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Abstract

Additive manufacturing (AM) became a key technology in the development of innovative products.
Advancements have been made to improve economic feasibility. However, ecological sustainability is still an
open issue of AM. To improve sustainability, it is crucial to track, visualize, and evaluate emissions along the
lifecycle. This paper presents a novel Digital Twin based approach enabling prediction of the product carbon
footprint (PCF) and prescriptive measures to improve sustainability. By improving part and process design, a
significant PCF reduction was achieved.

Keywords: digital twin, additive manufacturing, sustainability, sustainable design,
product carbon footprint

1. Introduction

Today, ecological sustainability is one of the most critical aspects global businesses must adapt to.
Organizations are confronted with the necessity to navigate through emerging regulations and
guidelines, such as the UN's sustainable development goals (SDGs) (United Nations, 2015) or the
supply chain act of the Federal Ministry of Labour and Social Affairs (2021). Achieving sustainability
objectives is recognized as a competitive advantage in the market and is highly valued by customers.
A technological advancement to improve sustainability is additive manufacturing (AM). By reducing
waste, AM is a meaningful way to improve resource efficiency in production. Further, it enables the
use of modern product development capabilities such as generative design or topology optimization,
leading to more optimal designs, which result in material and weight reductions as well as quality
improvements. Another concept referred to as one of the major trends in engineering design is the
Digital Twin (DT). A DT is "a virtual dynamic representation of a physical system which is connected
to it over the entire lifecycle for bidirectional data exchange" (Trauer et al., 2020). Mainly due to its
capability to mirror and predict the behaviour of a system over the entire lifecycle, it can be a
significant contribution towards sustainable design. For example, it enables companies to meet the
requirements of sustainability policies or to create a digital product pass, which is a driver for circular
economy. This paper aims to combine the concepts - DTs and AM - to enable sustainable product
designs.
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2. Methodology

2.1. Literature review

To guide the literature review, a research strategy plan, as shown in Figure 1, was set up, combining the
different objects of investigation. A search string consisting of 'AND' and 'OR' operators, in combination
with the keywords 3D printing and AM, was entered into Scopus to filter relevant literature in the field
of engineering. In the end, 28 relevant publications were identified and reviewed as a foundation for the
state-of-the-art section.

AND
A
Terminology Investigation Aspect Subject Area
Digitaler Zwilling Nachhaltigkeit 3D Druck*
Digitaler Schatten sustainability AM Machine
Digital Shadow Carbon Footprint 3D print*
& < [pigital Twin CO2 Emission* FDM
Digital* Model* Treibhausgas emissionen |Fused Deposition Modeling
PLC management THG Emissionen additive Fertigung
product life cycle management |Greenhouse gas emission* |additive Manufacturing
GHG Emission*

Figure 1. Literature research strategy for reviewing existing digital twins for sustainable
additive manufacturing approaches

2.2. Digital twin toolbox

This case study was guided by the toolbox for the conception and implementation of DTs by Trauer
(2024). The toolbox consists of six elements’: (1) a procedure model, (2) a DT business modelling
approach, (3) a DT value map, (4) a DT use case template, (5) a DT use case catalogue, and (6) a DT
trust framework. In course of this research project, the procedure model was used to guide the activities.
The use cases were documented in the use case template, and the use case catalogue was used for the
ideation of use cases (UC).

2.3. Emission accounting

To visualize the possibilities of a DT for emission reduction, a bracket is introduced as a reference part.
The purpose of the bracket is to maintain another part, a pulley, in position. The mounted pulley creates
a vertical load of 150 N. A deflection of 0.03 mm in load direction shall not be exceeded. Also,
deflections orthogonal to this shall be small to prevent jamming. The part and use case are a modified
version of the pulley assembly from Kumar (2023).

Table 1. Product rule for future comparison of the reference part and improved part

Estimated quantity: 1000 parts

Functionality: Positioning and fixation of a pulley

Estimated duration of usage: 5+ years

Additional condition: Easy mountability in an overhead position
Production procedure: Fused Filament Fabrication

72mm | Material: PLA

Printing parameters: Fixed

33 mm

20 mm

53 mm

The product carbon footprint (PCF) of the reference product is calculated according to the Greenhouse
Gas (GHG) Protocol product standard. For this example, material and energy flows are observed
throughout the development and production phases. A so-called product rule (Table 1) is established
inside the GHG protocol to allow comparison between the reference part and an improved part.

