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ABSTRACT

This study aims to develop a model for construction in a science inquiry class, explicitly
focusing on the application of digital twin technology. This technology allows students to
explore biological phenomena virtually, learning with virtual replicas and physical space
in the context of learning biology. To develop the model, the researcher analyzed various
research related to digital twin applications and performed a literature review in the context
of effective teaching and learning strategy. Additionally, 22 students were recruited to assess

'.) the effect of the class to construct through the model at the affective domain. This study
. found that the construction model of inquiry class functions as guidance for interactive and
updates immersive learning, enabling students to overcome the traditional limitations of time, space,

and physical resources. Also, results showed that students significantly improved their

a OPEN ACCESS affective domain in biology inquiry class. Consequently, three conclusions were drawn from
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Theoretical Background
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Research Method

Development of Class Construction Model
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Table 1. The composition of participants

High School A B © D E F G Sum
Male 1 1 0 1 0 10 0 13
Female 1 1 1 0 3 0 3 9

Application & Measurement of Class Construction Model
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Result & Discussion

The Analysis of Researches for Digital Twin Application
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Table 2. The result of literature review about the research of digital twin application (continued)

Technology Skill User Accessibility Application Category & Example
Tuegel et al.(2011) Designing aircraft structure life Use high-performance computingto ~ Predict and manage the life of aircraft
prediction process using digital simulate system operations in a virtual ~ structures, increase maintenance
computing environment with an intuitive user efficiency, and assess structural safety.
interface.

Grieves(2015) Lightweight virtual factory models A manufacturing simulation collects ~ Comparison of physical factory and
that monitor and process real-time data and compares real-time measurement  digital replicas to confirm compliance
for physical products and their virtual ~ data to solve problems. with design (e.g., the bolt torque data of
replicas. a car engine)

Taoetal. (2018) Product design, simulation, diagnosis, ~ Assess and interact with digital Used for data-driven design and
and prediction are performed using twin with real-time data by optimization at all stages from product
virtual models that reflect physical leveraging computing and network design, manufacturing, maintenance,
products. communication. and retirement (e.g., bicycle design)

Sepasgozar(2020) Construction management education ~ Access virtual learning modules Project-based learning in construction
recreates physical tasks in a virtual anytime, anywhere via smartphones,  education allows one to experience real-
environment with interaction learning.  tablets, and VR headsets for large world construction work (e.g., using

classes. virtual tunnel drilling machines)

Sulaiman et al., 2020) A marketing tool that transforms 360°  Providing mobile optimization and high During the COVID-19 pandemic,
photos into 3D digital interactive twins, accessibility, allowing users to navigate online support marketing through
allowing you to experience a space the space anytime, anywhere, and virtual tours instead of traditional on-site
virtually quickly. Visits to properties

Flaga & Pacholczak(2022) Real-time data collection, analysis, Access digital twins with simple Use for small production line design,
and simulation through virtual system  hardware via a web browser, enabling  training, and programming simulation
models and implementationinaweb  real-time data visualization and (e.g., training by building a virtual
application. simulation conveyor system)

Komninos & Tsigkas(2022) Real-time data collected from smart ~ Digital twin devices make it easy to Environmental education purposes
birdhouse monitors and simulates the  visualize natural environment data and  in schools provide an experience of
state of the natural environment in observe bird activity in real-time. interaction with nature (e.g., smart new
virtual space. houses).
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Table 2. The result of literature review about the research of digital twin application (continued)

Technology Skill User Accessibility Application Category & Example
Pang etal. (2022) real-time monitoring and control Provides a realistic virtual robot Assists in learning robot programming
through data-based modeling by experience via remote control usinga  and debugging remotely without
synchronizing physical and virtual Unity 3D interface. physical equipment (e.g., IRB120
robots. remote platform).
Emmert-Streib & Yli-Harja (2022)  Computer model simulating medical ~ The digital twin system simulates Personalized medicine, multiscale

Zhang et al. (2023)

Tjahyadi etal. (2023)

Lei etal. (2023)

Lee etal.(2023)

Mehrabi(2023)

Mitsanis et al. (2024)

Mordaschew et al. (2024)

Kim & Heo (2024)

Zi etal (2024)

Ferrari & Willcox(2024)

Laubenbacher et al. (2024)

Moshood et al.(2024)

phenomena through data from a virtual
representation of a physical object.

Multi-environment mapping for plant
environment optimization enables real-
time data collection and monitoring
systems.

