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Fabricating objects with desired mechanical properties by utilizing 3D printing methods can be expensive and time-
consuming, especially when based only on a trial-and-error test modus operandi. Digital twins (DT) can be proposed as a
solution to understand, analyze and improve the fabricated item, service system or production line. The current trends
and limitations in DTs for additive manufacturing are summarized, in order to provide more insights for further research on
DT systems.
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| 1. Current Digital Twin Applications in 3D Printing Technologies

The compilation of successful digital twins to be applied in the various 3D printing technologies is feasible. With such
cases being still relatively new, such applications face a number of challenges. The accurate digital representation of the
process’s hardware and surrounding environment, along with the initial software inputs and the amount of data from
different sensors to be processed, possesses a complex workflow to be followed in order to come up with a functional
digital twins (DT) &,

DebRoy et al. performed a first attempt to describe and fabricate a digital twin referring to a 3D printing process that
utilized metal powder as raw material. It is described that there are simulation models capable of feeding a DT with inputs
and that the combination of knowledge available in 3D printing and welding methods is preferable for making a digital twin
than 3D printing techniques using metal as raw material 2. The aspects of the process attempted to be addressed by the
proposed DT are heat and material rheological simulation, solidification simulation, metal powder grain structure and
texture, modeling of the material’'s porous microstructure and mechanical properties as well as residual stresses and
subsequent potential distortion predictions. Their proposed DT are comprised of a combination of big data and ML, a
statistical model, a control and sensing model, accompanied by a mechanistic model.

Knapp et. al. proposed the development of a phenomenological framework, using the term digital twin, able to provide
forecasts about the most vital parameters affecting the metallurgical properties of the 3D-printed items . Per se the
framework would give users the capability to provide various parameter settings to the 3D printer and, subsequently, to
receive estimations about critical parameters such as transient temperature boundaries, molten pool geometrical
characteristics, time and spatial alterations of cooling rates and solidification rates. Theoretically, the proposed digital twin
of the 3D printing process, when sufficiently fed and validated with experimental data, would cause a shift from the current
trial-and-error operating modus operandi to ‘numerical experiments’ that do not require pores of the physical world.

On the other hand, Gaikwad et al. proposed their own case of a digital twin utilized for in situ real-time monitoring of the
3D printing fabrication process as well as material defect forecast &, In this case, this digital twin functionality was based
on the inputs of various sensors accompanied by machine learning techniques and physical-model prognosis. It was
tested in directed energy deposition (DED) and laser powder-bed fusion (LPBF) metal 3D printing techniques, showing
promising results.

In addition, Yang proposed the use of the well-known grey-box modeling that is being used in various other fields as well
[AIEI6II7E] A figure indicating a grey-box model is depicted in Figure 1. The model, interestingly not coined under the term
of “Digital Twin”, showed lower forecasting errors by utilizing the sensors’ data obtained and performing relevant
calculations . The case referred to powder-bed fusion metal 3D Printing.



White Grey Black

Deterministic Data
equations

Detailed
submodels

Physiological Physiological
knowledge knowledge

Figure 1. Grey-box model.

A common feature of all the aforementioned proposed DT cases concerning additive manufacturing is their focus on metal
3D printing. This is mainly due to the fact that metal 3D printing is considered a 3D printing field characterized by elevated
equipment and raw material costs. Therefore, a valid prediction of the process outcome in qualitative terms features a
profound economo-technical benefit. However, the application of digital twins to 3D printing techniques such as FDM and
SLA would be of great value due to their widespread use, regardless of the lower costs that these techniques share.

In this direction, Chhetri et al. proposed a digital twin case that focuses on 3D printing techniques using polymeric
materials. It functions under an operating scheme that constantly obtains data about the surface texture and dimensional
accuracy of the fabricated object 29, Therefore, in this way the DT obtains data during the manufacturing procedure and
makes constant real-time estimations and corrections. In another case, Khan et al. proposed a digital twin that also
focused on the FDM technique, employing polymeric raw materials. This project proposes the use of a CNN deep learning
model that will detect in situ real-time material defects, thus reducing the percentage of failed prints. The data input of the
CNN model is derived from an integrated optical sensor in the vicinity of the printer’s extrusion nozzle.