1 The elements of the toolbox can be found online: https://www.mec.ed.tum.de/en/Ipl/topics-and-software/dittid/
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According to the standard, the functional unit and the reference flow are defined to enable a comparison.
In this case, the same production method, material, surroundings, and production parameters are chosen.
(World Resources Institute, 2011)

3. State of the art

3.1. Digital twins

The concept of DTs exists since the early 2000s (Grieves and Vickers, 2017). Accelerated by the fourth
industrial revolution, DTs became one of the major engineering trends (Isaksson and Eckert, 2020). The
different associated technologies, e.g., big data and Al, enable detailed digital representations of physical
systems (Posada et al. 2015). However, not all digital representations can be called DTs. According to
Trauer et al. (2020), the following characteristics must be fulfilled: (1) "The Digital Twin is a virtual
dynamic representation of a physical artefact or system", (2) "Data is automatically and bidirectionally
exchanged between the Digital Twin and the physical system", and (3) "The Twin [includes] data of all
phases of the entire product lifecycle and is connected to all of them" (Trauer et al., 2020). This vision
of a DT is very ambitious. Subtypes of DTs were introduced. According to Kritzinger et al. (2018),a DT
without bidirectional automated data exchange can be called a Digital Shadow, without any automated
data exchange it is called a Digital Model. According to Trauer et al. (2020), DT use cases can further
be categorized by the lifecycle phase they contribute to the most, i.e., Engineering Twins, Production
Twins, and Operation Twins. By now, DTs are applied in various disciplines such as manufacturing,
product development, and healthcare (e.g. Attaran and Celik, 2023; Fuller et al., 2020).

3.2. Digital twins for additive manufacturing

In AM, cost and time are challenges in the production of mechanical components with a satisfying quality.
To ensure a smooth production, the process parameters must be improved experimentally, thus adding to
the challenges. In AM processes, a DT can be used to find a suitable set of parameters to ensure the desired
product quality (Zhang et al., 2020). With DTs helping to improve the printing quality, they can also play
a role in the validation, certification, and optimization of a printed part (Phua et al., 2022). Stark et al.
(2019) also adds that the DT can be used to reach a better understanding of the system and optimize
products and services. Those advantages are also summarized by DebRoy et al. (2017). According to
Zhang et al. (2022), the development of DTs for AM is still in an early stage. In their study, they primarily
identified applications of DTs to improve printing quality by simulating and adjusting printer parameters.

3.3. Digital twins for emission reduction

Emission reduction in AM. Literature lacks instances of DTs for emission reduction in AM. Previous
research already analysed the impact of process parameters in fused filament fabrication (FFF) printing
on energy as well as material consumption and thus carbon emissions (e.g. Kumar et al., 2022; Harding
et al., 2023; Hopkins et al., 2021). The review of Alfaify et al. (2020) showed that there are also efforts
made to tackle topics like cellular structures, part consolidation, support structure strategies, and product
sustainability for AM in general. However, research has yet to investigate the impact of part design on
the sustainability of AM directly.

DTs for emission reduction. Popescu et al. (2022) underline the limitations of current product lifecycle
management systems while facing environmental regulations, thus highlighting the need for more agile
systems. A possible approach was mentioned by Metallidou et al. (2022) introducing a DT that generates
multiple virtual scenarios based on energy consumption. Edrisi and Azari (2023) investigated how DTs
can be used for sustainability assessments and policy evaluations. Tzachor et al. (2022) showed the
impact of DTs on contributing to the UN's sustainable development goals by improving resource
allocation efficiency and facilitating monitoring and reporting of progress towards achieving the SDGs.
Zhang and Ji (2019) showed in their work an architecture for a DT driven, low carbon control
manufacturing job shop. This architecture includes the physical and virtual world and adds two
additional modules. First, the evaluation and prediction of emissions, and second, the control methods
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to enable low-carbon production. It becomes clear that, the data collected by the DT, needs to be further
analysed and embedded in evaluation/prediction models before enabling carbon reduction efforts.

DTs for emission reduction in AM. A first implementation of DTs in the context of emission
accounting for commercial 3D printers was shown by Winter et al. (2023). However, there is still a lack
of information about the connection between part design and carbon emissions in FFF printing. On a
more abstract level, there is also no existing framework which connects the stages of data acquisition
and product development and gives suggestions to reduce carbon emissions in the case of FFF printing.