Real-time data interaction between
physical and virtual systems enables
system simulation and control.

Virtual replica for real-time
monitoring and control of physical
DC-DC converter systems’ dynamic
characteristics.

An immersive learing system
connecting physical and virtual
environments in real time for student
interaction.

Technology that can virtually recreate
anatural food system to simulate and
predict system health in a variety of
crises

Leverages 3D plant modeling to
virtually replicate and simulate
structural and functional properties of
real-world plants.

Human digital twins optimize
production efficiency by simulating
the characteristics and capabilities of
workers with disabilities.

Replicates physical objects to simulate,

biological and medical scenarios,
enabling customized treatment plans.

The mobile application enables
real-time monitoring and control of
environmental parameters in the plant
from anywhere.

Remotely control lab equipment,
monitor real-time results in a virtual
environment, and access via the
Internet.

Real-time data enables remote
monitoring and control of systems,
accessible from anywhere via cloud
connectivity.

Solve gamified math problems with
digital twin systems and monitor and
interact with learning progress anytime,
anywhere.

Analyze real-time data from food
systems, make quick decisions, and
use it for policymaking and crisis
management.

3D plant models enable farmers to
monitor crops in real-time and enhance
agricultural management through
advanced simulation.

Workers and managers with disabilities
can coordinate work in real-time,
enabling flexibility and personalized
support.

Farmers can collect, analyze, and

analyze, and predict using real-time data visualize through various sensors

for precise agricultural management.

Ensemble learning technology for
real-time monitoring and prediction
of milling cutter wear conditions to
enhance accuracy.

Avirtual replica of a physical system
for predictive analysis by monitoring
and optimizing system health data.

Personalized treatment and diagnosis
technology using real-time simulation
and prediction based on patient data.

Real-time data collection, monitoring,
simulation, and predictive analytics by
virtual replicas of physical systems.

and data platforms to increase farm
productivity.
The system monitors milling cutter

modeling for predictive analytics to
study complex biological systems (e.g.,
artificial pancreas models)

Manage and optimize environmental
variables in plant facilities (e.g., CO2
concentration, temperature, humidity,
and illuminance).

Enables control engineering training
with virtual experiments and hands-on
exercises without physical equipment
access.

Optimized for health monitoring, fault
diagnosis, and control performance

in electric vehicles, renewable energy
systems, and DC microgrids.

Used in college math education to teach
fundamentals and motivate students
(e.g., gamification-enabled learning).

Scenario analysis of complex

stressors for use in food policy, crisis
management, agriculture, and food
supply chain analysis and improvement
Crop growth management, pruning
strategy development, agricultural
education and training, etc. (e.g.,
precision agriculture with FSPM)

Used to enhance competencies

and productivity of workers with
disabilities (e.g., HDT optimizing work
assignments in a protected workplace).
Precision and individualized agriculture
for fiuit crop growth, yield forecasting,
and disease management (e.g., citrus
plantations on Jeju).

Monitor the milling cutter’s wear

wear in real-time and enables immediate status and, based on the predicted wear

action based on predictions.

Providing analysis and control of data
from physical systems in real-time
and can be easily applied in various
industries.

Analyze patient data in real time and

conditions, make tool changes and
optimize the process.

Used in mechanical and aerospace
engineering for design, manufacturing,
maintenance, and reduced risk (e.g.,
F119 turbofan engine).

Oncology for personalized treatment

make optimal treatment decisions. It can planning, prognosis prediction, and

be widely used within the healthcare
system.

Interfaces can be provided to monitor
and control the real-time status of
physical systems intuitively.

clinical trial virtualization (e.g., breast
cancer, brain tumor)

Monitoring for manufacturing,
infrastructure management in smart
cities, and creating patient-tailored
treatment plans in healthcare.
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Table 2. The result of literature review about the research of digjtal twin application

Technology Skill User Accessibility Application Category & Example

Demir(2024) Create virtual models of physical Instructors and students have a virtual ~ Higher education management,
objects, systems, or processes to experience similar to a physical university-industry cooperation,
monitor and optimize health based on  campus, enabling streamlined course  research activities, resource
real-time data. management. optimization, etc.

Dingetal. (2024) Technology for virtual simulations using User-friendly access to assess risks that Used to evaluate and optimize robot
lunar exploration data to accurately may arise during robotic exploration ~ mobility and terrain in space exploration
predict and evaluate rover movement  and plan safe exploration routes (e.g., analyzing Yutu-2 rover and rocks
and terrain. in Chang’E-4 mission).

