBi3allis» MpolieciB BUPOOHUIITBA, OCOOIMBOCTI SIKOL
TSI OTPUMAHHS JIMTUX METAIOKOHCTPYKIIii aJIUTUBHUMU METOAAMMU PO3IJISIIAIOTHCS B CTaTTi. BUKOHAHO OrJisi MOHSTTS
LI, po3riisiHyTO $IKi TEXHOJIOTii PO3KPUBAIOTH 1€ MOHSITTS, & TAKOXK 1K 3acTocyBaHHs LIJ] BruiBae Ha pO3BUTOK aAMTUB-
HOTO BUPOOHMUIITBA METAJIOBUPOOIB. 1151 KOHCTPYIOBAaHHSI METAJIONPOAYKIIii BiI3HAUEHO TaKi MOHATTS, SIK «OiOHIYHUI
3aifH» Ta «TeHepaTUBHUN MU3aifH», SIKi 3MiHIOIOTh XapaKTep B3a€MO/Iii JTIOMUHU 3 TPOTPAMOIO, 10 CTAa€ e(PEeKTUBHUM
IHCTpYMEHTOM TBOpPYOTo Tpoiiecy. [TokazaHO MpUKIIaaK KOMITIOTEPHOTO iHXKWHIPUHTY TIPU TOIOJIOTIYHIN onTuMizaltii
KOHCTPYKIIiil METaJleBUX 3aTOTOBOK.

BucnoBku. Orysin psny mkepen iHdopMallii mokasye, 1o cepel nepeaoBux TexHosoriii L1 € iHTerpatropom npak-
TUYHO BCiX «HACKpPi3HUX» LUGPOBUX TEXHOJOTIN Ta BUCTYMNA€E ApaiiBepoM, 1110 Ja€ MEPeayMOBU PO3BUTKY i J03BOJISIE
MiANPUEMCTBAM 1 LIUTUM Taly3siM MEPEeXONUTU Ha PiBEHb CTAIoro po3BUTKY. TexHosorig LI/l Mae Beauki mepcrnekTu-
BU, OCKUJIBKU € HEOOXiAHOIO HE JIMILE /ISl CTBOPEHHS i eKCILTyaTallil Cy4aCHOTO «pPO3YyMHOIO» MPOIYKTY, ajie i 1 Horo
peryIsipHOi MiATPUMKH, OHOBJIEHHSI Ta MOCTiiTHOT amanTailii 10 HOBUX BUMOT i YMOB 3 TIepeHECeHHsI HAKOTTMYEHUX TAHUX
i METOIB /ISl CTBOPEHHST HOBMX MalllMH, KOHCTPYKIIiil Ta MaTepiaiB.

Karouosi caosa: yughposuii 0siiinux, modearoganus, onmumizayis, adumueHe supoOHUYmMaE0, MemaroKOHCMPYKYIs, MexXHOA02is
3D-0pyky.
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