4. Academic case study

4.1. Use cases

With the use of the DT Use Case Template (Trauer, 2024) a variety of different DT use cases were
identified in the context of emission reduction in AM. Out of those, three were classified as especially
interesting and impactful. The connection between the use cases is shown in Figure 2.

The first one is the general identification of emission highs and lows. With the data collection
groundwork of a DT, data analysis methods can be used to gather information about fluctuations in
power and material consumption of different components. The second use case of interest is the
predictive estimation of emissions based on the design. Building up on emission data gathered in the
first use case, estimation models can be used to predict the emissions of a specific design early in the
design process. When the specific emissions of a part can be predicted via the second use case, design
proposals to reduce emissions can be made. Therefore, the part design can iteratively be improved to
reduce emissions until other part requirements will be in conflict.

Estimation of
UC2 emission based on
the design

Identifying emission
highs and lows

Design proposals to

uci "
reduce emissions

uc3

Emission
improved
design

Emission
data

Printing
data

Predicted
emissions
/4

Figure 2. Schematic of the use case connection

4.2. Digital twin architecture

How DTs can be integrated into a system to improve sustainability is shown in Figure 3. The various
forms of a DT are the foundation and framework of upcoming processes. The DT instance in this case
represents one specific mirrored printer. The DT aggregated combines results of multiple DT instances,
which enables a more global data analysis. On the highest hierarchy level of DTs lays the DT system,
which combines different types of DTs to allow analysis with the big picture of a whole company,
department, or overarching process in mind. This case study focuses on the DT instance. Additional
technologies can use the framework of the DT to build up on the database and integrate their
functionality in the bidirectional connection. The top layer includes the activities that are using the
technologies (Grieves and Vickers, 2017; Soni et al., 2019)

Sustainability

Assessment Material Eff. Energy Eff.

Predictive

Technologies
Architecture<
DT System

DT Level of

Integration DT Aggregated DT Aggregated

Objects of Interest

DT Instance DT Instance DT Instance DT Instance

Figure 3. Structure of a digital twin concept for carbon emission reduction
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The DT is realized with the help of various sensors and data sources. The measuring equipment captures
the overall power consumption of the printer (Ender 3 pro) directly at the outlet. Various data about the
printer is accessed through a Print Monitoring System. This includes information about the current
printer state, the bed and the nozzle temperature, the feed rate, and more. All sensors and the printer are
connected to a Raspberry Pi. The Raspberry Pi gathers the data and writes them into a MySQL database
located on a server. Additionally, the slicer and CAD model data are also stored in the database. Figure
4 provides a system overview, including the current and data transfer.

1
1
h '
., [ Plug '
{ Power i . IR !
Supply H H : Camara Camera :
. '
1

Ender 3 Pro

AM Machine
Smart " Stepper Heater Heater
[ Plug } > [Mnm'm} [ Motars e Build Plate Mozale R

Figure 4. Schematic of the software and hardware interactions

The collected data can be categorized into real-time data, collected throughout the printing process, and
static data that depends solely on the corresponding model. Different dashboards are employed to
visualize the data. The live dashboard (Figure 5) presents real-time details of the ongoing printing
process. The selection dashboard facilitates insights into previously printed parts. The data evaluation
module is used to identify correlations between printing parameters, design variables, and emissions. It
is also used to detect emission highs within the printing process. Currently the cyber system only
evaluates and visualises the collected data without bidirectionality. Therefore, it is called digital shadow.
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Figure 5. Excerpt of the live dashboards, displaying the temperatures (yellow, blue) and power
consumption (green)

The temperature target is specified in the G-code for the nozzle/bed, while the actual temperature is the
current temperature measured by the 3D printer. The difference between the target and actual
temperature results in the temperature offset. The collected data and their origin are shown in Figure 6.
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Figure 6. Connection between collected data and data sources

5. Results

5.1. Data analysis

In this section, we conduct an analysis of the experimentally collected data, with a primary focus on
understanding power consumption during the AM process. The Pearson coefficient revealed correlations
between power consumption and other printing parameters. Notably, the strongest correlation can be
found between power, the actual bed temperature (0.47), and actual tool temperature (0.17).