Rihm et al. (2024) Virtually replicate the lab, automatically Intuitively control and monitor Automate experiments, manage data
adjust experimental conditions based on experimental factors and automate and improve reproducibility (e.g.,
real-time data, and optimize. experiment management for autonomous robots with real-time data

accessibility. analysis).

Hassan et al. (2024) Simulate the operation of a real Providing immersive, interactive Used to train biological manufacturing
bioreactor in a virtual environment, learing and an opportunity to and process control operators,
allowing trainees to respond to various  experience and correct experimental  simulating real-world operations (e.g.,
situations. errors. National Horizons Center, UK).
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Fig. 1. The construction model of science inquiry class using digital twin technology
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Fig. 2. The example of the class construction process using the model
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Table 3. The result of basic information about the experience of the Metaverse

Frequency of Information Experience ~ Acquisition Type of Metaverse Information Period of First Experience Type of Metaverse Activity
Answer % Answer % Answer % Answer %
Very Often 182 Curriculum 4.6 Elementary School 9.1 Game 273
Often 31.8 Club Activity in School 13.6 Middle School 50.0 Class Activity 273
Usually 31.8 Media 409 High School 227 None 455
Little 182 Web contents 364 None 409
Not atall 0.0 None 4.6

lEp 20| that stso] Yol 344 43 % 4 Yerbeke Wzl isiis 773%9) stgso] 1
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Table 4. The result of basic information about the consciousness of the Metaverse Leamning

Essential for Life Provides Positive Effects for Me Provides Positive Effects for Society
Answer % Reasog for % Answer % Reasog for % Answer % Reasog for %
Selection Selection Selection
Very Much 13.6  Widely use in 9.1  Very Much 364  Non-specific 409  Very Much 182 Non-specific 182
Current Positive Perception Positive Perception
Much 364  Preparing for 50.0 Much 409  Specific Positive 273  Much 63.6  Specific Positive 364
the Future Perception Perception
Normal 409 Not Need 227 Normal 227 Not Sure 31.8 Normal 13.6  Not Sure 455
Little 9.1 Not Sure 182 Little 0.0 Little 4.6
Not at all 0.0 Not at all 0.0 Notat all 0.0

The Result of Affective Effect
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Table 5. The result of mean for the affective effect of Metaverse leaming between pre and pos- test

Motivation Attitude ~ Task Commitment
Group Attention Relavance Confidence Satisfaction Sum
M SD M SD M SD M SD M SD M SD M SD
Pre-test 4059 722 3055 631 2850 506 2105 406 12068 2084 7614 836 87.68  14.26
Post-test 48.50 498 35.14 4.82 34.59 4.54 24.77 331 143.00  16.07 85.77 8.94 100.59 1148
Table 6. The result of paired t-test for the affective effect of Metaverse learing between pre and post-test
Paired Relation t df Sig. Cohen’sd
Activity motivation of Metaverse learning -5.165 21 0007%* 1.199
Sub-Factor Attention -5.145 21 .0007%* 1.275
Relevance -4.038 21 0077%* 0.818
Confidence -6.228 21 .000%* 1267
Satisfaction -3.582 21 .002%* 1.006
Attitude of Metaverse learning -4.781 21 .000%* 1.113
Task commitment of Metaverse learning -3.352 21 003** 0.997
“ip<o0l1

HERH A Sh5o] tet B 571 ¥18H2] Cohen’s d 32 1.199% -9 =7 UelH 24 BA|4 0= /-9

rok
-

N
=2
>
4
i
=2
lo
ot
ol
ox
)

]1

Cohen’s d SA|

lo
o

|
g
ol
o

b
o,
39

0
o
et
=
gﬂ
32

WS PSS U o R A gt AN E R e R et A2 2ES 5T

£

37} QIEke 218 BIsHeITt 571 HAF At 319 4591 7ol
%, B, A, w0l o B vl AtelA B pe01 S0lA feldt Habr} Soluglon)
2 $F02 PSS 49 Folt BEFEF10 519 .40] N2A FHH EHE AFH

11, Watobujek, veks A sio chet ehw ot TR Ak 2at A AV Rt
EAH 02 §ol5k9 O, Cohen's 47} 242} L1133 9972 7] Upehd0 24 4]

k. wfeb A o] ATOIA e 429 T4 ol k2 T} P 9]