There are also other such cases which primarily use techniques such as the finite element method, finite difference and
level set methods as well as fluidic volume estimations, which are more likely to be defined under the term “simulation”

than the term “Digital Twin" LUL2IL3I1AISIAIATIS] \while this can be attributed to terminology, since the term digital twin
is a term that has very recently arisen, in most cases computational methods and experimental-sensor-derived datasets
are being utilized in a fragmented way and not under the greater umbrella of a digital twin model. Therefore, procedures
such as quality control, quality monitoring or production process monitoring can be performed as stand-alone procedures,
but can be also put under the greater umbrella of digital twins. By this is meant that procedures such as quality control,
quality monitoring or production process monitoring can provide data (via the use of optical and other non-invasive
sensors) that can be integrated into a digital twin. From that point and after, the digital twin will provide researchers with
useful conclusions by also using computational techniques such as Al, ML and big data.

| 2. Practical Issues in Accordance with Procedure Needs
2.1. In Situ Monitoring

Opposed to traditional subtractive technologies, where in situ monitoring technology is being commonly implemented, 3D
printing techniques have not yet integrated monitoring sensors, apart from experimental cases. However, current literature
findings suggest that new approaches are being tested that will eventually allow for the seamless integration of monitoring
techniques and lead to the desired surface quality and mechanical properties standards.

An accurate digital mapping and representation of the physical environment surrounding the 3D printer is highly desirable
due to its immense role in the outcome of the process. This environment is highly dynamic and is also influenced by the
human factor. Airstreams as well as humidity in the surrounding environment are known factors that can affect 3D printing
items’ overall quality 19, Therefore, it needs to be constantly and accurately monitored for the digital twin to be able to
predict these interactions. In this way, in situ process monitoring is based on the analysis of in situ acquired sensor data.
Specific datasets are being subsequently linked to fabricated items’ distortions and failures, geometries and specific
process conditions using ML models 22211,

Unfortunately, there are a number of drawbacks on utilizing solely data-driven approaches in order to perform the in-situ
monitoring process. Firstly, a large number of completely different datasets derived from various sensors have to be
acquired and processed. These can range from temperature and strain readings to high-rate imaging data. Thus,



acquiring and processing of different data need to be combined with intra-system compatibility, the possibility of which
remains questionable. In addition, the computational power for such an operation needs to be elevated, and in most cases
desktop PCs are seldom up to this task.

Secondly, monitored factors such as built item geometrical characteristics, deposition patterns, temperatures and
deposition speeds are all linked to specific acquired signal patterns; thus, data driven models need to be retrained if any
of these factors change. Obviously, this causes a great concern due to the fact that such a model will not be compatible
with another 3D printing technology.

Thirdly, ML models often require the acquisition of an elevated amount of input sensor data, which increases model
complexity and may lead to prediction uncertainty. However, in the case of a digital twin to be utilized in the greater field of
3D printing technologies, a large amount of data is needed in order for the DT to be sufficiently trained and thereby for its
long-term accuracy to be improved. Such data to be entered to the DT could be derived from real-world experiments,
literature, various embedded sensors, or numerical and theoretical simulations. Gaikwad et al. [ propose the combination
of a theoretical model and a lower number of in situ sensor readings in order to reduce the computational burden as well
as the amount of sensor data that need to be acquired and processed. Another suggestion could be that for each of the
common 3D printing processes, there should be a predefined model for each different scenario (i.e., variety of raw
materials, 3D printer environment, printer category, etc.). Thus, users would just need to input the data to use that
targeted DT of their specific real-time fabrication process. However, further research is still needed to reach this point.

2.2. Valid Forecast of the 3D Printing Procedure Results

Nowadays, simulation forecasts concerning 3D-printed items mostly deal with general distortions and alterations (such as
contractions from residual strains) of the pre-determined CAD-designed shape of the item as well as temperature
distribution within the fabricated item’s body. Figure 2 shows such a distortion of a 3D-printed item, called warping,
caused by thermally induced residual strains.

Figure 2. 3D-printed item suffering from shape distortion (lifted corners) caused thermally induced residual strains.

Such operations are based on the simplistic idea of dividing the part into different unit cells and, by computing the
properties of each cell, obtaining the properties of the whole part. Figure 3 depicts a mechanistical approach model based
on the literature 22,
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Figure 3. Forecast mechanistical approach model for 3D printing processes.

Being able to forecast the thermal history, deformation, microstructure, proper material rheological characteristics from the
extrusion nozzle and the mechanical properties is of paramount importance for the DT to make accurate predictions. Only
by forecasting the aforementioned information is it possible to tailor the process parameters and gain full control of the
fabrication process, to successfully monitor the surrounding environment conditions and to reach the desired results.
Figure 4 depicts the process workflow of a digital twin in additive technologies.
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Figure 4. Process workflow of a digital twin in additive technologies.
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