For identifying emission highs, an upper bound higher by 1.5 times the standard deviation than the mean
of all datapoints was defined. Statistical comparisons between values over and under the upper bound
highlight interesting patterns. Bed temperature actual, bed temperature offset, and feed rate exhibit
average differences for emission highs, while other variables show no significant distinctions.
Examining the temperature control during printing, the bed temperature ranges between 59.41 °C and
60.94 °C, while the tool temperature ranges from 195.37 °C to 202.19 °C. A closer look at temperature
maintenance during printing reveals varying power consumption for both the bed and tool components.
Bed power ranges from 3.39 W to 226.86 W, with a consumption of 61 Wh over 20 minutes. Tool power
ranges from 20.28 W to 31.61 W, with a consumption of 25 Wh over 20 minutes. The difference in
power consumption is displayed in Figure 7. Due to better readability, only every fifth datapoint is
displayed.
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Figure 7. Power of the printing tool (blue line) and the printing bed (red line) illustrating the
impact on the overall power consumption
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Comparing the printing process between a hollow cylinder consisting only of outlines and a cylinder of
the same size containing infill reveals insights into manufacturing dynamics. The mean feed rate for

outlines is 1278.14 ===, In contrast, the mean feed rate for the part with infill is 7396.32 ~—.

Lastly, parts with different overhang scenarios show variations in print time and energy consumption.
Notably, the print time for scenarios with an overhang that needs a support structure is higher,
accompanied by increased energy consumption.

5.2. Identification of emission highs

The data collected showed that the FFF printer, with standard speed settings, significantly slows down
while printing surface areas in comparison to the printing of infill. The reason for this is to ensure a
high-quality surface on the outside by reducing ringing - the effect of an uneven layer occurring on the
surface. In the example shown in Figure 8, a full-body cylinder is compared with a hollow version. The
mass of the hollow version is lower, but the printing time stays the same, resulting only in a small
difference of carbon emissions. Other design choices also affect the printing time.

Overhangs over the standard threshold of 45°, suggested by the slicer, need additional support
structures and are therefore increasing material consumption and printing time. Additionally, the first
phenomenon could come into place when two designs are compared with one having an additional
increase in the surface structure. An example of different overhangs can be seen in Figure 8.

When the heating process is considered, the heating of the build plate shows a significantly greater
energy consumption than the heating of the nozzle because of the difference in heating area. In the case
of most commercial FFF printers, the whole build plate is heated to a fixed temperature value.
General mass reduction is directly connected with material, transport, packaging, and printing
emissions. If other design criteria are not neglected, such as support structures, a mass reduction goes
hand in hand with a reduction of emissions.

Another driver for the printing time are retractions. Those describe the action of the nozzle stopping
the extrusion of filament. This happens when the nozzle moves without printing, like on layer shifts and
horizontal non-printing movements.

5.3. Design proposals

Reducing the mass of the part. The mass has a direct impact on material consumption and printing
time. Furthermore, the mass of the material used also influences transportation and packaging processes
in the upstream value chain. This means lightweight design is a significant measure to reduce carbon
emissions. The comparison of both parts is displayed in Figure 8. Applying topology optimization,
followed by a manual redesign, a new part was designed, following the Product rule. It maintains both
functionalities, the required maximal deflections under load, as well as its ability to mount a pulley.
Resulting in more individual geometries, the mass could be reduced by 45% to 16g. Both the
conventional and optimized designs, fulfil all requirements on maximum stresses and displacements for
the given load cases, as verified in finite element simulations.

Improving the design for a better build plate fitting. Through the open area in the middle of the part,
it is possible to use the build plate area more efficiently, as seen in Figure 8. The emissions connected
to heating the build plate can be distributed to more parts. The reference part allowed the printing of 15
parts simultaneously, the new design allows 21.

Reduction of surface area. With the mass reduction of the reference part, the overall surface was also
reduced. The total surface area was reduced by approx. 26 % from 38000 mm? to 29000mm?.
Reduction of retractions. Because retractions happen when the layer is changed, a wider part design is
more retraction-friendly than a higher one. Also, a connected structure means the nozzle needs to lift
less and, therefore, reduces retractions, while distributed structures will add more retraction time.

The derived design proposals of our study mainly overlap with established Design for Additive
Manufacturing principles (e.g., Lachmayer et al., 2022; Diegel et al., 2019). However, the importance
of individual design principles differs when designing for sustainability compared to designing for cost
or pure manufacturability. In the end the PCF was reduced from 720 gC0, — eq t0 476 gCO, — eq for
a single part, mainly driven by a reduction of mass and surface area. The CO, — eq. was calculated
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following the product standard of the GHG-protocol, the procedure is shown in Figure 9. The approach
in this paper focuses on the manufacturing process, also shown in Figure 9. The figure also shows the
attributed process steps, as well as the distribution of emissions and the scope of the life cycle analysis.