A
T
A, o ot 24 B U D B BE 49 74 RS A 4 Agick WAe) 414

[¢]

=
Al g2 Aol siFshAlRh A E 22 e YA Ve 283 aUS Algsk= 22 719
1= A
&

40| B3} Sk -k A1 Aol A| gt gL 4 Slet. o]/ witol| A tl A Y B 28 1S 2l
a2 Efojof sk 9, 24, /ol thet Bl S 7 eho =24 St ol WA AIAH o= tAE E
28T U= A Al 7hol E gl A s3I

=4, HAE Ef 28 4 749 ol whE e} Bt o] e shaAte] o3 J el 5783
&2 Alse o Aok 7V S A AAE ued e B 52 skl g7 20E gAE
ZHIZ2 /et &, gAE EA 3t ol 7+ Bl &Rk eS| HERH A Egof thdt 57, Bk, A
Aol A It o] Ak seAF A w2 UAIE B2 8o =N g7Esol =

Brain, Digital, & Learning. 2024 Viol. 14 No. 3

319



Byeon

O
ol

ot m
oo
o

2SS A | 7R 4 0 2 9IS CAslstel 7ME el Tao =M 7 A
& A455tete 897} 485 9] dheolck
E

>
%0,
° rr

>,
2
o O oy
L
i

o
l'l _I ‘1
0 9

30

t}. o] ol A et 4 4 ol wiet Yz B 7R A E B e US Ak ¢
285 A, AlRbE AlFERtoll = T E EY 28 9 52 st 2ES A4
A yAE Ve 28 e *9sk=t o] 7leol vt 45 Al 24

SHel 9 A RS 285PH Ve 550 AREE AR S0l anfd oz HFEE

qﬁ
o

oL

wa o
)
f

4

oz

M

fo

Jo
)
32
&
1

o jQIL
2
H1
-ﬁ >

L ok

Y 4 Aok oheh, AlRbE ARA = QI8 7|22 Q) o] tAE EE Astal gt 23S TA]
T2 A S ot A5 0 2 gHeddol] 28T 4 e AAE AEh T Aol YKo
Aeke e 5ol 7 Aotk

o] AFE T3l UAE ES et Fetse] 2 28 4 e Y 7 RS Vel A A
& 7Fs/8S ERIT o =N, Tt 22 WS AAEZ AAE 4 AU 3, HAE Ee EEot o
T U 20 2|52 T 482 B3l Be) ohae] Aol njAls d¥e A 27kt
=2, oo}, 2|t} 5 ThE et} Zololl e tAE Edl 7|eS 481t 75 Sl Tt Aok '
ol tieh tAE BRI 28 7HsdE ASE ot lh =4, UAE E 22 7V AA 28 e
AT Aok A AAAR] wAf A T2 070] B st ws-o) W Ler) Abe] Heke] L5 wHrt
7] elM = 7 1e2 ws ol B8 4 Qe A OV AR et 2 O v Sato] Z e
Siek AlA, A e E9S 85 H78E Bl o452 als AARS F0)al BE SME0| oatagol o

3
SHEE EXI5ke 762 AT d 4 Qlot gAY E mutd ERto 2 & 47 &8o| 7Hsotn R B3
B & A3 4 3tk 53] 71e4 =2t =

Z3 Aot St A ek 7as B85 et 1S5S 7hes o, et dgte s EE
=t 710 4= 3l& Zlolth TRt ol fEI A 7| eE §HA ez EEstol '

zotsto] Al & - glo B e Haby F oAtaE Bl T A ek g2 Jo st
o]

-4
i
E
il
o
X
uo
i
o,

Conflicts of Interest

The author declared no conflicts of interest.

References

Behrendt, M., & Franklin, T. (2014). A review of research on school field trips and their value in education.
International Journal of Environmental and Science Education, 9, 235-245.

Berestova, A., Ermakov, D., Aitbayeva, A., Gromoyv, E., & Vanina, E. (2021). Social networks to improve the
creative thinking of students: how does it works? Thinking Skills and Creativity, 41, 100912.

Bonfield, C. A, Salter, M., Longmuir, A., Benson, M., & Adachi, C. (2020) Transformation or evolution?:
Education 4.0, teaching and learning in the digital age. Higher Education Pedagogies, 5, 223-246.