(1) (2)

- w

(1) 2)
Mass 17g 13g
Time 1,26h  1,26h

Figure 8. a) Design of the optimized part; b) Improved build plate arrangement; c) Comparison
of a full body and hollow part; d) Design space for support structures for different overhangs
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Figure 9. Accountable processes of the investigated bracket for the measurement of emissions
(Icha and Lauf (2023), Fonseca et al. (2023))

6. Discussion

The comparison of different printing scenarios, such as infill versus outlines and varying overhang types,
highlighted key factors influencing printing time and energy consumption. Thus extending the printing
parameter analysis of Kumar et al. (2022), Harding et al. (2023), and Hopkins et al. (2021), by also
taking the impact of part design into account. However, largely trained emission forecasting models still
need to be developed. Additionally, Winter et al. (2023) came to the conclusion that 30% of the printing
energy consumption can be attributed to the build sheet and nozzle. In the case of the emission-improved
part, 82g C0O, — eq, which are attributed to the heating processes, can be further distributed depending
on how many parts can be fit on the build plate, which was not considered in this emission analysis. The
presented approach was made for a commercially available small FFF printer (Ender 3 pro). This means
the analysis is only partially applicable to industrial printers. Nevertheless, the systematic approach is
independent of the production method. It should also be mentioned that, due to the absence of
bidirectionality in this work, a digital shadow was developed as the first step towards a DT.

7. Conclusion

Approaches using DTs to reduce emissions already exist. Winter et al. (2023) present a concept of a DT
for emission reduction in the field of AM, focusing on adjusting the printing parameters. However, there
are no publications focusing on the optimization of design parameters as well. Therefore, the novelty of
this paper lies in establishing a link between design variables for 3D printed products and the resulting
emissions during their development and manufacturing processes. To achieve this goal, a digital shadow
was developed to collect data during the printing process and analyse it regarding the impact of design
variables on emissions. In an iterative process, the identification of emission peaks and proposals for
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design improvements were implemented. Identifying design proposals to reduce emissions, as explained
in section 5.3, offers actionable insights for advancing the digital shadow toward a Digital Twin (DT).
This may involve integrating factors such as the time difference between printing surface area and infill
into automatic design adjustments or facilitating the automatic creation of a retraction-friendly design.
While the approach is focussing on FFF printing, the general approach for assessing and improving
emissions can also be applied to other AM processes. To summarise, this paper shows the potential of
DT in AM regarding sustainable design and presents recommended actions for reducing emissions in
the design phase of the investigated bracket.

8. Outlook

This study is laying the groundwork for future research of emission reduction in AM. One aspect is
generalizing the findings for specific part classes. By exploring different part geometries and their
impact on emissions, the presented design proposals can be extended beyond conventional
recommendations in AM. Another aspect for future implementation is the development of the digital
shadow into a DT by adding bidirectionality through automatic improvements of the part design
regarding sustainability. The framework can be further extended to integrate advanced prediction and
machine learning models to support decision making in product design, focusing on sustainability at
early stages of the product life cycle. Another useful extension is the integration of costs, as their
behaviour in many cases parallels or is transferable to emissions. Considering the design
recommendations for reducing emissions, there is a possibility that these or other design aspects may be
partly contradictory. Accordingly, a multidisciplinary assessment could be necessary. While this paper
focuses on FFF printing, the transferability and applicability of the findings to other areas of AM, such
as metal AM, should also be considered. By addressing these areas, the outcomes of this case study and
future research can contribute to the development of more sustainable products.

Acknowledgement

We want to thank our industry partner umlaut — Part of Accenture, in person Julian Reiter and Lucas Alber, for
the interesting use case in Section 2.3.

This research was conducted as part of the BUENA research project in course of the TTP-Leichtbau funded by the
Federal Ministry for Economic Affairs and Climate Action of Germany.

References

Alfaify, A., Saleh, M., Abdullah, F.M. and Al-Ahmari, A.M. (2020), “Design for Additive Manufacturing: A
Systematic Review”, Sustainability, Vol. 12 No. 19, p. 7936, https://doi.org/10.3390/su12197936.

Attaran, M. and Celik, B.G. (2023), “Digital Twin: Benefits, use cases, challenges, and opportunities”, Decision
Analytics Journal, Vol. 6, p. 100165, https://doi.org/10.1016/j.dajour.2023.100165.

DebRoy, T., Zhang, W., Turner, J. and Babu, S.S. (2017), “Building digital twins of 3D printing machines”, Scripta
Materialia, Vol. 135, pp. 119-124, https://doi.org/10.1016/j.scriptamat.2016.12.005.

Diegel, O., Nordin, A. and Motte, D. (2019), A Practical Guide to Design for Additive Manufacturing, Springer,
Singapore, https://doi.org/10.1007/978-981-13-8281-9.

Edrisi, F. and Azari, M.S. (2023), “Digital Twin for Sustainability Assessment and Policy Evaluation: A
Systematic Literature Review”, in 2023 IEEE/ACM 7th International Workshop on Green And Sustainable
Software (GREENS), May 14, 2023, Melbourne,  Australia, IEEE, pp. 1-8,
https://doi.org/10.1109/GREENS59328.2023.00007.

Federal Ministry of Labour and Social Affairs (2021), Gesetz iber die unternehmerischen Sorgfaltspflichten zur
Vermeidung von Menschenrechtsverletzungen in Lieferketten (Lieferkettensorgfaltsgesetz): LkSG.

Fonseca, A., Ramalho, E., Gouveia, A., Figueiredo, F. and Nunes, J. (2023), “Life Cycle Assessment of PLA
Products: A  Systematic Literature Review”, Sustainability, Vol.15 No.16, p. 12470,
https://doi.org/10.3390/su151612470.

Fuller, A, Fan, Z., Day, C. and Barlow, C. (2020), “Digital Twin: Enabling Technologies, Challenges and Open
Research”, IEEE Access, Vol. 8, pp. 108952-108971, https://doi.org/10.1109/ACCESS.2020.2998358.
Grieves, M.W. and Vickers, J. (2017), “Digital Twin: Mitigating Unpredictable, Undesirable Emergent Behavior
in Complex Systems”, in Kahlen, F.-J., Flumerfelt, S. and Alves, A. (Eds.), Transdisciplinary Perspectives
on Complex Systems, Springer International Publishing, Cham, pp. 85-113, https://doi.org/10.1007/978-3-

319-38756-7_4.

ARTIFICIAL INTELLIGENCE AND DATA-DRIVEN DESIGN 2097

https://doi.org/10.1017/pds.2024.211 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2024.211

Harding, O.J., Griffiths, C.A., Rees, A. and Pletsas, D. (2023), “Methods to Reduce Energy and Polymer
Consumption for Fused Filament Fabrication 3D Printing”, Polymers, Vol.15 No.8, p. 1874,
https://doi.org/10.3390/polym15081874.

Hopkins, N., Jiang, L. and Brooks, H. (2021), “Energy consumption of common desktop additive manufacturing
technologies”, Cleaner Engineering and Technology, Vol. 2, p. 100068,
https://doi.org/10.1016/j.clet.2021.100068.

Icha, P. and Lauf, T. (2023), Entwicklung der spezifischen Treibhausgas-Emissionen des deutschen Strommix in
den Jahren 1990 - 2022, Climate Change | 20/2023, available at:
https://www.umweltbundesamt.de/sites/default/files/medien/11740/publikationen/2023_05 23 climate_cha
nge_20-2023 strommix.pdf (accessed 6 February 2024).

Isaksson, O. and Eckert, C. (2020), Product Development 2040, https://doi.org/10.35199/report.pd2040.

Kritzinger, W., Karner, M., Traar, G., Henjes, J. and Sihn, W. (2018), “Digital Twin in manufacturing: A
categorical literature review and classification”, IFAC-PapersOnLine, Vol. 51 No. 11, pp. 1016-1022,
https://doi.org/10.1016/j.ifacol.2018.08.474.

Kumar, H. (2023), “Pulley Assembling”, available at: https://grabcad.com/library/part-4-pulley-assembling-1
(accessed 14 November 2023).

Kumar, R., Padma Vilochani, P.G., Kahnthinisha, S., Patil, O., Cerdas, F., Sangwan, K.S. and Herrmann, C.
(2022), “Live Life Cycle Assessment Implementation using Cyber Physical Production System Framework
for 3D Printed Products”, Procedia CIRP, Vol. 105, pp. 284-289,
https://doi.org/10.1016/j.procir.2022.02.047.