Brain, Digital, & Learning. 2024 Viol. 14 No. 3 320



Development of the Model for Construction in Science Inquiry Class Using Digital Twin Technology

Botin-Sanabria, D. M., Mihaita, A-S., Peimbert-Garcia, R. E., Ramirez-Moreno, M. A., Ramirez-Mendoza, R. A.,
& Lozoya-Santos, J. D. J. (2022). Digital twin technology challenges and applications: A comprehensive
review. Remote Sensing, 14, Article 1335.

Byeon, J.-h., & Kwon, Y.-J. (2023). The effect of outdoor inquiry program for learning biology using digital
twin technology. Journal of Baltic Science Education, 22, 781-798.

Chen, S.Y., Tsai, J. C,, Liu, S. Y., & Chang, C. Y. (2021). The effect of a scientific board on improving creative
problem solving skills. Thinking Skills and Creativity, 41, Article 100921.

Cho, H. H.,Kim, H. K., Yoon, H. S., & Lee, K. Y. (2010). The theoretical review of the feature and application
of science teaching models. Journal of the Korean Association for Science Education, 30, 557-575.

Demir, L. (2024). Digital twin technology in higher education management: The case of Turkey.
International Online Journal of Education and Teaching, 11,279-288.

Dihan, M.S., Akash, A.l.,, Tasneem, Z., Das, P,, Das, S.K., Islam, M.R,, ... Hasan, M. (2024). Digital twin: Data
exploration, architecture, implementation and future. Heliyon, 10, Article €26503.

Ding, L., Zhou, R., Yu, T., Yang, H., He, X., Gao, H., ... Zhang, K. (2024). Lunar rock investigation and tri-aspect
characterization of lunar farside regolith by a digital twin. Nature Communications, 15, Article 2098.
Dwivedi, Y. K., Hughes, L., Baabdullah, A. M., Ribeiro-Navarrete, S., Giannakis, M., Al-Debei, M. M., ... Wamba,
S. F. (2022). Metaverse beyond the hype: Multidisciplinary perspectives on emerging challenges,
opportunities, and agenda for research, practice and policy. International Journal of Information

Management, 66, Article 102542.

Emmert-Streib, F., & Yli-Harja, O.P. (2022). What Is a digital twin? Experimental design for a data-centric
machine learning perspective in health. International Journal of Molecular Sciences, 23, Article 13149.

Fauth, B., Decristan, J., Decker, A. T,, Blttner, G., Hardy, I., Klieme, E., & Kunter, M. (2019). The effects of
teacher competence on student outcomes in elementary science education: The mediating role of
teaching quality. Teaching and Teacher Education, 86, Article 102882.

Ferrari, A., & Willcox, K. (2024). Digital twins in mechanical and aerospace engineering. Nature
Computational Science, 4, 178-183.

Flaga, S., & Pacholczak, K. (2022). Demonstrator of a digital twin for education and training purposes as a
web application. Advances in Science and Technology Research Journal, 16, 110-119.

Grieves, M. W. (2015), Digital twin: Manufacturing excellence through virtual factory replication. White
Paper, 1-7.

Grieves, M. W., & Vickers, J. H. (2017). Digital twin: Mitigating unpredictable, undesirable emergent
behavior in complex systems. In Kahlen, J., Flumerfelt, S., & Alves, A. (Eds.), Transdisciplinary
Perspectives on Complex Systems (pp. 85-113). Springer.

Haderer, B., & Ciolacu, M. (2022). Education 4.0: Artificial intelligence assisted task- and time planning
system. Procedia Computer Science, 200, 1328-1337.

Hassan, M., Montague, G., Igbal, M.Z., & Fahey, J. (2024). Virtual reality-based bioreactor digital twin for
operator training. Digital Chemical Engineering, 11, Article 100147.

Hazrat, M. A., Hassan, N. M., Chowdhury, A. A,, Rasul, M. G., & Taylor, B. A. (2023). Developing a skilled
workforce for future industry demand: The potential of digital twin-based teaching and learning
practices in engineering education. Sustainability, 15, Article 16433.

Kara, M., Kukul, V., & Cakir, R. (2018). Conceptions and misconceptions of instructional pertaining to their
roles and competencies in distance education: A qualitative case study. Participatory Educational
Research, 5, 67-79.

Karatas, S., Bagriacik-Yilmaz, A., Dikmen, C. H., Ermis, U. F., & Grubuz, O. (2017). Interactions in distance
education environments: A trend analysis. Quarterly Review of Distance Education, 18, 63-82.

Brain, Digital, & Learning. 2024 Viol. 14 No. 3 321



Byeon

Keller, M., Neumann, K., & Fischer, H. (2016). The impact of physics teachers’ pedagogical content
knowledge and motivation on students’ achievement and interest. Journal of Research in Science
Teaching, 54, 1-29.

Kim, 1. S.,Ryu, S. K., Byun, H. J., & Seo, Y. K. (2020). Analysis of interaction experience through instructional
digital imagination in non-face-to-face synchronous classes. Journal of Educational Technology, 36,
873-904.

Kim, S., & Heo, S. (2024). An agricultural digital twin for mandarins demonstrates the potential for
individualized agriculture. Nature Communications, 15, Article 1561.

Komninos, A., & Tsigkas, G. (2022). Prototyping a Digital Twin System for Environmental Education.
Proceedings of the 26th Pan-Hellenic Conference on Informatics, 361-366.

Kuznetcova, I., Glassman, M., & Lin, T. J. (2019). Multi-user virtual environments as a pathway to
distributed social networks in the classroom. Computers & Education, 130, 26-39.

Laubenbacher, R. C., Mehrad, B., Shmulevich, I., & Trayanova, N. A. (2024). Digital twins in medicine.
Nature computational science, 4, 184-191.

Lee, J. K, & Lim, B. Y. (2018). A study on the process of reconstructing early childhood curriculum through
teachers’ imagination. Journal of Early Childhood Education, 38, 137-165.

Lee, J. Y., Pyon, C. U., & Woo, J. Y. (2023). Digital twin for math education: A study on the utilization of
games and gamification for university mathematics education. Electronics, 12, Article 3207.

Lei, Z., Zhou, H., Dai, X., Hu, W., & Liu, G. (2023). Digital twin based monitoring and control for DC-DC
converters. Nature Communications, 14, Article 5604.

Lu, Y., Liu, C., Wang, K.I., Huang, H., & Xu, X. (2020). Digital twin-driven smart manufacturing: Connotation,
reference model, applications and research issues. Robotics and Computer-integrated Manufacturing,
61, Article 101837.

Mabhler, D., GroRschedl, J., & Harms, U. (2017). Using doubly latent multilevel analysis to elucidate
relationships between science teachers’ professional knowledge and students’ performance.
International Journal of Science Education, 39, 213-237.

Mehrabi, Z. (2024). How will crises affect food systems? Ask a ‘digital twin’. Nature, 615, Article 189.

Ministry of Education (2021). The plan of future curriculum with the people.

Mitsanis, C., Hurst, W., & Tekinerdogan, B. (2024). A 3D functional plant modelling framework for
agricultural digital twins. Computers and Electronics in Agriculture, 218, Article 108733.

Mordaschew, V., Duckwitz, S., & Tackenberg, S. (2024). A human digital twin of disabled workers for
production planning. Procedia Computer Science, 232, 745-751.

Moshood, T. D., Rotimi, J. O., Shahzad, W., & Bamgbade, J. A. (2024). Infrastructure digital twin technology:
A new paradigm for future construction industry. Technology in Society, 77, Article 102519.

National Research Council (2000). Inquiry and the National Science Education Standards: A Guide for
Teaching and Learning. National Academy Press.

OECD (2022). Trends Shaping Education 2022, OECD Publishing.

Pang, D., Cui, S., & Yang, G. (2022). Remote laboratory as an educational tool in robotics experimental
course. International Journal of Emerging Technologies in Learning, 17, 230-245.

Peper, E., Wilson, V., Martin, M., Rosegard, E., & Harvey, R. (2021). Avoid zoom fatigue, be present and learn.
NeuroRegulation, 8, 47-56.

Rathore, M. M., Shah, S. A,, Shukla, D., Bentafat, E., & Bakiras, S. (2021). The role of ai, machine learning,
and big data in digital twinning: A systematic literature review, challenges, and opportunities. IEEE
Access, 9, 32030-32052.

Brain, Digital, & Learning. 2024 Viol. 14 No. 3 322



Development of the Model for Construction in Science Inquiry Class Using Digital Twin Technology

Reimers, M. F. (2022). Learning from the frontlines of educational innovation during a pandemic. In
Vincent-Lancrin, S., Romani, C. C., & Reimers, F. M. (Eds.), How Learning Continued during the Covid-19
Pandemic: Global Lessons from Initiatives to Support Learners and Teachers (pp. 78-90). OECD
Publishing.