Lachmayer, R., Ehlers, T. and Lippert, R.B. (2022), Entwicklungsmethodik fiir die Additive Fertigung, Springer,
Berlin, Heidelberg, https://doi.org/10.1007/978-3-662-65924-3.

Metallidou, C., Psannis, K.E., Vergados, D.D. and Daossis, M. (2022), “Digital Twin and Industrial Internet of
Things Architecture to Reduce Carbon Emissions”, in 2022 4th International Conference on Computer
Communication and the Internet (ICCCI), July 01-03, 2022, Chiba, Japan, IEEE, pp. 185-189,
https://doi.org/10.1109/ICCCI55554.2022.9850248.

Phua, A., Davies, C. and Delaney, G.W. (2022), “A digital twin hierarchy for metal additive manufacturing”,
Computers in Industry, Vol. 140, p. 103667, https://doi.org/10.1016/j.compind.2022.103667.

Popescu, D., Dragomir, M., Popescu, S. and Dragomir, D. (2022), “Building Better Digital Twins for Production
Systems by Incorporating Environmental Related Functions—Literature Analysis and Determining
Alternatives”, Applied Sciences, Vol. 12 No. 17, p. 8657, https://doi.org/10.3390/app12178657.

Soni, R., D., T., Twinkle and Bhatia, M. (2019), Digital Twin: Intersection of Mind and Machine, available at:
https://ssrn.com/abstract=3361029.

Stark, R., Fresemann, C. and Lindow, K. (2019), “Development and operation of Digital Twins for technical
systems and services”, CIRP Annals, Vol. 68 No. 1, pp. 129-132, https://doi.org/10.1016/j.cirp.2019.04.024.

Trauer, J. (2024), “On the Conception and Implementation of Digital Twins — Supporting Companies in the
Development of Digital Twins”, Dissertation, Laboratory for Product Development and Lightweight Design,
Technical University of Munich, Munich, Germany, 2024.

Trauer, J., Schweigert-Recksiek, S., Engel, C., Spreitzer, K. and Zimmermann, M. (2020), “What is a Digital Twin?
— Definitions and Insights from an Industrial Case Study in Technical Product Development”, Proceedings of
the Design Society: DESIGN Conference, Vol. 1, pp. 757-766, https://doi.org/10.1017/dsd.2020.15.

Tzachor, A., Sabri, S., Richards, C.E., Rajabifard, A. and Acuto, M. (2022), “Potential and limitations of digital
twins to achieve the Sustainable Development Goals”, Nature Sustainability, Vol. 5 No. 10, pp. 822-829,
https://doi.org/10.1038/s41893-022-00923-7.

United Nations (2015), “Sustainable Developement Goals”, available at: https://sdgs.un.org/goals (accessed 20
November 2023).

Winter, S., Quernheim, N., Arnemann, L., Anderl, R. and Schleich, B. (2023), “Live Estimating the Carbon
Footprint of Additively Manufactured Components — a Case Study”, Procedia CIRP, Vol. 116, pp. 642-647,
https://doi.org/10.1016/j.procir.2023.02.108.

World Resources Institute (2011), Product life cycle accounting and reporting standard, Greenhouse gas protocol,
Washington, DC, available at: https://ghgprotocol.org/product-standard (accessed 9 November 2023).

Zhang, C. and Ji, W. (2019), “Digital twin-driven carbon emission prediction and low-carbon control of intelligent
manufacturing job-shop”, Procedia CIRP, Vol. 83, pp. 624-629, https://doi.org/10.1016/j.procir.2019.04.095.

Zhang, L., Chen, X., Zhou, W., Cheng, T., Chen, L., Guo, Z., Han, B. and Lu, L. (2020), “Digital Twins for
Additive Manufacturing: A State-of-the-Art Review”, Applied Sciences, Vol.10 No. 23, p. 8350,
https://doi.org/10.3390/app10238350.

Zhang, L., Zhou, W. and Chen, X. (2022), “Digital Twins and Additive Manufacturing”, in Lv, Z. and Fersman,
E. (Eds.), Digital Twins, Springer International Publishing AG, Cham, pp. 27-35, https://doi.org/10.1007/978-
3-031-11401-4_4.

2098 ARTIFICIAL INTELLIGENCE AND DATA-DRIVEN DESIGN

https://doi.org/10.1017/pds.2024.211 Published online by Cambridge University Press


https://doi.org/10.1017/pds.2024.211