Rihm, S. D., Bai, J., Kondinski, A., Mosbach, S., Akroyd, J., & Kraft, M. (2024). Transforming research
laboratories with connected digital twins. Nexus, 1, Article 100004.

Sepasgozar, S. M. E. (2020). Digital twin and web-based virtual gaming technologies for online education:
A case of construction management and engineering. Applied Sciences, 10, Article 4678.

Sulaiman, M. Z., Aziz, M. N. A., Bakar, M. H. A., Halili, N. A., & Azuddin, M. A. (2020). Matterport: virtual tour
as a new marketing approach in real estate business during pandemic COVID-19. Advances in Social
Science, Education and Humanities Research, 502, 221-226.

Tao, F., & Zhang, M. (2017). Digital twin shop-floor: A new shop-floor paradigm towards smart
manufacturing. IEEE Access, 5,20418-20427.

Tao, F., Sui, ., Liu, A., Qi, Q., Zhang, M., Song, B., ... Nee, A. Y. C. (2018). Digital twin-driven product design
framework. International Journal of Production Research, 57, 3935-3953.

Tao, F., Zhang, H., & Zhang, C. (2024). Advancements and challenges of digital twins in industry. Nature
computational science, 4, 169-177.

Thelen, A., Zhang, X., Fink, O., Lu, Y., Ghosh, S., Youn, B.D., ... Hu, Z. (2022). A comprehensive review of
digital twin-part 1: Modeling and twinning enabling technologies. Structural and Multidisciplinary
Optimization, 65, Article 354.

Tikhonova E., & Raitskaya L. (2023). Education 4.0: The concept, skills, and research. Journal of Language
and Education, 9, 5-11.

Tilak, S., Glassman, M., Kuznetcova, I., Peri, J., Wang, Q., Wen, Z., & Walling, A. (2020). Multi-user virtual
environments (MUVESs) as alternative lifeworlds: Transformative learning in cyberspace. Journal of
Transformative Education, 18, 310-337.

Tjahyadi, H., Prasetya, K., & Murwantara, I. M. (2023). Digital twin based laboratory for control engineering
education. International Journal of Information and Education Technology, 13, 704-711.

Tuegel, E. J., Ingraffea, A. R, Eason, T., & Spottswood, S. M. (2011). Reengineering aircraft structural life
prediction using a digital twin. International Journal of Aerospace Engineering, 2011, 1-14.

Vincent-Lancrin, S. (2022). Educational innovation and digitalisation during the COVID-19 crisis: Lessons
for the future. In Vincent- Lancrin, S., Romani, C. C., & Reimers, M. F. (Eds.), How Learning Continued
during the COVID-19 Pandemic: Global Lessons from Initiatives to Support Learners and Teachers
(pp. 21-47). OECD Publishing.

Vosniadou, S. (2013). Conceptual change in learning and instruction: The framework theory approach. In
S.Vosniadou (Ed.), International Handbook of Research on Conceptual Change (pp. 11-30). Routledge.

Willcox, K., & Segundo, B. (2024). The role of computational science in digital twins. Nature Computational
Science, 4, 147-149.

World Economic Forum (2024). Shaping the future of learning: The role of Al in education 4.0. Insight
Report, 1-27.

Yildiz, C., & Yildiz, T. (2021). Exploring the relationship between creative thinking and scientific process
skills of preschool children. Thinking Skills and Creativity, 39, Article 100795.

Zee, M., & Koomen, H. M. Y. (2016). Teacher self-efficacy and its effects on classroom processes, student
academic adjustment, and teacher well-being: A synthesis of 40 years of research. Review of
Educational Research, 86,981-1015.

Brain, Digital, & Learning. 2024 Viol. 14 No. 3 323



Byeon

Zhang, Z., Zhu, Z., Gao, G., Qu, D., Zhong, J., Jia, D., ... Pan, S. (2023). Design and research of digital twin
system for multi-environmental variable mapping in plant factory. Computers and Electronics in
Agriculture, 213, Article 108243.

Zi, X., Gao, S., & Xie, Y. (2024). An online monitoring method of milling cutter wear condition driven by
digital twin. Scientific Reports, 14, Article 4956.

Authors’ information
Byeon, Jung-ho: Kangwon National University, Professor, 1st Author. https://orcid.org/0000-0002-0109-7866

Brain, Digital, & Learning. 2024 Viol. 14 No. 3 324



